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Necrosis, a form of cell death, occurs not only with the develop-
ment of various diseases but also with a tumor tissue response
to cancer treatment. Therefore, pursuing progress for cancer
therapy through induction of necrosis may be one of the
most effective approaches for cancer eradication. We herein
describe the development of a real-time imaging system to visu-
alize intratumoral necrosis. The system is composed of two
types of cells expressing either one of two necrosis imaging re-
porters that consist of a DnaE intein sequence linking to one of
two split-luciferase fragments. When necrosis occurs in a tu-
mor composed of both of the cells, the two types of leaked re-
porters can reconstitute the enzymatic activity as a result of
protein trans-splicing and thereby emit bioluminescence in
the presence of the substrate. This system, which was con-
structed with shrimp-derived luciferase, allowed in vitro imag-
ing of necrosis. We further confirmed real-time imaging of in-
tratumoral necrosis caused by physical or chemical tissue
disruption, validating its application in in vivo necrosis imag-
ing. Thus, the constructed imaging system could be a powerful
tool for the optimization of the therapeutic condition for can-
cer therapy and for the evaluation of novel anticancer drugs
targeting necrosis.

INTRODUCTION

Necrosis is a form of cell death that is biochemically uncontrolled
and caused by internal or external stresses, such as mechanical stim-
uli, chemical agents, or pathogens, unlike apoptosis, which involves
a highly regulated and elaborate network of biochemical events and
cascades”” (although necroptosis, a controlled necrosis-like cell
death through a signaling network, has now been reported ).
The process leading to necrosis is usually rapid, causing cell
swelling, dilation of mitochondria and the endoplasmic reticulum,
and cell membrane rupture due to dysregulation of ion homeostasis
or osmodysregulation.”>® An influx of calcium ions from the extra-
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cellular matrix activates intracellular calpains, which contribute to
the degradation of membrane, cytoplasmic, and nuclear substrates,
leading to the breakdown of cellular architectures.” In addition,
freed lysosomal hydrolases, including cathepsin B and D, degrade
nucleic acids and proteins. In particular, cathepsin D—unlike
some other cathepsins that are activated at low pH—cleaves various
substrates, such as fibronectin and laminin at near-neutral pH.
Eventually, cell lysates released into the extracellular compartment
activate leukocytes, lymphocytes, and macrophages, which phagocy-
tose the remnants of dead cells, triggering inflammatory responses.”
Thus, necrosis can also become a common indicator of the develop-
ment of various diseases.

In general, protein splicing (PS) is a post-translational process cata-
lyzed by an intervening polypeptide unit, called intein, between
another type of polypeptide unit, called extein, which is present at
both termini, in the same polypeptide molecule.” In this process,
the intein facilitates a reaction to unite the two exteins to become a
shorter polypeptide molecule. Among various types of PS, one called
protein trans-splicing (PTS) involves a different type of intein divided
into two parts,” the N-terminal and the C-terminal splicing domains
(DnaEn and DnaEc), which reside at the N terminal and C terminal of
two different polypeptide molecules. These molecules are composed
of two different units called exteins. When these two molecules are
associated in close vicinity, ligation of the exteins of these two mole-
cules is catalyzed through refolding between DnaEn and DnaEc.'”"!
For the PS reactions, exogenous cofactors or energy sources, such as
ATP or GTP, are not required.
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Since its discovery, PTS has been harnessed for the development of
several protein-engineering methods or the creation of artificial en-
zymes with new functions.'>"> Applying a PTS reaction, Kanno
et al."* successfully constructed a real-time imaging system to detect
apoptosis in xenograft tumors in nude mice. They utilized a cyclic
luciferase (luc) system in which the two split-luc gene fragments
were connected in inverse order with a DNA fragment coding for
the DEVD peptide sequence, which can be cleaved by caspase-3
(cas-3), in addition to DNA fragments coding for a DnaE intein
placed at the 5’ and 3’ (both) ends of the reconnected luc gene. A poly-
peptide translated from this entire DNA fragment is circularized with
the PTS activity of the DnaE. Although the luc circularized by the liga-
tion of both terminals loses its enzymatic activity, the linearized luc
formed as a result of cleavage at the DEVD motif during the apoptotic
process was restored to the wild-type structure and regained its enzy-
matic activity, enabling light emission by oxidation of luciferin.
Furthermore, we devised this system to only work in a hypoxic envi-
ronment so that it can be utilized for screening anticancer drugs tar-
geting cancer stem cells, since they tend to reside in hypoxic regions.'”

In radiation therapy, a major component of cancer therapy (along
with surgery and chemotherapy), the frequency at which apoptosis
is induced in tumors is known to be as low as several percent, regard-
less of the p53 status.'® In addition, radiation not only directly causes
necrosis in tumor cells but also causes tumor vascular damage, result-
ing in secondary necrosis in tumor cells via oxygen and nutrient
depletion.17 Thus, the main form of cell death induced in tumors after
radiation therapy is thought to be necrosis, not apoptosis.”'® On the
other hand, many anticancer drugs used in chemotherapy also cause
cell death by necrosis as well as apoptosis.'® After treatment with
cisplatin, which is widely used in the treatment of a variety of cancers,
both apoptosis and necrosis are induced in tubular epithelial cells in
the proximal tubule, resulting in tubular damage in approximately
one-third of treated patients.'” >* For these reasons, the optimization
of irradiation conditions in radiation therapy and the clinical doses
used in chemotherapy should be examined with the evaluation of ne-
crosis as a therapeutic effect index. The development of a highly sen-
sitive system to detect necrosis via effective imaging techniques is
therefore urgently required. Regarding an in vivo imaging system
for necrosis, Fang et al.>* successfully detected necrotic tissue for
real-time surgery using indocyanine green (ICG), a US Food and
Drug Administration (FDA)-approved near infrared (NIR) fluores-
cent dye, in different organs of different animal models. However,
in general, the change in the fluorescence intensity signal is very small,
and most of the lights for excitation and emission are absorbed while
passing through living tissues, making it difficult to apply in the clin-
ical setting.

To address this issue, we constructed a minimally invasive, real-time
imaging system to visualize intratumoral necrosis by biolumines-
cence. In this report, we describe the construction of our novel necro-
sis imaging system and show the detection and quantification of
necrosis that was chemically and physically induced in tumors.
This system could therefore play a unique role in determining the

best therapeutic condition for radiation therapy and other cancer
therapies.

RESULTS

In vitro functional validation of necrosis imaging reporter
Necrosis, unlike apoptosis, is characterized by the release of cell con-
tents. Thus, when necrosis occurs in cells expressing either of two
split-luc fragments, due to cell membrane destruction, the two frag-
ments released from cells meet to be reconstituted in the extracellular
space by PTS. The addition of luciferin as a luminescent substrate to
the extracellular space where luc is reconstituted is presumed to result
in the generation of bioluminescence, enabling imaging of necrosis
(Figure 1). To evaluate whether or not this methodology actually
works as an in vitro and in vivo experimental system, we constructed
plasmid vectors to express a pair of necrosis imaging reporters,
pFLucN and pFLucC, in which a DnaE intein sequence involved in
PTS was linked to either of two split-firefly luc (FLuc) fragments.
In addition, we constructed two plasmid vectors (pNLucN and
pNLucC) that express another pair of two split-luc fragments from
a deep sea shrimp luc (NLuc), which produces more intense biolumi-
nescence and shows higher thermal stability in comparison to FLuc.
Furthermore, another pair of plasmid vectors of pNLucN/v2 and
pNLucC/v2, which are identical to the latter pair, except for the hinge
sequence mediating between the luc derivative fragments and the
DnaE inteins, was also constructed (see Materials and methods and
Figure 2). After Chang liver cells were transiently transfected with
these plasmids, necrosis was induced with passive lysis buffer
(PLB), a surfactant. When D-luciferin was added to a lysate from cells
transfected with pFLucN or pFLucC expressing either of the necrosis
imaging reporters (FLucN or FLucC), no bioluminescence was de-
tected (equivalent to the background). However, a significant increase
in the bioluminescence value was observed in comparison to back-
ground when equal volumes of both cell lysates were mixed. In the
case of cells expressing either of the necrosis imaging reporters of
NLuc without the hinge sequence (NLucN/v2 or NLucC/v2), when
both cell lysates were mixed, the bioluminescence value increased
approximately five-fold in comparison to that in the case of FLuc
reconstitution (Figure 3A). These results suggest that when released
extracellularly due to necrosis, either pair of necrosis imaging re-
porters could be reconstituted for enzyme activity via PTS, enabling
the detection of necrosis. For high-sensitivity visualization of the ne-
crosis induced in tumors, a reconstituted luc whose enzymatic activity
is maintained for a long time, even at mouse body temperature, is
desired. Thus, we compared the thermal stability of enzymatic activ-
ities at 37°C with two reconstituted lucs, FLuc and NLuc, employing
two pairs of cell lines that stably express a pair of necrosis imaging re-
porters for FLuc (FLucN and FLucC) or NLuc (NLucN/v2 or NLucC/
v2). The maximum bioluminescence value generated with the recon-
stituted FLuc was obtained immediately after mixing the lysates of the
cell pair, and it rapidly decreased to approximately 1/10 in 30 min. For
the reconstituted NLuc/v2 without the hinge sequence, on the other
hand, the relative bioluminescence value was approximately 100
times higher in comparison to FLuc and was not attenuated, even af-
ter 3 h at 37°C (Figure 3B). Based on these results, we decided to
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Figure 1. Schematic illustration of the principle of our
minimally invasive real-time imaging system for
necrosis

This system is based on the reconstitution of two split-luc
fragments (LucN and LucC) mediated with DnaE intein
sequences that were linked to the fragments, which cat-
alyzes PTS for the reconstitution. Once necrosis is induced
on a cell mixture expressing either one of the necrosis
imaging reporters, the cell’s constituents that include them
are spilled into the surroundings through the plasma
membrane when it is ruptured by necrosis. This enables
the interaction of the necrosis imaging reporters and sub-
sequently luc reconstitution as a result of PTS. Thus, the
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luc enzyme is then ready to generate bioluminescence.

DnaEc LucC

PTS in medium

Intracellular accumulation of LucC fragment

employ NLucN/v2 and NLucC/v2 as the necrosis imaging reporter for
further experiments.

Improvement of the necrosis imaging reporter for more intense
bioluminescence signaling

Under conditions where necrosis is sporadically induced for a long
period in the tumor, the split-NLuc fragments that are released in
the extracellular space are expected to be degraded by intracellular
and extracellular proteases during the acquisition of enzymatic activ-
ity by reconstitution, leading to a decrease in the bioluminescence
signal. To detect necrosis even under such conditions, we attempted
to construct improved necrosis imaging reporters for stronger biolu-
minescence signals. NLuc, which consists of 171 amino acid residues,
was divided into two fragments, the N-terminal fragment of 160
amino acids in length (NLucN) and the C-terminal fragment of 11
amino acids in length (NLucC). By adding the sequences involved
in protein stabilization to these two fragments, we aimed to improve
the necrosis imaging reporters, by improving their resistance to
degradation by proteases. For stabilization of the N-terminal frag-
ment, NLucN/v2-Fc was newly constructed by fusing a DNA frag-
ment coding for the Fc region of human immunoglobulin G1
(hIgG1-Fc), which is involved in protein stabilization to the C-termi-
nal of the NLucN/v2 fragment. Lysates from cells transfected with a
plasmid (pNLucN/v2 or pNLucN/v2-Fc) were treated at 37°C for
up to 60 min. Each of them was then mixed with the same amount
of lysate from cells transfected with the pNLucC/v2 plasmid for the
evaluation of the thermal stability of these N-terminal fragments
based on their bioluminescence values with NLucC/v2. As shown
in Figure 4A, the relative bioluminescence value by the NLucN/v2-
Fc fragment was approximately twice as intense as that by the
NLucN/v2 fragment without incubation at 37°C. However, the biolu-
minescence values of the NLucN/v2 and NLucN/v2-Fc fragments
with NLucC/v2 treated at 37°C for 60 min were decreased by approx-
imately 1/5 and 1/100, respectively, in comparison to the values ob-
tained without the 37°C treatment, suggesting that the NLucN/v2
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fragment is more stable outside of cells than

the NLucN/v2-Fc fragment. Since the C-termi-

nal fragment is composed of only 11 amino

acid residues (its N-terminal counterpart is
composed of 160 residues), it would have a greater effect on the gen-
eration of the bioluminescence than its N-terminal counterpart if the
either fragment is similarly degraded in the extracellular environ-
ment. We therefore improved the C-terminal fragment to increase
its thermal stability; NLucC/v2-Fc was obtained by fusing a fragment
containing an hIgG1-Fc to the C-terminal of the NLucC/v2 fragment,
NLucC/v2-FLuc was created by fusing FLuc with thermal stability to
the C-terminal of the NLucC/v2 fragment, and NLucC/v2-Fc/FLuc
was generated by fusing both hIgG1-Fc and FLuc to the N and C ter-
minals of the NLucC/v2 fragment, respectively. The thermal stability
of these constructed C-terminal fragments was also evaluated based
on their bioluminescence values with NLucN/v2 in the same manner
as the N-terminal fragment stability. As shown in Figure 4B, when
mixed with cell lysate containing NLucN/v2, all of the improved
C-terminal fragments showed higher bioluminescence values in com-
parison to the NLucC/v2 fragment. In particular, the bioluminescence
value generated by NLucC/v2-Fc was approximately 100 times higher
than that generated by NLucC/v2 without thermal treatment, and its
declining curve of bioluminescence during incubation at 37°C was the
most gradual, showing the highest thermal stability among all of the
improved C-terminal NLuc fragments. It was anticipated that the in-
tensity of the bioluminescence would be dependent upon ratios be-
tween the cell contents with NLucN/v2 and NLucC/v2-Fc. To
confirm this, changes in the bioluminescence values of cell mixtures
consisting of different ratios of the cells were evaluated using cells sta-
bly expressing the NLucN/v2 fragment and NLucC/v2-Fc fragment.
As a result, it was found that the bioluminescence value increased
as the ratio of the cells with NLucC/v2-Fc increased; however, the in-
crease was saturated when the ratio between cells with NLucN/v2 and
NLucC/v2-Fc reached 1:10 (Figure 4C, bottom panel). Similar results
were obtained in the visualized images (Figure 4C, top panel). To
determine the best cell combinations for bioluminescence signals,
we evaluated various combinations of cells with an N-terminal frag-
ment and its C-terminal fragment counterpart. Before the biolumi-
nescence values were measured, each cell lysate was independently
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Figure 2. Schematic diagram for the domain structures of necrosis imaging reporters

Reporters were constructed by connecting a split-luc fragment (N fragment or C fragment) to a DnaE sequence and other sequences. All domains were depicted as
rectangles or arrows. FLuc, firefly luciferase; NLuc, deep sea shrimp luciferase; H, hinge sequence (one-letter amino acid code); IRES, internal ribosome entry site; Fc, human
IgG1-Fc region; DnaEn, N-terminal fragment of DnaE intein; DnaEc, C-terminal fragment of DnaE intein.

incubated at 37°C for up to 120 min and then mixed at a ratio of 1:1 or
1:10 (cells with N-terminal fragment: cells with C-terminal fragment)
to evaluate the combination of cells with the highest bioluminescence
values. In the cases of the combinations of FLucN and FLucC or
NLucN/v2 and NLucC/v2, their bioluminescence values rapidly
declined by about 1/10 or less to compare with that without 37°C
treatment in 60 min. In contrast, the combination of cells with
NLucN/v2 and NLucC/v2-Fc showed the best bioluminescence sig-
nals, and the activity of the reconstituted luc showed the best thermal
stability after they were mixed at the ratio of 1:10. The bioluminescent
value obtained with the combination of cells with NLucN/v2 and
NLucC/v2-Fc was 50,000 times higher than that obtained by the com-
bination of cells with FLucN and FLucC, confirming that the combi-
nation of NLucN/v2 and NLucC/v2-Fc was the best necrosis imaging
reporter (Figure 4D). Next, to demonstrate the wide applicability of
this imaging system, we used two more cell lines, MCF-7 and A549,
derived from different organs. Each cell line was transiently trans-
fected with pNLucN/v2 or pNLucC/v2-Fc, and the two transfectants
were combined and subjected to bioluminescence measurement. As
shown in Figure S1, the combination of MCF-7 transfectants and
the combination of A549 transfectants showed bioluminescence
values that were 0.4 and 0.03 times that obtained with Chang liver
cells, respectively. While these values were not very intense, both
were significantly higher than the value derived from either of the
two single transfectants, indicating that this imaging system could
work in a broad range of tissues.

Detection of necrotic cells with a flow cytometer and
fluorescence microscope and bioluminescent imaging (BLI) of

in vitro cellular necrosis

To evaluate whether the PLB could actually induce necrosis in Chang
liver cells, flow cytometric measurements were carried out after PLB-
treated cells were stained with fluorescein isothiocyanate (FITC) An-
nexin V and Ethidium Homodimer IIT (EthD-III). The percentage of
the cells stained with EthD-III and both probes after the PLB treat-
ment clearly increased up to 16-fold in comparison to that before
the treatment, confirming that PLB induced necrosis (Figure 5A).
Next, to further confirm that the contents of cells, including protein,
could leak out of cells upon the induction of necrosis by PLB, stably
transfected cell lines with pNLucN/v2 and pNLucC/v2-Fc were used,
since these cell lines produce enhanced green fluorescent protein
(EGFP) and red fluorescent protein (Ds-Red), respectively (see Fig-
ure 2). These cell lines were observed under a fluorescence micro-
scope before and after treatment with PLB. Both colors observed in
the cells disappeared after these cells were treated with the PLB, sug-
gesting that most of the contents, including two split-luc fragments,
together with the fluorescence proteins that resided inside the cells,
could leak into the extracellular space due to necrosis (Figure 5B).
From these two experiments, it was confirmed that PLB treatment
could surely induce necrosis in cells and that, upon necrosis, contents
that probably included necrosis imaging reporters could be released
from the cells. We then investigated whether the chosen combination
of necrosis imaging reporters, NLucN/v2 and NLucC/v2-Fc, could be
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Figure 3. In vitro functional validation of necrosis
imaging reporters
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tistical significance (p < 0.01). (B) Thermal stability of enzymatic activity (bioluminescence generation) of the reconstituted luc. A combination of FLucN-expressing cells and
FLucC-expressing cells, or NLucN-expressing cells and NLucC-expressing cells, was lysed in PLB and then incubated at 37°C for the indicated durations before the luc
assay. Their bioluminescence values were normalized to that of the cell lysate from the mixture of FLUcN-expressing cells and FLucC-expressing cells without incubation (t =
0 min) and plotted as the mean fold induction. The error bars represent the standard deviation.

released upon necrosis and extracellularly assembled for the visualiza-
tion of bioluminescence. A cell line expressing NLucN/v2 or NLucC/
v2-Fc was treated with the PLB, NP-40, or ultrasonication to induce
necrosis and then individually incubated at 37°C for 60 min. The cell
lysates were mixed equally or at a ratio of 1:10 on a dish and then
bioluminescence images were captured using an electron-multiplying
charge-coupled device (EMCCD) camera. As shown in Figure 5C, we
successfully captured images generated due to in vitro cellular necro-
sis. The highest-intensity image was obtained by a 1:10 combination
of cell lysates of cell lines expressing NLucN/v2 or NLucC/v2-Fc,
respectively, prepared with the PLB, NP-40, or ultrasonication.

BLI of necrosis induced tumors in an animal model

Solid tumors often form necrotic regions due to an imbalance be-
tween cell proliferation and angiogenesis. To confirm whether or
not regions of necrosis were actually formed in xenograft tumors,
a tumor that was formed by a transplanted 1:10 cell mixture stably
expressing NLucN/v2 and NLucC/v2-Fc, respectively, was excised.
No significant difference was observed in the proliferation rate of
the cells stably expressing NLucN/v2 or NLucC/v2-Fc, respectively,
in vitro (Figure S2). As shown in the Materials and methods, the tu-
mor tissue was processed to prepare thin sliced sections, and then
the sections were subjected to hematoxylin and eosin (H&E) stain-
ing. As shown in Figure 6A, necrotic regions were obvious, with a
loss of cellular detail and with cell debris present in the tissue sec-
tion, confirming that necrosis was formed during tumor growth in-
side the xenograft tumor. Next, to confirm whether intratumoral ne-
crosis formed by tumor growth can actually be visualized, we
administered 100 uL of furimazine solution (50x dilution in sterile
PBS) to obtain BLI of necrosis in tumors in the animal model.
Although no bioluminescence signal from xenograft tumors was de-
tected when mice were injected intraperitoneally or intravenously
with the substrate, strong bioluminescence signals were obtained
when it was intratumorally injected (Figure 6B), enabling the visu-
alization of intratumoral necrosis formed during tumor growth.
Finally, we attempted to visualize the in vivo necrosis induced by
physical or chemical destruction. Necrosis was induced with needle-
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stick injuries or CelLytic MT mammalian tissue lysis/extraction re-
agent treatment, as physical or chemical disruption, respectively.
The bioluminescence values from tumors after needlestick picking
and tissue lysis reagent injection were significantly increased 3.3-
fold and 4.6-fold, respectively, in comparison to untreated tumors
(Figure 7B). In this study, we established a minimally invasive sys-
tem for real-time BLI of tumor necrosis using NLucN/v2 and
NLucC/v2-Fc as a reporter (Figure 7A).

DISCUSSION

In this study, we demonstrated BLI of in vitro cellular necrosis with a
novel necrosis imaging system consisting of two types of necrosis im-
aging reporters. The principle of this imaging system is based on
reconstitution of necrosis imaging reporters, in which a DnaE intein
sequence was linked to the two split-luc fragments. When necrosis
occurred in a tumor composed of a cell mixture harboring either of
the necrosis imaging reporters, due to cell membrane destruction,
the two luc fragments released from the cells met to be reconstituted
in the extracellular space by PTS. The reconstituted luc could resume
the emission of bioluminescence upon the addition of luciferin,
enabling imaging of necrosis (Figure 1). In fact, the necrosis imaging
reporters constructed by dividing FLuc or NLuc into two fragments
were reconstituted by PTS, restoring the luc activity (Figures 3A
and 3B). However, with regard to the protein stability of luc after
reconstitution, the stability of NLuc was much higher than that of
FLuc and was not attenuated, even after 3 h of incubation at 37°C
(Figures 3A and 3B). This may be because the intact NLuc originally
shows higher thermal stability, retaining its activity even after incuba-
tion at 55°C for 30 min,?” while the intact FLuc begins to lose activity,
even at temperatures below 30°C. During the induction of necrosis,
the NLucN or NLucC fragments that are released in the extracellular
space are expected to be degraded by intracellular and extracellular
proteases before acquiring enzymatic activity by reconstitution, lead-
ing to decreased bioluminescence signaling. Of course, the biolumi-
nescence signal of the reconstituted NLuc is inferior to its intact coun-
terpart since the enzyme reconstitution is not perfect in its activity or

stability.
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pNLucC/v2-FLuc, or pNLucC/A2-Fc/FLuc), cells were
lysed in PLB and incubated at 37°C for the indicated
f duration. Bioluminescence measurements were carried out

by mixing each lysate with similarly prepared lysate of cells
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The obtained bioluminescence values were normalized to
that obtained from lysate mixture with NLucN/v2 and
NLucC/v2 without incubation at 37°C. The data were

plotted as the mean fold induction. The error bars represent the standard deviation. (C) Bioluminescence intensity enhancement by adjusting mixing ratios of cells expressing
NLucNA2 or NLucC/v2-Fc. Different ratios of cells expressing NLucN/v2 or NLucC/v2-Fc were lysed in PLB and subjected to bioluminescence measurement. Image on the
top of the graph represents a BLI obtained from lysates of cell mixture at different ratios. The data were plotted as the mean fold induction. The error bars represent the
standard deviation. (D) Thermal stabilities of variable necrosis imaging reporters in cell lysate. Cells expressing a necrosis imaging reporter were independently lysed in PLB
and then incubated at 37°C for the indicated duration. Bioluminescence measurements were carried out by mixing a pair of the incubated lysates containing NLucN and
NLucC. The obtained bioluminescence values were normalized to the value obtained from a mixture of lysate with FLucN and FLucC without incubation at 37°C. The data
were plotted as the mean fold induction. The error bars represent the standard deviation.

To detect necrosis under such conditions, we attempted to construct an
improved necrosis imaging reporter with a stronger bioluminescence
signal. One of the necrosis imaging reporters was successfully improved
by strengthening the bioluminescent signal with the addition of se-
quences that improve protein stability, such as hIgGl-Fc and/or
FLuc to the NLucC/v2 fragment (Figure 4B). However, the same addi-
tion to the NLucN/v2 fragment did not change the resultant biolumi-
nescence (Figure 4A). This may be due to the stability of either frag-
ment, since the sizes of the fragments were so different (NLucN/v2 is
about 10 times larger than NLucC/v2, which is composed of 11 amino
acids). Therefore, NLucN/v2 could itself fold a sufficiently stable struc-
ture without the addition of sequences that improve protein stability.
Interestingly, in these cases for improvements by adding protein frag-
ments, two different types of protein stability were observed with the
NLucC/v2 fragment. As observed when Fc, FLuc, or both were added,
the stability of NLucC/v2 significantly increased inside cells, since the
bioluminescence observed was greater than that observed with the
intact NLucC/v2 if they were not incubated at 37°C, as shown in Fig-
ure 4B. This may be due to the facilitated accumulation of the NLucC/
v2 fragment inside the cells. The other was stability outside the cells,
which was only observed when Fc was added to NLucC/v2, since
only NLucC/v2 with the addition of Fc showed a slower biolumines-

cence diminution rate, which would be due to higher protein stability
in comparison to intact NLucC/v2 (Figures 4B and 4D). In addition, we
found that the bioluminescence value depended on the mixing ratio be-
tween cells expressing NLucN/v2 and NLucC/v2-Fc fragments and
reached the maximum at the mixing ratio of 1:10 or more (Figure 4C).
When the cells were mixed at the ratio and necrosis was induced using
PLB, NP-40, or ultrasonication, we successfully captured images of
in vitro cellular necrosis. Furthermore, we demonstrated that this im-
aging system could be applied to A549 and MCF-7 cell lines, indicating
its utility with cells of different organ origins from the Chang liver cell
line. This may indicate the wide applicability of this system, although
the bioluminescence values obtained after necrosis induction were rela-
tively low, possibly due to the low number of necrosis imaging re-
porters available, which may be attributed to differences in transfection
efficiency and/or promoter activity. The above results showed that the
necrosis imaging system that we designed and constructed was useful
for capturing images of cellular necrosis in vitro (Figure 5C).

We also demonstrated real-time BLI of intratumoral necrosis formed
during tumor growth or induced with needlestick injuries or surfactant,
as a physical or a chemical disruption, respectively (Figures 6B and 7A).
Although no bioluminescence signal from xenograft tumors was
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Figure 5. Detection of necrotic cells with a flow cytometer and fluorescence
microscope and BLI of in vitro cellular necrosis

(A) Representative flow cytometry dot plots with double Annexin V-FITC/EthD-IIl
staining for Chang liver cells treated with PLB for 5 min. (B) Cells stably expressing
NLucN/v2 or NLucC/v2-Fc, which also express GFP or Ds-Red, respectively, were
treated with PLB. Fluorescence microscopy images were acquired at 3 and 5 min
after PLB treatment. Scale bar, 100 um. (C) 5.0 x 10° cells stably expressing ne-
crosis imaging reporters (FLucN, FLucC, NLucN/v2, NLucC/v2, or NLucC/v2-Fc)
were treated with PLB, ultrasound, 0.1% NP-40, or PBS (control) and then incu-
bated independently at 37°C for 60 min. BLI was performed for 5 min after mixing
equal volumes of two cell lysates with 500 uM D-luciferin for the FLucN and FLucC
combination or 50-fold diluted furimazine for the other combinations using an
EMCCD camera.
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detected when mice were injected intraperitoneally or intravenously
with furimazine, strong bioluminescence signals were obtained when
it was injected intratumorally. It has been reported that furimazine is
more unstable in the body than D-luciferin, and, in circulation, the fur-
imazine concentration rapidly dropped by 99.7% in 20 min after
administration to mice, suggesting that the rapid elimination of furima-
zine from circulation is due to its consumption by the reticuloendothe-
lial system.”® Thus, it is considered that the bioluminescence signal was
not obtained by intravenous (i.v.) or intraperitoneal (i.p.) administra-
tion and that it was only detected after intratumoral administration.

The salient feature of the present method is that the necrosis induced in
the tumor can be visualized by bioluminescence in real time with min-
imal invasiveness. To date, in vivo BLI of necrosis was reported by Fang
et al.”* using ICG that emits fluorescence. However, the major limita-
tion of this technique is the shallow imaging depth due to its
fluorescence, and they pointed out that this problem might lead to
false-negative detection of the necrotic lesions deep inside organs.*
On the other hand, our system, which utilizes bioluminescence to visu-
alize necrosis, has a higher signal-to-noise ratio in comparison to fluo-
rescence and enables deep observation in the living body without an
excitation light. However, the problem of the present system is that
the substrate furimazine is unstable in vivo, resulting in low signal in-
tensity from intratumoral necrosis. Kuchimaru et al.>” have developed
a novel luciferin analog, AkaLumine-HCI, which produces a biolumi-
nescence with 675 nm (near-infrared wavelength) and greatly
improved the light transmission efficiency of tissue. AkaLumine-HCl
bioluminescence displays 5- or 8.3-fold higher light transmission
than D-luciferin bioluminescence in 4- or 8-mm-thick tissue sections,
respectively.”” In addition, Iwano et al.*® have successfully developed
Akaluciferase, an improved FLuc that is enzymatically optimal for Aka-
Lumine-HCI and that exhibits higher thermal stability than FLuc; the
combination with AkaLumine-HCl produces bioluminescence with
20 times the intensity of the bioluminescence produced by the conven-
tional combination of D-luciferin and FLuc.*® The problem of low
bioluminescence from intratumoral necrosis might be solved by the
reconstruction of our necrosis imaging system, taking advantage of
the newly developed luciferase-substrate combination.

Finally, we have developed a promising BLI system. This could be
applied to develop a system to more precisely and quickly evaluate
the reactions of tumors to radiation therapy or chemotherapy in com-
parison to conventional methods of evaluation. This system should be
very useful for the evaluation of novel therapies for cancer or necro-
sis-associated diseases, facilitating the development of novel thera-
peutic modalities. Currently, although there are still some defects,
we would like to complete this system, which works in a dynamic
and minimally invasive manner.

MATERIALS AND METHODS

Cell culture and bacteria

Chang liver cells (HeLa contaminant), A549 human lung adenocarci-
noma cells, and MCF-7 human mammary carcinoma cells were grown
in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated
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Figure 6. In vivo BLI of necrosis in implanted tumors composed of cells
stably expressing the necrosis imaging reporters, NLucN/v2 and NLucC/
v2-Fc

(A) H&E-stained tissue section of an implanted tumor with necrosis. White arrows
indicate the areas of necrosis. BV, blood vessel. (B) Representative BLI of necrosis
caused by tumor growth in a xenograft tumor (8-10 mm in maximum diameter). This
image was acquired using an EMCCD camera after the direct intratumoral injection
of 100 plL of 50-fold diluted furimazine solution.

fetal calf serum, 100 U/mL penicillin, and 100 pg/mL streptomycin in a
5% CO, incubator at 37°C. All cell lines were purchased from ATCC
(Rockville, MD, USA). The DHb5a. strain of Escherichia coli (Takara
Bio, Ohtsu, Japan) was used for the DNA manipulation experiments.
The E. coli cells were grown in Luria-Bertani (LB) medium at 37°C.
All medium compositions for E. coli were purchased from BD Diagnos-
tics (Sparks, MD, USA).

Plasmid construction

We constructed plasmid vectors for a necrosis imaging reporter in
which a DnaE intein sequence (DnaEn or DnaEc) involved in PTS
was linked to either of two divided luc fragments. Schematic represen-
tations of the structural features of the plasmids used in this study are

depicted in Figure 2. For a FLuc reconstitution system, two plasmids
were constructed. One was pFLucN, which was constructed by cloning
a DNA fragment covering a 5'-terminal sequence of the FLuc gene (1-
1245 nt), a so-called hinge sequence (KFAEYC in one-letter amino
acid code), and DnaEn in the BamHI site, which was introduced
immediately downstream of the cytomegalovirus (CMV) promoter
in a plasmid, pCMV15. The other was pFLucC, which was constructed
by cloning a DNA fragment covering DnaEc, another hinge sequence
(CENIS), and a 3'-terminal fragment of the FLuc gene (1198-1650 nt)
in the BamHI site of pBApo-CMV Neo (Takara Bio). A few different
combinations of plasmids were constructed for NLuc reconstitution.
Using pCMV-cNLuc, which was constructed by replacing the FLuc
gene of pPCMV with the NLuc gene as a template, NLucN, a DNA frag-
ment covering a 5'-terminal fragment of the NLuc gene (1-480 nt), a
hinge sequence (KFAEYC), and DnaEn, was PCR-amplified with tag
sequences of the BamHI site or EcoRI site added to the 5’ or 3’ ends,
respectively. This fragment was inserted into pIRES2-AcGFP1 (Takara
Bio) to construct pNLucN. Likewise, using pCMV-cNLuc as a tem-
plate, NLucC, a DNA fragment covering DnaEc, a hinge sequence
(CENIS), and a 3'-terminal fragment of NLuc gene (484-513 nt) was
PCR-amplified with tag sequences of the BamHI site or EcoRI site
added to the 5’ or 3’ ends, respectively. This fragment was inserted
into pIRES2-DsRed-Express2 (Takara Bio) to construct pNLucC. Us-
ing the pNLucN plasmid as a template, inverse PCR was conducted to
exclude the hinge sequence. The amplified sequence was self-ligated af-
ter digestion with Mlul to construct pNLucN/v2. Likewise, using the
pNLucC plasmid as a template, inverse PCR was conducted to exclude
the hinge sequence. The amplified sequence was self-ligated after
digestion with Mlul, and the CMV promoter was replaced with the
CAG promoter to construct pNLucC/v2. We then constructed
PNLucN/v2-Fc and pNLucC/v2-Fc. The former is a plasmid in which
a hIgG1-Fc was connected to the 3’ end of NLucN/v2, expressing the
fusion protein. The latter is a similar plasmid, in which the same
hIgG1-Fc DNA fragment was connected to the 3’ end of NLucC, which
expressed the fusion protein. These plasmids were constructed by
introducing a PCR-amplified DNA fragment containing the hIgG1-
Fc region from pCAG-Neo hIgG1-Fc (Fujifilm, Tokyo, Japan) with
tags of the BamHI site and the Mlul site at both ends into the BamHI
and the Mull site in plasmid pNLucN/v2 or pNLucC/v2. A plasmid,
pNLucC/v2-FLuc, which expresses a fusion fragment in which the
full length of the FLuc gene is linked to downstream of the NLucC/
v2 fragment, was constructed by replacing the Fc region in pNLucC/
v2-Fc with the PCR-amplified FLuc gene using a template plasmid,
pGL4.13 (Promega). A plasmid, pNLucC/v2-Fc/FLuc, in which
hIgG1-Fc and FLuc are linked to the N terminal and C terminal of
the NLucC fragment, respectively, was constructed by inserting the
PCR-amplified hIgG1-Fc into the upstream of the NLucC/v2-FLuc
fragment in pNLucC/v2-FLuc. Structures of all the constructed plas-
mids were confirmed by nucleotide sequencing analyses.

Transfection and establishment of cell lines stably expressing
the necrosis imaging reporter

For transient transfection experiments, 3.0 X 10° Chang liver cells,
A549 cells, and MCF-7 cells were seeded prior to transfection into a
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60-mm Petri dish and incubated for 12 h at 37°C. Transfection was
performed with the Effectene transfection reagent (QIAGEN, Va-
lencia, CA, USA) in accordance with the manufacturer’s
instructions.

For the establishment of stably transfected cell lines, 1.0 x 10°
Chang liver cells were seeded into a 100-mm culture dish and
then transfected with one of the plasmids listed in Figure 2. All
the plasmids harbored the neomycin/kanamycin resistance gene,
and most of the plasmids harbored the EGFP gene or the Ds-Red
gene (no fluorescent protein gene for plasmids pFLucN and
pFLucC; Figure 2), for the selection of stably transfected cells.
Transfected cells were cultured for 14 days in culture medium con-
taining 10 pg/mL of G418 (Nacalai Tesque, Kyoto, Japan). Har-
vested cells from antibiotic-resistant colonies stably expressing the
EGFP or DsRed, which were identified with a fluorescence micro-
scope, were isolated by limiting dilution using 96-well plates. Iso-
lated cells were proliferated in medium containing 10 pg/mL of
G418 to establish cell lines. We used pFLucN, pFLucC, pNLucN,
pNLucC, pNLucN/v2, pNLucC/v2, and pNLucC/v2-Fc to establish
the FLucN, FLucC, NLucN, NLucC, NLucN/v2, NLucC/v2, and
NLucC/v2-Fc cell lines, respectively.

The reconstituted luc activity measurement

Transiently or stably transfected cells (5.0 x 10 cells) with one of the
plasmids listed in Figure 2 were washed in PBS once and lysed with
100 pL of PLB (Promega) and incubated at 37°C. To evaluate the
thermal stability of the reconstituted luc activity, a mixture of equal
volume of a C fragment and the corresponding N fragment were incu-
bated at 37°C for the indicated durations before the luc assay. To eval-
uate the thermal stability of each fragment separately, transfected cells
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Figure 7. In vivo BLI of intratumoral necrosis induced
by physical or chemical destruction of xenograft
tumors

; (A and B) Representative BLI of intratumoral necrosis
} induced by needlestick or tissue lysis treatment in xeno-

graft tumors (A) and the quantitative analysis of the biolu-
minescence intensity (B). After needlestick injuries or tissue

lysis treatment, in vivo BLI of intratumoral necrosis was
performed using an EMCCD camera following the direct
injection of 20 L of 50-fold diluted furimazine into tumors
(8-10 mm in maximum diameter). The bioluminescence
intensity caused by needlestick injuries or tissue lysis
treatment was normalized to that of untreated control or
x| vehicle treatment control, respectively. They were plotted

as the mean fold induction. Error bars represent the
standard deviation (n = 6). Asterisks indicate statistical
significance (unpaired t test, p < 0.05).

with a plasmid were lysed in 100 pL of PBL and
then incubated at 37°C for the indicated dura-
+ tions without reconstitution by combining with

another cell lysate. Then, an equal volume of

the corresponding lysate was added and the

mixture was subjected to bioluminescence measurement with the
Luciferase Assay System or the Nano-Glo Luciferase Assay System us-
ing a luminometer (Promega), in accordance with the manufacturer’s

instructions.

Cell death measurement by flow cytometry

Cell death measurement was performed with an Apoptotic/Necrotic/
Healthy Cells Detection Kit (PromoCell, Heidelberg, Germany) in
accordance with the manufacturer’s instructions. The binding buffer
contained in the kit was added to 1.0 x 10° Chang liver cells, which
had been collected by centrifugation, and then treated at room tem-
perature for 5 min after PLB treatment. After collecting the cells by
centrifugation, FITC Annexin V and EthD-III were added together
with the binding buffer. After maintaining the cell suspension in a
dark place for 15 min, the ratio of necrotic cells (positive for EthD-
I1I) with or without PLB treatment was determined by flow cytometry
(FACSCalibur, Nippon Becton Dicknson, Tokyo, Japan).

Capturing of BLI of in vitro cellular necrosis

By centrifugation, 5.0 x 10 cells of the necrosis imaging reporter
cells (FLucN, FLucC, NLucN/v2, and NLucC/v2) were collected
(for 10 x NLucC/v2-Fc, 5.0 x 10° cells were collected) and then
suspended with 100 pL of PLB, 0.1% NP-40, or PBS (control). In
addition, physical destruction by ultrasonication was applied to
each of the necrosis imaging reporter cells suspended in PBS using
an ultrasonic cell crusher (output 25, 10 s, Ultrasonic Processor VP-
5T, Taitec, Saitama, Japan). After these treatments, each cell sample
was incubated independently at 37°C for 60 min. BLI of in vitro
cellular necrosis was acquired using an EMCCD camera (iXon3
888, Andor Technology, Belfast, UK) after mixing an equal volume
of a cell sample containing the N-terminal luc fragment and a cell
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sample containing the C-terminal luc fragment with 500 pM D-
luciferin (Wako, Osaka, Japan) at the final concentration or 50-
fold diluted furimazine (Nano-Glo luc assay substrate contained
in the assay kit, Promega) in sterile PBS. The Andor Solis image
analysis software program (Andor Technology, Belfast, UK) was
used for analyses of captured images.

Mouse xenograft tumor model

BALB/cA Jcl-nu/nu immunodeficient female mice were obtained
from CLEA Japan (Tokyo, Japan) and housed in a light- and temper-
ature-controlled room with ad libitum access to water and food. Sta-
bly transfected cell mixture containing NLucN/v2 (4 x 10° cells) and
NLucC/v2-Fc (2.0 x 10° cells) suspended in PBS was merged with an
equal volume (50-100 pL) of Matrigel Matrix (Corning, NY, USA)
and subcutaneously implanted at two sites on the backs of 5- to 7-
week-old mice. The experiments were performed 2-3 weeks after im-
plantation, when the tumors had grown to 8—10 mm in the maximum
diameter. All of the experimental procedures using mice were
approved by the animal experiment committee of Kitasato University
(authorization number 18-07-2) and were carried out in accordance
with the relevant national and international guidelines.

BLI of in vivo necrosis induced in living tumors

For in vivo BLI of intratumoral necrosis formed by tumor growth,
100 pL of 50-fold diluted furimazine in sterile PBS was administered
directly into the xenograft tumor (8-10 mm in maximum diameter)
in the animal model. For in vivo BLI of the intratumoral necrosis
induced by physical destruction, needlestick injuries were made on
the tumors (8-10 mm) on the backs of mice anesthetized with a 2%
isoflurane/air mixture using an 18 G needle. The scratch of the tumor
skin made by the needle was sealed with a skin liquid bandage to pre-
vent leakage of chemiluminescent substrate from the tumor. Then
20 pL of 50-fold diluted furimazine was injected directly into the
xenograft tumors with or without needlestick injuries. For in vivo
BLI of necrosis induced by chemical destruction, CelLytic MT
mammalian tissue lysis/extraction reagent (CelLytic MT; Sigma-Al-
drich, St. Louis, MO, USA) was injected at a volume of 20 pL into
the tumor (8-10 mm). The same volumes of the PBS were given to
the control tumor. BLI of in vivo necrosis was acquired with an
EMCCD camera 10 min after the injection of furimazine. During im-
age acquisition, isoflurane anesthesia was maintained using a nose
cone delivery system, and mouse body temperature was controlled
with a heat mat. Signal intensity was quantified as the sum of all de-
tected photon counts within a region of interest prescribed over the
tumor using the Andor Solis for Imaging software program. Pseudo-
color images representing the spatial distribution of the detected
photons emitted by luc reconstituted within the tumor were pro-
cessed using the Image] software program (version 1.50i; National In-
stitutes of Health, Bethesda, MD, USA)

Preparation of tumor tissue section

Xenograft tumors excised from mice were fixed with 4% paraformal-
dehyde for H&E stain. Areas of necrosis in tumor tissue sections were
determined by observation of a pathologist.

Statistical analysis

All values are expressed as the mean + standard deviation. Significant
differences between groups were determined by an unpaired t test or a
one-way functional ANOVA with Holm-Sidak’s multiple compari-
son test.
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