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Overcoming the Specific Toxicity of Large Plasmids
Electrotransfer in Primary Cells In Vitro

Léa L Lesueur', Lluis M Mir' and Franck M André'

Gene electrotransfer is a safe and efficient nonviral technique for the transfer of nucleic acids of all sizes. Using a small reporter
plasmid (3.5 kbp), electrotransfer of more than 90% of the cells, with ~70% viability, can be routinely achieved even in primary
cells like mesenchymal stem cells. However, under the same experimental conditions, electrotransfer of larger plasmids (from 6
to 16 kbp) results in very low viability and transfection efficacy. Here, we show that these strong decreases are directly linked to
the physical size of the plasmid molecule. Moreover, large plasmids are toxic only when the cells are exposed to electrotransfer
pulses. This specific toxicity of large plasmids during electrotransfer is not due to transgene expression and occurs within less
than 45 minutes. Indeed, postpulses recovery times of up to 45 minutes are able to entirely abolish the specific toxicity of large
plasmid electrotransfer, resulting in a survival and transfection efficacy identical to that of small plasmids. Finally, electrotransfer

of small and large plasmids can reach 90-99% of transfection with 60-90% survival considering the findings here reported.
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Introduction

In gene therapy, the use of large plasmids is sometimes
required, as for example for the transfer of large coding
sequences such as the full-length dystrophin gene' or for
the transfer of large plasmids containing multiple genes (like
those used for induced pluripotent stem cell reprogramming).

For the transfection of large genes, viruses are usually not
the best option as they are limited in the size of the total DNA
that they can carry. Moreover, they may present many safety
limitations in particular for clinical applications. On the oppo-
site, electrogene transfer is safe and not limited by the size of
the plasmid as electrogene transfer can even deliver 240 kbp
DNAs.2 However, in vitro, electrotransfection efficiency drops
dramatically with the increase of the plasmid size.?® Indeed for
DNA fragments smaller than 2,000bp, cytoplasmic diffusion
depends strongly on DNA size.*5 On the other hand, DNA frag-
ments larger than 2 kbp are unable to diffuse in the cytoplasm
due to the complex environment and viscoelastic properties of
the cytosol. In this case, the DNA is actively transported along
microtubules to reach the nucleus.*® Since this mechanism is
independent of the DNA size, the decreased electrotransfection
efficiency observed with increasing size of the DNA is probably
due to a decreased delivery of larger DNA across the plasma
membrane. A drastic decrease in transgene expression was
also observed in vivo, using intramuscular naked DNA injec-
tion, when the size of the plasmid increased.®

Very few data are available about the effect of large plas-
mids on electrotransfer and the underlying mechanisms are
not completely known. This knowledge would be crucial to
optimize the electrotransfer of large plasmids. Therefore, in
this work, we studied the differences between the electro-
transfer of small and large plasmids and we investigated the
origin of the increased toxicity and the reduced transfection

efficiency that was observed during the electrotransfer of
large plasmids.

Results

Effect of plasmid size on electrotransfer toxicity and
efficacy

Adipose tissue-derived mesenchymal stem cells (AT-MSCs)
were electrotransferred with plasmids of various sizes,
ranging from 3,487 to 16,680bp at equimolar or equimass
concentrations (Figure 1). Twenty-four hours after the elec-
trotransfer, the cells were analyzed by flow cytometry. The
survival, percentage of transfection, and expression per cell
were all inversely correlated to the plasmid size in both equi-
molar and equimass experiments (P < 0.001, Kendall’s rank
correlation). The percentage of surviving cells expressing
green fluorescent protein (GFP) and the percentage of initial
cells expressing GFP were both decreasing with the plasmid
size increase.

These adverse effects of large plasmids were also
observed in mouse embryonic fibroblasts and human adult
fibroblasts for the large plasmid pCAGMKOSIE (11.4 kbp)
(Supplementary Figure S1).

Large plasmids are toxic only in combination with
electric pulses

We then investigated the origin of the acute toxicity observed
for the electrotransfer of large plasmids. The toxicity of each
component of the electrotransfer protocol (pulses, buffer,
osmotic pressure, and plasmids) was evaluated individually
or in combination 24 hours after treatment (Figure 2).

The hypoosmotic electrotransfer buffer alone induced
~10% loss of cell viability (P < 0.01). The addition of the plas-
mid to the electrotransfer buffer did not further increase the
toxicity, whether the plasmid was small or large (P > 0.05),
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Figure 1 Effect of plasmid size on electrotransfer toxicity and efficacy. Adipose tissue-derived mesenchymal stem cells (AT-MSCs) were
analyzed by flow cytometry 24 hours after treatment. Equimass experiment (a—c): AT-MSCs were electrotransferred (eight pulses, 1,500 V/cm,
100 ps, 1 Hz) with 50 pg of plasmids of various sizes. Equimolar experiment (d—f): AT-MSCs were electrotransferred with ~6.7 pmol of plasmids
of various sizes (equivalent to 50 pg of the 11.4 kbp plasmid pPCAGMKOSIE). In panels b and e, the open circles represent the percentage of
treated cells expressing green fluorescent protein (GFP) and the filled triangles represent the percentage of surviving cells expressing GFP. In
panels ¢ and f, the dotted line represent the background fluorescence intensity of the controls. Data are representative of 4—10 independent
experiments. The survival, percentage of transfection, and expression per cell are inversely correlated to the plasmid size in both equimolar

and equimass experiments (P < 0.001, Kendall’s rank correlation).

proving that the plasmids are not toxic by themselves regard-
less of their size. In the absence of DNA, the electric pulses
were responsible for an additional 30% loss of cell viability
(P < 0.001). A plasmid size-dependent toxicity was observed
only when the plasmids were used in combination with the
pulses. This demonstrates that the cells need to be exposed
to the electric pulses in order to be affected by the DNA.

Toxicity of large plasmid electrotransfer increases with
the plasmid quantity

To evaluate the effect of the plasmid quantity, AT-MSCs
were electrotransferred with various quantities of the large
plasmid pCAGMKOSIE (11.4 kbp). The volumes were the
same as before, only the concentration of the plasmid
was changed. Twenty-four hours after electrotransfer, the
cells were analyzed by flow cytometry (Figure 3). The tox-
icity (Figure 3a), percentage of transfection (Figure 3b),
and levels of expression (Figure 3c,d) were all positively
correlated to the plasmid quantity (P < 0.001, Kendall’'s
rank correlation). On the one hand, increasing the plas-
mid concentration reduces the number of surviving cells
(Figure 3a), on the other hand, these surviving cells are
more efficiently transfected (Figure 3b). The two phenom-
ena compensate each other, resulting in a low and more
or less stable percentage of treated cells expressing GFP
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whatever the plasmid concentration used, at least up to
100 pg of plasmid (Figure 3b).

Specific toxicity of large plasmid electrotransfer is
observed within 2 hours post-treatment

Two hours after electrotransfer, most of the cells transfected
with the small pPCMV-GFP plasmid were already attached and
spreading while the cells transfected with the large pCAGM-
KOSIE plasmid were still floating. Moreover, blebs and debris
were visible (Figure 4). At 2 hours after the electrotransfer,
the plasmid expression is minimal; however, the toxicity is
already fully visible, suggesting an absence of correlation
between the two.

Reduced mobility of large plasmids?

We assessed the possible benefit of adding a low-voltage
electrophoretic pulse within 1 second after the electrotransfer
of a large plasmid to create an electrophoretic-driven transfer
across the membrane.

No improvement of cell survival was observed (Figure 5a).
Concerning the transfection efficacy, only a nonsignificant
small increase could be obtained with the electrophoretic
pulses of 10-ms duration, while the 100-ms low-voltage pulses
were very toxic (Figure 5b). This could be due to the high
toxicity of the 1,500 V/cm pulses used for the electrotransfer



which might hide a possible increase in transfection. Since
electrotransfer with pulses of 1,000 V/cm allows a survival of
~55% for large plasmids and represents the best compro-
mise between survival and transfection efficiency (Supple-
mentary Figure S2), we therefore reduced the amplitude of
the pulses used for the electrotransfer of the large pCAGM-
KOSIE plasmid. However, even with high voltage of 1,000V/
cm, no improvement of the transfection efficacy was reached
by the addition of the same range of electrophoretic pulses
as those used in Figure 5 (data not shown).

Increasing the postpulses recovery time improves large
plasmid electrotransfer efficacy and survival

We then evaluated the benefit of a recovery time after the
pulses delivery. After electrotransfer of a large plasmid
(PCAGMKOSIE: 11.4 kbp or pCXLE-eGFP: 10.9 kbp) or a
small plasmid (pCMV-GFP: 3.5 kbp), the cells were allowed
to rest in the cuvette at room temperature for various amounts
of time before being put back in culture. Twenty-four hours
later, the cells were analyzed by flow cytometry for survival
and electrotransfer efficacy (Figure 6a,b,d).

The addition of a recovery time massively increased the cell
survival after the electrotransfer of large plasmids (from 5%
to more than 60% for pPCAGMKOSIE and from 25% to ~90%
for pPCXLE-eGFP for a 10-minute recovery time). An increase
in survival, even though smaller, was likewise observed with
the small plasmid (from 65 to 90%). Finally, even the low tox-
icity of the electric pulses alone was slightly reduced after a
recovery time (Supplementary Figure S3). Beyond 10 min-
utes of recovery time, no more improvement in cell survival
was observed for either the small or large plasmids.

The addition of a recovery time also resulted in a vastly
improved electrotransfer efficiency for the large plasmids
(from 10 to 55% for pPCAGMKOSIE and from 40 to ~90% for
pCXLE-eGFP). The electrotransfer of the small plasmid was
already maximized and it only marginally benefitted from the
recovery time (from 95 to 99%). Beyond 10 minutes of recov-
ery time, no more improvement in transfection was observed
for pPCXLE-eGFP, whereas for pPCAGMKOSIE, the maximum
transfection efficiency required ~45 minutes of recovery (no
improvement of electrotransfer efficacy was observed above
45 minutes; Supplementary Figure S4).

With the addition of a recovery time, the kinetic of trans-
fection in the presence of the large 10.9 kbp pCXLE-eGFP
was similar to the one of the small 3.5 kbp pCMV-GFP plas-
mid without a recovery time (Figure 6c,e). The percentage
of cells electrotransfected remained stable at ~90% for ~10
days and GFP remained detectable for up to 30 days. With
the addition of a recovery time, for the large pCAGMKOSIE
plasmid, the percentage of transfected cells increased from
10 to 55% (Figure 6b) and remained above 10% for more
than 10 days (Figure 6c). Nevertheless, the percentage of
transfection and level of expression both remained all the
time below the ones of the small pPCMV-GFP plasmid without
a recovery time (Figure 6c¢,e).

This positive effect of a recovery time on the electrotrans-
fer survival, percentage, and kinetic of transfection was also
observed with the 6.3 kbp pCDNA3.3_eGFP plasmid result-
ing in levels similar to the ones of the small 3.5 kbp pCMV-
GFP plasmid (Supplementary Figure S5).
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Figure 2 Specific toxicity of each component of the electro-
transfer protocol for a small and a large plasmid. Adipose
tissue-derived mesenchymal stem cells were exposed to each
component of the electrotransfer alone or in combination: pulsing
buffer (S-MEM), improved pulsing buffer (S-MEM with 50% H,0),
small (pPCMV-GFP, 3.5 kbp, 50 ug) or large plasmid (pCAGMKOéiE,
11.4 kbp, 50 pg), eight electric pulses (1,500V/cm, 100 ps, 1 Hz),
complete EGT (S-MEM + 50% H,O + plasmid + pulses). For each
condition, cells were counted with the flow cytometer 24 hours
after treatment and survival expressed as the percentage of cells
counted in the control (S-MEM). Data are representative of three
to five independent experiments. (*P < 0.05 and ****P < 0.0001,
one-way analysis of variance with Holm-Sidék multiple comparison
test). CMV, cytomegalovirus; EGT, electrogene transfer; GFP, green
fluorescent protein; ns, nonsignificant; S-MEM, minimum essential
medium modified for suspension cultures.

Discussion

Survival and transfection efficiency are
correlated to the plasmid size

We previously developed a very efficient in vitro electrotrans-
fer protocol (90% transfection and ~70% survival) for human
MSC transfection, using 50 pg of a small reporter plasmid
(pCMV-GFP, 3.487 kbp) in an hypoosmotic electrotransfer
buffer.” However, when we used this optimized protocol with
a larger plasmid (pCAGMKOSIE, 11.4 kbp), we observed
drastic decreases in cell survival, transfection efficiency, and
level of expression per cell.

We then assessed if the significantly larger size of the
plasmid pCAGMKOSIE could explain some of the severe
decreases observed. We thus electrotransferred AT-MSCs
with plasmids of various sizes. The survival, percentage of
transfection, and level of expression all proved to be very sig-
nificantly correlated to the size of the plasmids (P < 0.001,
Kendall's rank correlation), irrespective of their sequences
(Figure 1).

The tremendously reduced number of cells recovered
24 hours after large plasmids electrotransfer was due to a mas-
sive cell death and not to a lower cell proliferation rate since:
(i) the AT-MSC mean doubling time is ~3 days, meaning that
in 24 hours, the difference in cell number would have been

inversely
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Figure 3 Effect of the quantity of large plasmid on electrotransfer toxicity and efficacy. Adipose tissue-derived mesenchymal stem
cells were electrotransferred (eight pulses, 1,500 V/cm, 100 ps, 1 Hz) with various quantities of the large plasmid pPCAGMKOSIE (11.4 kbp)
and analyzed by flow cytometry 24 hours after treatment. In panel (a) the percentage of dead cells was assessed by comparing the number
of cells recovered in the treated groups versus the number of cells recovered in the control group. In panel (b), the open circles and dotted
lines represent the percentage of treated cells expressing green fluorescent protein (GFP) and the filled triangles and solid lines represent the
percentage of surviving cells expressing GFP. Panel (c) represent the median fluorescence intensity per cell. In panel (d), the 95th percentile
of fluorescence is represented instead of the maximum fluorescence to limit the effects of possible outliers. Data are representative of six
independent experiments. The toxicity, percentage of surviving transfected cells, and expression per cell are all positively correlated to the

plasmid quantity (P < 0.001, Kendall’s rank correlation).

only 25% and (ii) a higher number of floating dead cells was
visible with larger plasmids (Figure 4). This increased toxic-
ity was predominantly due to the increase in plasmid size and
not to the differences in nucleotides sequence (Table 1). For
example, the plasmids pCX-cMyc and pEphrin-B2/IRES-eGFP
had approximately comparable sizes but different promoters,
genes, and backbones and yet resulted in identical toxici-
ties (Figure 1a,d). Indeed, the toxicity is occurring in the first
2 hours following the plasmid electrotransfer (Figure 4) and
therefore cannot be linked to the plasmids expression. Similarly,
the toxicity observed can neither be due to specific sequence
toxicity like the CpG content since the frequency of CpG sites
is not correlated to the plasmid size (Table 1) and equimolar
and equimass experiments showed similar trends. Moreover,
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if the increased toxicity was due to differences in sequences,
it would be hard to explain how the postpulse recovery time
was able to abolish this sequence toxicity and in the same time
improve transfection and expression. Finally, the increased tox-
icity observed with larger plasmids cannot be explained by an
increased overall mass of nucleic acids used since the same
increased toxicity was observed in the equimass experiment.
The percentage of transfection and level of expression
were also predominantly affected by the plasmid size. The
decreased transfection efficiency observed with larger plas-
mids cannot be explained by a decreased number of mole-
cules of plasmid used since the same reduction in transfection
was observed in the equimolar experiment. On the other
hand, a few minor fluctuations in transfection efficiency could
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Figure 4 Toxicity of small and large plasmid 2 and 4 hours after electrotransfer. Adipose tissue-derived mesenchymal stem cells were
electrotransferred (eight pulses, 1,500V/cm, 100 ps, 1 Hz) with 50 ug of either the small pPCMV-GFP plasmid (3.5 kbp) (a,b) or the large
pCAGMKOSIE plasmid (11.4 kbp) (c,d) and observed 2 hours (a,c) and 4 hours (b,d) after electrotransfer using a phase contrast objective.
Within less than 2 hours, the cells were attaching and at 4 hours, they were well spread on the surface. For large plasmid, a significant amount
of cells did not attach and some were blebbing. Bar = 400 um. Pictures are representative of three experiments. CMV, cytomegalovirus; GFP,

green fluorescent protein.

be linked to some differences in the plasmids’ sequences.
For example, the 10.9 kbp plasmid pCXLE-eGFP was slightly
better expressed than it would be expected from just its size
(Figure 1b,c,e,f).

Finally, none of the differences observed could be due to
changes in the osmolarity or conductivity of the plasmid solu-
tions since (i) in the equimass experiments, the conductivities
should be the same, (ii) in the equimolar experiments, the
osmolarities should be the same, and (iii) the 50 pg (or less)
of plasmids used correspond to a few picomoles which are
negligible in terms of osmolarity compared to the 100 mmol
of ions in the solution.

Therefore, the decreases in survival and transfection effi-
ciency observed are directly linked to the physical size of
each individual molecule of plasmid: a single copy of a large
plasmid is more toxic and harder to transfect than a single
copy of a small plasmid or than the number of copies of a
small plasmid equivalent in mass to the single copy of the
large plasmid.

These conclusions are in agreement with previous reports
describing the improved electrotransfection efficiency and
safety of minicircles®'! with respect to the corresponding
complete plasmid. However, minicircles are relatively expen-
sive and complex to produce and they do not solve the prob-
lem of the cotransfer of various genes as a minicircle carrying
several genes would not be “mini” anymore. Even though the
detrimental effect of the plasmid size on the electrotransfec-
tion efficacy was previously described in vivo®® and in vitro,®

the effect of the size of the plasmids on the toxicity of electro-
transfer had never been reported nor analyzed.

Large plasmids induce cell death only in conjunction
with electric pulses

We then investigated the origin of the specific cell death
induced by the electrotransfer of large plasmids and found
that (i) the hypoosmotic electrotransfer buffer was by itself
responsible for 10% of the toxicity, (ii) the addition of the
plasmids was not toxic regardless of their size, and (iii) the
electric pulses by themselves were responsible for an addi-
tional 30% increase in cell death (Figure 2). Moreover, we
observed an enhanced toxicity of the electric pulses in pres-
ence of the plasmids which is in agreement with previous
reports.®'? In the case of mouse lymphoid cells, the authors
were able to explicitly link the apoptosis induced by electro-
poration in presence of DNA to the uptake of DNA molecules
independently of the conformation of the introduced DNA or
the transfection method used.'? In addition, they showed that
electrotransfer of another polyanion such as dextran sulfate
was not toxic demonstrating that toxicity resulted specifically
from the uptake of DNA and not just from the uptake of rela-
tively large polyanions.?

In our experiments, the increased toxicity of the electric
pulses in the presence of plasmids was dependent on the
plasmid size. However, in one of the aforementioned reports,
no significant difference in cellular viability could be detected
between a large and a small plasmid.® This is most likely

(&3]
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attributable to the small difference in size between the two
plasmids used in that report (2.257 and 3.487 kbp).

Toxicity of large plasmids electrotransfer is not due to
plasmids expression

Since plasmids are not toxic by themselves but only in com-
bination with the electric pulses, the increased toxicity with
large plasmids could come from: (i) the large plasmid just
getting in contact with the electrically affected plasma mem-
brane or (ii) from the large plasmid simply being electrotrans-
ferred inside the cells or (iii) from the large plasmid being
electrotransferred inside the cells and being expressed.

If the toxicity was linked to the expression of the large plas-
mid, increasing the quantity of large plasmid electrotrans-
fected would result in more plasmid being expressed per
cell and therefore more cell death, but the maximum level of
transgene expression observed in the surviving cells should
remain the same and just below the toxicity threshold. In our
experiments (Figure 3a), with 12 pg of plasmid, 70% of the
cells were already dying. Increasing the quantity of plasmid
not only resulted in a small increase in toxicity (Figure 3a)
but also in a large increase of the median (Figure 3c) and
maximum level of transgene expression (95th percentile)
(Figure 3d) in the surviving cells. This indicates that the
toxicity of large plasmids electrotransfer is not linked to the
level of expression. Moreover, 2 hours after the electrotrans-
fer, the plasmid expression was minimal (protein expression
and accumulation takes several hours); however, differ-
ences in toxicity due to plasmid size were already visible:
for small plasmids, most of the cells were already attached
and spreading, while for large plasmids, a lot of floating cells,
blebs, and debris were noticeable (Figure 4). This suggests
again an absence of correlation between the toxicity of large
plasmids electrotransfer and transgene expression. Lastly,
if the toxicity was linked to plasmid expression, the toxicity
would also have been visible with the small pPCMV-GFP plas-
mid as this plasmid features the same GFP transgene and
its expression is even higher (Figure 1). These observations
are in agreement with a previous report showing that apopto-
sis is triggered in mouse lymphoid cells when electric pulses
are delivered in presence of DNA, even without transgene
expression. '

Consequently, we can conclude that the toxicity of large
plasmids electrotransfer is not caused by plasmid expres-
sion. On the other hand, we cannot exclude the fact that this
toxicity comes from the large plasmid getting in contact with
the electrically affected plasma membrane.

Reduced survival and transfection due to reduced
mobility of the large plasmids?

Plasmid translocation inside the cell cytoplasm during
electrotransfer is a multistep process': (i) the electric field
applied permeabilizes the plasma membrane for several
minutes allowing the free diffusion of small molecules but
not of large ones such as plasmids, (ii) plasmids inter-
act with the electropermeabilized plasma membrane and
slowly cross it either by slow diffusion or by endocytosis
or both. Thirty minutes after the electric pulses delivery,
plasmids start to be found inside the cytoplasm.' Large
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Figure 5 Effect of an electrophoretic pulse on large plasmid
electrotransfer toxicity and efficacy. Adipose tissue-derived
mesenchymal stem cells were electrotransferred (eight pulses,
1,500V/cm, 100 ps, 1 Hz) with 50 pg of the large plasmid
pCAGMKOSIE (11.4 kbp). A single electrophoretic pulse (LV)
of 200V/cm and a duration of 1, 5, 10, or 100ms was applied
1-1,000ms (A) after the EGT. Panel (a) represent the number of
cells recovered in the treated groups versus the number of cells
recovered in the control group. In panel (b), the grey columns
represent the percentage of surviving cells expressing GFP and the
white columns represent the percentage of treated cells expressing
GFP. Data are representative of three independent experiments.
The electrophoretic pulses improved neither the survival nor the
transfection efficiency (one-way analysis of variance with Dunnett’s
multiple comparison test). EGT, electrogene transfer; GFP, green
fluorescent protein; LV, low voltage.

plasmids have a reduced mobility which could decrease
the interaction with the electropermeabilized membrane
and/or decrease the diffusion through the electropermeabi-
lized membrane, thus explaining the loss in electrotransfer
efficiency that we have observed with the large plasmids.
If large plasmids are taking more time to diffuse through the
plasma membrane, this could also result in increased per-
meabilization level and duration, as observed by Sukharev
and colleagues,' or even prevent the cells from resealing,
thus explaining the increased toxicity observed. We there-
fore attempted to increase the large plasmid extracellular
mobility by adding long electrophoretic pulses (200V/cm,
1-100ms) that have been shown to improve transfection
in vitro' and in vivo.'>'® Since the permeabilization induced
by electrotransfer can last from seconds to hours,'”'® and
the electrophoretic pulses have been shown to be efficient
in vitrowhen added in the first 10 seconds after electropora-
tive electric pulses delivery,' we added the electrophoretic
pulses between 1 and 1,000ms after the electroporative
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Figure 6 Effect of a resting time on electrotransfer efficacy and toxicity in presence of small or large plasmids. Adipose tissue-derived
mesenchymal stem cells were electrotransferred (eight pulses, 1,500 V/cm, 100 ps, 1 Hz) with 50 ug of either pPCAGMKOSIE (11.4 kbp, 6.7
pmol) (filed squares and solid lines), pPCXLE-eGFP (10.9 kbp, 7 pmol) (crosses and dashed line), or pPCMV-GFP (3.5 kbp, 22 pmol) (open
circles and dotted lines). After electrotransfer, cells were allowed to recover for 45 minutes (b,e) or for different amounts of time (a,c,d) before
being put back in culture. Survival and transfection efficiency were assessed by flow cytometry 24 hours after treatment (a,c,d) or at several
different days (b,e). In panel e, the dotted line represents the background fluorescence intensity of the controls. Data are representative of
3-11 independent experiments. CMV, cytomegalovirus; GFP, green fluorescent protein.

Table 1 Name, size, promoters, genes, and CpG frequencies of the plasmids used in Figure 1

CpG sites

Size (kbp) Name Promoter Genes (number, frequency)
3.5 pCMV-GFP CcMV GFP 237, 6.797%

6.1 pCX-cMyc CAG c-Myc 410, 6.69%

6.4 pEphrin-B2/IRES-eGFP CcMV Ephrin B2-IRES-eGFP -

8.5 pCX-OKS-2A CAG Oct3/4-2A-KIf4-2A-Sox2 547, 6.44%

10.9 pCXLE-eGFP CAG and TK eGFP, hygromycin, EBNA-1 572, 5.24%

11.4 pCAGMKOSIE CAG c-Myc-F2A-KIf4-T2A-Oct4-E2A-Sox2-IRES-eGFP 800, 7.02%

16.7 pEP4 EO2S EM2K EF1 alpha Oct4-IRES2-Sox2, c-Myc-IRES2-Kif4, EBNA-1 922, 5.53%

pulses. However, no improvement of the survival or trans- Long postpulses recovery times increase cell

fection efficacy was observed (Figure 5). Even with a lower survival and transfection efficacy after large plasmids
and less toxic field amplitude for the train of eight short electrotransfer

pulses (1,000V/cm), no benefit of the added electropho- Postpulses recovery times of more than 10 minutes greatly
retic pulses was observed whatever the length and delay improved electrotransfer survival and transfection efficacies
used (data not shown). for all the plasmids tested. Furthermore, except for one plas-

The absence of effect of the electrophoretic pulses is there- mid, the long postpulses recovery times were actually able
fore either an indication that the lower mobility of large plasmids to entirely abolish the specific electrotransfer toxicity of large
is not involved in their toxicity and reduced electrotransfer effi- plasmids, resulting in survival and transfection efficacies
cacy or that the electrophoretic pulses delivered here were not similar to the ones obtained for small plasmids electrotrans-
able to sufficiently improve the large plasmids mobility. fer (Figure 6). Moreover, even though the electrotransfer of
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small plasmids was already very efficient (90% transfection),
a recovery time after the electric pulses was nevertheless
able to further increase the transfection to 99%. These ben-
efits from a long postpulses recovery time are not specific
to AT-MSCs as we have also observed them in human fibro-
blasts (data not shown).

Our results are in agreement with previous reports show-
ing an increase in the number of transfected cells depending
on the length of the incubation time after the pulsing.” As
in our case, the maximum benefit was reached after about
10 minutes of postincubation. Moreover, several standard
electroporation protocols feature 5 or 10 minutes of recovery
time before transferring the cells back in culture. However,
the improvement of the cell survival had never been reported
yet. This is most probably due to the fact that, as we show
here, the benefit from of a postpulses delay is reduced with
the small plasmids commonly used for electrotransfer. The
recovery time after electrotransfer appears to be mandatory
for large plasmids electrotransfer due to their specific elec-
trotransfer toxicity. To our knowledge, this is the first time that
the need for a delay postpulse has been linked to the size of
the plasmid used.

The benefit of a recovery time after pulses delivery is not
obvious as many commercial electrotransfer protocols rec-
ommend to transfer the cells back in culture immediately
after electrotransfer. The advantage of a delay postpulse
is usually assumed to come from the fact that the elec-
troporated cells have the membranes transiently damaged
and could be more sensitive to any chemical or physical
(mechanical) stress like the pipetting required to transfer
the cells to the culture flasks. Allowing some time for the
cells to recover could perhaps reduce their sensitivity to
the shearing forces exerted by the pipetting. We also tested
this hypothesis: we observed the same strong improvement
in survival and electrotransfer efficacy with large plasmids
if the cells were pipetted and transferred into an empty tube
immediately after pulses delivery and then allowed to rest
in the tube for several minutes before being transferred to
the culture flasks (data not shown). This result rules out the
hypothesis of a higher sensitivity to the mechanical stress
of the pipetting in the case of large plasmids electrotransfer
in AT-MSC.

Sukharev and colleagues™ showed that the electroperme-
abilization level and duration are proportional to the length of
the DNA molecules present during the electric pulses deliv-
ery. Even though they did not assess the consequences on
the toxicity and efficiency of the electrotransfer, this could
explain the increased toxicity observed with longer plas-
mids, as well as the improved survival with longer recovery
times. Indeed, without a postpulses recovery time, the cells
are still highly electropermeabilized (particularly in presence
of large plasmids) when they are put back in culture, result-
ing in a massive intracellular uptake of possibly toxic com-
pounds presents in the classical culture medium (antibiotics,
undefined animal serum components...), but absent from the
electrotransfer medium in which the cells were exposed to
the electric pulses. Long postpulses recovery times allow the
cells to reseal before being put back in culture media result-
ing in improved survival. The increases in percentage of
transfection and transgene expression observed with a long
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recovery time after large plasmid electrotransfer are most
likely the direct consequence of the increased survival (Fig-
ure 6). Indeed, it is possible that, without recovery time, the
cells that are the most permeabilized, and therefore taking up
the biggest amounts of large plasmids, are dying, whereas
with a recovery time, they are able to reseal and survive
and, consequently, strongly express the large plasmids they
had massively internalized. However, for pPCAGMKOSIE, the
maximum transfection efficiency required ~45 minutes of
recovery, whereas survival was already maximal after only
10 minutes. This suggests that a recovery time can further
improve transfection efficiency by an additional mechanism
other than the direct consequence of the increased survival.

Even with a long recovery time, the percentage of transfec-
tion for the large pCXLE-eGFP plasmid (10.9 kbp) remained
slightly lower than for the small pCMV-GFP (3.487 kbp). This
was probably entirely due to the fact that equimass amounts
of plasmids were used resulting in 3.1 times less moles for
the pCXLE-eGFP plasmid. Indeed, when equimass amounts
of the 6.3 kbp pCDNAS3.3_eGFP plasmid were used (corre-
sponding this time to only 1.8 times less moles compare to
the pCMV-GFP), the resting time was able to improve the
electrotransfer efficiency up to 98%, similar to that of the
small pCMV-GFP (Supplementary Figure S5).

For pPCAGMKOSIE (11.4 kbp), with the recovery time, the
maximum transfection efficiency achieved was only 55% and
the maximum survival only 60%, which is much less than the
90% transfection and 90% survival enhancement observed
with the pCXLE-eGFP (10.9 kbp) which nevertheless has a
similar size. The lower increase in survival explains only par-
tially the lower enhancement of transfection. The difference in
sequences of the plasmids is probably involved. Indeed in the
pCAGMKOSIE, the GFP gene is located downstream of an
IRES sequence which is known to result in a significantly less
efficient expression of the gene compared to a classical cap-
dependent gene expression.22! On the contrary, the pCXLE-
eGFP features the Epstein—Barr virus replication origin
(oriP) and nuclear antigen (EBNA-1 gene) which have been
reported to accelerate the plasmid delivery and expression.??
This was shown to be predominantly due to the promotion of
cytoplasm-to-nuclear recruitment as well as enhancement of
transcription, while the episomal replication of the plasmid
was not essentially involved.??

With long postpulses recovery times, the percentage of
transfection for pCXLE-eGFP, pCMV-GFP, and pCDNA3.3_
eGFP was maximized and stable for ~10 days (Figure 6 and
Supplementary Figure S5), but their median level of expres-
sion started to decrease after one or five days (Figure 6e).
The gradual loss of transgene expression over time can be
due to either de novo DNA methylation preventing reporter
gene transcription, gradual loss of the plasmids through the
nuclear pores, gradual dilution of the plasmids at each mito-
sis, or gradual plasmid degradation by endonucleases.

Conclusion
In this study, we found that plasmids are toxic only in combina-

tion with electric pulses (Figure 2) and proportionally to their
size and concentration (Figures 1 and 3). More precisely, the



decreases in survival and transfection efficiency observed
are directly linked to the physical size of each individual mol-
ecule of plasmid: a single copy of a large plasmid being more
toxic and harder to transfect than a single copy of a small
plasmid or than the number of copies of a small plasmid
equivalent in mass to the single copy of the large plasmid.
Moreover, our data show that this toxicity of large plasmids
electrotransfer is not caused by plasmid expression.

Finally, we found that a long recovery time after the elec-
tric pulses delivery was able to greatly improve the viability
and transfection observed in the case of the electrotransfer
of large plasmids. This is of remarkable practical importance
to reach high levels of transfection and survival for both small
and large plasmids.

Materials and methods

AT-MSC isolation. AT-MSCs were isolated from lipoaspirates
as previously described.” Briefly, lipoaspirates were exten-
sively washed with phosphate-buffered saline (Gibco, Life
Technologies, Saint Aubin, France) and digested with 0.2%
collagenase (type |; Sigma-Aldrich, St. Louis, MO) in phos-
phate-buffered saline for 30 minutes at 37 °C. Digestion was
then blocked with 10% fetal bovine serum (Gibco, Life Tech-
nologies, Saint Aubin, France). The stromal vascular fraction
was separated by centrifugation (400 x g for 5 minutes) and
the stromal pellet was resuspended in phosphate-buffered
saline and filtered through a 100-ym mesh. The collected
cells were plated and cultured at 37 °C with 95% humidity
and 5% CO, in their culture medium (Dulbecco's modified
Eagle medium containing 100 U/ml penicillin and 100 pg/ml
streptomycin and 10% fetal bovine serum, all coming from
Gibco, Life Technologies). After 5 days, the cells were washed
with phosphate-buffered saline and fresh medium was added.
At 70-80% of confluency, cells were detached with TrypLE
Express (Gibco, Life Technologies) and divided in half. Cells
were passaged this way every 3—4 days and expanded up
to passage 8 for experimentations. AT-MSCs were character-
ized between passages 1 and 5 by flow cytometric analysis of
surface antigens and their adipogenic and osteogenic differ-
entiation potential was also checked as previously described.”

Plasmids used. Our previous studies were performed with
pCMV-GFP (3,487bp).” It was here used as a reference
to compare with pCX-cMyc (6,131bp; Addgene plasmid
19772),%2 pcDNA3.3_eGFP (6,303bp; Addgene plasmid
26822),24 pCX-OKS-2A (8,495 bp; Addgene plasmid 19771),%
pCXLE-eGFP (10,912bp; Addgene plasmid 27082),%
pCAGMKOSIE (11,395bp; Addgene plasmid 20865),%¢ pEP4
EO2S EM2K (16,680bp; Addgene plasmid 20923),%” pEp-
hrin-B2/IRES-eGFP (6,408bp) was kindly provided by Pr.
Timothy O’Brien.2®

The plasmid pCMV-GFP containing the GFP reporter gene
under the cytomegalovirus (CMV) promoter was produced
by PlasmidFactory (Bielefeld, Germany). All the other plas-
mids were purified from Escherichia coli-transformed cells
using NucleoBond PC2000 EF kit (Macherey-Nagel, Hoerdt,
France) and then diluted in endotoxin-free water. Light absorp-
tion at 260nm was used to determine DNA concentration
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and the quality of the plasmid was assessed by calculating
the ratios of light absorption at 260/280 nm and 260/230 nm.
Control experiments using dialyzed preparations of plasmids
showed no effects on survival or on transfection efficiency of
the possible remaining salts (data not shown).

Electrotransfer. Cells were detached with TrypLE Express,
centrifuged at 300 x g for 10 minutes, and then resuspended
at 107 cells per milliliter in minimum essential medium, modi-
fied for suspension cultures, without calcium and without
glutamine (S-MEM, ref. 11380037, Gibco, Life Technologies,
Saint Aubin, France). About 50 pl of AT-MSC suspension
were transferred to a 1-mm electroporation cuvette (Cell Proj-
ects, Harrietsham, UK) and mixed with 50 pl of the desired
quantity of plasmid in water. Electrotransfection was then
performed using the Cliniporator device (IGEA, Carpi, Italy)
by applying a train of eight square electric pulses (100 ps)
at amplitude ranges between 500 and 1,500V/cm at a 1 Hz
repetition frequency. For experiments using electrophoretic
pulses, one electrophoretic pulse of 200V/cm and lasting
from 1 to 100 ms was applied 1 to 1,000 ms after the train of
eight pulses. All steps were performed at room temperature.
Immediately after the electric pulses delivery (except for the
experiments with a post-treatment recovery time), the cells
were collected and put back in culture in a T25 flask with 5ml
of complete culture medium. The cuvette was washed twice
with culture medium to collect all the cells.

Flow cytometry analysis and measurement of viability. At dif-
ferent time points after the electrotransfer, the culture media
was removed (with all the floating dead cells). Living cells
were then detached with TrypLE Express and analyzed by
flow cytometry on a BD Accuri C6 flow cytometer (BD Biosci-
ences, Erembodegem, Belgium) to evaluate the levels of GFP
expression and the number of living cells using the BD Accuri
CFlow Plus software. The percentage of surviving cells was
determined 24 hours after treatment and expressed as a per-
centage of the number of cells counted in the control. Unless
otherwise specified, the percentage of GFP-positive cells pre-
sented in the figures corresponds to the percentage of surviv-
ing cells expressing GFP. The counting accuracy of the BD
Accuri C6 was assessed by comparing with manual counting
(hemocytometer) and no significant difference was found.

Statistical analysis. All data are presented as mean plus SD.
Kendall's rank correlation was used to measure the associa-
tion between the variable measured and the parameters tested.
One-way analysis of variance with Holm-Sidak (to compare
the mean of every group with each other’s) or Dunnett’s (to
compare the mean of every group with the mean of a refer-
ence group) multiple comparison test was used for statistical
analysis for multiple comparisons among the groups. P <0.05
was considered to be statistically significant. Statistics were
performed using GraphPad Prism 4 and R Statistical Software.

Supplementary Material

Figure S1. Effect of plasmid size on electrotransfer toxicity
and efficacy in human fibroblasts (a and b) and mouse em-
bryonic fibroblasts (c).
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Figure S2. Percentage of survival and transfection for a large
plasmid depending on the amplitude of the electrotransfer
pulses.

Figure S3. Effect of a resting time on electrotransfer pulses
toxicity.

Figure S4. Effect of a resting time on the large plasmid
pCAGMKOSIE electrotransfer efficacy and toxicity.

Figure S5. Kinetic of transfection for the pCDNAS3.3_eGFP
plasmid after electrotransfer with 25 minutes of resting time.
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