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Abstract Lentiviral technology is a powerful tool
for the creation of stable transgenic animals. How-
ever, uncertainties have remained whether constitu-
tive promoters resist long-term silencing. We used
concentrated HIV-1 based lentiviral vectors to create
stable transgenic BALB/c mice by perivitelline
injection. In our vectors eGFP expression was driven
by the human EFloa promoter. The established
transgenic animals were analyzed for eGFP expres-
sion by in vivo fluorescence imaging, PCR, histology
and flow-cytometry. eGFP expression showed
even distribution without mosaicism; however, tis-
sue-dependent differences of eGFP expression were
observed. Up to the sixth generation only one
newborn showed eGFP inactivation. eGFP +
transgenic bone marrow cells efficiently provided
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long-term haemopoietic repopulation in radiation
chimeras, regenerating all bone marrow-derived lin-
eages with eGFP + cells with distinct eGFP expres-
sion profiles. The established eGFP + BALB/c
mouse strain is expected to be extremely useful in
various immunological experiments.
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Introduction

Lentiviral transgenesis has become an important and
efficient new tool for the establishment of transgenic
animals. The transgenic sequence most often used
for ‘proof-of-principle’-type experiments is eGFP
(enhanced green fluorescent protein). Concentrated
lentiviral vectors efficiently transfect zygotes follow-
ing perivitelline injection. With this method the
nucleus of the zygote is not affected directly, and
higher volumes may be injected with less sophisti-
cated machinery. With lentiviral vectors the effi-
ciency of stable, active transgenesis is significantly
higher than with standard pronuclear injection,
reaching 8-50% (Park 2007).

In the field of immunology a massive body of
experimental evidence is derived from studies per-
formed in mice with BALB/c genetic background
(Bleul et al. 2006; Ivanov et al. 2006; Odegaard et al.
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2007; Suzuki et al. 2006; Tezuka et al. 2007; Wing
et al. 2008). However, BALB/c mice are difficult to
manipulate by pronuclear injection, unlike the FVB/n
strain which is characterized by vigorous reproduc-
tive performance, consistently large litters and prom-
inent pronuclei facilitating the microinjection of
DNA (Taketo et al. 1991). Consequently a widely
used approach is to generate genetically modified
mice on a genetic background which facilitates
micromanipulation, and backcross the offsprings to
BALB/c background for at least ten generations. To
address this issue we sought to generate eGFP
transgenic mice directly on BALB/c background by
lentiviral transgenesis. Though eGFP is considered as
a functionally inert intracellular protein with minimal
tendency to interfere with physiological processes
both in vitro and in vivo, we wished to examine in
our system whether the presence of eGFP in the
BALB/c mouse strain interferes with immunological
processes in either central or peripheral immune
organs. To investigate integration stability and trans-
gene activity following lentiviral transgenesis as well
as possible eGFP-triggered interference with immu-
nological processes we also performed long-term in
vivo experiments involving haemopoietic stem cell
(HSC) transfer.

Results and discussion

Efficiency and transgene inheritance following
lentiviral transduction

Purified, concentrated lentiviral supernatant was used
for perivitelline injection in both BALB/c and FVB/n
mice. Toxicity of viral supernatant was low as high
percentages of injected and transferred embryos were
born with both mouse strains (60% or 12/20 with
BALB/c vs. 66% or 27/41 with FVB/n). Visual
observation of newborns for identifying eGFP +
transgenic BALB/c mice revealed uniform eGFP
expression, lacking traits of mosaicism (Fig. 1a).
The presence of integrated transgenic sequence was
verified by eGFP PCR performed on genomic DNA
and yielded similar efficiencies with both mouse
strains among newborn animals (58% or 7/12 with
BALB/c vs. 48% or 13/27 with FVB/n). The overall
efficiency of active transgenesis (ratio of visually
eGFP positive animals and initially injected zygotes)
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was equally high in both mouse strains examined
(20% or 4/20 with BALB/c vs. 22% or 9/41 with FVB/
n). An eGFP expressing male BALB/c founder was
used to establish the transgenic line through mating
with wild type BALB/c females. Southern analysis
(Fig. 1b) and the ratio of transgenic animals in the F1
litters indicated one transgene integration site.

The presence of eGFP as a transgenic protein did not
abrogate either the macroscopic development of
transgenic BALB/c mice or their reproductive abili-
ties; litter sizes were similar to control BALB/c mice
(6-7 pups). Long-term transgene stability was remark-
able as up to six generations only one single offspring
showed loss of detectable eGFP fluorescence. (It has
not been tested whether transgene loss or inactivation
was responsible for this event). Calculating with 6 pups
as average litter size this means that the loss of
transgene/transgene activity has occurred at a very low
frequency at approx. 3% (1/36). This solid heredity
may partly be due to the rigorous flow-cytometric
screening performed from blood samples of the F1
generation members, following which only those
transgenic animals were further bred that showed
unambiguously uniform eGFP expression in periphe-
ral blood mononuclear cells (data not shown). Such
stability of transgene inheritance and activity is
especially impressive with the notion of utilizing a
short, constitutively active promoter (human EFla).
Our results on stable transgene inheritance line up with
earlier data obtained with EF10-eGFP transgenic rats
obtained by the lentiviral transduction of spermatogo-
nial stem cells (Ryu et al. 2007).

Analysis of transgene expression
in eGFP + BALB/c mice

Tissue samples of eGFP + BALB/c mice were ana-
lyzed from several samples by histology and flow-
cytometry. Figure lc—f summarizes representative
histological results of cryostat sections of muscle,
intestine, spleen and lymph node. eGFP expression is
present within the cytoplasm of all nucleated cells.
There were significant differences of fluorescence
intensity among various tissue and cell types. In
lymphoid organs, the mesenchymal-reticular cells and
vasculature appeared to express eGFP more heavily
than the surrounding lymphocytes. This phenomenon
may be the consequence of the promoter sequence
used. Although EF1la is ubiquitously active non-viral
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Fig. 1 Macroscopic
identification, Southern and
histological analysis of
eGFP + BALB/c mice.

a Shows an

eGFP + newborn BALB/c
mouse (fop right) under
fluorescent light among
control littermates. b Shows
Southern analysis to
determine integrated
transgene copy number.
Lanes 1 and 2:

eGFP + Balb/c mice.
Lanes 3, 4, and 5: non-
transgenic Balb/c mice.
Lanes 6 and 7: no DNA
added and negative plasmid
DNA, lane 8: the LTR-
cPPT-EF10-GFP-WPRE-
LTR transfer vector.
Fragment sizes * >10 kb
** 7.0 kb. c—f show eGFP
expression in cryostat
sections of muscle (c¢),
intestine (d), spleen (e) and
lymph node (f)
counterstained with DAPI.
Intense eGFP fluorescence
is associated with stromal-
fibroblastic scaffolding of
white pulp (*) and vascular
elements, including splenic
central arteriole (**) and
high endothelial venule in
lymph node (¥*%*)

promoter, there may be significant differences for
activity depending on the actual context of gene
expression. Alternatively, cells with larger cytoplas-
mic volume may contain more eGFP molecules,
rendering these cells more fluorescent, similar to
differences observed during flow-cytometric analyses
below.

Figure 2 summarizes the results of flow-cytometric
characterization of peripheral blood, thymus and
lymph node. The difference of eGFP fluorescence
intensity was also obvious by the flow-cytometric
analysis of peripheral blood leukocytes. Figure 2a
shows peripheral blood leukocytes distinguished by
morphology following the lysis of erythrocytes (left

figure of Fig. 2a). Three distinct peaks of eGFP
fluorescence intensity are seen on the FL1 histogram
(middle figure of Fig. 2a), defined by gates R1 (low-),
R2 (mid-) and R3 (high intensity). Following back-
ward morphological representation using these gates
(right figure of Fig. 2a) cells of weak fluorescence (R1
gate, light gray), medium fluorescence (R2 gate,
medium gray) and high fluorescence (R3 gate, high
fluorescence) are identified. It appeared that eGFP
fluorescence strongly correlated with cell size (FSC
scatter) in peripheral blood leukocytes. In the thymus,
surface staining was performed to differentiate devel-
oping thymocyte subpopulations. Similarly, mature
lymphocytes in the lymph node were identified by
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CD4/CD8 double staining (Fig. 2b—e), and compared
to wild-type BALB/c controls. Mosaicism was not
observed by either histology or flow-cytometry. Our
results show near identical distribution profiles of
developing thymocytes in the thymus and mature
lymphocytes in the lymph node. Recent data shown
preferential expression of the GFP in the exocrine
cells of transgenic pigs, where the GFP transgene was
placed under the strong cytomegalovirus (CMV)
enhancer-promoter (Vasey et al. 2009).

Analysis of eGFP expression in bone-marrow
(BM) chimeric BALB/c mice

To determine whether eGFP-expressing transgenic
BALB/c mice are suitable donors for haemopoietic
reconstitution experiments, wild-type BALB/c mice
were irradiated and repopulated with bone marrow
cells from eGFP 4+ BALB/c donors. The degree of
chimerism and eGFP-expression pattern was ana-
lyzed 6 weeks after bone marrow transplantation.
Figure 3 summarizes the results of flow-cytometric
characterization of bone marrow, peripheral blood
and lymph node samples from BM-chimeric mice.
Histogram plot of Fig. 3b shows the efficacy of
eGFP + HSCs for reconstituting the haemopoietic
system (over 90% of BM cells fall positive in gate
M1). Mosaicism among peripheral blood leukocytes
was not detected following haemopoietic reconstitu-
tion. We also determined the ratio of different
peripheral blood leukocytes by flow-cytometry fol-
lowing the lysis of erythrocytes (see Fig. 3¢ and d).
Region statistics of wild-type and eGFP-chimeric
BALB/c mice show similar distribution pattern and
ratio of major leukocyte groups differentiated by
morphological representation. Surface staining for
CD4/CD8 antigens was performed to differentiate
mature lymphocytes in the lymph node of control and
BM chimeric BALB/c mice. Our results show
indistinguishable distribution profiles of mature lym-
phocytes in the lymph nodes of control and BM
chimeric BALB/c mice (see Fig. 3e and f). These
data indicate that the presence of eGFP in BALB/c
HSCs does not impair their capacity to restore
haemopoiesis.

In summary, lentiviral transgenesis is a powerful
tool for the creation of stable transgenic lines with
mouse strains that are challenging for standard pronu-
clear injection, like the BALB/c in our case. Major
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immunological parameters of the established eGFP +
BALB/c mouse strain were elaborately characterized
and found to be equal to that of control BALB/c mice.
In the future we plan to use this transgenic strain and
take advantage of marker gene-harboring murine cells
to investigate i.e. tumor formation, tumor-cell dissem-
ination, lymphocyte homing and recirculation and
several other applications.

Materials and methods
Plasmid constructs

Late second generation lentiviral sequences are
divided into three plasmid constructs. The envelope
construct pMD.G encodes the viral envelope protein
pseudotyped with VSV-G (vesicular stomatitis virus
G-protein). The packaging construct R8.91 encodes
enzymatic and structural elements required for
the assembly of recombinant retroviral vectors. The
transfer construct pWPTS carries the transgene of
interest in an LTR (long terminal repeat) frame. This
construct also has cPPT (central polypurine tract) for
increased nuclear transport, WPRE (Woodchuck-
hepatitis virus post-transcriptional responsive ele-
ment) for prolonged mRNA half-life and SIN (self-
inactivating) mutation in the LTR frame. The HIV-1
derived lentiviral system was kindly provided by
Prof. Didier Trono (CMU, Geneva, Switzerland).

Lentivirus production, purification, concentration,
titration

Lentiviral particles were produced as described
previously (Bovia et al. 2003; Kvell et al. 2005).
Briefly, the three plasmid constructs were co-trans-
fected into 293T cells using the calcium—phosphate
method. Viral supernatant was harvested after incu-
bation for 48 h at 37°C, 5% CO,. Purification steps
included centrifugation (2,000 rpm, 10 min, 4°C) and
filtration (PVDF-coated 0.45 pum filters). For concen-
tration the supernatant was layered on 20% sucrose
for ultra-centrifugation (26,000 rpm, 90 min, 4°C).
Viral particles were re-suspended in DMEM. Bio-
logical titration was performed with HeLa cells. Viral
particles were concentrated 1,000-fold in volume;
biological titers reached and exceeded 10° TU/ml.
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Cellular distribution prefile in eGFP+ peripheral blood following lysis of ervthrocytes

A
g 4 2
=1
81 3
§§j 9324
Bt H
% 8] o8&
Lﬂv: -—
£ g
(=2 o
0 200 400 600 200 1000
FSC-Height
B

&0 0

Cellul ar distribution

profile in control thymus

W M

Label % Gated

in control lymphnode

LL 12.16
LR 78.48
1L 408
LR 527
D fr— -
$
Cellul ar distribution profile =
L

Label % Gated

CL 47.84
LR 0.90

LL 2893
LR 22.34

Fig. 2 Flow-cytometric characterization of eGFP + BALB/c
mice. a Shows cellular distribution profile of eGFP fluorescence
intensity in peripheral blood following erythrocyte lysis. Left
density plot figure shows cell groups distinguished by morphology.
Middle figure shows eGFP fluorescence intensity distribution
profile as FL1 fluorescence histogram. Three distinct cell groups
are differentiated by fluorescence intensity defined by gates R1
(low-), R2 (mid-) and R3 (high intensity). Dot plot figure on the

Zygote isolation, perivitelline injection,
implantation

All strains (control and transgenic) of BALB/c and
FVB/n mice were kept in conventional animal house.
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right shows backward morphological representation. This identi-
fies cells falling into gates R1 (light gray), R2 (mid-gray) and R3
(dark gray). b and ¢ Show the cellular distribution profile (density
plot) of thymocyte subgroups in thymi of control and
eGFP + BALB/c mice, respectively. d and e Show the cellular
distribution profile (density plot) of lymphocyte subgroups in
lymph node control and eGFP 4+ BALB/c mice, respectively. For
comparison, quadrant statistics are enclosed to the figures

Lentiviral vector injection was performed based on
the modified perivitelline space injection method to
produce transgenic mice from low titer lentiviral
vector (Ritchie et al. 2007). Approximately 300—
500 pl of low titer (10°~10® infectious units per ml)
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Fig. 3 Flow-cytometric characterization of BM chimeric
BALB/c mice. a and b Show the cellular distribution profile
(morphological and histogram plots) of bone marrow (BM)
cells of control and BM chimeric BALB/c mice, respectively.
For comparison, histogram statistics are shown. ¢ and d Show
cellular distribution (density plots) in peripheral blood from

lentiviral vector was repeatedly injected into the
perivitelline space of single cell embryo. Superovu-
lation of donor females, embryo isolation and transfer
into surrogate mothers was performed according to
standard laboratory protocols.
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control and BM chimeric animal, respectively. For comparison,
region statistics are shown. e and f Show the cellular
distribution profile (histogram and density plots) of lymph
node lymphocytes of control and BM chimeric BALB/c mice,
respectively. For comparison, quadrant statistics are enclosed
to both figures

Bone-marrow chimeric mice were provided with
ciprofloxacin during the initial 4 weeks following
bone marrow transplantation.

Experiments were approved by the Animal Care and
Ethics Committee of the Agricultural Biotechnology
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Center and complied with the Hungarian Code of
Practice for the Care and Use of Animals for Scientific
Purposes, including conditions for animal welfare and
handling prior to slaughter.

In vivo fluorescence imaging

eGFP and auto-fluorescence was assayed using blue
light illumination (GFP excitation frequency 455-—
495 nm with a barrier filter cut of below 500 nm).
For newborn and adult mice this was performed with
a GFSP-5 headset (Biological Laboratory Instru-
ments, Budapest).

Detection of transgene integration

Lentiviral transgene integration number was deter-
mined by Southern blot analysis of DNA from tail
biopsy. 20 pg of DNA was digested with BamHI,
separated on a 1% agarose gel, blotted to a nylon
membrane and probed with a 282 bp-long PCR
amplified eGFP fragment using primers GFP-forward
5’-CTCGTGACCACCCTGACCTAC-3" and GFP-
reverse 5'-CATGATATAGACGTTGTGGCTGTT-3'.

Detection of eGFP by histology

10 um thick cryostat sections were prepared from
various snap frozen tissues of eGFP 4+ BALB/c mice,
including muscle, intestine, spleen and lymph node,
and fixed in 4% buffered paraformaldehyde to preserve
native eGFP fluorescence. Nuclei were counterstained
with DAPI. The specimens were viewed under an
Olympus BX61 fluorescent microscope. The digital
pictures were acquired with a CCD camera using the
analySIS® software.

Detection of eGFP by flow-cytometry

Cells were obtained from bone marrow, thymus,
lymph node and blood and peripheral blood. The
lymphoid tissues were mechanically dissociated, sin-
gle cell suspensions were prepared and were stained
for CD4 and CDS8 (BD, clones: H129.9 (a-CD4) and
53-6.7 (a-CD®8)) in PBS containing 0.1% BSA and Na-
azide). Stained cells were fixed with paraformalde-
hyde, measured by FACSCalibur flow-cytometer and
analyzed by CellQuest Pro (Becton Dickinson). Cell
populations were differentiated by morphology gates.

Protocol of bone marrow transplantation

About 6-8 weeks old BALB/c mice were irradiated
with 10 Gy in a single bolus calculated at midline
level using a Co®-source. 6 h later irradiated mice
were injected intravenously with 200 pl cell suspen-
sion of bone marrow cells isolated from eGFP +
BALB/c adjusted to 107 viable cells/ml. Six weeks
after haemopoietic reconstitution cells were obtained,
stained and measured as above.
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