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Abstract Lacrimal gland acinar cells are an impor-
tant cell type to study due to their role in production
and release of tear proteins, a function essential for
ocular surface integrity and normal visual acuity.
However, mechanistic studies are often limited by
problems with transfection using either plasmid DNA
or siRNA. Although various gene delivery methods
are available, many have been unproductive due to
consistently low transfection efficiencies. We have
developed a method using nucleofection that can
result in 50% transfection efficiency and 60% knock-
down efficiency for plasmid DNA and siRNA,
respectively. These results are vastly improved rela-
tive to previous studies, demonstrating that nucleo-
fection offers an efficient transfection technique for
primary lacrimal gland acinar cells.
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Introduction

A major category of eye diseases, dry-eye disorders,
collectively affect tens of millions of people in the
United States alone and represent the most common
cause of visits to eye care specialists. Dry-eye disorders
are most commonly associated with inefficient or
decreased secretion by the lacrimal gland acinar cells
(LGAC) of the lacrimal gland. In a subset of these
cases, these changes are accompanied by autoimmune
inflammation of the lacrimal gland associated with
Sjogren’s syndrome (SjS). LGAC are the principal
cells responsible for the production and release of tear
proteins to the ocular surface by the lacrimal gland, a
process that is necessary for a healthy ocular surface
and visual acuity. These cells are primary differenti-
ated epithelial secretory cells that comprise approxi-
mately 80% of the mass of the lacrimal gland. Acinar
cells within the gland are organized with their apical
domains oriented to a central lumen into which
proteins and fluid are released by exocytosis of
secretory vesicles at the apical membrane. Although
the functional acinar secretory unit is a highly special-
ized structure, individual acinar cells isolated from
rabbit lacrimal gland can re-form into acinar-like
structures in the presence of specific extracellular
matrix additives (Gierow et al. 1995, 1996; Hamm-
Alvarez et al. 1997). These reconstituted acini are
poorly adherent and form loosely tethered clusters that
can be anchored to the coverslip surface only in the
presence of a significant amount of Matrigel™.
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Many studies investigating the mechanisms asso-
ciated with the development of dry eye disorders and
the autoimmune disease, SjS, utilize rabbit LGAC
cultures (Jerdeva et al. 2005; Marchelletta et al. 2008;
Mircheff et al. 1998; Xie et al. 2002) while others use
rat and mouse LGAC (Chen et al. 1998; da Costa et al.
2006; Hodges et al. 2004; Rios et al. 2005; Sanghi
et al. 2000; Zoukhri and Kublin 2002). Primary
cultured LGAC have previously exhibited very low
transfection efficiency using non-viral, lipid-based
methods, thus significantly limiting the types of
experiments that may be conducted. To date, the only
successful gene delivery methodology that is
achievable with these cells has been the use of
replication-defective Adenovirus Type 5 (AdS).
Although effective, this approach relies on the
customized production of viral constructs, which is
often time consuming and expensive, and is not con-
ducive to easy delivery of siRNAs. Some previous
work has shown that exposure of the LGAC to Ad5
capsid proteins may modify cellular function (Hamm-
Alvarez et al. 2003). Finally, additional precautions to
enhance safety and avoid contamination of other cells
including duplicate culture facilities are often needed
when working with Ad5. The difficulty with gene
expression using typical transfection reagents in LGAC
extends to siRNA. Previous attempts at siRNA delivery
using a cationic lipid reagent resulted at best in a 30%
knockdown of the target protein (Xie et al. 2006). It has
been shown that gene delivery using non-viral vectors,
while simple to use and inexpensive, is often dependent
on a number of factors for effectiveness, many of which
are difficult to control in primary culture and in
terminally differentiated cells (Uchida et al. 2002).

Recently, a number of cell types that have previ-
ously shown to be difficult to transfect have been
successfully transfected using nucleofection. Among
these are human neural progenitor cells (Dieterlen
et al. 2009), primary human keratinocytes (Distler
et al. 2005) and endothelial cells (Thiel and Nix 2006),
human embryonic stem cells (Lakshmipathy et al.
2007; Siemen et al. 2005, 2008), and mammalian
neurons (Lakshmipathy et al. 2007; Zeitelhofer et al.
2007, 2009). Nucleofection is a newer transfection
method based on the physical method of electropor-
ation. It uses a combination of electrical parameters
with cell-type specific reagents to enable transfer of
nucleic acids (DNA, RNA, siRNA) directly into the
nucleus. Because the method does not rely on cell
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division, it allows for transfection of non-dividing
cells. Here we investigated and optimized transfection
of LGAC using nucleofection technology for plasmid
delivery using two genes encoding cytosolic and
membrane-encapsulated proteins, GFP and Cathepsin
S-GFP, respectively. We also demonstrated its
improved efficacy relative to previous methods for
delivery of siRNA directed against the Coxsackie-
virus-adenovirus receptor (CAR). This receptor is the
common receptor for both group B coxsackieviruses
and adenoviruses and is highly expressed in rabbit
LGAC (Xie et al. 2006). Also, we compared the
transfection efficiency of nucleofection with addi-
tional non-viral, lipid-based transfection methods. The
results show that nucleofection may represent a simple
and viable strategy for modulating selective acinar cell
functions through which physiological and patho-
physiological changes can be deduced through use of
plasmid transfection or siRNA.

Materials and methods
Materials

The nucleofector device and the Basic Nucleofector
Kit for Primary Epithelial Cells were purchased from
Amaxa, now Lonza (Gaithersburg, MD). The Gene-
Silencer siRNA transfection reagent was purchased
from Genlantis (San Diego, CA), while Lipofect-
amine™ 2000 and the LIVE/DEAD cell assay kit
were from Invitrogen Corporation (Carlsbad, CA) and
Fugene 6 was purchased from Roche (Rotkreuz,
Switzerland). CAR siRNA duplex (sense sequence:
5-GGUCAGAAGAAAUUGGAAATT-3'; antisense
sequence: 5-UUUCCAAUUUCUUCUGACCTT-3)
was synthesized by the USC/Norris Cancer Center
DNA Core (Los Angeles, CA) and the siControl non-
targeting siRNA was obtained from Dharmacon RNA
Technologies (Lafayette, CO). Mouse monoclonal
antibody to Cathepsin S protein was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). DyLight
488-conjugated donkey anti-goat secondary antibody
was purchased from Jackson ImmunoResearch (West
Grove, PA). Rhodamine-phalloidin, Alexa Fluor
647-phalloidin, DAPI, and Prolong anti-fade medium
were obtained from Molecular Probes/Invitrogen
(Carlsbad, CA). The pmaxGFP plasmid is commer-
cially available from Lonza. The cathepsin S-GFP
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plasmid was constructed using the full-length cDNA
of mouse cathepsin S in plasmid pCMV-SPORT6
(Open Biosystems). In the recombinant fusion protein,
GFP is located at the C-terminus.

Cell isolation and culture

Female New Zealand White rabbits weighing between
1.8 and 2.2 kg were obtained from Irish Farms (Norco,
CA). LGAC were isolated and maintained in a
laminin-based primary culture system for 2 days as
described previously (Gierow et al. 1995; Hamm-
Alvarez et al. 1997; da Costa et al. 1998). These
culture conditions result in reconstitution of polarity,
establishment of lumena, and formation of secretory
vesicles (Gierow et al. 1995; Hamm-Alvarez et al.
1997; Jerdeva et al. 2005; da Costa et al. 1998; Xie
et al. 2004). In some experiments, HeLa cells were
utilized for comparison of transfection efficiency
relative to LGAC. HeLa cells were obtained from
ATCC and were split and cultured as recommended by
the manufacturer.

Transfection of cells

Transfection was performed on LGAC on day 2 of
culture. For transfection using Fugene 6, 1 x 10° cells
were transfected with 3 or 6 pL of Fugene 6 reagent
and either 1 or 2 pg pmaxGFP to achieve the
recommended 3:1, 3:2, and 6:1 Fugene 6 reagent:
DNA ratios in 2 mL of culture medium in a 6-well
plate, according to the manufacturer’s protocol. For
transfection using Lipofectamine™ 2000, 4 x 10°
cells were transfected with 4 pug pmaxGFP and either
4,10 or 20 pL of lipofectamine 2000 to achieve a 1:1,
1:2.5 and 1:5 DNA:Lipofectamine ratio in 2 mL of
culture medium in a 6-well plate, according to the
manufacturer’s protocol. Nucleofection was per-
formed on LGAC on day 1 or 2 of culture using the
Lonza Group nucleofector device and the Basic
Nucleofector Kit for Primary Mammalian Epithelial
Cells. For the optimized reaction, 6 X 10 cells were
resuspended in 100 pL nucleofector solution with
3 ug either pmaxGFP or a cathepsin S-GFP. Program
7Z-001 was used for the electrical settings. Immediately
after nucleofection, the cells were transferred into
3 mL pre-warmed medium in a 6-well plate. For
imaging experiments, the cells were subsequently
plated onto Matrigel™-coated glass coverlips in

12-well plates (2 x 10° cells/well). Transfection effi-
ciency was measured after 24 h.

Analysis of plasmid transfection efficiency

For pmaxGFP, expression was detected by fluores-
cence microscopy and flow cytometry. Immediately
following nucleofection, the cells were transferred
into 3 mL pre-warmed media in 6-well plates and
incubated at 37 °C. After 24 h, the cells were imaged
and then collected and processed for flow cytometry.
For Cathepsin S-GFP, expression was analyzed by
immunofluorescence. As before, cells were transferred
into 3 mL pre-warmed media, but were immediately
seeded onto Matrigel ®-coated coverslips in 12-well
plates at a density of 2 x 10° cells/well and incubated
at 37 °C. After 24 h, the cells were fixed in 100%
ETOH (—20 °C) for 5 min and rinsed extensively with
PBS prior to the addition of goat polyclonal antibody
to Cathepsin S and appropriate fluorophore-conju-
gated secondary antibody. Rhodamine-phalloidin or
Alexa Fluor 647-phalloidin was used to label actin
filaments, while DAPI was used to label nuclei.
Confocal fluorescence images were obtained using a
Zeiss LSM 510 Meta NLO imaging system.

Delivery of small interfering RNA duplexes

For delivery of siRNAs using nucleofection, 6 x 10°
cells were resuspended in 100 pL nucleofector solu-
tion with 2 uM siRNA duplexes directed against the
coxsackie-adenovirus receptor (CAR) or the siControl
non-targeting siRNA. Program Z-001 was used for the
electrical settings. Immediately after nucleofection,
the cells were transferred into 3 mL pre-warmed
medium in a 6-well plate. For delivery of siRNAs
using GeneSilencer® siRNA Transfection Reagent,
4 x 10° cells were transfected with 2 pg siRNA and
10 pL GeneSilencer reagent, according to protocol.
For delivery of siRNAs using Lipofectamine 2000,
4 x 10° cells were transfected with 100 pmol siRNA
duplexes and 5 pL. Lipofectamine 2000 reagent,
according to protocol.

Analysis of siRNA knockdown efficiency
Uptake of CAR-specific siRNAs was evaluated by

semi-quantitative real-time PCR analysis of CAR
mRNA. After nucleofection, cells were transferred
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into 3 mL pre-warmed media in 6-well plates and
incubated at 37 °C. After 24 h, the cells were collected
and the total RNA for both control and treated samples
was isolated and used for cDNA synthesis. Relative
expression levels were detected by using TagMan®
gene expression assays for the target, CAR, and the
endogenous control, hypoxanthine phosphoribosyl-
transferase 1 (HPRT1). Results were normalized to
HPRT1 mRNA.

Cytotoxicity assays

For analysis of cytotoxicity, LGAC were either mock-
nucleofected, or nucleofected with either pmaxGFP or
CAR-specific siRNA duplexes on day 2 of culture.
Immediately following nucleofection, the cells were
transferred into 3 mL pre-warmed medium in a 6-well
plate and incubated at 37 °C. After 24 h, calcein (Ex
494/Em 517 nm) and ethidium homodimer-1 (Ex
528/Em 617 nm), both provided in the LIVE/DEAD
cell assay kit (Invitrogen), were used to detect live/
dead cells. Both were added to the cells (50 pL of
0.5 uM calcein AM and 3.0 uM EthD-1) prior to
incubating at 37 °C for 15 min. Fluorescence intensity
was measured using an Envision 2103 Multilabel
Reader (Perkin-Elmer).

Statistics
Cells from each experiment were analyzed individually,
and the results from different experiments were com-

pared using the Student’s r test with p < 0.05 to evaluate
statistical significance of any observed changes.

A

Fluorescence

Fig. 1 Nucleofection of rabbit lacrimal gland acinar cells. Rabbit
LGAC were seeded in 150-mm petri dishes at a density of 2 x 10°
cells/mL. On day 1 of culture, cells were nucleofected with 3 pg
pmaxGFP. Nucleofected cells were analyzed for expression of
GFP by fluorescence microscopy 24 h post-nucleofection (a) Bar
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Results and discussion

We have evaluated the efficiency of nucleofection
technology for gene and siRNA delivery into primary
rabbit LGAC. After an initial screening of several
program settings, including S-005, K-033, Y-001,
Y-002, and Z-001, it was determined that program
Z-001 yielded the best transfection efficiency and cell
viability balance. Fluorescence imaging and flow
cytometry analysis of cells nucleofected with pmax-
GFP, a control, GFP-encoding plasmid, indicated that
47 &£ 2% of cells were GFP-positive after 24 h
(Fig. 1).

To examine whether the nucleofection process
resulted in morphological differences, cells nucleo-
fected with a plasmid encoding Cathepsin-S, a
cysteine protease enriched in lysosomes and traces in
secretory vesicles, were seeded on glass coverslips
following transfection and were processed for confo-
cal fluorescence microscopy after 24 h. Detection of
actin filaments using fluorescent phalloidin was used
to define the characteristic membrane organization
and positioning of basolateral and apical membranes
within these LGAC, as has been previously described
(da Costa et al. 1998). As shown in Fig. 2a, nucleo-
fected cells showed the normal organization of apical
and basolateral membranes relative to cells in the
absence of nucleofection, despite the obviously
increased expression of cathepsin S. The nucleofected
LGAC were clearly able to overexpress and accurately
localize this luminal vesicle protease to a series of
punctate intracellular compartments. The major local-
ization of the punctate staining to basolateral regions is
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50 um. Following microscopy imaging, the cells were prepared
for FACS analysis and assayed by such (b). Overlay refers to the
composite image including fluorescence and phase contrast. (For
GFP,n = 4)
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Fig. 2 Nucleofected LGAC are able to accurately localize a
vesicular compartment protein. a Rabbit LGAC were seeded in
150-mm petri dishes at a density of 2 x 10° cells/mL. On day 2
of culture, cells were or were not nucleofected with 3 pg of a
Cathepsin-S-GFP plasmid and seeded on Matrigel-coated
coverslips in 12-well plates as described in Materials and
Methods. After 24 h, the cells were fixed and processed to

consistent with targeting to lysosomes. For better
understanding of the LGAC morphology, Fig. 2b
shows control cells that have been fixed and processed
to label the actin filaments that help us visualize the
polarity of the cells, as well as the nuclei.

Since there are a number of available transfection
reagents widely in use, we compared the optimized
nucleofection method to two other non-viral tech-
niques: a lipid-based transfection reagent, Fugene 6,
and a cationic lipid-mediated transfection reagent,
Lipofectamine™ 2000, using pmax-GFP. Transfec-
tion of LGAC using Fugene 6 yielded very poor
efficiency across the suggested reagent-to-DNA ratios,
(Fig. 3a) making this reagent clearly unsuitable for use

| ]

Schematic

basolateral

fluorescently label Cathepsin (green) and actin filaments (red).
A schematic is also included in which lumena are marked with
an “L”. Note the expression of Cathepsin S-GFP localized to
punctate organelles. Barl0 pm. b Control rabbit LGAC were
fixed on day 3 and processed to fluorescently label actin (red)
and nuclei (blue), which are basolaterally located. Bar 10 pm

in LGAC. Similarly, transfection of LGAC using
Lipofectamine™ 2000 also resulted in poor transfec-
tion efficiency with the highest efficiency of ~2% of
total cells achieved using a 1:2.5 reagent-to-DNA ratio
(Fig. 3b). For comparison, HeLa cells were transfec-
ted in parallel and resulted in a 16.9 £ 1.7% trans-
fection efficiency with the same reagent-to-DNA ratio
of 1:2.5 indicating that while it may be useful for some
cells, it would not be useful for transfection of LGAC.

We also investigated the efficiency of siRNA
delivery to LGAC via nucleofection. We performed
knockdown of CAR, a protein highly expressed in
LGAC, and evaluated the efficiency of its knockdown
by real-time PCR analysis as previously described
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Fig. 3 Transfection of rabbit lacrimal gland acinar cells. Rabbit
LGAC were seeded in 150-mm petri dishes at a density of
2 x 10° cells/mL. On day 2 of culture, cells were transfected
with either Fugene 6 (a) or Lipofectamine 2000 (b) as described
in “Materials and methods”. After 24 h, control and transfected

(Xie et al. 2006). Furthermore, we performed parallel
knockdown experiments using either GeneSilencer or
Lipofectamine™ 2000 for delivery of the siRNA
duplexes. As shown in Fig. 4, nucleofection provided
the highest knockdown efficiency (almost 60%)
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Fig. 4 Effective gene expression knockdown. Rabbit LGAC
were seeded in 150-mm petri dishes at a density of 2 x 10°
cells/mL. On day 2 of culture, cells were either transfected with
100 pmol CAR siRNA and 5 pL. Lipofectamine, 2 ng CAR
siRNA and 10 pL GeneSilencer, or nucleofected with 2 pM
CAR siRNA or a non-targeting sequence, siControl. Afer 24 h,
the total RNA from control and experimental samples was
isolated, purified, and used for cDNA synthesis. Relative
expression levels were determined by quantitative real-time
PCR. Results were normalized to HPRT1 mRNA and are
expressed relative to control, untreated cells (n = 4). *signif-
icant at p < 0.05 relative to control. # significant at p < 0.05
relative to Lipofectamine 2000
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cells were collected and prepared for analysis by flow
cytometry. For comparison, HeLa cells were also transfected
and analyzed in parallel (n = 3 for HeLa cells and n = 4 for
LGAC)

compared to the other two techniques. Surprisingly,
Lipofectamine™ 2000 was shown to be quite efficient
for siRNA delivery despite its poor efficiency in the
delivery of plasmid DNA. Interestingly, delivery of
the siControl non-targeting sequence by nucleofection
resulted in an increase in CAR expression levels. This
may be attributed, at least in part, to what is believed to
be the physiological function of CAR, mainly as a cell
adhesion molecule (Cohen et al. 2001; Coyne and
Bergelson 2005). It is possible that the nucleofection
itself, in essence a type of electroporation, triggered
increased expression of the protein in order to re-
establish the cell-cell contacts necessary for proper
acinar structure of these cells. These cell-to-cell
junctions have been shown to be important for the
establishment of proper epithelial cell polarity (Aijaz
et al. 2006; Shin et al. 20006).

To effectively evaluate nucleofection as a technique,
it was important to examine its effect on cell viability.
We did this by assaying control or treated LGAC using a
viability/cytotoxicity kit. We found that after 24 h,
nucleofected cells retained viability comparable to
control cells and did not vary with cargo, e.g., plasmid
DNA or siRNA (Fig. 5). Viability is normally in the
range of 60-70% in these cells which are primary
reconstituted cells that have undergone a substantial
digestion procedure during the cell culturing process.
These data indicate that the nuclefection process and
parameters do not significantly affect cell viability.

Here we have optimized a method for transfection
of primary cultured LGAC. We determined that the
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Fig. 5 Nucleofection does not affect cell viability. Rabbit
LGAC were seeded in 150-mm petri dishes at a density of
2 x 10° cells/mL. On day 2 of culture, cells were either mock-
nucleofected or nucleofected with either 3 pg pmaxGFP or
2 uM siRNA. After 24 h, the cells were assayed using the LIVE/
DEAD viability/cytotoxicity kit for mammalian cells (n = 4)

most effective transfection of these cells is achieved
using program Z-001 and the nucleofector solution
found in the basic nucleofector kit for primary
mammalian epithelial cells. With these parameters,
we were able to detect nearly 50% transfection
efficiency of these previously difficult-to-transfect
primary differentiated epithelial cells while retaining
their unique morphology. Additionally, we were able
to effectively knockdown CAR expression by nearly
60%. This level of transfection and knockdown has not
previously been reported for this cell type. Lastly, we
were able to determine that nucleofected cells retain
viability comparable to control cells. This technology
offers a powerful, non-viral tool for further under-
standing of the lacrimal gland and its associated
diseases, and may be further relevant to studies of
other primary exocrine cells such as pancreatic acini.
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