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ABSTRACT: Pluripotent stem cells (PSC) are promising
resources for regeneration therapy, but teratoma formation is
one of the critical problems for safe clinical application. After Stain Shine Kill
differentiation, the precise detection and subsequent elimi- CDy1 ‘. K .
nation of undifferentiated PSC is essential for teratoma-free .‘ .
. . -°*
stem cell therapy, but a practical procedure is yet to be - — <2 . .o
. — o
developed. CDyl, a PSC specific fluorescent probe, was -
investigated for the generation of reactive oxygen species
(ROS) and demonstrated to induce selective death of PSC upon visible light irradiation. Importantly, the CDy1 and/or light
irradiation did not negatively affect differentiated endothelial cells. The photodynamic treatment of PSC with CDy1 and visible
light irradiation confirmed the inhibition of teratoma formation in mice, and suggests a promising new approach to safe PSC-

based cell therapy.

B INTRODUCTION Herein, we report that CDyl not only selectively stains PSC
but also efficiently kills them through its photodynamic
property, without affecting other differentiated cells, opening
up the possibility of a practical stem cell therapy (Figure 1A).

Human pluripotent stem cells (hPSC) have captured great
interest as promising resources for regeneration therapy due to
their pluripotency. Recently, hPSC-based clinical trials toward

macular degeneration have been successfully performed in a B RESULTS AND DISCUSSION

number of research groups."” Despite such advances, .

substantial challenges have remained for the wide clinical F‘ir tt}'ns stlzd'y,.CDy} (ex b_ 535, ’16:‘ - 57?1) was first testetdtfor
o . . selective staining of embryonic stem cells as representative

application of hI.)SC ba.lsed cell therapy. {Xmong them, ns.k of PSC, while negative staining in the endothelial cells (EC)

teratoma formation arisen from the residual undifferentiated

differentiated from the same PSC. The selective staining was
PSC should be resolved to secure the safety of the treatment. confirmed both in human cells (kPSC vs hEC, Figure 1B and

Th.er'efore, an efficient dete.ction and conseq'uent ablation of Figure S1A) and in mouse cells (mPSC vs mEC, Figure S1B,C)
remaining PS3C are holy grail research goals in the Stef; cell in the fluorescence imaging and flow cytometry analysis. The
therapy field.” To this endé chemical fluorescence probe™” and EC were carefully characterized as fully functional endothelial
electrochemical biosensor” have been reported for selective cells by expression of von Willebrand factor (YWF) and platelet
PSC detection. Also, ablation of PSC has been investigated EC adhesion molecule (PECAM), and also by acetylated low-
using chemical,”* genetic,”'" and antibody-based ap- density lipoprotein (Ac-LDL) uptake assay both in hEC and
proaches.'"'> However, none of the known approaches can mEC (Figure S2).'"* While the original report of CDyl"
satisfy both selective detection and elimination of PSC focused on the selective fluorescent labeling and safe isolation
simultaneously. Previously, we have demonstrated that of PSC without affecting the biological function or viability of
mitochondrial ROS production by photoactivating gene the cells, we carefully investigated the photodynamic property
expression was able to induce selective cell death of PSC.” In of CDyl. Interestingly, we found that a small amount of singlet
parallel, we developed the first PSC selective fluorescent probe, oxygen can be generated by CDyl upon irradiation of visible
CDyl, through a diversity oriented fluorescence library
approach (DOFLA) utilizing a structurally diverse rosamine Received: April 7, 2016
library combined with unbiased cell-based screening.' Published: September 14, 2016
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Figure 1. (A) Structure of CDyl and concept of selective PSC death
by photodynamic effect of CDyl. (B) Phase contrast and fluorescence
microscopic images of hPSC (left) and hEC (right) in the absence
(upper panel) and presence (lower panel) of S0 nM of CDyl. U-
MWIG? filter (ex 535 nm/S80 nm) was used for fluorescence images.

light with 1.1% of quantum yield (Figure S3) (with 76% of
Rose Bengal as a reference).'> Although the singlet oxygen
quantum yield of CDy1 was relatively low, the fact that CDy1 is
localized in mitochondria,'® where cell death machinery is well
developed in PSC,”'*'” encouraged us to test CDyl as a
possible photodynamic agent for PSC. Given the fact that
mitochondrial ROS production (e.g, oxidative stress) was a
strong insult to induce cell death of PSC,”"'® we envisioned that

the small amount of singlet oxygen generated by CDyl
selectively at the mitochondria may achieve PSC specific cell
death without affecting other cells (Figure 1A). To this end, we
irradiated CDyl stained PSC with a green light (1.2 W/cm?,
532 nm, 1 min), which was previously proven to be safe to
normal PSC and differentiated cells.” Surprisingly, PSC
underwent cell death in a dose dependent manner with
CDy1 within S h after a single 1 min of exposure to green light,
whereas CDyl treated EC had no apparent alteration (Figure
2A). The phototoxic effects in CDyl-stained PSC were
quantified by annexin V for apoptosis induction and 7-
aminoactinomycin D (7-AAD) for membrane damage as
double staining (Figure 2B). It is noteworthy that CDyl itself
did not induce noticeable morphological changes for both PSC
and EC (Figure S4). For safe and efficient cell therapy,
differentiated cells, such as EC, should remain fully functional
after CDyl treatment together with visual light exposure. In
this regard, we examined whether light exposure following
CDy1 staining affects the normal function of EC. The results
showed that hEC remained fully functional in vitro regardless of
light exposure as determined by in vitro tubule formation assay
(Figure 2C, upper) and acetylated low-density lipoprotein (Ac-
LDL) uptake assay (Figure 2C lower)."” With 100 nM CDyl
and 1 min of light exposure, not only hPSC but also mPSC
were almost completely dead (Figure S5), while EC were not
affected at all (Figure S6). The absolute amount of CDyl
difference in PSC and EC was measured by making cell extract,
confirming good correlation with fluorescence imaging data
(Figure S7).

Next, to study the mechanism of the cell death by
photoactivated CDyl, a well-known antioxidant, N-acetyl
cysteine (NAC), was pretreated prior to light exposure to the
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Figure 2. (A) CDyl-stained or nonstained hPSC (left) and hEC (right) exposed to 1.2 W/cm? of green light (532 nm), 1 min (scale bar, 200 ym).
CDyl treated from zero to 100 nM concentration. (B) Live cell quantification by dual negative population of annexin V and 7-AAD after S h of 1
min irradiation. Mock are cells without CDyl and irradiation. (C) Tubule formation (upper) and acetylated low-density lipoprotein (Ac-LDL, red)
uptake assay of hEC 24 h after 1 min light exposure (scale bars, 100 ym). The results represent one of the experiments performed in triplicate. DAPI
(blue) for nuclear counterstaining. (D) CDyl-stained hPSC were pretreated with 3 mM of NAC for 1 h prior to the light exposure. (E) Quantitative

analysis data of cell death for images in panel D by annexin V staining.
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Figure 3. (A) Introduction of CDyl-stained mPSC with or without light exposure through subcutaneous injection; images of teratoma developed
from CDyl-stained mPSC with (0/10: zero out of ten mice) and without (10/10: ten out of ten mice) light exposure are shown. (B) Image of
typical three germ layers from the teratoma stained with hematoxylin and eosin containing gut for endoderm, adipose tissue and cartilage for
mesoderm, and keratin pearl for ectoderm (scale bar; 100 um). (C) Size distribution of 10 teratomas measured in CDyl treated mice with and

without light exposed.

PSC in an attempt to block ROS-dependent cell death. The cell
death was monitored by morphological analysis and flow
cytometry analysis, demonstrating that NAC effectively rescued
the cell death of CDyl-stained hPSC, determined by cellular
morphology (Figure 2D) and annexin V analysis (Figure 2E).
The direct measurement of ROS formation also confirmed the
selective induction of ROS only in CDyl-stained PSC upon
irradiation (Figure S8A). In a similar format, superoxide
dismutase (SOD), a key redox enzyme, was tested for the
expression level difference, but no obvious change was observed
(Figure S8B). ROS reacts with unsaturated fatty acid to form
reactive 4-hydroxynonenal (4-HNE), which can further form
protein adducts. As CDyl is a relatively hydrophobic dye, it
may react with mitochondrial unsaturated lipid forming 4-
HNE. When tested, a clear increase of 4-HNE—protein adducts
was observed only in CDyl light treated mPSC (Figure S9).
The immunoblotting assay showed that NAC treatment in
hPSC significantly reduced formation of active caspase 3 and
Parp-1 cleavage, a typical event of apoptotic cell death (Figure
S10). Therefore, it seems that ROS production itself, rather
than redox status, is directly correlated to the cytotoxicity of
photoactivated CDyl.

For further mechanistic understanding, we incorporated two
MitoTracker dyes (orange and red, Figure S11A), which have
the same chemical scaffold of rosamine with CDyl, for the
phototoxic effect. The MitoTracker dyes stain PSC at a similar
level as CDyl1, but showed only mild cell deaths in PSC (Figure
S11B,C). It is noteworthy that MitoTracker dyes also stain EC
unlike CDy1, but did not show apparent phototoxicity. These
data suggest that the CDy1’s selective PSC toxicity is, while
partially due to mitochondrial localization, also due to its cell
type specific staining property.

For practical teratoma-free cell therapy, it would be critical to
confirm that ablation of PSC by the photodynamic effect of
CDyl is sufficient to inhibit teratoma formation in vivo. It is
noteworthy that teratoma was developed after transplantation
of cells differentiated from mPSC in a mouse model, even
though there was no sign of existing leftover mPSC*’ or even
after cell surface marker antibody-based purification through
cell sorting.21 In contrast, a number of mouse-model studies
with hPSC indicated much lower efficiency of teratoma
formation.'*** For comparison, as few as 500 mPSC*’ is
enough, but at least 10,000 hPSC** are required for teratoma
formation in a mouse model. These results clearly imply that
teratoma model of hPSC with a mouse would not be suitable
for assessing teratoma risk. Thereby, we performed a mouse
teratoma forming test with mPSC transplantation after

606

photodynamic treatment with CDyl. CDyl-stained mPSC,
with and without exposure to light, were subcutaneously
injected into the mice, and teratoma formation was monitored.
After 21 days, 100% (ten out of ten) mice developed teratomas
(Figure 3A, right upper) with various sizes (Figure 3C and
Figure S12), when injected with CDyl-stained mPSC, but
without light exposure. According to typical three germ layer
analysis (gut for endoderm, cartilage and adipose tissue for
mesoderm, and keratin pearl for ectoderm), the teratoma
formation was confirmed histologically (Figure 3B). These data
support our previous results that CDyl itself is nontoxic and
harmless for the properties of the PSC.”" In contrast, none of
the 10 mice showed any sign of teratoma formation, when
injected with CDyl-stained mPSC after light exposure (Figure
3A lower). It is a clear contrast between two experiment sets
with just 1 min of light exposure to small amount of CDyl
treatment (100 nM), albeit the low efficiency of singlet oxygen
generation efliciency of CDyl. Once the small amount of ROS
is enough to kill PSC, then it would also be beneficial to other
non stem cells guaranteeing the lower side effect, which would
be the basis of cell selectivity for the photodynamic effect of
CDyl.

Taken together, we discovered that CDyl produces strong
enough ROS to induce selective PSC death by simple visible
light irradiation, without affecting other differentiated cells.
Most importantly, a single 1 min exposure of CDyl-stained
PSC to visible light completely eliminated teratoma formation
in mice. Dual functions of CDy1 not only as an imaging probe
but also as a photodynamic agent for PSC will be extremely
advantageous for biochemical studies and also for clinically
applicable teratoma free stem cell therapy.
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