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In vivo Electroporation and Non-protein Based Screening
Assays to Identify Antibodies Against Native

Protein Conformations
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Juan Pablo de Rivero Vaccari,3 Lloye Dillon,4 Justin Price,5 Howard Leung,1 Brittany Ashlock,1 Enrique Mesri,1

Victor Perez,6 Stephan Züchner,7 Jochen Reiser,2 Vance Lemmon,8 and Robert W. Keane9

In vivo electroporation has become a gold standard method for DNA immunization. The method assists the
DNA entry into cells, results in expression and the display of the native form of antigens to professional cells of
the immune system, uses both arms of immune system, has a built-in adjuvant system, is relatively safe, and is
cost-effective. However, there are challenges for achieving an optimized reproducible process for eliciting strong
humoral responses and for the screening of specific immune responses, in particular, when the aim is to mount
humoral responses or to generate monoclonal antibodies via hybridoma technology. Production of monoclonal
antibodies demands generation of high numbers of primed B and CD4 T helper cells in lymphoid organs needed
for the fusion that traditionally is achieved by a final intravenous antigen injection. The purified antigen is also
needed for screening of hundreds of clones obtained upon fusion of splenocytes. Such challenges make DNA
vaccination dependent on purified proteins. Here, we have optimized methods for in vivo electroporation,
production, and use of cells expressing the antigen and an in-cell Western screening method. These methods
resulted in (1) reproducibly mounting robust humoral responses against antigens with different cell localiza-
tions, and (2) the ability to screen for antigen eliminating a need for protein/antigen purification. This process
includes optimized parameters for in vivo electroporation, the use of transfected cells for final boost, and mild
fixation/permeabilization of cells for screening. Using this process, upon two vaccinations via in vivo electro-
poration (and final boost), monoclonal antibodies against nucleus and cytoplasmic and transmembrane proteins
were achieved.

Introduction

M onoclonal antibodies (MAbs) are on the top of the
list of driving forces of pharmaceutical, biotech, and

academia for diagnostic and therapeutic products. Indeed, the
book of business for MAbs shows billions of dollars in recent
years.(1) Classical methods for generation and screening of
antibodies are dependent on antigen isolation and are rather
hampered by challenges in obtaining naturally/properly
processed forms of protein.(2–4) Despite the advances in pro-
tein purification, it is quite common that the option of protein
purification may not be preferred or affordable since (1) the
native form of a protein may not be achieved when using
recombinantly expressed proteins not in non-mammalian
cells, and (2) refolding may not be correct in the renaturing
steps. Many of the increasing list of desired monoclonal an-

tibodies need to interact with the native form of the antigen,
especially in therapeutic MAbs, for example, when the aim is
to make neutralizing MAbs.(5,6)

It is well documented that gene delivery and inducing
antibodies to conformational epitopes are achieved via gene-
based vaccination for the native form of the protein.(5–8) The
in vivo electroporation is known to result in a ‘‘danger signal’’
in the injection site, recruiting antigen presentation cells as
well as a strong milieu of cytokines that elicit immune re-
sponses.(9) A final boost with either proteins or cells expressing
the antigen has improved the titers dramatically.(5,10–12) Al-
though one can circumvent the need for protein purification by
using plasmids encoding for these antigens, one still needs the
antigen for the screening. To be able to perform a protein-free
screening, we have improved upon and optimized an in-cell
Western method using cells expressing the antigens.(13,14)
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Here we describe a process for vaccination and the
screening for the mounted humoral immune responses in a
‘‘protein-free’’ manner. We describe the optimization of a non-
viral gene-based vaccination method, in vivo electroporation,
using Derma Vax� electroporator from Cellectis (Glen Bur-
nie, MD). Proteins/antigens encoded by inserted genes are
selected to have different cell localizations, transmembrane,
cytoplasm, or nucleus. This method was able to elicit strong
humoral immune responses using plasmids encoding the
antigens of interest.(9) We then optimized an in-cell Western
that allowed us to screen the sera or positive clones against
naturally processed antigens negating a need for purified
antigen.(14) The improved methods described here use mi-
croplates containing cells that do or do not express the anti-
gen. We have used mildly fixed and permeabilized cells
expressing the antigens for screening via fluorophore-linked
immunosorbent assay (FLISA) or immunofluorescence
staining assay (IFA).(15,16) The method has also been opti-
mized and validated so that the plated cells can be mildly-
fixed, permeabilized, blocked, and stored for up to 1 month at
48C. Ready-plated cells will be assayed in a high throughput
screening (HTS) and semi-quantitative manner by an infrared
colorimetric plate reader for approximately 1 h in 600 wells.
Easy access to mammalian vectors expressing most antigens
may make such cutting-edge screening methods universal as
they will save time and resources.

Materials and Methods

Mice

Female/male BALB/c mice (Charles River Laboratories,
Wilmington, MA), 4–6 weeks old, were used in these studies.
The mice were bred in specific pathogen-free facilities at the
University of Miami, Miller School of Medicine. All animal
procedures were approved by the University of Miami’s In-
stitutional Animal Care and Use Committee.

In vivo electroporation immunization

Sera from naı̈ve mice were collected prior to immuniza-
tion and in some cases were pooled. Mice were anesthetized
by injecting 100 mL of xylazine/ketamine in phosphate-
buffered saline (PBS) (Phoenix Pharmaceuticals, Burlingame,
CA) at concentrations of 15%, 7%, and 78%, respectively.
DNA-plasmid encoding the gene of interest was prepared at
concentration of *1–2 mg/mL in PBS. All plasmids were
prepared using the endotoxin-free GenElute kit (Sigma
St. Louis, MO) or PureLink kit (Invitrogen, San Diego, CA).
Plasmids used for gene-based immunizations were with
CMV promoter and included HL1-pcDNA3 (provided by
Dr. V. Lemmon, University of Miami); pcDNA3-vGPCR (G
protein-coupled receptor) and pcDNA3 empty (provided by
Dr. E. Mesri, University of Miami); pEGFP-C2-uPAR (pro-
vided by Dr. J. Reiser, University of Miami); pCMV6-XL5-
PYCARD V1 (OriGene Technologies, Rockville, MD);
OVA-pcDNA3 (provided by Dr. V. Perez, University of
Miami); pmax-GFP (Amaxa, Gaithersburg, MD), or as oth-
erwise mentioned. Anesthetized mice received intradermal
injection of 20–30 mL of DNA-plasmid in both left and right
flank regions. The area of injection was then electroporated
with each mouse being immunized with *20–40 mg of DNA.
For in vivo electroporation, Derma Vax (Cellectis Bioscience,

Glen Burnie, MD) was used. Needle rows of an IDE-4-4-2
electrode (4 mm gap) were inserted spanning the injection
site.(9,17) Following insertion of the needles, a PulseAgile
electroporation protocol consisting of 10 rectangular wave
pulses (one pulse, 450 V, 50 mS duration, 0.2 mS pulse interval
plus one pulse, 450 V, 50 mS duration, 50 mS pulse interval
plus eight pulses, 110 V, 10 mS duration, and 20 mS pulse
interval) was followed. The operated mice were warmed us-
ing a heating pad until they recovered from the anesthetic.
The primary immunization was followed by a boost 2 weeks
later. Sera from immunized mice were obtained 2 weeks after
the boost and tested for the presence of antibodies. For the
generation of monoclonal antibodies, the mouse with the
highest titer was chosen for fusion. The fusion was performed
3–5 days after a final intravenous injection of 50,000 trans-
fected Cos-7 cells.

Optimization of protein-free high throughput
screening using in-cell Western

We used an in-cell Western assay with fixed, permeabi-
lized, and transfected cells displaying the antigen of interest.
Titer studies were performed 2 weeks post-boost using sera
from immunized mice to test for the presence of specific an-
tibodies against the antigen, which was encoded by the DNA.
Cos-7 or HEK 293 cells were transfected with 20 mg of DNA-
plasmid of interest using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) and seeded in 96-well plates. The same method
was used for in-cell Western and IFA for fixation and per-
meabilization.(15,16,18) Twenty-four hours later, the transfected
cells were fixed with 4% paraformaldehyde and blocked/
permeabilized using 10% goat serum with 0.01% Triton-X in
PBS. However, to perform IFA on vGPCR transfected HEK
293 cells, 0.2% Triton-X in PBS was used for 20 min at 4C8.(18)

Fixed/permeabilized plates were washed thrice with PBS and
a final wash with distilled water, air dried, and sealed with
sealing tapes for 96-well plates (Thermo Scientific, Rockford,
IL) and protected from light. Such plated fixed/permeabilized
transfected cells could be stored at 48C for at least 4 weeks.

The fixed cells were now subjected to sera from immunized
mice or supernatants of the clones for 90 min at room tem-
perature. One hundred mL of solution containing samples
were added. For optimization studies human neural cell ad-
hesion molecule L1 (HL1) encoding plasmids were used for
the immunizations in which we have previously used an anti-
HL1 MAb.(16) In these studies, mouse ascitic fluid prepared
from hybridoma of anti-HL1 MAb was used as a positive
control. Sera from immunized and naı̈ve mice were used al-
ways at a starting dilution of 1:25 in PBS, unless otherwise
mentioned. When supernatants from the hybridoma cell line
were tested they were used neat as starting dilution. Two
types of detection antibody were used. The first method was
FLISA using the Odyssey Infrared Imaging System (LI-COR,
Biosciences, Lincoln, NE). FLISA was performed by the ad-
dition of goat anti-mouse IRDye 800 (LI-COR Biosciences) as
the secondary. The plate was read in channel 8 of an Odyssey
Infrared Imager. Positive response was quantitated in terms
of integrated intensity while a visual qualitative readout was
based on observation of bright green circular spots. Averages
of the integrated intensity values of groups of mice are shown
for the 1:100 unless otherwise mentioned. The second method
of detection was an IFA, which was performed by the addi-
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tion of Alexa Fluor 546 goat anti-mouse IgG (Invitrogen) as
the secondary antibody. IFA utilized a fluorescent microscope
to view cell morphology. IFA would allow examination of the
antigen cell localization in the in-cell Western assay.

Ninety-six well plates were plated with 20,000 Cos-7 cells
expressing gene of interest, fixed/permeabilized, and used for
HTS. One hundred mL of neat supernatant from harvested
clones were added to each well. Goat anti-mouse IRDye 800
(LI-COR Biosciences) was used as the secondary antibody. Six
plates were read simultaneously using Odyssey Infrared Im-
ager (LI-COR Biosciences). The positive wells corresponding
to its respective hybridoma clone were then selected for fur-
ther screening and expansion. Fixed/permeabilized plates
were stored at 48C for a period of up to 4 weeks. Positive and
negative sera were used to determine effects of storage for
Cos-7 cells transfected with different antigens including viral
G protein-coupled receptor (vGPCR), human cell adhesion
molecule L1, and urokinase receptor (uPAR).

Fusion and clone harvest

The mouse with the highest titer was given a final boost. A
fusion kit (Stemcell Technologies, Vancouver, Canada) was
used. Spleen cells were mixed with SP2/0 myeloma cells and
polyethylene glycol (PEG) mediated fusion was performed. In
some cases an improved SP2/IL-6 expressing myeloma was
used (ATCC CRL-2016).(19) The pellet was gently re-sus-
pended in 1 mL of PEG (Stemcell Technologies) followed by
drop-wise addition of 4 mL of medium B (Stemcell Technol-
ogies). Ten mL of medium B were added and the cells were
incubated in 378C for 15 min. After washing, the cells were
resuspended in medium C (Stemcell Technologies) and in-
cubated (at 378C, 5% CO2) overnight. The cells were re-
suspended in medium D with HAT and methylcellulose
(Stemcell Technologies), and the resulting cell suspension was
distributed equally in ten 100-mm Petri dishes. The Petri
dishes were incubated (at 378C, 5% CO2) for 14 days, at the
end of which only hybridoma clones survived. Clones were
picked and transferred to six 96-well plates (one clone per
well). Each well contained 250mL of pre-warmed Medium E
(Stemcell Technologies).(20) The 96-well plates were incubated
(at 378C, 5% CO2) for 4–5 days, after which the supernatant
from each well were ready to be screened.

Statistical analysis

The Odyssey Infrared Imager provides the option of
quantitating the output in terms of integrated intensity. A
paired Student’s T test was used to compare the integrated
intensity values of mouse sera in experimental wells (Cos-7
expressing antigen of interest) vs. control wells, including
Cos-7 expressing irrelevant antigen. Differences were con-
sidered statistically significant at p values less than 0.01.

Results

We have employed gene-based vaccine delivery technol-
ogy via in vivo electroporation. This method is known for its
ability to deliver genes in vivo for the expression of the protein
in the host and for the induction of a transient ’’danger signal’’
in the electroporated area that in turn results in the expression
of a milieu of cytokines inviting the involvement of innate
immune responses.(21)

Mice were immunized with plasmid-DNA expressing an
antigen of interest using local electroporation. Prior to im-
munization sera from naı̈ve mice were pooled for control
purposes. The mice were boosted 2 weeks after the first im-
munization. Sera from mice were collected for titer study
12–14 days post-boost.

Plasmids containing transgenes inserted under the control
of a eukaryotic promoter resulted in protein (antigen) ex-
pression in mammalian cells in vitro or in vivo. An important
consideration when optimizing the efficacy of DNA vaccines
is the appropriate choice of plasmid vector. The plasmid DNA
backbone should contain a eukaryotic promoter, a cloning
site, a polyadenylation (polyA) sequence, a selectable marker,
and a bacterial origin of replication. We have used plasmids
with a viral-derived promoter (e.g., cytomegalovirus [CMV]).
The cloning site after the promoter enables the insertion of
intended genes of antigens. The polyA sequence results in the
stabilization of mRNA transcripts. A selectable marker such
as an ampicillin resistance gene is normally used to prevent
contamination when the plasmid is amplified. To ensure a
high plasmid yield, such plasmids contain an origin of repli-
cation, such as Escherichia coli ColE1.

Protein expression in host using in vivo electroporation

Mice were immunized via in vivo electroporation with
DNA-plasmid pmax-GFP (Amaxa, Gaithersburg, MD) en-
coding for green fluorescence protein (GFP). Anesthetized
mice were administered with 20mg GFP plasmid intrader-
mally after which the injection site was electroporated.
Twenty-four hours later the electroporated site and its
neighboring area were viewed using a stereo-fluorescence
microscope. The results showed GFP expression in the elec-
troporated region of the skin surface (Fig. 1A,B). However
there was little to no expression of GFP in the area immedi-
ately outside of the electroporated region (Fig. 1C). This
confirmed that the GFP plasmid was taken up by the cells
after electroporation and was used by cell machinery to
translate the protein resulting in the expression of the protein.
The same mice showed detectable titers of anti-GFP anti-
bodies, on day 22 after a single in vivo electroporation at the
site of an intradermal injection with 20mg GFP plasmid when
followed by electroporation (Fig. 1D).

To further demonstrate the in vivo expression of delivered
genes, we employed a novel strategy using plasmid encoding
for uPAR. This receptor normally has low tissue expression,
but under stress, injury, and inflammation, uPAR expression
increases.(22) Its expression in kidneys dictates progressive
glomerular disease.(22) Two in vivo electroporations, on days 0
and 7, each after 40 mg uPAR plasmid was intradermally in-
jected, were sufficient to result in proteinuria as measured in
the urine specimens from treated mice (Fig. 2) and not in
control mice. Albuminuria levels (mg/dL) normalized by
creatininuria levels (mg/dL) in the urine of male mice at the
age of 5–9 months are shown in Figure 2. In brief, under an-
esthesia, mice were injected with uPAR plasmid (40 (g in PBS)
intradermally and bilaterally at the hind leg, followed by in
vivo electroporation with Derma Vax DNA delivery system
(Cellectis Bioresearch). Blood and urine were collected before
and after each gene delivery for analysis. The method may
therefore be used as a transient transgene expression of uPAR
resulting in an insult to kidney.
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Optimization of in-cell Western method using proteins
with various localizations

To optimize the in-cell Western method as a screening
method for immunizations, mice were immunized with hu-
man L1 encoding plasmid (HL1-pcDNA3) and titers were
compared to our described anti-HL1 monoclonal antibody.(16)

HL1 is a previously described transmembrane protein and
a neuronal cell adhesion molecule.(16) An example of trans-
membrane proteins was selected as such proteins show
common purification challenges. Fixed/permeabilized Cos-7
cells expressing HL1-pcDNA3 were plated in 96-well plates.
The best fixation and permeabilization condition was
achieved using 4% paraformaldehyde and 0.01% Triton-X
respectively (data not shown). The plates were then air dried
and stored at 48C. Titer studies were carried out at 1 week, 2
weeks, and 4 weeks post-storage. The resultant titer studies
showed no significant difference in integrated intensity values
or staining patterns (data not shown). Figure 3A shows the
integrated intensity of the infrared signals of in-cell Western
images using these 96-well plates. Sera from three of four
immunized mice demonstrated significant anti-HL1 titers.
The positive control was mouse ascitic fluid containing

known anti-HL1 antibodies. The positive output confirms the
efficacy of the in-cell Western method. The positive control was
compared to sera from immunized mice. One of the immunized
mice (m4) with the highest anti-HL1 titer in FLISA showed a
similar binding pattern to that of the positive control (Fig. 3A).
This is important as the positive anti-HL1 clone was prepared
from hybridoma cultured in ascites that has concentrations
much higher than that normally found in the sera of immunized
mice.(23) As a negative control routinely, cells expressing an ir-
relevant protein were used to assess the level of antibodies
against the plasmid backbone. In this case, mitogen-activated
protein kinase (MKK7) transfected Cos-7 was used. Cos-7 cells
were transfected with plasmid MKK7-pcDNA3, then plated in
96-well plates and fixed/permeabilized. MKK7(24) is a cyto-
plasmic protein and was chosen primarily because it has the
same plasmid backbone (pcDNA3) as HL1. The reasoning be-
hind using a different antigen encoded in the same backbone
was to account for the degree of immunization efficacy against
the backbone itself. The MKK7 transfected Cos-7 cells resulted in
a very low background (integrated intensity <0.25� 0.13), thus
confirming the effectiveness of in vivo electroporation. To further
validate the immunization method, IFA staining was performed
using secondary antibody Alexa Fluor 546. Figure 3C shows the

FIG. 1. (A) Evidence of in vivo protein expression by in vivo electroporation. In vivo transduction of mouse skin 24 h post-
intradermal delivery of GFP DNA followed by electroporation using Derma Vax. Stereo fluorescence microscope imaging on
live mice shows electroporated area of skin expressing GFP at objective 10�. (B) Area of control skin injected by GFP plasmid
immediately outside of the electroporated region. (C) FLISA image performed on pmax-GFP transfected Cos-7 cells with sera
of immunized mice. No Pr, no primary antibodies added. Pooled sera from mice collected from mice immunized with DNA
alone. m1-m3, sera from 3 different mice post-immunization. p< 0.01, when titers of electroporated mice are compared with
those of controls.
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staining pattern of positive control (ascitic fluid with known
anti-HL1 antibody), and Figure 3D shows a very similar staining
pattern using sera from m4 positive mouse. Both staining pat-
terns show the antibody binding to HL1 protein that is scattered
throughout the cell membrane.

Monoclonal antibody generation against novel genes
using semi high throughput screen

The next example is the protein encoded by PYCARD vari-
ant 1, apoptosis-associated speck-like protein with CARD do-
main also called ASC. This PYCARD protein appears to have
cytoplasmic localization and serves as an adaptor protein in the
inflammasomes.(25) Mice received two immunizations with
40mg of mammalian plasmid encoding PYCARD, 2 weeks
apart. An in-cell Western using transfected cells expressing the
antigens was used to determine the antibody titers. Figure 4A
shows the humoral response of PYCARD v1 (OriGene Tech-
nologies, Rockville, MD) plasmid immunized mice reacting
with Cos-7 cells expressing the protein versus control Cos-7
cells. While the control serum shows weak response to both
plates, four of the mice show a strong immune response against
PYCARD v1 but are weak against a different antigen with the
same backbone (MYC-pCMV, kindly provided by Dr. Vance
Lemmon, University of Miami). The sera from immunized
mice were also tested in Western blots against various cell and
tissue samples expressing PYCARD v1 in its native form. Fig-
ure 4C shows the Western blots in which four of the mice show
binding affinity to PYCARD v1 expressions in various tissues
expressing the protein and thus confirming successful vacci-
nation. Mouse m2 was chosen for the final boost and, as was
described in the Methods section, transfected cells were ad-

ministered. Four days after final boost, the mouse was sacri-
ficed and fusion was performed. Fourteen days post-fusion,
individual hybridoma colonies were picked and transferred to
individual wells of 96-well plate containing *250mL of Med-
ium E. Five days later the supernatant of the harvested clones
was enriched and ready for semi-HTS. Six 96-well plates
(screening plates) with Cos-7 cells expressing PYCARD v1
were prepared, fixed, and permeabilized. Supernatant from the
harvested clones was added to the screening plates. FLISA was
performed for six plates and they were read at the same time
using the Odyssey Infrared Imager. The wells in one of the six
plates expressing positive signal are shown in the Figure 4B.
Positive wells were correlated to its source hybridoma well,
which were then chosen for further expansion. The expanded
positive hybridoma cell lines (15 clones) from the primary
screening were further examined in Western blot analysis.
Western blot was performed for positive clones similar to the
Figure 4C (not shown), and four clones that reacted with hu-
man tissues/cell lines(26,27) were selected. In vivo binding and
biological activity of the selected anti-PYCARD clones are
promising features and will be reported on in the future upon
further confirmation (data not shown).

Induction of humoral response using plasmids
encoding for transmembrane and perinuclear
and cytoplasmic antigens

Figure 5 shows the titer results of mice vaccinated against
various DNA-plasmids. Figure 5A and B shows the humoral
responses of mice vaccinated against plasmid encoding mu-
rine uPAR (muPAR), Mayven, and REEP1.(28) Mayven (also
called kelch like protein 2 [KLHL2]) has a cytoplasmic local-
ization and is an actin-associated protein.(28) uPAR and mu-
rine uPAR are glycolipid anchored cell surface glycoproteins
that play a role in tissue remodeling processes and cancer
invasion.(29) REEP1 is a transmembrane protein residing in
mitochondria and the endoplasmic reticulum.(30,31) The inte-
grated intensities of mouse titers against REEP1 were com-
pared side by side with antibody response against cells
transfected with an irrelevant antigen at the same dilution.
The binding activities of sera from immunized mice with such
control transfected cells were significantly lower than those
immunized mice. However, such backgrounds vary, which
may be due to the different backbones. Mice immunized with
uPAR and Mayven showed higher integrated intensity values
than controls (pooled pre-immune sera), as are shown in
Figure 5A. Similarly, all five mice had a statistically significant
immune response against REEP1. As shown in Figure 5B, the
integrated intensity values of titers from mice immunized
with REEP1 are significantly higher than those of negative
control, cells transfected with an irrelevant plasmid.

The humoral immune response resulting from a single or
booster immunization are shown in Figure 6A. Mice vaccinated
with plasmid OVA-pcDNA3 (encoding for ovalbumin) fol-
lowed by electroporation results in significant anti-OVA titers
that is noticeably enhanced upon booster immunization/elec-
troporation (data for the serum dilution of 1:100 are shown).
The increase in integrated intensity values for each mouse
confirms the increase in antibody production against OVA-
pcDNA3 post-boost. Figure 6B shows the integrated intensity
values of mice upon a sole immunization followed by elec-
troporation and compared with vaccination with DNA alone.

FIG. 2. uPAR in vivo gene delivery via electroporation.
Long-term overexpression of mouse uPAR was achieved in
wild-type C57BL/6 mice by in vivo gene delivery accompa-
nied with electroporation. Electroporation was performed
after plasmid harboring uPAR was injected intradermally in
the flank of the mice. Two plasmid injections on days 0 and 7
followed by in vivo electroporation were performed. In vivo
mouse uPAR expression is indirectly shown by the persistent
proteinuria in wild-type C57BL/6 mice. Albuminuria levels
(mg/dL) normalized by creatininuria levels (mg/dL) were
tested in male mice. In brief, under anesthesia, mouse uPAR
plasmid (40 mg in PBS) was injected intradermally and bi-
laterally at the hind leg of the mice, followed by in vivo
electroporation with Derma Vax DNA delivery system.
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In this experiment similar amounts of DNA harboring OVA
gene alone were injected as a control, which resulted in no
detectable titers. Similarly, Figure 7 shows that booster im-
munization was needed to achieve significant titers for this
antigen; in this case the plasmids encoding for membrane
proteins such as viral G protein-coupled receptor (vGPCR) was

used. Indeed, augmenting humoral responses against vGPCR
as a membrane protein is important and has been challeng-
ing.(32) As shown in Figure 7, when cells transfected with
vGPCR were used, pooled pre-immune sera show higher
background compared to a control plasmid construct used. It
was concluded that it is helpful to use pre-immune serum from

FIG. 3. Optimization of screening using known anti-HL1 MAb as positive control. (A) The integrated intensity values
obtained from FLISA (in-cell Western) on Cos-7 cells transfected with HL1-pcDNA (the antigen). Negative transfected cells,
Mkk7-pcDNA as an irrelevant antigen, with integrated intensity values of <0.25� 0.13 (not shown) where both plasmids had
the same backbone, pcDNA.3. No Pr, no primary antibodies added, only secondary antibodies added; HL1 MAb, positive
control, ascitic fluid containing known anti-HL1 antibody; m1-m4, sera from 4 different mice post-immunization. The p
values when comparing Mkk7 and HL1 transfected Cos-7 cells was <0.01. (B) IFA staining of HL1-pcDNA3 transfected Cos-7
cells with ascitic fluid containing known anti-HL1 MAb. (C) IFA staining of HL1-pcDNA3 transfected COS-7 cells with the
serum of mouse (m4).

414 DAFTARIAN ET AL.



individual mice. However, all three immunized mice showed
detectable titers upon a single immunization with vGPCR
plasmid followed by in vivo electroporation. The titers were
significantly enhanced after a boost (a second DNA immuni-
zation followed by electroporation) 2 weeks after the first im-
munization (Fig. 7). Moreover, two vaccinations followed by
electroporation using plasmid encoding for viral interferon
(IFN) regulatory factor 1 (vIRF) that is most frequently local-
ized in the nucleus(33) resulted in positive ( p value< 0.017)
titers of 7.3� 1.9 (integrated intensity) of anti-vIRF antibodies
versus 4.8� 0.27 in mice immunized with DNA alone.

Alternative screening methods or further improvement of
the screening method described here is needed to more effectively
screen for antibodies reacting with conformational epitopes.

Discussion

Gene-based immunizations using non-viral methods have
long been used for the induction of immune responses. DNA
immunization shows promise in mounting immune re-

sponses against targets where protein-based or peptide-based
immunizations become challenging and costly.(34) Like the
cell membrane, nucleic acids are negatively charged and have
poor cellular uptake per se. In vivo electroporation not only
facilitates the DNA entry into cells, it also has a built-in ad-
juvant activity. The plasmids have their own immune-
enhancing sequences such as CpG motifs that act as an
adjuvant. The method provides an alternative in that the
plasmids encoding for the antigen will be delivered to the host
and the naturally processed antigens will be expressed using
the host cell machinery. DNA vaccines can activate arms of
the immune system that protein vaccines cannot. Indeed, they
may work in both therapeutic and preventative vaccine. Al-
ready a few DNA-based veterinary vaccines have been mar-
keted including Apex-IHN made by Novartis (Aqua Health)
and a DNA vaccine for infectious hematopoietic necrosis vi-
rus (IHNV) in farm-raised Atlantic salmon, approved by
Health Canada.(35)

DNA vaccines take advantage of a low cost, safety,
and relatively simplicity. Plasmids encoding the majority of

FIG. 4. Generation of anti-PCARDv1 MAbs. (A) The FLISA (in-cell Western) results of PCARDv-1 on transfected Cos-7 cells
with sera of mice immunized with plasmid harboring PCARDv1 and control cells (Irr. transfected), cells transfected with
irrelevant plasmid Mns1 (meiosis-specific nuclear structural encoding pcDNA plasmid). No Pri, no primary antibodies
added, only secondary antibodies added; Pre Im, the pooled sera of mice collected prior immunizations; m1–m5, sera from 5
different immunized mice. The p values of titers of m1, m2, m3, and m5 when compared to cells transfected with irrelevant
plasmid were <0.01. (B) FLISA image of transfected Cos-7 cells expressing PCARDv1 plated in one representative 96-well
plate showing positive clones. Undiluted supernatants from harvested hybridoma cell lines were used to screen for clones
producing anti-PCARDv-1 antibodies. (C) Western blot image of anti-PCARDv1 antibody activity against various cell and
tissue samples expressing PCARDv1. Fifteen positive clones resulted in this screen.

DNA VACCINATION USING ELECTROPORATION 415



FIG. 5. Mounting antibody responses against cytosolic, transmembrane, and receptor target antigens. (A) Units of integrated
intensity of FLISA on uPAR transfected 293T cells and Mayven transfected Cos-7 with sera of mice immunized. FLISA (in-cell
Western) was performed and the units of integrated intensity at channel 8 of an Odyssey Infrared Imager were graphed. (B)
Serum titers (1:100 dilution) are shown as integrated intensity of titers of sera from mice immunized with plasmid REEP1
obtained in a FLISA (in-cell Western) assay compared with cells transfected with an irrelevant plasmid (control). Averages and
standard deviations for five (uPAR and REEP) or three (Mayven) immunized mice of each group are shown. No Pr, no
primary antibodies added, only secondary antibodies added. c: Pooled sera from mice collected prior to immunization.

FIG. 6. The minimum immunization requirements. (A) Units of integrated intensity of FLISA on OVA-pcDNA3 transfected
Cos-7 cells with sera of mice immunized (via in vivo electroporation) with plasmid OVA-pcDNA3 upon first immunization.
(B) The integrated intensity titers after two immunizations (a boost) compared with integrated intensity titers of sera from
mice immunized with DNA alone. Averages and standard deviations for three immunized mice of each group are shown.
Average integrated intensity values of the 1:100 sera dilution are shown. No Primary, no primary antibodies added, only
secondary antibodies added; Pre-immune, pooled sera from mice collected prior to immunization; EP, immunization via
in vivo electroporation. When compared to controls, the p values of m1 and m2 titers were <0.01.
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proteins are obtainable or may be purchased with low cost.
They can be easily propagated with low cost. The method also
offers the flexibility of using tailored portions of a gene, such
as mutated and/or hot spots, that include more T or B cell
epitopes including CD4 T helper epitopes. However, one
would still need purified antigens (proteins) for assessment of
the humoral responses in the sera of vaccinated animals for
screening for antibody titers, especially when making mono-
clonal antibodies. Here we show the feasibility of using non-
viral gene-based vaccinations to mount humoral immune
responses in mice. In addition, we show the screening of the
sera of vaccinated mice or supernatants of the hybridoma
clones using an in-cell Western followed by FLISA or IFA.
FLISA is used predominantly for semi HT screening. How-
ever in some cases inserted genes in plasmids may be toxic to
cells or may induce apoptosis leading to background and
hindrance of the qualitative binding assessment due to non-
specific antibody attachment. IFA was alternatively used for
further qualitative assessment of immunocytostaining, veri-
fying known localization of the antigen of interest.

In summary, we have optimized the ‘‘protein free’’
screening method in which we plate transfected Cos-7 cells in
96-well plates and compare it to parallel plates of Cos-7 cells
transfected with irrelevant antigen-encoded plasmids with
same backbone. Via the optimized method (EP and in-cell
Western) described here, (1) we show in vivo heterologous
expression, (2) we were able to induce humoral response
against each of the targets for at least a subset of immunized
mice (localized in different subcompartments), and 3) we
described MAbs for one target. We have optimized a process
including in vivo electroporation, and in-cell Western using
cells expressing the antigen to measure such humoral re-

sponses. A series of factors dictating the outcome include the
levels of expression of the plasmid vector, the plasmid size,
the localization of the protein, and the degree of tolerance. The
method, in particular, is ideal for the generation of antibodies
that interact with native form of the protein or mild fixation.
For example, in some cases the reactive sera or clones were
obtained in FLISA or IFA where a 2–4% paraformaldehyde
was used for fixation; however, they did not react in Western
blot analyses. We observed that levels of background staining
vary for various plasmids encoding for different proteins.
Some genes initiate expression of other downstream genes;
the plasmid also may result in some non-specific immune
responses against itself. Therefore the screening must be
carefully planned by using multiple controls to discriminate
the right clones. Additional methods of screening such as
Western blot or functional assays for the selected clones are
helpful to choose the highest value clones.

In vivo electroporation clearly could elicit antibody re-
sponses against antigens when plasmids encoding antigens
express in various cell compartments, including membrane
protein or those in cytoplasm. Tuning factors, such as efficacy
of the plasmid expression, plasmid/gene toxicity, and cell
localization of the encoded antigen, can further improve the
outcome of the gene-based vaccine efficacy.
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