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Abstract

In TGF-betal-knockout mice, TGF-betal-null conceptuses die during embryonic
development with a penetrance of lethality that depends on the mouse genetic
background. Studies have suggested that transplacental passage of maternal
TGF-betal could account for the rescue of some TGF-betal-null embryos.
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Herein, we have used an adenovirus-based gene delivery system and a strain of
mice where most TGF-betal-null conceptuses die prior to parturition, to
investigate whether an increase in maternal TGF-betal during pregnancy would
rescue TGF-betal-null embryos. A single intravenous injection of an adenovirus
containing a modified version of TGF-betal cDNA (Ad-TGF-beta15223/5225),
coding for a biologically active form of the cytokine, induced a 20-fold increase
in plasma TGF-betal (active and latent forms) levels for up to 3 months in adult
mice. Similar levels of TGF-betal were detected in 13-day post coitum (dpc)
embryos from Ad-TGF-betal-treated mothers, demonstrating an efficient
maternal/fetal transfer of the cytokine. However, no increase in the frequencies
of TGF-betal-null neonates nor in day 11.5 dpc TGF-betal-null conceptuses was
observed despite elevated levels of TGF-betal delivered throughout gestation.
In addition, we show that the high levels of TGF-betal-titrated in the plasma
from Ad-TGF-betalS223/S5225-treated mice were partly the consequence of a
stimulation of an autocrine production by exogenous bioactive TGF-betal.
These results indicate that transplacental passage of TGF-betal was not
effective in rescuing TGF-betal-null conceptuses from embryonic lethality.

Full text

INTRODUCTION

Transforming growth factor-betal (TGF-betal) is a ubiquitous cytokine
belonging to a large family of structurally-related polypeptides involved in many
cellular processes [1]. In the adult, TGF-betal is essentially a molecule that
negatively regulates immune and inflammatory responses by inhibiting the
proliferation of hematopoietic cells (for review see [2]). This function has been
definitively demonstrated by lethality in TGF-betal-knockout mice which
succumb about 20 days after birth, from an acute wasting syndrome
accompanied by an excessive infiltration of several organs by lymphocytes and
macrophages [3, 4]. Biological actions of TGF-betal also include positive and
negative regulation of extracellular matrix formation, osteogenesis,
angiogenesis, cell differentiation and tumor progression [5, 6]. During
embryogenesis, TGF-betal has been detected as early as the four-cell stage

embryo [7, 8] and its role has been validated by the marked embryonic lethality in

TGF-betal-null embryos. The prenatal lethality is due to two different TGF-betal
functions during embryogenesis: a requirement for pre-implantation
development and an effect on yolk sac hemangioblasts, the precursor cells of
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endothelial and hematopoietic lineages [9-11]. In TGF-betal-knockout mice, it
was noticed that the proportion of TGF-betal-null embryos reaching parturition
was markedly reduced, but that TGF-betal-null neonates did not exhibit obvious
developmental defects [3, 4]. This led to the hypothesis that some TGF-betal-
null embryos could be rescued by transplacental passage of maternal TGF-betar
[12] or other members of the TGF-betal family. Subsequent reports have
demonstrated that the extent of embryonic lethality was influenced by the
genetic background of the intercrosses, suggesting a role of additional genetic
factors. Using a genetic approach, a major codominant modifier gene for embryo
lethality has been mapped on chromosome 5 [13]. The gene product is as yet
unknown but it does not seem to act as a regulator of the level of maternal TGF-
betal since lethality in TGF-betal-null embryos could not be rescued by
implantation into wild-type pseudopregnant females [10]. Thus, it seems likely
that this gene may code either for a redundant molecule capable of replacing
TGF-betal during embryogenesis or for a molecule which modifies the response
to maternal TGF-betal [10].

TGF-betal is secreted by most cell types as part of a large multiprotein
precursor complex in a biologically inactive form, called latent protein [14, 15]. /n
vivo, active TGF-betal is released from the complex by several proteins,
including the multifunctional glycoprotein thrombospondin-1[16, 17], plasmin
[18] and some integrins [19]. Thus, conversion from the latent precursor
molecule to the biologically active form is a key step in the regulation of TGF-
betal biological activity. This activation occurs directly in situbut its precise
regulation is still poorly understood. To determine if a defect in the activation of
maternal TGF-betal could explain lethality in TGF-betal-null embryos, we
injected a recombinant adenovirus encoding for an active form of TGF-betal into
heterozygote TGF-betal females which were mated with heterozygote TGF-
betal male mice and we studied the frequency of birth of TGF-betal-null
embryos. Despite the presence of elevated levels of active TGF-betal in the
pregnant females and in the embryos, the lethality in TGF-betal-null embryos
was not modified. This result suggests that the product of the genetic modifier
of embryonic lethality does not appear to be a molecule acting on the activation
of TGF-betal and may more likely be a redundant molecule for endothelial cell
differentiation.

MATERIALS AND METHODS
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Animals

Heterozygous TGF-betal mice with a C57BI/6 genetic background were kindly
received from Dr. A. Kulkarni (NIH, Bethesda, MD, USA) [4]. Control C57BI/6J mice
were purchased from Iffa Credo (LArbresle, France). Mice were bred at the
Institut Gustave Roussy animal facilities under specific pathogen-free
conditions. Mice injected with the adenovirus vectors were kept in a negatively
pressurized isolator as recommended.

Genotyping

Tail tips from 10 day-old pups were digested overnight at 56° C in 0.5 ml of lysis
buffer (50 mM Tris pH8, 20 mM EDTA, 0.5% SDS, 150 mM NaCl) plus 1 mg/ml of
proteinase K. DNA was phenol/chloroform extracted and precipitated in 100%
ethanol. An aliquot of DNA (500 ng) was used in a 50 mul polymerase chain
reaction (PCR) to amplify either the normal TGF-beta allele or the mutated one.
To amplify the normal allele, oligonucleotides were derived from the deleted
portion of exon 15-GGTCACCCGCGTGCTAATGG-3" and from intron 15'-
GAGAGTAAGCCCACTAGAG-3"to give a 529 base pair product. To amplify the
targeted allele, oligonucleotides were derived from exon 15'-
ATGGAGCTGGTGAAACGGAA-3" and from the phosphoglycerate kinase promoter
5'-TCCATCTGCACGAGACTAGT-3"to give a product size of 375 base pairs. The
reaction mixture was amplified by 35 cycles as follows: denaturation for 5 min at
94° C, annealing for 30 sec at 55° C and extension at 72° C for 30 secin a
thermocycler 2,400 (Perkin EImer Co, Courtab&uf, France). PCR products were
loaded on 2% agarose gel and visualized by ethidium bromide staining.

Adenovirus encoding biologically active TGF-betal

The recombinant adenovirus encoding TGF-betal, a kind gift from Dr. P.. Moullier
(Nantes, France), has been described previously [20]. Briefly, the El and E3
regions of the adenovirus vector were deleted and carried a thermosensitive
mutation in the E2a region. Cysteine residues located at amino acid positions
223 and 225 in the pro region of the TGF-betal precursor were changed to a Ser
codon by site-directed mutagenesis resulting in the secretion of biologically
active TGF-betal [21]. The mutated cDNA was placed under the transcriptional
control of the CMV promoter (Ad-TGF-beta15223/522%) An empty vector was used
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as a control. Recombinant adenoviruses were titered on 293 cells using plaque-
forming unit (pfu) assays and are expressed as pfu/ml.

Determination of TGF-betal-level

Blood was collected on EDTA anticoagulant. Plasma was prepared by 2
successive centrifugations (5 min, 5,000 rpm at room temp) and stored at - 20°
C until use. Embryos were individually collected in an eppendorf tube and
centrifuged for 10 min at 13,000 rpm to extract the fluid contained in the bodies.
Fluids were stored at - 20° C until use. An enzyme linked immunosorbent assay
(ELISA) kit (TGF-betal Emax TM Immunoassay System, Promega) which detects
only the active form of TGF-betal was used accordingly to the manufacturer’s
recommendations. Levels of TGF-betal were determined before (only the
spontaneously active form) and after acidification (active and latent forms). For
acidification, 1 mul of INHCL was added to 50 mul diluted samples (1:5in
Dulbecco’s phosphate-buffered saline (DPBS, Gibco); samples were incubated
at room temperature for 15 min and neutralized by addition of T mul of TN NaOH.
The sensitivity of the ELISA was 32 pg/ml of active TGF-betal.

Culture of embryo fibroblasts and Ad-TGF-betal-infection

Primary fibroblast cultures were derived from day-13 conceptuses obtained from
heterozygote intercrosses. Part of the embryo body was used to prepare DNA for
PCR genotyping. Cell suspensions were prepared by trypsinization. Cells (2 x
10°/ml) were seeded in 12-well plates in 2 ml alpha minimal essential medium
(alpha-MEM, Gibco, BRL) supplemented with penicillin, streptomycin and 10%
fetal bovine serum (FBS). When cells reached semi-confluence, they were
infected with 50 pfu/cell of Ad-TGF-beta15223/5225 or mock vector over 24 hours,
after which time the medium was changed and replaced by alpha-MEM
containing 2% FBS. Infected cells were incubated for an additional 48 hours and
96 hours prior to supernatant collection.

RESULTS
TGF-betal-production in Ad-TGF-beta 15223/5225-treated mice
To assess TGF-betal production, a dose-response study was first performed in

adult C57BL/6 mice. Groups of 15 mice were injected intravenously with different
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doses of Ad-TGF-beta15223/5225 At time points indicated (Figure 1), the plasma
from 3 mice were assayed by ELISA after acidification to monitor the increase in
level and the duration of TGF-betal production. At the dose of 1x 10° pfu of virus,
none of the mice survived beyond 5 days. Lower doses were not detrimental to
the animals and led to a 4- to 7-fold increase in plasma TGF-betal that persisted
for several weeks. A study was next performed with adult heterozygote TGF-
betal mice, which revealed that the same doses of Ad-TGF-beta15223/5225
yielded similar results (data not shown). In 10 day-old pups injected
intraperitoneally, the maximal non-lethal dose was 2 x 10° pfu per mouse. Fifteen
days after injection, blood samples were collected and levels of TGF-betal were
determined prior to and after acidification. As illustrated in Figure 2, no active
TGF-betal was detected in the plasma from untreated controls, while 2.5 + 0.5
ng/ml of TGF-betal was detected after acidification (n = 5). In contrast, active
TGF-betal was readily detectable at a mean concentration of 3 ng/ml (range =
1.6-7 ng/ml) in non-acidified plasma from Ad-TGF-betal-treated pups (n = 5) and
the total amount of TGF-betal (latent + active forms) was found to have
increased 12-fold. The elevation in plasma TGF-betal levels was related to the
transgene expression since no increase in TGF-betal levels was seen in plasma
from mice infected with 2 x 108 pfu of empty Ad-vector (Figure 2). These data
indicate that injection of mice with a recombinant adenovirus encoding the
mutated form of TGF-betal resulted in the detection of active TGF-betal in the
circulation, but also in a massive augmentation of latent TGF-betal.

TGF-betal-is transferred from mother to fetuses

To assess whether maternal TGF-betal derived from the recombinant
adenovirus would cross the maternal/fetal barrier and diffuse into the fetuses,
females were i.v. injected with 2 x 108 pfu of virus 48 hours before mating.
Animals were sacrificed on day 13 post coitumand embryos were harvested.
Plasma from mothers and fluids prepared from dissected individual embryos
were tested for the presence of TGF-betal by ELISA prior to and after
acidification. Without acidification of the samples, active TGF-betal was
detected in mothers' plasma (3 = 1ng/ml; n = 8) and embryo fluids (2.2 = 0.6
ng/ml; n = 17) at similar levels (Figure 3). In addition, the levels of latent TGF-
betal were highly elevated in mothers' plasma (45.2 = 8.3 ng/ml), as well asin
embryos fluids (36.4 = 6.8 ng/ml). To ensure that the presence of active TGF-
betalin embryo fluids was not the result of an activation of latent TGF-betar
during the preparation process, experiments were carried out with embryos
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harvested from untreated mothers. In every sample (n = 8), active TGF-beta
was detectable but at a mean concentration of 460 pg/ml (range = 270-700

pg/ml) which was 3- to 8-fold lower than in embryos taken from treated mothers.

In addition, the levels of total TGF-betal in these samples never exceeded 6
ng/ml, a measurement in sharp contrast to the mean concentration of 36 ng/ml
found in embryos taken from mothers injected with Ad-TGF-betal. Together,
these data indicate that the protein encoded by adenovirus vector crossed the
placental barrier and diffused into the fetuses.

Maternal transfer of active TGF-betaldid not reduce embryonic lethality in
TGF-beta1-null embryos

To analyze whether a continuous delivery of active TGF-betal during pregnancy
would improve the frequency of birth of TGF-betal-null pups, heterozygote
females were injected with 2 x 108 pfu of Ad-TGF-beta15223/522° pefore mating.
Overexpression of TGF-betal did not impair fertility since no significant
difference was seen in the number of litters or neonates per litter (5to 7
pups/litter). PCR was used to analyze the genotypic frequency of the progeny.
The results (Table 1) show that the frequency of birth of TGF-betal-null pups

was not improved since the ratio in each genotype class remained unchanged as

compared to untreated mothers (<« 1% TGF-betal-null pups). Since TGF-betalis
required for yolk sac hematopoiesis and endothelial differentiation [9-11], we
next asked whether delivery of active TGF-betal would improve the
development of TGF-betal-null conceptuses. Genotype analysis was performed
on 11.5 dpc conceptuses from Ad-TGF-betal-treated heterozygote or untreated
females intercrossed with heterozygote males. Out of 60 conceptuses from Ad-
TGF-betal-treated mothers analyzed, 18 were wild-type, 40 were heterozygote
and 2 were homozygote. A comparable proportion was seen in embryos from
untreated mothers. Together, these results indicate that transplacental
passage of biologically active TGF-betal was ineffective at rescuing TGF-betal-
null conceptuses from embryonic lethality.

Autocrine stimulation of TGF-betal-synthesis by Ad-TGF-beta 15223/5225

In mice injected with the Ad-TGF-beta15223/5225 3 dramatic elevation in the
plasma levels of latent TGF-betal was observed suggesting that the active
protein could modulate its own synthesis in the body. To tackle this question,
embryonic fibroblasts from wild-type or TGF-betal-null embryos were infected
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with 50 pfu of Ad-TGF-beta1522%/5225/cell or empty vector. Uninfected cultures
served as controls. Culture supernatants were collected at 48 hours and 96
hours and concentrations of active and latent TGF-betal were determined
before and after acidification (Figure 4). TGF-betal-was barely detectable in
acidified supernatants from control, uninfected cultures or in cultures infected
with the empty adenovirus vector. In contrast, active TGF-betal was readily
detectable at similar levels (0.2 ng/ml) in 96 hours post-infection supernatants
from wild-type and TGF-betal-deficient cultures. Following acid treatment, the
mean level of TGF-betal was increased 12-fold (3 + 1 ng/ml) in supernatants from
wild-type cultures, whereas only a 5-fold increase (1.3 = 0.6 ng/ml) was
measured in TGF-betal-deficient cultures. Since no endogenous TGF-betalis
synthesized by TGF-betal-null fibroblasts, the total amount of TGF-betal found
in supernatants represents the synthesis yielded by the vector. In wild-type
cultures, 3-fold greater activity was reproducibly observed. These observations
are thus consistent with a potent autostimulatory effect of the biologically
active protein on TGF-betal synthesis.

DISCUSSION

In this report, we evaluated the use of an adenovirus-based delivery of bioactive
TGF-betal to rescue TGF-betal-null conceptuses from prenatal lethality. Data
presented here demonstrate that treatment of mice with a single intravenous
injection of 2 x 108 pfu of Ad-TGF-beta15223/522% |ed to a potent and long-lasting
expression of the transgene, resulting in a 20-fold increase in plasma TGF-betar
(active and latent forms) and an efficient transplacental transfer of the cytokine
from mothers to fetuses. However, no rescue of TGF-betal-null conceptuses
was observed.

Studies with TGF-betal-knockout mice have revealed the important role played
by TGF-betal during embryogenesis leading to more or less penetrant lethality in
TGF-betal-null embryos [9-11, 13]. Furthermore, it has been demonstrated that
the penetrance of the lethal phenotype is directly influenced by the genetic
background of the intercrosses, with 50% lethality in certain strains of mice to
nearly complete lethality in the C57BI/6 background [9, 10, 13]. To explain the
variable penetrance of the lethal phenotype of the TGF-betal-null embryos, it
has been suggested that varying levels of transplacental transfer of maternal
TGF-betal or other TGF-betas could account for the rescue of some null
embryos during embryogenesis [3, 9, 12]. However, this hypothesis was ruled out
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by embryo transfer experiments showing that transfer of two-cell conceptuses
obtained from heterozygote TGF-betal crosses into pseudogestant wild-type
mothers did not reduce the degree of TGF-betal-null embryonic lethality [10].
Our data are in accordance with the results from Kallapur et al. [10], and further
support the notion that maternal TGF-betal does not play a significant role in
rescuing TGF-betal-null conceptuses. Indeed, we show that treatment of mice
with an adenovirus encoding a biologically active form of TGF-betal resulted in a
massive increment in maternal plasma TGF-betal and in an efficient

maternal/embryo transfer throughout gestation. Nevertheless, the frequency of

birth of TGF-betal-null pups was not increased. Furthermore, despite the high
levels of bioactive TGF-betal in maternal plasma at conception and during
gestation, noincrease in 11.5 dpc TGF-betal-null embryos was detected,
indicating that the exogenous TGF-betal delivered from the vector was not
efficient in rescuing embryos from intrauterine death. During murine
embryogenesis, TGF-betal transcription and protein synthesis have been
detected at the four-cell stage suggesting an important role of the cytokine
throughout development [7, 22-24]. At the level of hematopoietic stem cells,

evidence has been provided that TGF-betal controls quiescence, in part through

an autocrine loop [25-27]. Thus, it cannot be excluded that different biological
effects might be elicited from autocrine versushumoral TGF-betal synthesis.
Alternatively, active TGF-betal has the ability to down-modulate the expression
of several hematopoietic cytokine receptors [28-31]. Since the plasma level of
bioactive TGF-betal in Ad-TGF-beta15223/5225-treated mice was quite high (1-2
ng/ml), we cannot exclude some possible indirect regulatory effects.

The existence of genetic modifiers which profoundly influence the phenotype of

mutant mice has been established in studies with other gene disruption models
[32-34]. In the TGF-betal-knockout mice, a major dominant modifier locus,
which modulates the function of TGF-betal, has been identified and mapped to
proximal mouse chromosome 5 [13]. Although, the gene and its product have
not yet been identified, it was speculated that the modifier gene product could
act by allowing embryos to respond to limited supplies of maternal TGF-betal or
to other members of the TGF-beta family or to proteins that might increase TGF-
betal activity or signalling. In this study, we have used an adenovirus vector
carrying a mutated TGF-betal cDNA which was previously shown to encode
about 70% of spontaneously bioactive forms [21]. Despite the presence of
active TGF-betal protein in the treated mothers and fetuses, the frequency of
birth of TGF-betal-null pups did not increase. Hence, the modifier gene
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modulating lethality in TGF-betal-null embryos does not appear to be involved in
the process of TGF-betal activation. Furthermore, our data also suggest that
the product of the modifier gene does not code for a molecule directly involved
in TGF-betal signaling because lethality persists despite high TGF-beta levels. It
seems more likely that this gene may encode for a cytokine redundant with TGF-
betal during embryogenesis.

It is worth noting that an overexpression of latent TGF-betal was found bothin
plasma from mice treated with the Ad-TGF-beta15223/522% g5 well as in embryo
bodies, suggesting that the bioactive adenovirus-encoded form of TGF-betal
could up-regulate its own synthesis [35, 36]. To clarify this point, we used
primary cultures of fibroblasts from wild-type and TGF-betal-deficient embryos
which were infected with the Ad-TGF-beta15223/5225 yector. As expected, similar
levels of spontaneously active protein were detected in supernatants from both
types of culture (Figure 4). However, when supernatants from TGF-betal-null
cultures were tested after acidification, levels of activity increased 5-fold,
demonstrating that only 209 of the protein was secreted in an active form.
These results are not consistent with previous data indicating that TGF-
betal15223/5225 was at least 70% active without acid treatment [21]. Sequencing
of the mutated region confirmed the presence of the 2 expected amino acids
changes and did not reveal other mutations. It is most likely that the different
cell types or the different strategies used in the two studies might account for
this discrepancy. Nevertheless, TGF-betal titrated in supernatants from wild-
type cultures was about 3 times higher than in supernatants from TGF-betal-
deficient fibroblasts, strongly suggesting an autocrine up-regulation.

CONCLUSION

In conclusion, this study demonstrates that the adenovirus-mediated TGF-betal
delivery was an efficient strategy allowing a potent expression of TGF-betal
during at least 3 months and without detrimental effects on the animals.
However, despite transplacental transfer of both bioactive and latent forms,
lethality in TGF-betal-null embryos was not improved. This suggests that an
intracrine stimulation by TGF-betal might be crucial for embryonic development.
Further experiments will be required to pursue this hypothesis.
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Figure 1
TGF-betal quantification in plasma from mice injected
with Ad-TGF-beta15223/5225 \jice were intravenously
injected with varying doses of recombinant Ad-TGF-
beta15223/5225 (1 x 109 to 2 x 10° pfu/mouse). Plasma from 3
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mice was collected at the times indicated. An enzyme-
linked immunosorbent assay (ELISA) was used to quantify
TGF-betal afte
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Figure 2

TGF-betal quantification in plasma from young mice
injected with Ad-TGF-beta15223/5225_ Ten day-old pups
were injected with 2 x 10° pfu of Ad-TGF-beta15223/5225 (n
= 8) or the empty adenovirus vector (n = 5). ELISA was
used to quantify active TGF-betal (open bars) or total
(active and latent forms) after samples acidification
(hatched bars). Control group comprises untreated
animals (n = 5). Data are expressed as mean = SD.
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Figure 3

Active and latent TGF-beta1 diffuses from mothers to
fetuses. Heterozygote females (n = 8) were injected 2
days before mating with 2 x 108 pfu of Ad-TGF-
beta15223/522% Females were sacrificed at day 13 post
coitumand embryos were harvested. Levels of TGF-betaT
in plasma from treated mothers (about 2 months post-
adenovirus injection) and embryo fluids (n = 17) were
analyzed by ELISA without (active) or with acidification
(active + latent). Open bars represent active TGF-betal
and hatched bars represent total (active + latent) TGF-
betal. Data are expressed as the mean = SD.
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Figure 4

Autocrine production of latent TGF-betal in cultures
infected with Ad-TGF-beta15223/5225 Embryonic
fibroblasts from wild-type and TGF-betal-null embryos
were infected with 50 pfu/cells of Ad-TGF-beta15223/5225
or empty vector. Culture supernatants were collected at
times indicated and assayed with an ELISA prior to (open
bars) and after acidification of the samples (hatched
bars). Data are expressed as the mean = SD of 3 repeated
experiments performed in duplicate.

Tahle 1
Genotypes of pups born from Ad-TGF-B1=2=2 treated
or untreated mothers

Crenotypes
Treatment TGE-Bl TGE-Bl TGE-Bl HNumber
of mothers +H+ +- —- of pups
analysel
With Ad4-TGE-(L 32% 7% 1 % 1az
Without AD-TGE-Rl - 24% 65% 1 % 247

Heterozygote TOP-[1 males were mated with heterozygote females
pre-treated with Ad-TOF-[127%0% op poteated. The genotype of
pups was deternmined by PCR. Bikxteen littermates bom from Ad-
TEF-[i1 pre-treated mothers were examined.
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