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BACKGROUND OF THE INVENTION

- Since the nucleus is the functional location of eukaryotic
DNA, extérnal‘DNA has to enter the nucleus in order to bhe
transcribed. Conventional transfection methods only cause
transport of DNA fhrough the cell membrane into the
cytoplasm. Only because the nuclear envelope is temporarily
disintegrated durlng' cell lelSlon of higher eukaryotes,
can the DNA enter the nucleus pa551vely, so that its
encoded proteins can be expressed. Only very .small DNA
-molecules_ (oligonucleotides) are able to diffuse freely
through pores in the nuclear envelope. For the efficient
transfection of resting cells or of cells with low rates of
division conditions have to be provided which result in
larger DNA molecules being able to enter the nucleus in
sufficient quantities through the closed nuclear membrane.
The method described here allows this in hlgher eukaryotic
cells.
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transport is not yet known.

The development of electroporation is - based onn  the
observation that biclogical membranes temporarily become
more permeable through the effect of short electrical
pulses (Neumann & Rosenheck 1972). In 1976 Auer et al.
described the uptake of DNA in red blood cells through
electric current.

The first report of electroporation of cell line cells
.dates from 1982 (Neumann et al.). A murine fibroblast cell
"line was transfected using short pulses having a field
stréngth of 8 kV/cm and a duration of 5 HUs each, mostly in
a series of three pulses at intervals of three seconds. Two
weeks later, an analysié was conducted. No electrical
nuclear transport was observed.

By shorting of a transformer, Potter et al. (1984) also
generated a field strength of 8 kV/cm and used it for
transfection of cell line cells. However, the current was
limited to a maximum of 0.9 A. Again, no electrical nuclear

transport was observed.

In the course of the develépment, increasingly 'longer

~discharges with lowerr'voltages were used sgince a field
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specifically, it  was not. investigated if electrical

parameters could have an influence on the distribution.

Since 1986 patents have bheen applied for which relate to
.electroporation as a method cf transfection. Mainly they
describe device constructions and pulse . forms. None

‘addresses the problem of non-mitotic transport of DNA into
- the nucleus.

'US 4,750,100 to Bio-Rad Laboratories, Richmoﬁd, USA (1986)
descfibes & specific device construction providing a
maximum of 3000 V at a maximum of 125 A Dby condensor
discharge.

Us 5,869,326 (Genetronics, Inc., BSan Diego, USA, 1996)
describes a specific device construction, with which two,
three, or more pulses may be generated using two separate
T power sources. However, US 5,869,326 does not shOW‘ that

these pulses have an effect beyond the transport of DNA
into the cytoplasm.

US 6,008,038 and EP 0 866 123 A1‘(Eppendorf—Netheler—Hinz
GmbH, Hamburg, 1998) describe a device, with which short
pulses of *10-500 us and max. 1.5 kV may be generated, but
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It is a further object of the invention to provide a method
of greatly reducing the time between transfection and

subsequent analysis of transfected cells.

The objects are solved by the subject-matter of the patent
claims.

in the present application, specific electrical conditions
which mediate the efficient nuclear transport of DNA, and
discharges and currents resulting in a particularly low
cell mortality are described for the first time. Buffers
optimized for low cell mortality, -and experimental

procedures are described as well.

DESCRIPTION OF THE INVENTION

‘In the method described here, very high field strengths of
2 to 10 kV/cm are used to aid DNA and/or other biologically
active molecules in entering the nucleus independently of
cell division. These field strengths are substantially
higher than the ones generally used in electroporation, and
are also higher than the field strengths that are
sufficient for efficient opening of cell membrane pores (1

kVv/cm in average, according to Lurquin, 1997).
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ﬁethéd for introducing biologically active nolecules into the nucLeous of
eukaryotic cells using electric current,”the introduction into t 8 iy
nucl eous bei.ng achi eved by a pul se having a field strength of 2- 1 cm
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Conbinatiggftggggegsédp%g§lgggult in the generation of pores in both
membranes of the nuclear envelope, or the nuclear pore
complexes may become more permeable for molecules, thus
enabling very efficient transport of the biologically
active molecules into the nucleus. The pulse is required to
have a duration of at 1least 10 us to achieve a nuclear

transport effect.

The term “biologically active molecule”, as used herein,
comprises -nucleic acids, peptides, proteins,
polysaccharides, lipids, or combinations thereof, provided

they demonstrate biological activity in the cell.

The introduction of nucleic ‘acids, peptides, pfoteins,
-énd/Or bther biologically active molecules in the nucleus
may preferably be achieved by a pulse having a field
strength of 3-8 kv/cm, ‘the duration of the pulse not
exceeding 200 wus  in - a preferred embodiment of the
invention. A voltage of 1-2 V over a cell results in an
efficient and reversible opening of the pores in the cell
membrane (Zimmermann et al., 1981). This corresponds to 1
kV/em in average at a cellular diameter of 10-20 Mm. A
distinctively higher voltage should result in irreversible
membrane collapse, even at Pulse durations of less than 1
ms {(Zimmermann etual., 1981) . However, this does not occur
using the metﬁod according to the present invention. In the
method according to the present invention it is especially
preferred to keep the pulse duration at a maximum of 200

Hs, which is short enough, that even at 2-10 kV/cmn,

preferably 3-8 kv/em, 'no substantial irreversible membrane
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beginning of the pulses, which is sufficient to open the

pores in the cell membrane of the respective cell type, and
that the further course of the pulse is sufficient for DNA

electropheoresis.

In a preferred embodiment of the present.invention, field
strengths of 2-10 kV/cm are wused for 10-200 us at the
beginning. of the pulse for the transport of DNA and/or
other biologically active molecules through the cell
membrane into the nucleus, the subsequent electrophoresis

taking place under conventional conditions.

Through the short duration of the-strong pulse and the low

'strength and/or short duration of the subsequent current
flow, the transfection with electrical nuclear transport is
optimized for a high survival rate of the cells despite the
very high initial voltages. At the same time, a fine tuning
can be performed depending on the type of primary cells. As
the short and very high current pulse may contribute to the
electrophoresis of DNA, it may also allow that the
subsequent current flow may be strongly redueed or
conpletely omitted for a few cell types
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current of max. 2, 2 Afor up to 30 ns. -As this transfection nethod is

i ndependens Oﬁhﬁ%” transfection method is independent of cell
division, dividing cells as well as resting or primary

cells with low division activity may be transfected.

in an embediment of the invention, primary cells, such as
peripheral human blood cells, preferably being T cells, B
cells, or pluripotent precursor cells of human blood, are

-transfected.

In another preferred embodiment, the eukaryotie cells
comprise embryonic cells of neurons from humans, rats, mice

-or chicken.

Another preferred embodiment comprises human bone . marrow
cells.

The eukaryotic cells transfected with the method according
to the invention may be used for diagnostic methods, and

for preparing a drug for ex vivo gene therapy.

The transfection efficiency may be increased with dividing
primary cells and cell lines, since the DNA does not need
to stay in the cytoplasm until cell division, where it may

. be degraded, and since the cells that have not undergone
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of nucleases.

ith electrical nuclear transport, higher amounts of DNA
may be transported into the nucleus of dividing cells than
may be expected due to cell division alone. Both.
substantially increase the 1likelihocod of integration of

complete expression cassettes.

;The term “electrical nuclear. transport” deseéribes the.
-transport of bioclogically active molecules into the nucleus
of higher eukaryotic <cells, which is caused independently
~of cell division and by electric current.

‘Preferably, the biologically active molecule, that is-meant
to enter the nucleus, comprises a nucleic . acid,
particularly DNA, or includes at least cne nucleic acid

porticn.

The nucleic acids may be present in a complex or in
association with peptides, proteins, polysaccharides,
lipids or combinations or derivatives of these molecules.
The molecules which are complexed or associated with the
nucleic acids aid the integration of the transferred
nucleic acid into the genome of the cell, the intranuclear
localization or retention, the associatioﬁ';With the

chromatin, or the regulation of exXpression.
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and belngused for the intranuclear retention or the association with
the chromatin comprise domains of the ERV protein EBNA-1.
These domains include aminocacids 8-54 and/or 72-84, or 70-
89, and/or 328-365 of the EBNA-1 protein (Marechal et al.,
1599) .

A buffer suitable for the use in the method according to
the invention is “buffer 1 having . the following
composition: 0.42 mM Ca(NC3)z; 5.36 mM KCl; 0.41. mM MgSO,;
103 mM NaCl; 23.8 mM NaHCO3; 5.64 mM NaHPO4; 11.1 mM d(+) -
glucose; 3.25 uM glutathione: 20 mM Hepes; pH 7.3.

For introduction of hucleic acids into the nucleus of
eukaryotic cells, the following protocol may be carried
out: 1 x 10° - 1 x 107 cells and up to 10 g DNA are
incubated in 100 ul buffer 1 in a cuvebtte with 2 mm
electrode spacing for 10 min at room temperature, and are
then transfecteqd according to conditions according to the
invention. Immediately afterwards, the cells are rinsed out
of the cuvette with 400 Ml cell culture medium without
serum, and are incubated for 10 min at 37 °cC. Then, the
cells are plated in cell culture medium (with serum) with a
.temperature of 37 °cC.

For example, electrical nuclear trans?ort of proteins may

ltake place according to the following protocol: Up to 10 ¥le




used for the intranuclear retention or the association with the chromatin
conpri se domains of the EEV protein EENA-1. These donai ns14SERTEMBER 2004
am noaci ds 8-54 and/or 72-84, or 70- 89, and/or 328-365 of the EENA-1
protein (Marechal et a!'., 1999) A buffer suitable for the use in the

met hod according to the invention is "Buffer 1" havi ng .. the followng
conposition: 0.42 nM Ca(N3)2; 5.36 mM KCl; 0.41. nMI\/gSO4 1 03 nM NaCl ;

23 . 8 mViphahEasi iﬁfﬁbﬁm&ﬁhgﬁEgﬂblé %uff%r”g&% &¥EQ%¥?§E%£fH§§§?H§¥:ntO

gl utath| onegs 20 r171\/| ﬁ)@ €p 7-3 | For_ 1 ntroduction
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cuvette wajrra paggdce_drj géltur m hout . serum and are |ncusbat ed
for 10 mg at4187 ll guﬁgkgre Prared M4 el Begymd ureitlediaum :

(with ser ﬁi“pﬁnr?ﬁuﬁe Pérrp”@r atchr el 37e GanFbyzedanper elrectddgalt e ear
transportpetipdoteins #By6 hake place according to the follow ng protocol:
Up to 10 jig 14 SEPTEMBER 2004 - 10 protein in 100 pl suitable buffer are
transfected into 1 x 105 - 1 x 107 cells according to'the condltions of
the invebeibable nmedkately aarfé ervar dxanphe ¢eldss affry | Qﬁe% %ﬁ the
|ncu t

cuvette with- 40 LI, e ure medi um wi t hout serum an ed for
10 min at 37 5)Thefn tﬁ}él e Pratedsi Fwrereintly e aveditalew t h

serum mngyy%ﬁtes for the electLoporatlon of prokaryotes.

The used abbrev1atlons have the following meaning according

to the 1nventlon

Apart from the abbreviations listed in the Duden

-dictionary, the following abbreviations were used;:

FACS flurorescence activated cell sorting
FCS - : fetal calf serum
CH hour

Kv : kilovolts

Mg - _ millisecond

us microsecond

PBMC peripheral mononuclear blood cells
PE phycoerythrin

FIGURES

The invention is described further by the following
figures:

AFlgures 1(a) and 1(b) show the transfection efflclency of T
helper cells relative to the field strength at a pulse with

a duratlon of 40 us (a), and in relation to the pulse
duration at 5 kv/cm (b).




[ [ lod of up to
perature of 37 C, and are analyzed after an incubation perio i}
%em) Sui tabl e cuvettes are for exanple those with an el ect 12G8EPFEMBER 2004

| [ [ ttes for the

2 mqmor 1 nm such as comercially available cuvet _
el ectroporation of prokaryotes. The used abbreviations have the follow ng
meani ng according to the invention: ~ art fromthe abbreviations listed in
" the Duden dicti onary, the follow ng abbreviations were used: FACS
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i Ci f hel.per cells relative to the field strength a put se
.'\?\HLCISng)értthF 05 a% YFEHLONG1d in relation to the pul se duration at 5

- 11 Figures 2 (a) and (b) show the
kV/cm (b) _ 14 SEPTEMBER 2004 g (a) 4 o e o for 40

b o fol | oneu o Thone s L Aler FUSEIGR by~ aLEtiT et [ PBIEof K
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transf-ect edbswtiBnthe Ehgﬁﬁa%égr%%%hoQh&eagggkig%%i%ggd%ﬁTgéaanti—H~
2KK antibody and then with the Cy5-coupled anti-digoxigenin
lantibody, as well as with a phycoerythrin (PE) -coupled
anti-CD4 antibody for identification of the T helper cells,
and were analyzed by flow cytometry. The number of dead
cells was determined by propidium icdide staining
(unstained fluorescence channel FL3) (ssC= Side scatter;

F5C= forward scatter).

Figure 4 is & FACScan analysis of the electrical nuclear
‘transport in primary (dividing) endothelial cells from
~human umbilical cord (HUVEC), transfected by a 70 ps pulse
of 5.kV/cm, followed by a current flow of 2.2 A for 10 ms.
The cells were subsequently incubated with the digbxigeninH
‘coupled anti-H-2K* antibody and then with the Cy5-coupled
anti-digoxigenin antibody, as well as with propidium iodide
(unstained fluorescence channels FL2Z and .FLB), and were
-analyzed by flow cytometry (FACScan) (S8C= side scatter;
FSC= forward scatter).

Figure 5 is a FACScan analysis of the electrical nuclear
transport in a cell 1line {HelLa) 3 ‘hours after it was
transfected by a 100 us pulse of 4 kV/cm with an H-2K*
expression vector. After 4 hours, the «cells were
subsequently incubated With the digoxigenin-coupled anti-H-
2K" antibody‘énd then with the Cy5-coupled anti—digoxigenin

antibody, as well as with propidium iodide (unstained

fluorescence channels FL2 and FI.3}, and were analyzed by
flow cytometry (FACScan) (SSC= side scatter; FsSC= forward

scatter).




subsequently incubated with the di goxigenin-coupled anti-H 2Kk anti body
and then with the Cy5-coupl ed anti-di goxi genin antibody, 44 SERPTEMBER 2b04
phycoerythrin (PE)-coupled anti-CD4 antibody for identification of the T
hel per cells, and were analyzed by flow cytonetry. The nunber of dead
cells was determ ned by propidiumiodi dé st ai ni ng (unstained fluorescence
channel FL3) (SSC= side scatter; FSC= forward scatter). Figure 4 is a

FACScan amalgysiss @f ' | e i cal Lear t. rt. in _primary (dividing)

endot nol | A e Ly oo pumehunsi el oy o P HOVEG) | CERAREPBE CBFbySa 70
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cel I's ver ensulyseguert liyt 5 reaiehbmid heddis- i g0 geni Hs ¢ ngri(?{ ﬁ%ﬁfﬁi - H 2Kk
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ant i bod d en with t Cy5-coupl ed  anti-di goxigenin %% wel |
as Wt hyprg(%pllf(%}it?mcfeoldlisdehﬁ%n@?%?Hgam?PEoW%c@ﬁ&éoé%@neﬁ s anftdt 3)

and ver e Panékyzedndly pfllagmicy et rin t(fAEean): (1SSGhsi @6 Beaty ef ;1 oFSC

forward sgatt,efk. Eirg r?:v? I s a FACScan anal ysis of the electrical nuclear
transportﬁi nba cgll I::ine I(-?Ie'ml_'a) 3 hours after it was transfected by a 100

l.is pulse of 4 kW cmw th an H 2Kk expression vector. After 4 hours, the

cel | s wereiqgswbsequenptly tiack | i gQxi geni.n- coupl ed- anti-H 2Kk
ant i body and then with the C}l/&g%tgg%g}ge&%atrﬁlﬁwgl %ﬁ%gcrﬁlr? élhﬁﬁ})%o‘i}‘,‘erhtss wel |
as with pPbpidiunfit6aFddcRenstarheer fraseesedncer c Rindlas Fedramnddr 3)

and were anabyzedsbyintbowceyt oeetiny ( BACICaR),-3SCH &ide Scﬁl% er;. feSC=
forward §§§£E§é%t%4 VSqI;E%EI\éB_IER 5.%%4 --.12 Figure 6 shows_the“el ectrical,
nucl ear tFransport of a- transcriptiBhChetTvarBPLifkotd m (HbvIEs sEd)sehy
means of ®Hhed kV/cm fellowed without interruption by a current flow

of 2.2 A and 60 ms.

Figure 8 shows two diagrams of flow cytometric measuremeﬁts
of the electrical nuclear transport o} peptide-DNA
complexes into CHO and K562 cells.  The complexeé- ware .
‘introduced into the CHO cells by a pulse of 5 kV/cm for 70
s, followed by & current flow of 2.2 A for 40 ms, and into
the K562 cells by a pulse of 5 kV/cm for 100 us, followed'
by a current flow of 5 A for 10 ms. The analysis was -

performed four hours after the transfection.
EXAMPLES

The following examples illustrate the invention, but are

not to be conceived as to be limiting.
Example 1

Electrical nuclear transport in relation to the field

strength and the pulse duration

Freshly prepared‘ unstimulated (non dividing) mononuclear “
cells from peripheral human blood (PBMC) were transfected
with a wvector coding-for theAheavy chain of the murine MHC
class I.protein H-2K*. 1 x 10° cells together with 10 wug




| in HeLa cells.
analysis of its effect on a reporter construct (pCl8Splluc) in
The ?lrealsurement was performed 6 hours after protein and pi4aSHERTEMBER 2004

introduced into the cells by a 100 }.,i.s pulse of 4 kVVcm Figure 7 shows
two diagrans of flow cytonetric msasure1 nts of the electrical nuclfear

transport of DNA-lac-repressor conplexes into CHO cells 5 z hours a terf c
they were transfected with the DNA-protein conplex by a- 70 is pulse o )

kV/ cm fol Iwmmmmlmeféum i QQrQYtﬁaﬁEEé§PEdf Low. 0, %eagérgﬁg 60 5.

ts
Figure 8 shows two _diagranms % {ometric measurenen
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II rrent flo A for 40 ,
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flow of 5°A% o110 Iﬁ@ﬂ Th@chlnalllyshslt/@amt peféoshedoipar bowss, af teg)t he

HaXAMP but
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transport & “ﬁ&luftei g1 ‘fﬁ‘éhfp’éﬁ‘darﬁﬁﬁemgﬂhumndwumé masse duftasd on kreshly

. I p er aI
pr epar ed mns:mbmth@tned o nedl vé diragd EQBQ@H[QE%%@ Q;iog%ate%i ecﬁé

were transfected wth a veci 8
Eﬁg?g g:‘ O?ﬁg g%lénMglehp CEs P hridT e n FPJQKbOdyl @@dlo@l@el Wstﬁlogtehieher

with 10 JﬁgS14OSE@@ENBER:QOﬂAgeXﬁ@enﬂﬂCb@&;@N@. n @§f§%&11e%§r§1tka3§ferred
at room t gAPELaLYERrikNt O RpEPVELLS, Wit h Za{I{f‘l@S&”Ode SRSy A TeTe
identification of the T helper cells, and were analyzed by
flow cytometry (FACScan). The number of dead cells was
determined by propidium iodide staining.
Figure 1 shows the transfection efficiency of T helper
cells in relation to the field strength at a pulse duration
~of 40 us (a), and in relation to the pulse duratien. at 5
kv/cm (b).

Example 2

‘Increase - of the efficiency of the electrical nuclear

fransport by a current flow fellowing the pulse

Freshly prepared unstimulated PBMC were transfected with an
H-2K* exXpression vector as described in example 1. A pulse
of 5 kV/cm for 40 us was followed without interruption by a
current flow of different strengths and duration. After 5 h
incubation the cells were analyzed as in example 1, and the
transfection efficiency of T helper cells was determined
(Fig. 2).

Example 3

Transfection of PBMC

Freshly prepared unstimulated PBMC were, as described in




transfected under the described conditions. Imediately afterwards, the
cells were rinsed out of the cuvette with 500 ul RPM mednmrslim'EMaERzom
fetal calf serum FCS), incubated for 10 mn at 37 C, and were then
transferred to a culture dish with pr(%warrred medi um (with FCS). After 5 h
i ncubation, the cells were subsequently 4ificubated with the

di goxi geni n- coupl ed "ant i -H 2Kk antibody and then with the Cy5-coupled .
ant - di goxygapie ant ikhadlrars elh)ias i i A T%%é%%%rsylo%“”c(tﬁ% e oupl ed

anti - gBtl bOdélf or _identificatiaon of & cel I's
anal yzed by MFI BW'&5t Gfetr V¢ FK@S(?&H)MW?@ ﬂnymemmramacflm |csf VB A

det erm neﬂobyzprmpl diant vededenstigbridngs FindWianbighqws the transfection
efficiency of T helper cells inrelation to the'field strength at a pul se
duration of 40 us (a), and in relation to the pulse duration, at 5 kV/cm

(b).. Exafbie 3 |sbpeasdéhef sheleéiisciencyhef ptoliétleJneCéfl Q@Jan@%lc%%rd
transport r t 0 the p e Fre pr epar.ed
cby18 eHrEgRt ohlo S% Fggﬁagg t% thzkﬁg ﬁ es g tieasorfas

unstinmul ated PBMC were tra
descri bedthd BRYnpl 861% afpihse COG Selkwscemﬂoﬂ 946 ws was fald-owad 1wi t hout

i nterruptéon-by athéuffgﬂgféée ofngi f t th d duration. After
5 h mcubﬁﬂl; onstjéﬁg I's werewgnaNg %ﬁgggl ﬁéé)%gﬂg % %H Hofﬁéll ty
t r ansf ect‘T% &tf i ehc?r%fdt’fe hE‘Pp’é]PecE?ﬁ@Sﬁﬂgté;I@tleannedur(aFl g. 2) Exanple

3 Transfection of PBMC Freshly prepared unstinul ated PBMC were, as
descri bed in 14 SEPTEMBER 2004 - lé exanple 1, transfected with an H 2Kk
expression vector by a Lxample 4 ‘

Electrical - nuclear transport in primary (dividing)

endothelial cells from human unbhilical cord (HUVECQC)

As described in example 1, HUVEC were transfected with an
- H-2K* expression vector by a 70 us pulse of 5 kV/cm,

followed by a current flow of 2.2 A for 10 ms, and after 4

hours subsequently incubated with digexigenin-coupled anti-

H-2K* antibody and then with the Cy5-coupled _antl—

digoxigenin antibody, &as well as with propidium iodide, and
- were analyzed by flow cytometry (FACScan) .

- As showp in Figure 4, 58 % of the cells express the
transfected DNA with a mortality of 32%. If DNA would have
-reached the cytoplasm by transfection in 100 % of the cells
having a divisionrperiod of 24 h, and if no regeneration
period after the transfection was considered, DNA could
have reached the nucleus by disintegration of the nucléar

envelope in max. 16 % of the cells.
Example 5

Electrical nuclear transport in a cell line (HeLa)

As described in example 4, Hela célls were transfected by a

100 us pulse of 4 kvV/em and analyzed after 3 hours. As




40 is pulse of 5-kV/icm followed by a current flowof 2.2 A for 20 ns, and
. were analyzed as-in exanple 1. Fig. 3 shows the .anal ysis ofl4iSEPTEMBER 2004

transfected cells in the CD4-positive and the CD4-negative fractions of
the PBMC. 36 % of the CD4} cells and 19 % of the CD4- cells express the
transfected DNA. Three fourths of the ndrtality _rate of 26 %are due to
the transfection procedure. Exanple-4 Electrical nuclear transport in

prifmary (dndywei nd) Fegqgoé lish,cells fro uman unbilical cord (HUVEC) As
described in exanple 1, HOVE V\fér(g%tEaﬁs?'gw{j%de%\?]f%s%nthﬂ’QKRnéfqac’eeai on

vector by TA¥0 € plis @t Sliay oms 505 | dwedt hyna w1 @Nhabh oW 9, 242 A
for .10 nsthandyafdrerasn UESaskb dgnt Ly Lncubat with ‘

di goxi genian-cglo‘yjpsl ed aant i'l%}gH_Z%k a%??gggykénala@hé’n i tH' rfée@y%-]é%)m@d
axiti- di g;)fm geri - antPhoay, ds %kl b asind tHf propirdigemdrediide, and; o yer e
anal yzed By tielrowtbyt ohebny FEEACSEANYasASCS i.0 5 Fi 4, 58 % of the

cel I's expressnbhe hrangfeqted DNA V\,ias,h g. ﬁ%??%f‘??y gI?IIrI%Z‘%JOde DN %Roul d
have reached the cyt oplnasmetl)lf t Pahs IR anRtige %af tites celdsiedhavi ng a

di vi si on BBVPEEPSf 1R4mAx.-afd.bf 2nofr egeneicalion f1Rer iz0q, after the
transfection was considered, DNA could have reached the nucl eus by

di sintegration of the nuclear envelope in nmax. 16 % of the cells. Exanple
5 Electrical nuclear transport in &xespllel bne (HeLa) As described in :
exanple 4, HeLa cells were' transfected by a 100 }.is pulse of 4 kV/cm and

anal yzed £L. ours. 14 SEPTEMBER 2004 - 15 shown in Figure 5, 28%
of the ¢ SELeL 0N Pegf cEdvVapiAusandst hsuiret bdl biymues 5.5 |f DNA

woul d haveelbachmed cell lines |

1 X‘TOS PBEMC, other primary cells or cell line calls were
transfected according to the procedure described in example
1 with wvarious expression vectors, and with the settings
described in example 1. In the subsequently performed flow
Cytometric analysis (FACScan), the various subpopulations
were identifi@d by specific antibodies.‘In the following
table 1, the mean transfection efficiencies are listed. For
“the analysis of the transfection of CD34* precursor cells,
2.5-5 x 10° PBMC were transfected. A first analysis of th;
transfection efficiencieslwas-performed after 3.5 h, sincé.
during this time span no cells or only a few cells in cell
lings have undergone division. Values marked with an
asterix (*) were also determined 3 days after transfection
and were as high as the 24 h Vaiues. '

Example 7

- Electrical nuclear transport of HPV18-E2 protein in HeLa
cells

The electrical nuclear transport of.proteihs can be
demgnstrated for example by the conéomitant transfection of
transcription activator proteins and reporter constructs

“r A

the expression of which may be turned on by the binding of




i i having a division
lasm by transfection in 100 % of the cells _
tpg(fai gét.g]}? 24 h,yand if no regeneration period after the tnasEPTEMBER2904

consi dered, DNA coul d have reached the nucl eus by d|5|npggrat:gn50f t he
nucl ear envelope in max. 12.5 %of the cells after 3 h._ ?FE e 2 el
Transfection efficiency of various unstidnl ated prlnaryllcemere
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Figure 6 shows the cotransfection of the vector DNA with
the protein, the preparatioh without protein representing
the control value. After cotransfection_with 8 ng protein,
d& clear increase of the luminescence activity was observed
compared to the controls, demonstrating that the
transcription activator has reached the nucleus, and has
resulted in an expression of the reporter sequence.
‘Therefore, the method according to the inventiocn allows. the

- introduction of proteins into the nucleus of eukaryotic

cells too. '

Example 8

Electricallnuclear transport of antibodies

An electrical nuclear transport of antibodies may be
obtained for example by the  following setup. 1 x 10° Hela
cells were transfected with an antibody directed against
the nucleus-specific protein complex ND10 in 100 pl buffer
solution at room temperature with a 10 us pulse of 4 kV/cm,
followed witﬁout'interruption by a current flow of 5 A and
10 ms. Immediately after delivery of the pulse, the cells
were rinsed out of the cuvette‘with 400 ul cell éulture
medium without serum, and were incubated for 10 min at

37 °C. The cells were plated in 37 °C warm cell éulture




were transfected with the vector pCl8Splluc, a plasmd containing four
binding sites for the papilloma virus transcriptions actit4tiSEPHEMBER2004
upstream of the promptor sequence as well as a |uminescence reporter
sequence, and wth purified HPV18-E2 protein. At roomtenperature 1 x 106
"cells were transferred to a cuvette together with 200 ng vector DNA and 8
ng protein in buffer, and transfected with a 100 us pulse of 4 kW cm
After 6 haagubat i@n:at an 9 t he .c re anal yzed by
nmeasuring th rel(at F%e%&rﬁlesc%nge@a%vfﬁ}m%%‘i gg}é shows2tnhe? ~C

cot r ansf ecétiOn of° t he Wect GfODNA withen t he tpegt ei nwetrhe pr epaieat i onwi t hout
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sequence. fsecj%re the method according to the invention 7
i nt roductl on o dteins into the nucleus of eukaryotic cells too. Exanple

8 El ectrical nucl ear transport of antibodies An electrical nucl ear

transport of antibodies may be obt.ained f exanple by the follow ng
setup. | x 106 HeLa «cells were trans?—rré%jj—ﬁégmth an anti body directed

agai nst "the nucl eus-specific protein conpl ex ND10 in 100 ul buffer
sol ution aflce@oickenpeiclsde Wildhdhohd }orl $pul 56 of, 4 kVicm  fol | owed
FhredEit oty

wi thout ip 8" LURL L on by a Current fiow uu 5—Aartd ;u e y after
del i very | se, the cells were rinsed out of the cuvette with 400

}il cell culture mediumw thout serum and were-incubated for 10 mn at
37 C. The |1 I l,at ' 7.C warm eII culture
TRE! |5 0816 Ahat £d.1 0, 3 trateporte o A-protein complexas

may be shown for example by the repression of expression of

transfected reporter plasmid-repressor complexes. For this
purpose, CHO cells were transfected with a vector
(pSpe (Lac0) {-H2KX) having a iac—operator sequence between
the  promotor and the E2K* nmarker sequehce to which lac
repressor molecules have been bound. Concomitantly the
cells were contransfected with the vector pMACS4.1 Coding
_for human CD4 and not containing a lacﬁoperator sequence,
so  that lac_ repressor molecules cannot "bind to it
specifically. 1 x 10° cells were incubated with 1 pg H2R®
expression vector DNA with lacO sequence and 1 g CD4
expression vector DNA without lacO sequence in buffer at
room temperature with 200 ng lac repressor protein. for 30
min, transferred to a cuvette, and transfected with a pulse
of 5 kV/cm for 70 us, followed by a current flow of 2.2 A
for 60 ms. After incubation for 5.5 h at 37 °C and 5 % CO,,
the cells were trypsinized, stained and analyzed by flow
cytometry for expression of the respective markers. H2K"
expression was analyzed by incubation with Cy5 coupled
ant1I12Kk_ant1body, and CD4 expression was analyzed by
incubation with phycoerythrin (PE) cbupied anti-Ch4
antibody. -




4 - 17 medium (with serum, and were incubated for 5 h at
ég gEP;Eg/BER%Zg%Z. Then t hey vveﬁe fixed in formal dehyde/gﬂdtﬁl&TEM_lﬁ&Eb d,2004
perneabi’lized with Triton X100, incubated with a FITC -1abel ed anti body
specific for the anti-ND1O antibody, and analyzed by fl uorescence oxes
m croscopy. Exanple 9 Electrical nucleat8transport of DNA- protein ?:orrgs
in CHO cells The electrical nuclear-transport of DNA-protein conplex

- ; , ! _ Ced
Terorter plaem G oY comPh B Rl CERLERe e TrenFaghre e ¢
reporter plasm dJEre ressor conpl exes. For o g ataqfr

- transf ect EFWERtRAVRCctdre EpBpessien) i cf2Kie hauirkgra ic%;e@p@éo al Sﬁ?ﬂ e
sequence betarefiecthen poempher mand Mﬁ%%é}?%@{e%ﬁﬂf cend tbout
repressor lIn?i&uhes have been bound. Concom tantly e ,
e

cont r ansf e¢ with thETGEEPEr PNKESErECddiany 1 dvommahamce@més:s@&
cont ai ni ng(IéZKkaceXmmsaim sequerces;itsSo] ihat sla%ﬁeﬁ@gr e%ﬁﬂ{sr‘?d ?ﬂ:r (]3-% KK
cannot bind to.it. 3 (AR caI%y.t 1 x. %0@ cells were I ncubate Wi . gt‘
expr essi on vect or eBﬁ]% with 13c0 sheequg te sA@respdgncDgompapedsdiontuect or

' ' | | ac
DNA wi t holtCTHer@ sebierice Lacbubbersabr reemdeemmarat Wiea il 200,00+
repressor gyeqtseiin: for, 30 réE:‘hsééla”Sﬂ;er lelg to &&Euvette,sand tragsfgg;e]g r
with a pulse of 5 kVicmfor 70 us, fortowed b§/ cut¥RTESFIeWw ofegt 0
60 ns. AFFErqHculiG viPduRn R 5l hesBYC ahdnb %ePERssildie &el 4 se Vene:

i ni i : \ ion of the
trysini zedxpstaaisied ansbanatyzed by £l ow eyt 0%%%@/ far_ eéﬁﬁ%ﬁr ot th
respective markers, HZKk ex éers%l on was anal yzed by incu I Cy
coupl ed an -ﬁf'leKEaﬁnt%%ﬂﬁ afdteCDRUEkpREssiwh Wdsttandhyz ecefyessor

protein has resulted in a suppression of the expression of
the marker sequence. Therefore, the method according to the
invention alsc allows the introduction of DNA-protein

compvlexes into the nucleus of eukaryotic cells.

Example 10

'Electrical nuclear transport of peptide-DNA-complexes

The nuclear transport of peptide-DNA complexes may be
demonstrated for example by a repression of the expression
of a reporter plasmid by binding of PNA (peptide nucleic
acid) to a PNA-binding sequence- between promotor and
reporter cassette of a reporter plasmid prior to
. transfection. 1 nug H-2K¥ exXpression vector were incubated
in 10 mM Tris, 1mM EDTA with 25 MM PNA peptide (low
concentration), or 50 uM PNA peptide (high concentration)
for 15 min. at 65 °C. The expression vector was used in two
variations, with and withouﬁ specific PNA-binding sequence,
also, unspecific PNa peptides (peptide 1) and specifically
binding PNA peptides (peptide 2) were used. Epecific PNA
binding resulted in the labelling of a restriction site,
and was verified by‘respéctive restriction analysis. The
used PNA peptides had the following DNA binding sequence:
NH3-CCTTTCTCCCTTC - peptide (peptide 1) or NH,-CTCTTCCTTTTTC-
peptide (peptide 2). The mere peptide portion had 'thg




i ncubation with phycoerythrin (PE) coupled anti-CD4 anti body. - 14
SEPTEMBER 2004 -- 18 The results of two experinents shown14 ' SERTEMEER 2004
denonstrate the expression of the nmarker sequence after transfection of

t he DNA-protein conplexes with and vvitBout bound lac repressor. Wth
specifically bound | ac repressor (HZK 9ex‘pr ession vector with lacO
sequence, plasmd 1), a. clear repression of the H2Kk expression conpared

to the cdrtinelwivig hogbqhasceepr egs @%%W_WoutFor

specific | repressor bi_ndi ( expression Vec
| acO seqmg%%él,s Siasiy of n%gg?eprce%lsjisorn 6f PeRtODd  pmxpresswinhocensr ed-
Thi s showfotlAatwirige DNA- pr eeguianceonpl ex; fhas reached, dhe nucl eus I2d t hat
the repregg@k orpEolSl ﬁ%ﬁ&in a_suppression of the expressron of
t he marker sequence:. er err{)r : Lt et a%@?ﬁﬂiﬁ@et@qwtiwerﬂm@n al so
al | ows t hEOTRE-CEGECHieas ofr DNAeuratceity <ol exest intertde Micl-ays, of
eukaryoti ¢ocebleq pl-e 1 E egtyic l.e transport of '
pept i de- DNA- conpl e%ég The ngclzjl ear Ot“}r é:}?lflspznd;btc %?g%rep‘fd] 2 DN |dohptedes: may
be. and by a pulse of 5 kV/em for 100 us, followed by a current
: of 5 A for 10 ms in K562 cells. After incubation for 4 h at

© o %
37 .C an%CS % COz, the cells were stained with CY¥5 coupled
anti-H-2K* antibody, and were analyzed for H-2K* expression
by flow cytometry. '

Figure 8 shows the effect of specific bindiﬁg and
unspecific interaction of PNA peptide with vector DNA o
the expression of a reporter construct, and therswith the
peptide-DNA complex having reached the nuéleus- Therefore,
the - method according to the invention also allows the
intrcduction of peptide-DNA complexes into the nucleus of

eukaryotic cells.

TABLE 1

Cell type ' Conditions %+ after %+ after
3.5 h 24 h

PBMC

CD4" (Ty cells) 1000V 40us/2.2A 30 - 60 35 - 70%*
30ms

CD8" (T¢ cells) 1000V 70us/2.2a 20 - 70 35 - 75%
10ms

CD14* (monocytes) 1000V 70us/1.0A 30 -~ 50 10 - 20

| Tms

CD19" (B cells) 800V 70us/2.0A 10 - 40 10 —~ 50%

30hs

CD34" (stem cells) 1000V ?Ous/Z.ZA 40 - 60 40 - 50

10ms




denonstrated for exanple by a repression of the expression of a reporter
pl asmi d, by binding of PNA (peptide nucleic acid) to a PNA14iSEPTEMBER 004
bet ween pronotor and reporter cassette of a reporter plasmd prior to
transfection. 1 pg H 2Kk expression vector were incubated in 10 nM Tris,
1mM EDTA with 25 pM PNA peptide (low~ &hcentration), or 50 pM PNA peptide
(high concentration) .for 15 min. at 65 C. The expression vector was used
in tw vagbatiiens, Mty and without specific PNA-binding sequence, also,
unspeci fi %—Pmm‘i‘d?s—(pepti de 1) and specifically binding PNA peptides
(peptide ZPWére used. Specific8PQX Bionei/tg Oresul t edson-the | abegpi nggpf a
restriction site, and was verifiggd by respective restriction analysis- The
used PNA tides had the foll owi ng DNA binding sequence:

NH2- CCTTT: = ide (peptide 1) or NH2- CTCTTCCTTTTTC- pepti de
(peptide 2k811lFhe nere peptide portion had the 14 SEPTEMBER 2004 - 19

fol | ow ngy ce: NH2- GKPTADD‘(:Jg( TPPKKKRKVED- COON. For transfection

fol | owi ngmggg%g 2 cells, a pept gvpo#f)?iﬁﬁowﬂf*h t he seqéénce was uséd: NH2
GKPSSDDEATAD, SQHSTPPKKKRKVED- - COgh. After the incubation, the conplexes
were transfeetbgd .a pul se of cmfaor, . 70 us, followed by a current
flow of 2.2 A fo?gﬁg nms in CHO i%ﬁ/{é gb%ﬁéobgAa. pul se of95 kV/cm fof0100
ps, followed by a current of 5'®sfor 10 ns in K562 cells. After incubation
for 4 h atelB71Chapd 5 % CO02, the cells were stained with CY.5 coupl ed

. Hela 1000V 40us/2.2A > 30 n.d.
Tms
CHO ' 1000V 50us/1-.6aA 20 - 20 n.d.

10ms




[ [ [ by fl ow
- k antibody, and were analyzed for H 2Kk expression
29%5&?5 I%i gure g shows the effect of specific binding ald SERFEMBER 2004

[ [ [ i he expression of a reporter
teraction of PNA peptide with vector DNA on t .
Lgngtruct, and therewith the peptldgdqgﬁ_fonFLgxlEsghP?O;egfggdafrgms he
nucl eus- Therefore, the nethod accordi o] b
| eus of eukaryotic cells.
duction of peptide-DNA conplexes into the nuc _
'ng{Ot;peE&BhEréségsaftero+ after Conditions 3.5 h24 h PBMC CD4+ (7? 2720,
cel1s) 1000V 40p. s/ 2. 2A30- 6035- 70* 30nms CDB+ (Tc cells) 1000V 729i .
7035- 75* CDL4+ (rmonocyt es) 10rs 30- 5010- 20 1000v 70ps/1.0A CD (

celI's)| nmiwudde, 4@L0- @Qﬁn&Q@y ,704s/ 2. ﬁga%g E, cgg4+(Q%#§qug Lg égggyc

70-s/2.2 Q- 50,105 14 EPTEMBER
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el ectroperneation of living cells 1é%§E§§ENBER 2004 -23 CLAIMS 1) A nethod
for introducing biologically active ul es into the. nucl eus of higher

eukaryotic cells using electric current, the introducti on into the nucleus
di vi si on bei ng achieved by a pul se

of primary izndependent] y of cell

havi ngqg fi é"rcgi?%?é% hodugina biglogigrilnsctive nzolehnlatintonhoucis b?&%\iﬂ;ﬁlo As and
a current ofu dtizalls &si ; t accorndin o claiml, "wherein the
field strength .o thg pu@gg%?zg%wggﬁm%%ﬁ%%éPHBQJE‘%fdtf@ﬁdiamg to. .
claims 1 or 341_,3 "W%F@F% Wﬂﬂ‘i?é'cplduﬂls@idwﬁ@ abbifedtd B a PllsERXvi %Qﬁel‘d%%_ 4@1The
LR, e TR L e st o ¢

Wi thout interruption by a curr
of 1 nms to max. 50 ns. S) The nethod according to any of the clains 1 to

-4, whegein ' lcahly, actiye ' '
, whezei n Thenbingh Qg Yo S5 » Wherein the field strength of the pulse is 3-8 kV/em

3) The _method according to claims 1 or 2, wherein the pulse has a duration of max. 200
1S, '

4) The method according 10 any of the cIainis 1 to 3, wherein the pulse is followed

without interruption by a current flow of 1 Atomax. 2.5 A with a duration of 1 ms to
max. 50 ms. -

5) The method accorqing to any of the claims 1 to 4, wherein the biolo gically active

molecule c?mpnses a nucleic acid, or at least includes a nuclejc acid portion

6 - [ - v
) The method according to claim 5, wherein the nucleic acid is present in complex orin
assocration with peptides, proteins, polysaccharides, lipids, or combinations or
derivatives of these molecules, |

7 The method according to claim 6, wherein the molecules complexed or associated with
| the nucleic acid are used for the integration of the transferred nucleic acid in the
| genome of th§ cell, the infranuclear localization or retention, the association with the
chromatin, or the regulation of the expréssion.

8 . [ 3 -
) The method according to clajm 6, whf:rem the molecules complexed with the nucleic

acid Whl,ch are used for thg integration of the transferrf;d nucleic acid in the genome of




mol ecul e conprises a nucleic acid, or at least includes a nucleic acid
portion. 6) The method according to claim5, wherein the nddl&ER&TBMBERQOM
present in conplex or in- association with peptides, proteins,

pol ysacchari des, |ipids, or conbinationg4or® derivatives of t hese

nol ecul es. 7)' The met hod accor di ng to claim®6, wherein the nolecules @ .
conpl exed or thss€tiRiselde nuclei ¢ acid are used for the integration
of the transferred nucl é?%hgléll %Qﬁlu?ﬁgmpﬁgﬁ6ﬁ%m€3’ﬂ‘akm@gméd prokh€otic

i ntranucl ear Wé%ﬂsﬁﬁ;tqukﬂryohc mspagag@nsc h@:fbeasﬁé &Fl op.wi th the :
chromati n, 0&@&3&#}5&%% ke expressio 8‘% WOHEFHod accor di ng to

claim6, wheréin the mjle nﬁ@@éﬂﬁumflmdﬁpﬁa‘gﬁ@k&i are
used for theanahp@ea’tte@nmnafsethe transferred nucleic acid I%?’%%G)S@%%

14 SEPTEMBER 2004 -24- o the cell are selected fromthe group conprisi ng
retroviral integrases, prokaryotic transpasases, eukaryoti c transposases,

sequenc8) speThé hetHod GRrH opoi sonerases, E. coil recA, E cola recE,
E. coll recT phagé3 A regﬁg%aaﬁmbé’ Geig th %‘m]&ﬁ@emﬁtmqﬂeﬁdtcehmoﬂﬁ&% wifie

met hod accor@?ﬁ&c @a@idawhmlﬁaremtsedﬁrlﬂlg | exed, or assocl at ed
with the ”Uﬂﬁ&hﬁtﬁ&jﬁg igh are used LP%?@L?%%@?‘Q E e 25Socisfientiion or ¢ he
associ ation. Wt g omams Fheﬁ‘apmmﬁmmnhe EBV protein EBNA-1.

10) * The nethod according to any one of clains 1-9, wherein the eukaryotic
cells ar PAL! n blood cells. 11} The nethod according to any
one ofal ai s fggﬁ ‘aﬁféf’éi‘% ‘oleay ook af olaitrse - Q%ﬁeﬁc@ﬂﬁ:e&k}ﬁbﬁg?&fent precur sor
cel I's of humpetiphir@Qthmah)ochhieyget hod according to any one of CI°&i ns 1-9,
-wherein the erkaryotic cells are enbryonic cells from human, rat, nouse,
and chi cken neurons, 13} The nmethod according to anyone of cI ainms 1-9,

“wher ei a1} hemghﬂﬁbgt II are n bone marrow cells. 14) The net hod
according to, any onglcg?rgﬁ W?ef% E“?méﬂ&whpm the anlsdresticagdigmiar yot i
cells are uE@BPPT@PfRiﬁﬂgmseﬂﬁhﬂm&iaﬁ%odﬁ) A use of eukaryotic cells :
transfected according to a nethod of clains 1-1-, for preparing a drug for
ex vi vloz)gene t her apy. )

The method according to any one of claims 1-9, wherein the eukaryouc cells are

embryonic cells from buman, rat, mouse, and chlcken neurons,

13) The method according to any one of claims 1

. 1-9, Wherein-the eukaryotic cell
human bone marrow cells, ' S ?Ie

14
[4)  The method acco:rd.mcr to any one of claims 1-13, wherein the transfected eukaryotic
cells are ugsed for diagnostic methods,

15
)}  Auseof eukaryotic cells transfected according to a method of claims 1- 13, for

preparing a drug for ex vivo gene therapy




-25 SUMMARY The invention relates to a novel method al | ow ng the transport
of ' DNA ‘and/ or other biologically active nolecules into thd4rSEPEENBER 2004

'eukaryotl c cells using electrical current, independently from cell

di vi si pn ag&ﬂél%,ily%w cell nortality
- amaxa GmbH ‘ —-25-

SUMMARY

The invention relates to a novel method allOW1ng the
transport of DNA and/or other biologically active molecules
into the nucleus of eukaryotlc cells using electrical
current, independently from cell division and with low éell
mortality.




