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Abstract

Reporter gene (RG) imaging of cell-based therapies provides a direct readout of therapeutic efficacy by assessing the fate of
implanted cells. To permit long-term cellular imaging, RGs are traditionally required to be integrated into the cellular
genome. This poses a potential safety risk and regulatory bottleneck for clinical translation as integration can lead to cellular
transformation. To address this issue, we have developed non-integrative, replicating minicircles (MCs) as an alternative
platform for safer monitoring of cells in living subjects. We developed both plasmids and minicircles containing the scaffold/
matrix attachment regions (S/MAR) of the human interferon-beta gene, driven by the CMV promoter, and expressing the
bioluminescence RG firefly luciferase. Constructs were transfected into breast cancer cells, and expanded S/MAR minicircle
clones showed luciferase signal for greater than 3 months in culture and minicircles remained as episomes. Importantly,
luciferase activity in clonal populations was slowly lost over time and this corresponded to a loss of episome, providing a
way to reversibly label cells. To monitor cell proliferation in vivo, 1.5x10° cells carrying the S/MAR minicircle were implanted
subcutaneously into mice (n=5) and as tumors developed significantly more bioluminescence signal was noted at day 35
and 43 compared to day 7 post-implant (p<<0.05). To our knowledge, this is the first work examining the use of episomal,
self-limited, replicating minicircles to track the proliferation of cells using non-invasive imaging in living subjects. Continued
development of S/MAR minicircles will provide a broadly applicable vector platform amenable with any of the numerous RG
technologies available to allow therapeutic cell fate to be assessed in individual patients, and to achieve this without the
need to manipulate the cell's genome so that safety concerns are minimized. This will lead to safe tools to assess treatment
response at earlier time points and improve the precision of cell-based therapies.
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Introduction Non-invasive imaging of therapeutic cells is the most promising
approach for monitoring cell fate. In particular, imaging strategies
using reporter genes (RGs) can provide information of the
location(s), number, viability and differentiation status of delivered

Cell-based therapies have emerged as novel therapeutics for the
treatment of a variety of diseases including cancer, cardiovascular

and neurodegenerative diseases. Promising examples include cells. Many RG technologies have been developed in the last few

adoptive immunotherapy fo_r cancer treatment (1] anc} stem cell decades for imaging modalities such as fluorescence (FL) [4] and
therapy for the regeneration of ischemic heart disease [2]. bioluminescence (BLI) imaging [3,6], magnetic resonance imaging

Unfortunately, traditional readouts of treatment success are often (MRI) [7], positron emission tomography (PET) [8], and for
indirect (e.g., tumor shrinkage) and only assessable long after cell N

delivery, making timely adjustment of treatment course difficult
[3]. Direct, repeatable monitoring of the fate of delivered cells will
allow therapeutic efficacy to be assessed at earlier time points,
improve the ability to identify responders and non-responders, and
overall, allow more precise cell-based therapies to become a
reality.

emerging technologies such as photoacoustic imaging [9]. Despite
these tremendous advances only a single study has translated one
of these RG technologies into tracking of therapeutic cells in
patients [10]. One of the main reasons for this is potential safety
concerns regarding the genetic modification of cells using
integrating vectors that have the potential to cause insertional
mutagenesis and malignant transformation of cells. This concern
has been known for a long time but has become a reality ever since
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2 male patients treated with integrating retroviruses developed T-
cell acute leukemia-like syndrome during a gene therapy trial to
treat X-linked severe combined immunodeficiency disease (SCID-
X1) [11,12]. In order to avoid this serious issue and safely track
proliferating cells in humans, non-integrative (episomal) vector
platforms with autonomous replicative capability would have
significant potential.

In the past decade several groups have reported the develop-
ment of non-viral vectors containing the human interferon-beta
(hIFN-B) scaffold/matrix attachment region (S/MAR) [13-16].
Once introduced into cells in culture, S/MAR vectors remain
episomal and can recruit host replication machinery to promote
vector replication once per cell cycle [17]. Over time, optimization
of S/MAR vectors has been achieved with several groups showing
that removal of prokaryotic sequences to generate S/MAR
minicircles (MCis) allows dividing cells to be labeled for several
generations without the need for antibiotic selection and with
minimal integration events [14-16]. While the episomal nature
and replicative ability of S/MAR constructs has been established
in both cultured cells [13-16] and transgenic pig fetuses [18], the
ability of these constructs to replicate when delivered to tissues i
vivo (without some form of selection advantage [19]) has been
difficult [16]. Despite these challenges for their use as gene therapy
vehicles, we were inspired by the results shown in cultured cells
using S/MAR MCs and hypothesized that this technology could
be extended beyond the culture dish and be used to safely track
transplanted RG labeled cells in living subjects.

Therefore, our objectives in this study were: 1) to develop S/
MAR MC:s that expressed a bioluminescence RG to allow dividing
cells to be imaged both in culture and in living mice; 2) to show
that these constructs would express transgenes and remain
episomal for extended periods of time in culture; and 3) to
investigate whether RG labeled cultured cells could be transplant-
ed into animals and their proliferation and viability could be
monitored over time with non-invasive imaging. To our knowl-
edge, this is the first work demonstrating the ability to track cells in
living subjects using replicating episomal MCs and lays the
foundation for future vectors expressing clinically relevant RGs for
imaging modalities such as PET or MRI, so that therapeutic cells
can be tracked in patients.

Materials and Methods

Ethics Statement

The Administrative Panel on Laboratory Animal Care at
Stanford University approved all animal experiments and all
efforts were made to minimize animal suffering.

Vector Construction

The construct pEPI-eGFP was kindly provided by Dr. Hans
Lipps [18]. This plasmid is driven by the CMV promoter (pCMV),
expresses enhanced green fluorescent protein (eGFP), and contains
the S/MAR region from the human IFN- gene (~2.0 kb) directly
downstream of eGFP. We replaced eGFP with the codon-
optimized bioluminescence reporter gene firefly luciferase (Luc2)
to generate pEPI-Luc2. Next, to generate both parental plasmids
(PP) and MCs we used the system described by Kay et al [20]
(System Biosciences, Mountain View, CA). Briefly, we subcloned
the pPCMV-Luc2-S/MAR transcription unit out of pEPI-Luc2 and
mto the MN-100 PP backbone (System Biosciences, Mountain
View, CA) containing an SV40 polyA sequence to generate PP-
pCMV-Luc2-S/MAR (Figure 1A - top). Both PP-pCMV-Luc2-S/
MAR (PP) and MC-pCMV-Luc2-S/MAR  (Figure 1A - bottom)

were amplified and purified according to the protocol outlined in
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Kay et al [20] and the supplier’s instructions (System Biosciences,
Mountain View, CA). Briefly, ZYCY10P3S2T E. coli were
transformed with the PP, colonies were picked and E. coli were
grown overnight in TB broth. To generate MCs, site-specific
recombination via expression of phiC31 integrase was initiated by
addition of equal volume of LB broth containing 0.001% L-
arabinose and 16 mL. NaOH, and cultures were grown for an
additional 5.5 hours at 30°C.. For the PP, the cells were grown in
the same media without L-arabinose supplementation. Endotoxin-
free mega kits (Qiagen, Valencia, CA) were used to purify both PP
and MC.

Cell Transfection and BLI in Cell Culture

MDA-MB-231 human breast cancer cells (ATCC, Manassas,
VA) were grown in DMEM high glucose medium (Gibco,
Carlsbad, CA) supplemented with 10% Fetal Bovine Serum
(FBS), and 1% Penicillin/Streptomycin (P/S) solution. For
transfection, 2.5x10* cells were plated in 24-well plates and
transfected with both PP and MC at equal mass (1 ug) using a
linear polyethylenimine transfection agent (jetPEI, Polyplus
transfection, Illkirch, France) according to the manufacturer’s
instructions. After reaching confluency, cells were transferred to
10 cm plates and bioluminescence imaging was performed to
detect firefly luciferase (Fluc) activity using a Xenogen IVIS 50
imaging system (Caliper Life Sciences, Waltham, MA) 5 minutes
after addition of D-Luciferin (0.03 mg/ml) at 37°C.

Luminometer Assay

Cells were lysed in 1 xPassive lysis buffer (Promega, Sunnyvale,
CA) for 15 minutes on ice and lysate was centrifuged at
14,000 rpm for 5 minutes at 4°C. Supernatant was collected
and Fluc activity was determined using 10 pL lysate after addition
of 100 uL. LAR-II substrate (Promega, Sunnyvale, CA) in a TD
20/20 luminometer (Turner Designs, Sunnyvale, CA). An
integration time of 10 seconds was used for all measurements
recorded as relative light units (RLU). The protein content (ug) of
tissue lysates was determined using a Pierce 660 nm Protein Assay
system (Thermo Scientific, Rockford, IL) in a BioTek Synergy 4
microplate reader (BioTek Instruments, Winooski, V'T'). Normal-
ized Fluc activity is reported as RLU per pg of protein.

Southern blot analysis

Total DNA was isolated from MDA-MB-231 cells using the
DNeasy Blood and Tissue Kit according the manufacturer’s
instructions (Qiagen, Valencia, CA). DNA concentration was
quantified using a Nanodrop 1000 spectrophotometer (Thermo
Scientific, Wilmington, DE). Total DNA was digested with a single
cutting restriction enzyme (EcoRI), and 40 ug was separated on a
0.7% agarose gel (30 V, 20 mA for 7 hours). DNA was then
blotted overnight onto Amersham Hybond-N+ paper according to
the manufacturer’s instruction (GE Healthcare, Buckinghamshire,
UK). Finally, a 400 bp Luc2 probe was labeled with alkaline
phosphatase using the Amersham Gene Images AlkPhos Direct
Labelling and Detection System (GE Healthcare, Buckingham-
shire, UK), and chemiluminescent signal detection was performed
as per the manufacturer’s instructions.

Tumor Development and In Vivo BLI

To perform in vivo imaging of cell proliferation, 1.5x10° cells
from a S/MAR MC clonal population (clone 3-7; 61 days post-
transfection) were implanted subcutaneously into the right flank of
Nu/Nu mice (n =5). BLI was performed on days 7, 20, 28, 35, and
43 post-implantation using a Xenogen IVIS Spectrum imaging
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Figure 1. Design and construction of self-replicating minicircle constructs. A) Vector maps of both parental plasmid (PP; top) and minicircle
(MC; bottom) versions of pCMV-Luc2-S/MAR. B) Agarose gel electrophoresis analysis confirming the ability to generate both PP (8.5 kb) and MC
(4.5 kb). Q) Stress induced duplex destabilization (SIDD) profile of MC-pCMV-Luc2-S/MAR at a standard superhelical density of —0.05. Note the regular
low denaturation energies (G(x)) between base pairs 2332 and 4314 corresponding to the location of the S/MAR motif.

doi:10.1371/journal.pone.0073138.9001

system (Caliper Life Sciences, Waltham, MA). Each mouse was
injected intraperitoneally with 100 uL of D-Luciferin (30 mg/mL)
and a series of images was collected between 5 and 20 minutes
post-injection. A region of interest was drawn over the tumor in
cach image and the peak average radiance (photons/sec/cm?/

steradian) within the imaging period was measured.

Statistics

To compare normalized Fluc activity in cultures at days 64 and
121 we performed a paired two-tailed t-test. To compare average
radiance measurements taken over time we performed a repeated
measures analysis of variance followed by a Tukey’s post-hoc test.
A nominal p-value less than 0.05 was considered to be significant.

Results

S/MAR MCs can label cells with RGs for extended periods

of time in culture and remain episomal

We developed both parental plasmids (PPs) and minicircles
(MCis) driven by the CMV promoter, expressing a firefly luciferase
gene (Luc2), and containing the hIFN-8 S/MAR (pCMV-Luc2-S/
MAR; Figure 1A). The PP was approximately 8.5 kb in size,
whereas after removal of prokaryotic components the MC was
about 4.5 kb (Figure 1B). As previously described [16], the stress
induced duplex destabilization (SIDD) profile of the MC (at a
superhelical density of -0.05) revealed regular intervals within the
S/MAR motif with low denaturation energy (G(x)), demonstrating
a high propensity for this region to undergo strand separation
(http://benham.genomecenter.ucdavis.edu/; Figure 1C). The PP
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also showed a similar pattern within the S/MAR region (data not
shown).

Our first experimental objective was to establish the ability of
our S/MAR MCs to label cultured cells with RGs for extended
periods of time. MDA-MB-231 breast cancer cells were transfected
with either PP or MC, grown without antibiotic selection, and
imaged at both day 6 and 9 after transfection (Figure 2A). Unlike
S/MAR PPs, S/MAR MCs do not require antibiotic selection to
become established as replicating episomes. Therefore we expect
that luciferase activity will be lost over time using S/MAR PPs but
better maintained with S/MAR MCs. Cells were transfected with
equal mass of PP and MC and therefore due to the inherent
differences in transfection efficiencies we focused our comparisons
of relative Fluc levels over time to changes within rather than
between PP and MC cell populations. On day 6, both PP and MC
showed strong bioluminescent signal. In contrast, at day 9, after
several days of continued cell growth, the MC signal began to
show foci of strong luminescent signal, whereas the PP signal
began to disappear (Figure 2A). At this point individual S/MAR
MC cell colonies that displayed high levels of bioluminescent
signal were isolated and expanded to generate clonal cell
populations. Several of these clones (clone 2-1, 3-5, and 3-7) were
maintained in culture for extended periods of time (~4 months)
and serial BLI was performed (Figure 2B). As seen in Figure 2B,
each clone continued to display bioluminescent signal for at least 3
months following transfection, indicating the ability to express RG
in cells with S/MAR MCs for extended periods of time.

We next isolated total DNA from both control cells and one of
our S/MAR MC clones (clone 3-7) and determined whether the
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construct existed as an episome by performing Southern blot
analysis. After digesting total DNA with a single restriction enzyme
(EcoRI) to linearize the MC and hybridizing with a Luc2 probe,
we were able to detect a single band in our S/MAR MC clonal
population at day 47 post-transfection (Figure 2C). Importantly
this band showed up at the correct size for our S/MAR MC
construct (4.5 kb), as was also shown for control DNA spiked with
our S/MAR MC construct. No band was detectable in DNA from
control cells (Figure 2C). Therefore, similar to previous studies

A

Day 6

Day 9

MC Clone 3-5 MC Clone 3-7

Day 17

Day 91
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[14-16], this confirms that our S/MAR MC construct exists as an
episome and can replicate autonomously as cells divide.

Both RG expression and episomes are slowly lost in S/
MAR MC labeled cells While we detected luminescent signal in
the culture dish over time, the results in Figure 2B do not reflect
differences in the number of cells in each dish at the time of
imaging. Therefore, we performed a luminometer assay and
protein assay on lysates from S/MAR MC clonal populations to
measure Fluc activity (relative light units; RLU) normalized to
protein content (ug) (Figure 3A). Comparing results at days 64 and
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Figure 2. SIMAR MCs can label cells in culture for extended periods of time and remain episomal. A) pCMV-Luc2-S/MAR PP and MC
constructs were transfected into MDA-MB-231 cells, grown in the absence of antibiotic selection, and BLI was performed over the course of 9 days.
On day 6, both MC and PP showed strong BLI signal within the cells. However, by day 9, the MC-labeled cells continued to display strong signal and
the signal from PP-labeled cells began to disappear. On this day MC-labeled clones displaying strong luminescent signal were isolated and expanded.
B) Two clones (3-5 and 3-7) were cultured over the course of 91 days post-transfection and continued to be imaged. Both clones continued to show
luminescent signal over the entire 3-month period. C) Southern blot analysis was performed on total DNA isolated from control cells, from control
cells spiked with 200 pg of S/MAR MC, and from an S/MAR MC clonal population (clone 3-7) 47 days after transfection. Total DNA (40 pug) was
digested with a single cutting enzyme and probed with a Luc2 probe. A single band at the correct size (4.5 kb) was detectable only in the lanes with
control DNA spiked with the original construct (lane 1) and the S/MAR MC clone (lane 3), confirming the episomal nature of the construct.
doi:10.1371/journal.pone.0073138.g002
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121 post-transfection across the three S/MAR MC clones we
noted a trend (p=0.18) towards decreased normalized Fluc
activity (64% decrease for clone 3-7, 86% decrease for clone 3-5,
and 87% decrease for clone 2-1), signifying a slow loss of Fluc
activity over time. For S/MAR clone 3-7, which showed the
highest Fluc activity of all clones and was cultured for the longest
period of time, Fluc activity continued to decline up to day 178
post-transfection (97% decrease compared to day 64).

We then wanted to investigate whether this slow loss in Fluc
activity corresponded to a decrease in S/MAR MC episomal
content as assessed by Southern blot (Figure 3B). At day 64, as at
day 47 in Figure 2C, we saw a clear single band indicating a
significant number of episomes in this clonal population (clone 3-
7). In contrast, at day 121 a band was barely discernible
demonstrating that the S/MAR MC was slowly lost over time.
Therefore, our results show that over long periods of time in
culture labeling of cells with S/MAR MCs driven by the CMV
promoter, results in a decreasing percentile of MC positive cells
over time, and appears to be intrinsically reversible.

S/MAR MC labeled cells can be implanted into small
animals and cell proliferation can be monitored over
time with non-invasive imaging

To show that S/MAR MCs can be used as a platform for
tracking proliferating cells i vivo we implanted 1.5x10° MDA-
MB-231 Luc2-S/MAR MC labeled cells (clone 3-7; day 61 post-
transfection) into the right flank of 6 week old female Nu/Nu mice
and performed BLI over time (Figure 4 and Figure S1). As shown
in Figure 4A, as tumors developed we saw an increase in the
bioluminescent signal in the flank of these animals. We confirmed
this observation by quantifying the amount of bioluminescent
signal emanating from tumors. To do this, we performed ROI
analysis over tumor sites and detected significant increases in
average radiance at days 35 and 43 post-implantation compared
to day 7. (Figure 4B). Therefore, as cells divided i vivo the S/MAR
MCis continued to replicate, verifying that these constructs can be
used to perform RG imaging of dividing cells in living subjects.
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Discussion

Many cell-based therapies are rapidly being developed for the
treatment of a variety of devastating diseases. Direct imaging of
cell fate has tremendous potential to improve the ability to assess
therapeutic efficacy in individual patients. However, safety
concerns regarding integrative technologies needed to genetically
modify cells often represents a significant regulatory bottleneck
that limits widespread adoption of RG technology into cell therapy
trials. In this study, we showed that S/MAR MCs can be used to
label cells in culture with imaging RGs over extended periods of
time and that these constructs remain episomal within the cells.
Unexpectedly but importantly, we also show evidence that with
our S/MAR MC constructs RG expression is slowly lost over
extended periods of time in culture and that this corresponds to a
slow loss of S/MAR MCs. Lastly, we demonstrated the ability to
implant cells labeled in culture into living subjects and to monitor
in vivo cell proliferation and viability over extended periods of time
(>40 days).

Two main cellular imaging approaches have been established.
The first involves the labeling of cultured cells with imaging small
molecules or nanoparticles followed by imaging of implanted cells
in vivo. One of the main drawbacks of this technique are that as
cells divide the imaging labels get diluted, making it difficult to
track cells over extended periods of time and to quantify cell
numbers. Furthermore, if a cell dies the label will still persist for
some time and so false-positive cell imaging results are likely. The
second method involves labeling of cultured cells with imaging
RGs followed again by imaging of implanted cells in living
subjects. The RG either intrinsically produces imaging signal such
as fluorescent proteins [4] and some MRI reporter genes [21,22],
or expresses a protein that traps a systemically administered
reporter probe (RP) such as BLI or PET RG/RP systems [5,6] [8].
Importantly, no dilution of imaging signal is seen during cell
division since each daughter cell receives a new copy of the RG,
and critically, dead cells also no longer express the RG, allowing
cell viability to be assessed. This makes RGs the ideal cell tracking

S/MAR MC Day 121

| Control + 100 pg MC
S/MAR MC Day 64

Figure 3. Luciferase activity and S/MAR MCs are slowly lost over time in labeled cell populations. A) Normalized luciferase expression
was measured at both day 64 and 121 post-transfection in three S/MAR MC clonal populations. All clones showed a trend (p=0.18) towards
decreased normalized luciferase expression over long periods of time in culture. S/MAR clone 3-7 was cultured up to day 178 after transfection and
continued to show a slow loss of luciferase activity. B) The decrease in luciferase expression corresponded to a decrease in Luc2-S/MAR MC as shown
via Southern blot analysis. A single band was seen in both control DNA spiked with 100 pg of S/MAR MC and DNA from S/MAR MC clone 3-7 at day
64 post-transfection. However, a band is barely discernable at day 121 from S/MAR MC clone 3-7, indicating a slow loss of S/MAR MC over time.

doi:10.1371/journal.pone.0073138.9003
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Figure 4. Proliferation of S/MAR MC labeled cells can be monitored over time in living subjects. A) S/MAR MC labeled breast cancer cells
were implanted into the right flank of Nu/Nu mice and bioluminescence imaging (BLI) was performed over time. As tumors developed more
luminescent signal was noted. B) This observation was confirmed by performing region of interest analysis over the tumor and measuring average
radiance (p/s/cm?/sr) at days 7, 20, 28, 35 and 43 post-implantation. Significantly higher BLI signal (n=5; * p<<0.05) was noted at days 35 and 43 post-

implantation compared to day 7. Error bars are S.E.M..
doi:10.1371/journal.pone.0073138.g004

technology, however until now the main drawback of RGs is the
need to genetically modify the cells one wants to track.
Traditionally, cells that stably express RGs are modified using
either viruses (e.g., lentiviruses) that readily, but randomly,
integrate their genetic content into the genome [2,23], or with
plasmids followed by antibiotic selection [10], which also results in
random integration into the genome. Dependent on where these
integrations occur, these technologies can ultimately cause
deregulation of endogenous genes. This may have important
consequences on both the normal biological function of the cells
[24,25], or more importantly may activate nearby proto-
oncogenes, transforming the therapeutic cell one wants to label
into a malignant cell [11,12]. Hence, if possible, these random
integration technologies should be avoided and alternative vector
platforms should be explored. In two very recent studies, site-
directed integration of RGs into stem cells using either phiC31
integrases [26] or zinc-finger nucleases [27] has been explored as
an alternative to random integrative technologies. These are
exciting and promising ways to avoid critical sites within the
genome associated with proto-oncogene activation and insert
foreign genetic material into so-called genomic “safe harbours”.
However, one caveat to this strategy is that this still requires
genetic modification of the genome. Considering that the latest
evidence (ENCODE project) ascribes approximately 80% of the
genome with transcribed functional elements, both coding and
non-coding RNAs, and 99% of the genome lies within 1.7 kb of a
biochemical event [28], we believe an episomal technology that
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avoids Integration altogether will be preferred from both
functional and safety perspectives.

There are 3 examples of replicating episomal vector systems
used to modify cells [29]. These include human artificial
chromosomes (HACs), vectors composed of viral replication
origins and trans-activating factors, and S/MAR vectors. The
former two vector classes have their drawbacks. The major
limitations of HACs relate to complexity of production and the
difficulty to efficiently deliver these large vectors into target cells
[29]. Alternatively, all known viral-based vectors rely on the
expression of proteins known to induce cellular transformation,
such as Epstein-Barr virus nuclear antigen 1 (EBNA-1) [30], and
so it is unlikely that this vector class will have any clinical utility. In
contrast, S/MAR MCs are easy to construct, can be readily
mntroduced into cells, and exploit human chromosomal elements to
induce replication and maintenance in progeny cells. Therefore, of
the three vector platforms described to date, S/MAR vectors are
arguably the most promising in terms of ease of use, safety, and
clinical translatability.

The first S/MAR vector to be described, called pEPI-1, was a
plasmid containing the hIFN-B S/MAR and the SV40 origin of
replication (ORI) [13]. This vector was shown to maintain mitotic
stability by binding to matrix proteins such as SAF-A (also known
as hnRNP-U)[31] and replicate episomally once-per-cell-cycle in a
semiconservative fashion [13,32]. Later it was shown that
constructs containing a transcription unit linked to a downstream

S/MAR (i.e. without an SV40 ORI) was sufficient for mainte-
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nance as an episome [33]. Unfortunately, these first generation S/
MAR plasmids had two main drawbacks. First, the requirement
for antibiotic selection to establish these vectors as replicating
episomes violates regulatory “plasmids free of antibiotic resistance
genes” (pFAR) principles [15,34]. In addition, further investiga-
tion of S/MAR plasmids revealed that in some clonal cell
populations these vectors can eventually integrate into the genome
after long periods of time in culture, and therefore would not be
pursued clinically [14]. In recent years this has led to removal of
prokaryotic components and development of S/MAR MCis [14—
16]. Compared to S/MAR plasmids, S/MAR MCs have several
important safety advantages related to their eventual translation
into humans; they do not require antibiotic selection to become
established as episomes and also have a greater tendency to resist
integration [14,15]. Importantly, we have demonstrated in this
study that S/MAR MCis can be used as a vector platform to label
cells with RGs and track the proliferation and viability of
transplanted cells in living subjects.

Recently, Argyros et al demonstrated the ability to label cancer
cells with S/MAR “plasmids” for the purposes of developing
imageable tumor models without the need to modify the cancer
cell’s genome [35]. In their study, the S/MAR plasmids were
driven by the mammalian Ubiquitin C promoter, expressed firefly
luciferase, and contained the hIFN-8 S/MAR. Two different types
of cancer cell types were labeled and the ability to monitor cancer
progression in mice with bioluminescence imaging was demon-
strated. Our work supports the notion of using S/MAR vectors for
monitoring tumor development in mice without the need to
modify the cancer cell genome. We observed differences in the
absolute amount of luciferase signal in cells transfected with either
S/MAR PPs and S/MAR MCs (Figure 2A). Several reasons can
explain these differences. Firstly, we transfected cells with equal
mass of both PP and MC, therefore a greater number of
transcription units were transfected using S/MAR MCs. Another
partial explanation could be that without selection pressure S/
MAR MCs are known to replicate whereas S/MAR PPs do not
[14]. Another reason could be that there could be slightly more
cells in the MC plate than the PP plate, however we did not see
any obvious qualitative differences in cell number. Due to the
different sizes of the constructs it would be difficult to assess
absolute transfection efficiency without including another reporter
within the construct itself. We did not pursue this strategy since it
has been described previously [14,15], and in our own experienc-
es, that S/MAR constructs have a maximum cloning capacity, and
therefore we wanted to minimize the overall size of our constructs.
Ciritically, we believe S/MAR MCs will have significant advan-
tages over S/MAR plasmids as we move towards our intended
purpose: translation of these vectors for tracking therapeutic cells
in patients with clinically relevant RGs. Safety will be of utmost
importance for translation and as described above, S/MAR MCs
have clear advantages over S/MAR plasmids regarding safety
concerns.

Another advantage of our particular MC construct is that while
our initial goal was to label cells indefinitely as has been previously
described with other MC constructs [14-16,35], serendipitously
across several clonal cell populations we saw a consistent slow drift
towards lower Fluc activity (Figure 3A) and S/MAR MC content
over time (Figure 3B). To explain these findings, it has been
previously shown that the ability of S/MAR vectors to replicate is
dependent on ongoing transcription into the S/MAR motif [36].
Therefore, our theory for the loss of RG expression and vector
over time relates to the selective use of the CMV promoter
(pCMYV) in our MC constructs. Studies have shown that loss of
gene expression due to silencing is promoter-dependent [37], and
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that the CMYV promoter is particularly prone to CpG methylation-
based silencing both @ vitro and in vive [16,38,39]. In our case, the
silencing of pCMV would result in a gradual inhibition of RG
transcription, inhibition of the ability of the MC to replicate, and
as those cells continue to divide the non-replicative MC would
eventually be lost. This provides an exciting way to reversibly
modify cells with RGs after a prolonged imaging window (months),
and is even safer and may have many more specific applications in
the clinic compared to a system that modifies cells indefinitely.
Future work will focus on development of MC constructs that
utilize mammalian promoters, such as the Ubiquitin C promoter
[35], that do not easily get silenced to cover applications that
require longer cell imaging windows and, as has been recently
explored [40], the use of inducible promoters that can be turned
off once the appropriate imaging window has been achieved.

One of the limitations of our current generation of S/MAR
MCs is the use of the 2.2 kb hIFN-B S/MAR motif. In an detailed
study by Broll and colleagues using MC constructs containing this
S/MAR, a few clonal populations expanded after FAC sorting
showed evidence of eventual integration after long periods in
culture (5 months) [15]. Of note though, this same study described
a shorter S/MAR motif (733 bp) called M 18, identified after in vivo
recombination in one of their clonal populations, that when
incorporated into MC constructs showed largely improved cloning
capacity and stability [15]. Another limitation of S/MAR vectors
in general is the low establishment rate within cells; with S/MAR
MCis it is estimated that the final rate of establishment is less than 5
percent [15]. This appears to be regulated at the epigenetic level,
since treatment of cells prior to transfection with histone deactylase
(HDAC) inhibitors, such as butyrate, to open up the cell’s
chromatin structure can improve the establishment rate [15].
Continued work exploring the effects of other HDAC inhibitors or
other epigenetic factors that can be modulated to improve
establishment rates are warranted.

To our knowledge, this is the first work exploring the use of
replicating, self-limited episomal MCs to monitor cell proliferation
and viability in living subjects. S/MAR MCis are a promising non-
integrative, replicative vector platform that avoids the safety issues
of integrative technologies but provides an imaging window (>3
months) that would allow clinicians to monitor cell fate early in the
treatment process and, if needed, intervene in a timely fashion.
This work was supported by

Supporting Information

Figure S1 Proliferation of S/MAR MC labeled cells can
be monitored over time in living subjects. S/MAR MC
labeled breast cancer cells were implanted into the right flank of
Nu/Nu mice and bioluminescence imaging (BLI) was performed
over time. As tumors developed more luminescent signal was
noted.

(DOCX)

Acknowledgments

The authors would like to acknowledge the imaging support provided by
the Stanford Small Animal Imaging Facility.

Author Contributions

Conceived and designed the experiments: JAR XY AD SSG. Performed
the experiments: JAR LC HC XY AD. Analyzed the data: JAR LC HC.

Contributed reagents/materials/analysis tools: JAR. Wrote the paper: JAR
LC AD SSG.

August 2013 | Volume 8 | Issue 8 | e73138



References

1.

&

20.

Till BG, Jensen MC, Wang J, Chen EY, Wood BL, et al. (2008) Adoptive
immunotherapy for indolent non-Hodgkin lymphoma and mantle cell
lymphoma using genetically modified autologous CD20-specific T cells. Blood
112: 2261-2271. doi:10.1182/blood-2007-12-128843.

. LiZ, Wu JC, Sheikh AY, Kraft D, Cao F, et al. (2007) Differentiation, survival,

and function of embryonic stem cell derived endothelial cells for ischemic heart
disease. Circulation 116: 146-154. doi:10.1161/CIRCULATIO-
NAHA.106.680561.

. Kircher MF, Gambhir SS, Grimm J (2011) Noninvasive cell-tracking methods.

Nat Rev Clin Oncol. 8: 667-88. doi:10.1038/nrclinonc.2011.141.

. Giepmans BNG, Adams SR, Ellisman MH, Tsien RY (2006) The fluorescent

toolbox for assessing protein location and function. Science 312: 217-224.
doi:10.1126/science.1124618.

. Contag CH, Spilman SD, Contag PR, Oshiro M, Eames B, et al. (1997)

Visualizing gene expression in living mammals using a bioluminescent reporter.

Photochem Photobiol 66: 523-531.

. Bhaumik S, Gambhir SS (2002) Optical imaging of Renilla luciferase reporter

gene expression in living mice. Proc Natl Acad Sci USA 99: 377-382.
doi:10.1073/pnas.012611099.

. Cohen B, Ziv K, Plaks V, Isracly T, Kalchenko V, et al. (2007) MRI detection of

transcriptional regulation of gene expression in transgenic mice. Nat Med 13:
498-503. doi:10.1038/nm1497.

. Gambhir SS, Bauer E, Black ME, Liang Q), Kokoris MS, et al. (2000) A mutant

herpes simplex virus type 1 thymidine kinase reporter gene shows improved
sensitivity for imaging reporter gene expression with positron emission

tomography. Proc Natl Acad Sci USA 97: 2785-2790.

. Filonov GS, Krumbholz A, Xia J, Yao J (2012) Deep-Tissue Photoacoustic

Tomography of a Genetically Encoded Near-Infrared Fluorescent Probe -
Filonov - 2011 - Angewandte Chemie Int Ed Engl. 51: 1448-51.

. Yaghoubi SS, Jensen MC, Satyamurthy N, Budhiraja S, Paik D, et al. (2009)

Noninvasive detection of therapeutic cytolytic T cells with 18F-FHBG PET in a
patient with glioma. Nature clinical practice Oncology 6: 53-58. doi:10.1038/
ncponcl278.

. Hacein-Bey-Abina S, Kalle Von C, Schmidt M, Le Deist F, Wulffraat N, et al.

(2003) A serious adverse event after successful gene therapy for X-linked severe
combined immunodeficiency. N Engl J Med 348: 255-256. doi:10.1056/
NEJM200301163480314.

. Hacein-Bey-Abina S, Kalle von C, Schmidt M, McCormack MP, Wulffraat N,

et al. (2003) LMO2-associated clonal T cell proliferation in two patients after
gene therapy for SCID-XI1. Science 302: 415-419. doi:10.1126/sci-
ence.1088547.

. Piechaczek C, Fetzer C, Baiker A, Bode J, Lipps HJ (1999) A vector based on the

SV40 origin of replication and chromosomal S/MARs replicates episomally in
CHO cells. Nucleic Acids Res 27: 426-428.

. Nehlsen K, Broll S, Bode J (2006) Replicating minicircles: Generation of

nonviral episomes for the efficient modification of dividing cells. Gene Ther Mol
Biol 10: 233-244.

. Broll S, Oumard A, Hahn K, Schambach A, Bode J (2010) Minicircle

performance depending on S/MAR-nuclear matrix interactions. ] Mol Biol 395:
950-965. doi:10.1016/j.,jmb.2009.11.066.

. Argyros O, Wong SP, Fedonidis C, Tolmachov O, Waddington SN, et al. (2011)

Development of S/MAR minicircles for enhanced and persistent transgene
expression in the mouse liver. J Mol Med (Berl) 89: 515-29. doi:10.1007/500109-
010-0713-3.

Schaarschmidt D, Baltin J, Stehle IM, Lipps HJ, Knippers R (2004) An episomal
mammalian replicon: sequence-independent binding of the origin recognition

complex. EMBO J 23: 191-201. doi:10.1038/sj.emboj.7600029.

. Manzini S, Vargiolu A, Stehle IM, Bacci ML, Cerrito MG, et al. (2006)

Genetically modified pigs produced with a nonviral episomal vector. Proc Natl

Acad Sci USA 103: 17672-17677. doi:10.1073/pnas.0604938103.

. Wong SP, Argyros O, Coutelle C, Harbottle RP (2011) Non-viral S/MAR

vectors replicate episomally in vivo when provided with a selective advantage.
Gene Ther 18: 82-87. doi:10.1038/¢t.2010.116.

Kay MA, He CY, Chen ZY (2010) A robust system for production of minicircle
DNA vectors. Nat Biotechnol 28: 1287-1289. doi:10.1038/nbt.1708.

PLOS ONE | www.plosone.org

21.

22.

23.

24.

27.

28.

29.

30.

31.

36.

37.

38.

39.

40.

Replicating Episomal Minicircles for Cell Imaging

Cohen B, Dafni H, Meir G, Harmelin A, Neeman M (2005) Ferritin as an
endogenous MRI reporter for noninvasive imaging of gene expression in C6
glioma tumors. NEO 7: 109-117. doi:10.1593/ne0.04436.

Deans AE, Wadghiri YZ, Bernas LM, Yu X, Rutt BK, et al. (2006) Cellular
MRI contrast via coexpression of transferrin receptor and ferritin. Magn Reson
Med 56: 51-59. doi:10.1002/mrm.20914.

Sun N, Lee A, Wu JC (2009) Long term non-invasive imaging of embryonic
stem cells using reporter genes. Nat Protoc 4: 1192-1201. doi:10.1038/
nprot.2009.100.

Stein S, Ott MG, Schultze-Strasser S, Jauch A, Burwinkel B, et al. (2010)
Genomic instability and myelodysplasia with monosomy 7 consequent to EVI1
activation after gene therapy for chronic granulomatous disease. Nat Med 16:
198-204. doi:10.1038/nm.2088.

. Ott MG, Schmidt M, Schwarzwaelder K, Stein S, Siler U, et al. (2006)

Correction of X-linked chronic granulomatous discase by gene therapy,
augmented by insertional activation of MDSI-EVIl, PRDM16 or SETBPI.
Nat Med 12: 401-409. doi:10.1038/nm1393.

5. Lan F, Liu J, Narsinh KH, Hu S, Han L, et al. (2012) Safe Genetic Modification

of Cardiac Stem Cells Using a Site-Specific Integration Technique. Circulation
126: S20-528. doi:10.1161/CIRCULATIONAHA.111.084913.

Wang Y, Zhang WY, Hu S, Lan F, Lee AS, et al. (2012) Genome Editing of
Human Embryonic Stem Cells and Induced Pluripotent Stem Cells with Zinc
Finger Nuclease for Cellular Imaging. Circ Res 111: 1494-503. doi:10.1161/
CIRCRESAHA.112.274969.

Consortium TEP, Consortium TEP, data analysis coordination OC, data
production DPL, data analysis LA, et al. (2012) An integrated encyclopedia of
DNA elements in the human genome. Nature 488: 57-74. doi:10.1038/
naturel 1247,

Wong SP, Argyros O, Coutelle C, Harbottle RP (2009) Strategies for the
episomal modification of cells. Curr Opin Mol Ther 11: 433-441.

Wilson JB, Levine AJ (1992) The oncogenic potential of Epstein-Barr virus
nuclear antigen 1 in transgenic mice. Curr Top Microbiol Immunol 182: 375-
84.

Jenke BHC, Fetzer CP, Stehle IM, Jonsson F, Fackelmayer FO, et al. (2002) An
episomally replicating vector binds to the nuclear matrix protein SAF-A in vivo.
EMBO Rep 3: 349-354. doi:10.1093/embo-reports/kvf070.

. Baiker A, Maercker C, Piechaczek C, Schmidt SBA, Bode J, et al. (2000) Mitotic

stability of an episomal vector containing a human scaffold/matrix-attached
region is provided by association with nuclear matrix. Nat Cell Biol 2: 182-184.

doi:10.1038/35004061.

. Jenke ACW, Stehle IM, Herrmann F, Eisenberger T, Baiker A, et al. (2004)

Nuclear scaffold/matrix attached region modules linked to a transcription unit
are sufficient for replication and maintenance of a mammalian episome. Proc

Natl Acad Sci USA 101: 11322-11327. doi:10.1073/pnas.0401355101.

. Marie C, Richard M, Vandermeulen G, Quiviger M (2008) pFAR plasmids:

New Eukaryotic Expression Vectors for Gene Therapy, devoid of Antibiotic
Resistance Markers. Nat Proceedings 713.

. Argyros O, Wong SP, Gowers K, Harbottle RP (2012) Genetic Modification of

Cancer Cells Using Non-Viral, Episomal S/MAR Vectors for In Vivo Tumour
Modelling. PLoS ONE 7: €47920. doi:10.1371/journal.pone.0047920.g004.
Stehle IM, Scinteie MF, Baiker A, Jenke ACW, Lipps HJ (2003) Exploiting a
minimal system to study the epigenetic control of DNA replication: the interplay
between transcription and replication. Chromosome Res 11: 413-421.
Herweijer H, Zhang G, Subbotin VM, Budker V, Williams P, et al. (2001) Time
course of gene expression after plasmid DNA gene transfer to the liver. J] Gene
Med 3: 280-291. doi:10.1002/jgm.178.

Hong K, Sherley J, Lauffenburger DA (2001) Methylation of episomal plasmids
as a barrier to transient gene expression via a synthetic delivery vector. Biomol
Eng 18: 185-192.

Brooks AR, Harkins RN, Wang P, Qian HS, Liu P, et al. (2004) Transcriptional
silencing is associated with extensive methylation of the CMV promoter
following adenoviral gene delivery to muscle. J Gene Med 6: 395-404.
doi:10.1002/jgm.516.

Rupprecht S, Hagedorn C, Seruggia D, Magnusson T, Wagner E, et al. (2010)
Controlled removal of a nonviral episomal vector from transfected cells. Gene
466: 36-42. doi:10.1016/j.gene.2010.07.001.

August 2013 | Volume 8 | Issue 8 | e73138



