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Targeting endogenous nuclear antigens
by electrotransfer of monoclonal antibodies
in living cells
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Antibodies are valuable tools for functional studies in vitro, but their use in living cells remains challenging because they
do not naturally cross the cell membrane. Here, we present a simple and highly efficient method for the intracytoplasmic
delivery of any antibody into cultured cells. By following the fate of monoclonal antibodies that bind to nuclear antigens,
it was possible to image endogenous targets and to show that inhibitory antibodies are able to induce cell growth
suppression or cell death. Our electrotransfer system allowed the cancer cells we studied to be transduced without loss
of viability and may have applications for a variety of intracellular immuno-interventions.

When antibodies specific for endogenous cellular proteins are
introduced into intact mammalian cells, it becomes possible to
study the functional activity of these proteins in their natural
environment. Since antibodies are too large to diffuse passively
into cells, several methods have been developed to introduce
them into various cell types. Microneedle injection (microinjec-
tion) and osmotic lysis of pinocytic vesicles were the first meth-
ods used to deliver antibodies in the cytoplasm of cultured cells.!
Although both techniques showed that mature antibodies were
stable and functionally active in the cytoplasm, the microinjec-
tion approach was too time-consuming when large numbers of
cells had to be injected. Osmotic lysis of vesicles results in mas-
sive cell damage, requiring several days of incubation for cellular
repair, which severely limits the readout assays when individual
cells are observed microscopically. Proteins have also been intro-
duced into eukaryotic cells using liposome-mediated delivery and
fusion of red cell ghosts loaded with protein,? but this method
was difficult to control. More recently, it was shown that a small
subset of anti-DNA autoantibodies can penetrate into cells due
to an unusual high frequency of basic residues in the CDRs,
which favors their interaction with macromolecules at the sur-
face of the cells.>* It is likely that these observations stimulated
the development of synthetic vectors for delivering a larger frac-
tion of antibodies into cells by protein transfection, i.e., by so-
called “profection,” an approach similar to that used for DNA
and siRNA transfection. Such a direct delivery of proteins fol-
lowing in vitro association of protein and transfection reagent is
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more challenging than DNA transfection since proteins vary in
structure and charge much more than nucleic acids. Intracellular
protein delivery by means of cationic polymers has also been
reported,’ although most commercially-available protein trans-
fection systems use lipid-based delivery agents.®” We previously
tried to deliver neutralizing antibodies that recognize HPV16 E6
protein expressed in keratinocytes, using various cationic lipid
formulations and found that only a few antibodies were able to
interact with cationic lipids and could be successfully delivered to
the cytoplasm.® Depending on the formulation, only up to 30%
of treated cells were positive, indicating that this approach was
not sufficiently robust to allow antibody-mediated intracellular
targeting.

An alternative delivery technique is electroporation, which
utilizes a brief electric pulse of high field strength to create tran-
sient pores in the cell membrane. This technique has been used
successfully for many years to introduce DNA and RNA in bacte-
rial and yeast cells, but is rarely used for transfecting animal cells
because of the very large number of cells that must be treated
to recover enough viable cells. Although a few groups succeeded
in delivering antibodies into mammalian cells by electropora-
tion,”"" the method has not been widely used for the intracellular
transfer of proteins, possibly because there is no convenient way
to distinguish viable from damaged cells after incorporation of
the protein of interest.

There recently has been renewed interest in the electroporation
of nucleic acids for delivering genes to mammalian cells that are
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Figure 1. Intracellular localization of delivered antibodies as probed

by immunofluorescence microscopy. (A) Micrographs show typical
Hela cells transduced with either 4C6 or 7C2 antibody. The delivered
antibodies were revealed with Alexa 448-labeled goat anti-mouse
immunoglobulins 24 h post-transduction. Both antibodies are IgG1k.
Magnification: 630x. (B) The pictures correspond to typical fields of
Hela cells transduced with the indicated antibodies at 24, 48 and 72 h
post-treatment. The delivered antibodies were revealed as in (A). The
panels on the right correspond to the staining by indirect immunofluo-
rescence of Hela cells incubated with the relevant antibody (in vitro
staining). Magnification: 630x. (C) The pictures show typical nuclei of
Hela cells either transduced and fixed at 48 h post-treatment (in cells)
or stained by indirect immunofluorescence (in vitro) with 2H3 antibody

without (= UV) or with (+ UV) UVC irradiation 8 h before analysis. Mag-
nification: 100x.

-uv
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difficult to transfect with conventional synthetic vectors. Several
companies currently propose improved devices for the electro-
poration of nucleic acids that achieve a high cell viability in a
wide range of cell lines. To deliver antibodies into cells by elec-
troporation, we used a device for gene transfection that does not
involve classical cuvettes (Neon®, Life Technologies) and adapted
it to the electrotransfer of monoclonal antibodies (mAbs) to cul-
tured cells. We show here that this method of intracytoplasmic
delivery of antibodies retains a high degree of cell viability and
is extremely effective for targeting endogenous nuclear proteins.
Initial experiments were done with two mAbs, 4C6 and 7C2,
that bind to the HPV16 E6 oncoprotein® and the C-terminal
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domain of the RNA polymerase II largest subunit'? (RNA Pol
II), respectively. By varying several parameters of the electro-
poration protocol, we obtained optimal conditions for deliver-
ing the two mAbs to HeLa cells (Table S1). Their presence in
the cells was revealed using a fluorescent anti-mouse antibody,
24 h post-treatment. As shown in Figure 1A, the 4C6 antibody
was detected in the cell cytoplasm, indicating that the nuclear
membrane had not been permeabilized by the electric shock,
whereas the 7C2 antibody was found almost exclusively in the
nucleus. This result suggests that the 7C2 antibody binds to de
novo synthesized RNA Pol II in the cytoplasm and is translo-
cated into the nucleus in a piggyback fashion with the nuclear
enzyme."? The same result was obtained with the 7G5 mAb that
recognizes another epitope on the same RNA Pol II subunit
(Fig. S1). These findings are in agreement with previous observa-
tions obtained after microinjection of the 3E9 antibody, which
binds to native B-importin." Since Hela cells do not contain
HPV E6 protein, the 4C6 mAb remained in the cytoplasmic
compartment, as expected. It should be noted that all treated
cells were positive (compare DAPI and anti-mouse IgG staining
in Fig. 1A) and that almost no floating dead cells were detectable
24 h post-treatment.

We recently isolated new mAbs against the proliferating cell
nuclear antigen (PCNA), a nuclear protein involved in DNA
replication and genome integrity surveillance. To demonstrate
that these mAbs are useful for detecting endogenous nuclear
proteins in living cells, we analyzed the behavior of two mAbs,
2H3 and 2HS5, that bind in vitro exclusively to native and dena-
tured PCNA, respectively (Fig. S2). Both antibodies, as well as
the anti-PCNA reference mAb PC10,” were transduced in HeLa
cells and their presence was detected at different times post-
treatment. After three days incubation, the 2H3 mAb exhibited
a nuclear staining pattern indistinguishable from that observed
when it was used as primary antibody to immunostain fixed cells
in vitro (Fig. 1B). Since all 2H3 antibodies were located in the
nucleus, this suggests that the corresponding PCNA epitope is
accessible in the cytoplasm and that the antibodies, which are
diluted after each cell division, remain fully active after several
days of incubation. By contrast, the transduced 2H5 mAb was
present essentially in the cytoplasmic compartment after 24 h and
subsequently spread within the entire cell with no specific nuclear
enrichment. Although mAb PCI10 easily revealed the PCNA pro-
tein both by western blot (Fig. S2) and by conventional in vitro
immunostaining (Fig. 1B), this antibody did not co-localize with
PCNA in living cells after transduction, even after three days
of incubation. This suggests that the PCNA epitope recognized
by mAb PC10, which has been mapped precisely,'® is not acces-
sible in the cellular context, in contrast to the one recognized by
mAb 2H3. These results demonstrate that our procedure allowed
antibodies to bind to the accessible epitopes of nuclear proteins
in living cells. We also established that mAb 2H3 was success-
fully electrotransferred and specifically stained PCNA in other
cell lines such as CaSki, H1299, MEL501 and U20S (Fig. S3).
We also investigated how UV irradiation of treated cells affected
the nuclear pattern of PCNA revealed by antibodies. Since UV
irradiation blocks cellular proliferation,” the typical S phase
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PCNA pattern obtained with transduced 2H3 disappeared while
the nucleoli became clearly visible in nearly all UV-treated HeLa
cells (Fig. S4). This UV-induced change was observed both by
staining in the cells (after transduction) and after conventional
immunostaining in vitro (Fig. 1C). The PCNA contained within
replication/repair foci could therefore be precisely localized under
physiological conditions using this mAb delivery system.

PCNA detection was facilitated by the fact that it is an abun-
dant nuclear protein' (-5 x 10° molecules per cell). To determine
whether this “in cellulo” staining protocol could also be applied
for targeting nuclear proteins that are less abundant, we decreased
the amount of delivered antibodies and measured the amount of
antibody remaining in the cells as a function of the amount added
in the transduction mixture. Interestingly, the residual amount
was proportional to the amount of antibody added (Fig. S5). We
estimate that about 10° antibody molecules were present per cell
when using 1 g of mAb in the reaction mixture. The same result
was obtained when we tested three different antibody prepara-
tions, indicating the general applicability of our protocol. When
we used 2 g of the 2H3 antibody (Fig. 1B), we found that nearly
all molecules were translocated into the nucleus, in agreement
with the conclusion that the PCNA in this case was in excess. It
seems likely, therefore, that our protocol could be applied to the
specific imaging of other nuclear proteins simply by adjusting the
antibody concentration in the delivery mixture. Since 10° cells are
able to integrate about 10" antibody molecules, this represents a
very low percentage of the antibody added in the reaction mixture
(-4 x 10" molecules/pg). When we tried to improve the delivery
efficiency by increasing the number of electric pulses, we found
that cell viability was severely impaired.

We used this new transfer method to assess the activity of
several inhibitory mAbs delivered to living cells such as CaSki
cells, which express the HPV16 E6 oncogene that mediates the
degradation of the p53 protein. We have previously shown that
the 4C6 mADb, when delivered in CaSki cells with cationic lipids,
is able to inhibit the E6-mediated p53 degradation that contrib-
utes to cell growth arrest.® Following electrotransfer of 4C6 in
CaSki cells, we found that p53 levels, which were undetectable in
untreated cells, were restored in all cells to the level observed after
anti-E6 siRNA treatment (Fig. 2A). Since EG6 is preferentially
localized in the nucleus of cervical carcinoma cells,” we chemi-
cally modified the 4C6 antibody to direct it to the nucleus after
it entered the cell. This was done by conjugating a peptide cor-
responding to the SV40 nuclear localization signal (NLS) to the
4C6 mADb (4C6-NLS; Fig. S6). The 4C6-NLS conjugate accu-
mulated exclusively in the nuclei and 48 h post-transduction, the
p53 levels were slightly raised compared with what was observed
with unmodified 4C6 (Fig. 2A), indicating that the antibodies
that moved to the nucleus were still active. The biological effect
of this procedure was confirmed by clonogenic assays (Fig. S7),
indicating that it is possible to target a nuclear antigen.

To examine if the same effect occurred with other well-
characterized inhibitory antibodies, we tested two validated
mAbs, 4E9 and SJK132-20 (SJK132), that specifically bind to
DNA polymerase «, a nuclear enzyme essential for the repli-
cation fork progression in mammalian cells. Both antibodies
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Figure 2. Biological effect of delivered anti-E6 and anti-DNA poly-
merase a antibodies. (A) Micrographs of typical CaSki cells following
transfection with anti-E6 siRNA or transduction with 4C6 antibody.

At 48 h post-treatment, the 4C6 antibodies were revealed with Alexa
568-labeled goat anti-mouse immunoglobulins, in parallel with p53 as
indicated in the method section. Magnification: 630x. (B) Micrographs
of Hela cells either stained by indirect immunofluorescence (in vitro)
or after transduction at 48 h (in cells) with the indicated antibody. The
monoclonal antibodies were detected as indicated in the legend of
Figure 1. Magnification: 630x. (C) The panels on the left represent typi-
cal Hela cells after transduction of 4E9-NLS and SJK123-NLS conjugates
and stained with Alexa 488-labeled goat anti-mouse immunoglobulins
as in (B) (in cells). Magnification: 630x. The micrographs on the right
represent typical fields of cells after 2 or 5 d post-treatment with each
conjugate observed under the optical microscope. Typical enlarged
nuclei are ticked with black arrows. Magnification: 200x.

allow the enzyme to be detected in the nucleus of HeLa cells
(Fig. 2B; in vitro). Although both antibodies are able to immu-
noprecipitate DNA polymerase a from whole-cell extracts
(E. Weiss, unpublished observation), only SJK132 was found
to block DNA synthesis in an in vitro replication reaction
assay.?’ After transducing both antibodies into HeLa cells, we
found that after two days, mAb 4E9 was mainly localized in
the nucleus whereas mAb SJK132 remained in the cytoplasm
(Fig. 2B, in cells). In view of what we observed earlier with mAb
PC10, we hypothesized that the epitope recognized by SJK132
in de novo synthesized DNA polymerase a might be masked in
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the cytoplasm and becomes accessible only after the molecule
reaches the nucleus. This possibility was tested by preparing
NLS peptide-antibody conjugates (4E9-NLS and SJK132-NLS)
to bring them closer to the polymerase antigen. At 24 h post-
transduction, both 4E9-NLS and SJK-NLS were exclusively
present in the nuclei of treated cells (Fig. 2C). However,
whereas the cells transduced with 4E9-NLS were growing at
the same constant rate as those containing 4E9 or SJK132, the
cells treated with SJK132-NLS stopped growing shortly after
incubation started. This was easily observed using an optical
microscope. After 48 h, the average size of the nuclei of SJK132-
NLS-treated cells had increased considerably compared with the
nuclei of 4E9-NLS-treated cells (from 16 +/- 2 pm to 25 +/— 3
wm; Fig. 2C). This is similar to what is observed when hydroxy-
urea, a potent and selective inhibitor of replication, is added to
cell culture medium.?" After prolonged incubation, nearly all
SJK132-NLS-treated cells rounded up (Fig. S8) and became
detached from the plastic. After four days incubation, there were
almost no cells left on the dishes whereas cells transduced in
parallel with 4E9-NLS were nearly confluent (Fig. 2C). Similar
results were obtained with U20S cells, which are p53-positive
tumor cells (not shown). These findings show that our protocol
makes it possible to target nuclear antigens with antibodies and
that this can lead to cell death by apoptosis, if the antibody
interferes with an essential biological activity. Our results also
suggest that the active region of DNA polymerase « is not acces-
sible to the SJK132 antibody following its de novo synthesis in
the cytoplasm.

The present study shows that mAbs can be efficiently trans-
duced into living cancer cells using an electroporation device ini-
tially designed for nucleic acid transfection. Since our protocol
was successful with all the cells we used and allows all treated
cells to be transduced, irrespective of the amount (g range) of
antibody that was added in the electroporation mixture, we were
able in all cases to ascertain the intracellular fate of the delivered
antibodies. This is a major advantage compared with methods
that use synthetic vectors such as cationic lipids, which make it
difficult to control endosomal escape after endocytosis, that are
likely to limit efficient delivery. It also suggests that the delivered
antibodies remain stable in the dividing cells and are not sub-
jected to proteolysis or degradation that would be easily detect-
able. To date, we have tested 17 different antibodies and five
different cell lines and have not observed any difference in the
transduction efficiency, suggesting that the method may be appli-
cable to many commercially-available antibodies. Furthermore,
since chemically modified antibody molecules can also be elec-
trotransferred, the method may be useful for validating targets
either with neutralizing antibodies or with antibody-drug conju-
gates that could allow the specific intracellular delivery of small
molecules. Another possible application is the imaging of sites
of endogenous nuclear proteins that are accessible in living cells,
using fluorophore-labeled antibodies. Since we have shown that
antibodies that inhibit the activity of an antigen in vitro often
possess the same functional activity in living cells, it is also likely
that the same approach could be used as a functional screening
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test for isolating neutralizing antibodies able to bind to intracel-
lular targets of therapeutic interest.

Materials and Methods

Generation and purification of anti-PCNA monoclonal anti-
bodies. BALB/c mice were immunized with purified human
PCNA protein overexpressed in BL21 cells. After 3 injections
of 0.1 mg protein/mouse mixed with poly I-poly C polymer,
the spleen cells of the responding animals were fused with
SP2/0-Agl4. Growing clones were screened by ELISA using
microtiter plates coated with pure PCNA protein (0.5 pg/well)
and by cell staining using fixed HeLa cells. The positive cul-
tures were cloned twice in soft agar. All antibodies were purified
from either ascitic fluid or hybridoma supernatant on Protein G
Sepharose (GE Healthcare). They were subsequently dialysed
against PBS and concentrated with centrifugal filtration units
(Merck Millipore) to obtain antibody samples of 2—-5 pg/mL.

Preparation of antibody-NLS peptide conjugates. Purified
antibody (1 mg) in PBS was incubated with a 20-fold molar excess
of sulfosuccinimidyl-4- (/N-maleimidomethyl) -cyclohexane-
1-carboxylate (sulfo-SMCC; Thermo Scientific) for 1 h at room
temperature. Excess crosslinker was removed using a Zeba Desalt
spin column (2 ml; Thermo Scientific). The antibodies recovered
in the flow-trough were mixed with a 5- to 15-fold molar excess
of the NLS-encoding synthetic peptide (CAGPKKKRKVED)
containing a cysteine residue at the N-terminal end. After
incubation for 1 h at room temperature, the antibody-
NLS peptide conjugates were purified on desalting columns
as described above and stored at 4°C at a concentration of
2 mg/mL.

Cell culture and electroporation. The HeLa, CaSki, Mel501
and U20S cell lines were grown according to ATCC guide-
lines and maintained in Dulbecco’s modified Eagle’s tissue cul-
ture medium (DMEM; Life Technologies) supplemented with
L-glutamine (2 mM), gentamicin (50 pg/ml) and 10% heat
inactivated fetal calf serum at 37°C in a humidified 5% CO,
atmosphere. Fresh cells were thawed from frozen stocks after 12
passages. Transduction experiments with purified mAbs were
performed according to the Neon® transfection system protocol
(Life Technologies). Typically, 10° cells in R buffer (provided in
the kit) were mixed with 2-5 g of antibody in a total volume of
12 pl. The mixture was then transferred in a Neon® pipette tip
chamber (10 pl) and subjected to electroporation in the system
pipette station by applying the following optimized parameters:
1550 V, 10 ms and 3 pulses. The treated samples were deposited
into 24-well plates containing sterile glass coverslips in 500 wl
pre-warmed culture medium without the antibiotic. After incu-
bation for 24 h at 37°C, the culture medium was replaced with
complete medium. Where indicated, the cells were irradiated
with 20 J/m? UVC 8 h before harvesting. For the electroporation
of siRNA (final concentration 50 nmol/L), settings were 1005V,
35 ms and 2 pulses.

Immunofluorescence microscopy. The electroporated cells
were fixed at the indicated time with 4% paraformaldehyde (w/v)
for 30 min and washed twice with PBS. After permeabilization
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with 0.2% Triton X100 for 5 min, they were incubated for 1 h
with AlexaFluor 488 or 568 labeled-anti-mouse immunoglobu-
lins (Molecular Probes, Eugene). Following several washes with
PBS, the coverslips were mounted with 4',6'-diamino-2 phenyl-
indole (DAPI) Fluoromount-G (SouthernBiotech). Staining of
the p53 protein was done with rabbit antiserum as previously
described.® The cells were imaged with a Leica DM5500 micro-
scope equipped with FITC and Cy3 filters. Images were collected
with a 63x or a 100x objective and analyzed with Photoshop
software.

Western blot analysis. For the quantification of the delivered
antibodies, cells were electroporated in the presence of varying
amounts (0.5 to 5 pg) of antibody and incubated for 24 h in
24-well plates as above. Following recovery by trypsinization
and counting, the cells were lysed in RIPA buffer and soluble
extracts corresponding to 5 x 10° cells were analyzed by western
blotting, in parallel with calibrated antibody preparations. The
heavy chain content of these extracts was finally quantitated after
incubation with horseradish peroxidase-conjugated anti-mouse
globulins and ECL reagent (GE Healthcare) and analysis with
the ImageQuantLAS 4000 imager (GE Healthcare). The analy-
sis of the binding activity of the anti-PCNA antibodies was essen-
tially performed as above, except that extracts from untreated
cells were used. The actin polypeptide was revealed with rabbit

polyclonal antibody A206 (Sigma-Aldrich).

Clonogenic survival assay. Clonogenic survival assays were
done essentially as described.® Briefly, CaSki cells were plated
in triplicate in 12-well plates (10° cells/well) and, after 24 h,
treated with siRNA (25 pmol) or antibody (3 pg) as described
above. After 48 h of incubation at 37°C, the cells were harvested
by trypsinization and 1/30 of the pooled cell suspension was
replated in triplicate in 60 mm-diameter tissue culture dishes.
After 6-7 d of incubation in complete medium, the growing cells
were counted manually.
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