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Abstract
The safety of HIV-1 based vectors was evaluated during the production of transgenic sheep.
Vectors were introduced into the perivitelline space of in vivo derived one-cell sheep embryos by
microinjection then transferred into the oviducts of recipient females. At 60–70 days of gestation,
a portion of the recipients were euthanized and tissues collected from both surrogates and fetuses.
Other ewes were allowed to carry lambs to term. Inadvertent transfer of vector from offspring to
surrogates was evaluated in 330 blood and tissue samples collected from 57 ewes that served as
embryo recipients. Excluding uterine contents, none of the samples tested positive for vector,
indicating that that the vector did not cross the fetal maternal interface and infect surrogate ewes.
Evaluating ewes, fetuses and lambs for replication competent lentivirus (RCL); 84 serum samples
analyzed for HIV-1 capsid by ELISA and over 600 blood and tissue samples analyzed by
quantitative PCR for the VSV-G envelopes revealed no evidence of RCL. Results of these
experiments provide further evidence as to the safety of HIV-1 based vectors in animal and human
applications.
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Introduction
The ultimate goal of many in vitro assays for manipulating gene expression is the transition
to in vivo applications such as somatic cell gene therapy or genetic engineering of plants and
animals. In order to make this transition, stable and effective delivery and expression of the
transgene is necessary. To accomplish this goal, lentiviral vectors have become a popular
tool of choice since they permit entry of the transgene into the cell as RNA that is then
reverse transcribed into DNA and integrated into the genome.(Manjunath et al. 2009) In the
case of transgenic animal production, this integration allows for stable transgene expression
throughout the life of the animal. In addition, expression of the transgene in the F1
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generation from transgenic animals using lentiviral vectors suggests a lack of silencing of
the transgene in the germline.(Lois et al. 2002) This is advantageous over other retroviral
systems that have shown a lack of expression both in the F0 and F1 generations.(Jahner et
al. 1982)

Although lentiviral vectors are designed using exogenous retroviral elements, the
components that make the virus replication competent are removed to ensure the vectors are
unable to replicate. (Dull et al. 1998) Moreover, lentiviral vectors are designed to contain a
self-inactivating 3′ long terminal repeat (LTR) region that, when transferred to the 5′ LTR
during reverse transcription and integration, results in transcriptional inactivation.(Miyoshi
et al. 1998; Zufferey et al. 1998) These measures are in place to ensure safe, stable, and
efficient delivery of transgenes both in vitro and in vivo.

In spite of these precautionary steps, there is still some concern that recombination of
lentiviral vectors with wild-type viruses or endogenous retroviral elements may allow the
integrated provirus genome to become a replication competent lentivirus (RCL), perhaps
resulting in disease. In addition, when using lentiviral vectors to produce transgenic animals
there is also the concern of inadvertent transfer of vector sequences to non-target tissues.
Since embryos are implanted shortly after injection with high-titer lentivirus, exposure to
surrogate mothers could occur after embryo transfer and/or fetal cells could potentially
migrate across the placenta prior to or during delivery resulting in the introduction of vector
into the surrogate. Given a major focus of the research conducted in our laboratory involves
the production of transgenic animals by infecting preimplantation-stage embryos with a
recombinant lentivirus followed by embryo transfer, we investigated the potential for our
vector to give rise to RCL and/or infect our surrogate ewes after embryo transfer. To
evaluate this safety concern, tissues were collected from pregnant recipients at 60–70 days
of gestation or post-lambing. Serum was analyzed for RCL using a p24 ELISA and tissue
samples were evaluated using real time quantitative PCR (qPCR). In select animals, a
stringent biologic assay currently used to certify HIV-1 vectors for human use was also
performed.(Cornetta et al. 2011). Tissue samples collected from recipient ewes was also
extensively analyzed to assess the risk of inadvertent transfer of vector sequences from the
embryo/fetus to their surrogate mothers.

This analysis found no evidence of RCL in transgenic animals generated by lentiviral gene
transfer or the recipient ewes. Moreover, there was no evidence that transgene vector
sequences were transferred to the surrogate mothers. These findings build confidence in the
safety of lentiviral-mediated transgene delivery to produce genetically modified livestock
and provide additional supportive data for human gene therapy applications.

MATERIALS AND METHODS
Production of recombinant lentivirus

Second generation lentiviral plasmids used in this experiment contained either the
elongation factor 1-alpha or cytomegalovirus promoter driving expression of a short hairpin
RNA (shRNA) designed to inhibit Foot and Mouth Disease virus replication, or silence the
expression of myostatin; both vectors also contained the GFP gene. Recombinant lentivirus
was produced as described by Miyoshi et al. (Miyoshi et al. 1998) using the appropriate
lentiviral plasmid. Lentiviral plasmid (10μg) was co-transfected into HEK 293T cells along
with 10μg pCMV R8.91 (packaging plasmid) and 1μg pMDG. The resulting lentivirus was
ultracentrifuged at approximately 50,000 × g for 1.5 hours and resuspended in 30μL sterile
PBS with 8μg/mL hexadimethrine bromide for microinjection. This resulted in a
recombinant lentiviral titer of 1 × 109 IU/mL that is capable of infection and stable
integration of GFP into the genome of primary cells or early stage embryos. This modified
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vector was selected based on the safety of the self-inactivating lentivirus it produces and
previous reports that it has been transmitted through the germline and expressed in F1
progeny (Miyoshi et al. 1998; Carmell et al. 2003). Titer of infectious particles was
determined by analysis of GFP expression using FACS. HEK293T cells were plated at a
density of 25,000 cells/well in a 48-well plate and transduced with serial dilutions of
concentrated lentivirus. Serial dilutions of 0.1, 0.01, 0.001, and 0.0001 were used and all
transductions were done with 8μg/mL polybrene. Media was refreshed 18 hours later and
cells were maintained in culture for 3 days before evaluation. Titer was calculated as
follows:

Only concentrated virus with a titer at or above 1 × 109 IU/mL was used for microinjection
of embryos. Concentrated virus was frozen at −80°C in 3–5μl aliquots until needed.

Production and transfer of transgenic embryos
Work was approved by the Texas A&M Animal Care and Use Committee. Ewes were
synchronized to estrus using an Eazi-Breed Controlled Intravaginal Drug Releasing (CIDR)
Device for 12 days. Superovulation of donor ewes was achieved via twice daily (0700 and
1900h) injections of follicle stimulating hormone (FSH) (Bioniche, Belleville, Ontario,
Canada) over a four-day period from Days 9 to 12 after CIDR insertion. Dosage decreased
daily (40, 30, 25 and 20 mg, respectively) with a total dosage of 115 mg. On day 11, the
CIDR was removed, ewes were administered 15 mg prostaglandin F2 alpha (Lutalyse®, and
mated to fertile Suffolk rams. Embryos were collected from donor females via midventral
laparotomy, approximately 60 h after CIDR removal. Oviducts were cannulated through the
fimbriated end with a sterile plastic catheter. Collection medium was then injected into the
oviduct using a syringe fitted with a needle inserted at the utero-tubal junction.
Approximately 20 ml of medium was flushed (retrograde wash) through each oviduct. The
medium was collected through the plastic catheter which was directed into a sterile
container.

One-cell fertilized sheep embryos were identified and isolated with the aid of a dissecting
microscope. After microinjection with lentivirus, embryos (3–4 per recipient) were
surgically transferred into the oviducts of embryo recipient ewes, ipsilateral to the corpus
hemorragicum or dominant follicle.

Recipient ewes were synchronized to estrus using procedures similar to those employed for
embryo donors except FSH was not administered to induce superovulation and estrus was
determined by housing them with vasectomized rams fitted with marking chalk and
observing for mating behavior.

Zygotes were surgically flushed from superovulated donor ewes 24 hours post mating.
Micromanipulation was then used to inject approximately 20 picoliters of high titer (109

particles/ml) recombinant lentivirus under the zona pellucida (into the perivitelline space) of
the embryos. Following injection, these were surgically transferred back into the oviducts of
recipient ewes. Each ewe received 3–4 embryos. Approximately 35 days after embryo
transfer ultrasonography was utilized to identify pregnant recipients. At approximately 70
days of gestation, a portion of the pregnant ewes were euthanized and complete
hysterectomies performed on the ewes to collect tissues from the fetus(s), placenta and
surrogate ewe for analysis. The remaining ewes were maintained throughout gestation and
allowed to lamb.
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Tissue collection
Tissues collected from recipient ewes for analysis included liver, lung, kidney, lymph node,
mammary gland, ovary, skeletal muscle, placentome (when available) and uterus. Tissues
were cut into 3–5 mm pieces and preserved in All Protect tissue reagent (QIAGEN, Hilden,
Germany). All utensils were treated with 5% bleach and flamed between tissues, and
different utensils were used for each animal. In addition, blood was collected from each
recipient for analysis. For recipients allowed to lamb, only blood was collected. For
recipients euthanized at 60–70 days gestation, fetuses were dissected, and the tissues were
collected for analysis of transgene expression. Blood was also collected when possible. For
lambs that were born live, blood and an ear biopsy were collected. Lambs that were
delivered dead were dissected and tissues collected as described for fetuses.

Quantitative PCR (qPCR)
DNA was analyzed by qPCR based on modification of a previously published method.
(Sastry et al. 2002) Primers and probe for the VSV-G envelope were forward 5′-
tgcaaggaaagcattgaacaa-3″ (600 nM), reverse 5′-gaggagtcacctggacaatcact-3′ (600 nM) and
probe 5′-6FAM-aggaacttggctgaatccaggcttcc-TAMRA-3′ (200 nM). Primers and probe for
the vector sequence were forward 5′-acctgaaaggcaaagggaaac-3′ (600 nM), reverse 5′-
cacccatctctctccttctagcc-3′ (600 nM), and probe 5′-6FAM-agctctctcgacgcaggactcggc-
TAMRA-3′ (200 nM). Duplicate or triplicate reactions, each containing 0.2 μg of DNA, are
initiated at 50 °C for 2 min, 95 °C for 10 min then 40 cycles of 95 °C for 15 sec and 60 °C
for 1 min. Log dilutions of a VSV-G or transgene plasmid controls (between 101 and 105)
are introduced into genomic DNA and used to establish the standard curve; the slope of the
standard curve must be within −4.3823 to −3.7157 for the assay to be acceptable. The
reactions are run as multiplex reaction with primers and probes for the GAPDH gene
[forward 5′-ggcgccaagagggtcat-3′ (50 nM), reverse 5′-gtggttcacgcccatcaca-3′ (50 nM), and
probe 5′-VIC-tctctgcaccttctg-MGB-3′ (100 nM)]. Before a VSV-G or vector results are
considered negative, the amount of DNA must be confirmed; specifically the DNA content
is considered adequate if 2 of the 3 replicates have GAPDH Ct values less than or equal to 2
standard deviations above the mean of control samples. Negative and positive controls must
provide expected results for the assay to be acceptable. The level of sensitivity is 10 copies
per 0.2 μg of DNA. qPCR analysis was performed under Good Manufacturing Practice
(GMP) procedures on file with the US FDA.

RCL Assays
Serum was analyzed for the presence of HIV-1 virus using the Alliance HIV-1 p24 ELISA
kit according to manufacturer’s specifications (Perkin Elmer, Waltham, MA). Triplicate
samples were analyzed and duplicate samples above the lower limits of detection were
required to consider the assay positive for RCL. The biologic RCL assay utilized the
previously published method in which the test material is incubated with C8166 cells, a
human T cells line shown to effectively amplify HIV-1 virus.(Cornetta et al. 2011) Briefly,
C8166 cells were then cultured for three weeks to amplify virus, after which time cell-free
culture media was used to infect naïve C8166 cells. After an additional week of culture, the
C8166 cells are then analyzed for RCL using p24 ELISA analysis of the culture media and
PCR of cellular DNA using primers for vector/viral sequences. Both the p24 evaluation and
the biologic assay were performed under GMP procedures on file with the US FDA.
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RESULTS
Transgenic sheep production

In an effort to produce genetically modified sheep with improved production characteristics,
a total of 87 recipient ewes received 300 embryos microinjected with self-inactivating
second generation lentivirus encoding short hairpin RNAs designed to inhibit Foot and
Mouth Disease virus replication, or silence the expression of myostatin (to stimulate muscle
development), in addition to Green Fluorescent Protein (GFP). Of these, 47 were pregnant
as determined by ultrasound on day 35 of gestation. Euthanasia was performed on 26 ewes
between day 60 and 70 of gestation, and 41 fetuses were recovered of which 14 were
confirmed to be transgenic. The remaining 21 ewes were allowed to lamb resulting in 33
lambs of which 14 were transgenic. Euthanasia and analysis was also performed on 10 ewes
that were deemed not pregnant on day 35 of gestation, the remaining non-pregnant ewes
were not analyzed in this analysis.

Safety Analysis of Recipients of Transgenic Embryos
In this study we evaluated surrogates for two theoretical risks, inadvertent development of
RCL and transfer of vector sequences to non-target tissues in recipient ewes. To monitor for
RCL, ewes were analyzed for HIV-1 p24 capsid using a commercially available ELISA
serum. Blood and organs were also assessed for RCL using qPCR for the VSV-G envelope
that is used to pseudotype vector particles. As summarized in Table 1, 57 ewes received
lentiviral transduced embryos, of which 10 had no offspring, 23 had offspring but were not
transgenic, and 24 ewes had at least one transgenic offspring. Serum was available from 55
ewes, all were negative for p24 antigen. Similarly, blood cells were available from 57 ewes,
all were negative by qPCR analysis for VSV-G. Ewes were sacrificed and samples were
taken from liver, lung, ovary, spleen, muscle, heart, skin, kidney, and mammary gland; all
288 samples tested for VSV-G env were negative (ewe specific testing is documented in
supplemental Table 1).

The risk of inadvertent transfer of vector to the surrogate was assessed by qPCR in the 57
treated surrogates. As shown in Table 1, blood cells from 57 surrogates were negative for
vector sequences. Analysis of 273 organ samples was also negative for vector sequences.
Taken together, there was no evidence of RCL in surrogates receiving transgenic embryos
injected with recombinant lentiviral vectors and no evidence of RCL.

RCL Evaluation of Transgenic Offspring
The risk that offspring of embryos exposed to lentiviral gene transfer may also harbor RCL
was evaluated. For this evaluation, 41 fetuses were harvested from pregnant ewes and 280
blood and organ samples were evaluated for VSV-G env, all were negative (Table 2).
Additional ewes were allowed to proceed to term and 108 blood and organ samples were
analyzed from 33 lambs, again all were negative for VSV-G env (Table 2). Serum from 23
fetuses and 6 lambs were available for p24 ELISA analysis, all were negative. Finally, one
non-transgenic and two transgenic lambs were analyzed by a biologic RCL assay used to
certify lentiviral vectors for human use, (Cornetta et al. 2011) no evidence of RCL was
detected.

Gene Transfer Assessment in Fetal and Lamb Tissues
Multiplex qPCR using primers for the vector sequence along with primers for the GAPDH
gene was used to assess the copy number in organ samples from fetal tissue. Figure 2A
illustrates the mean copy number of vector in fetal organs. While there were differences in
copy number between animals, for an individual animal the copy number was similar
between organs. The majority of organs demonstrate copy number of approximately 1–3
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copies per cell. Interestingly, a few animals demonstrate less that one copy number per cell
suggesting partial mosaicism. Similarly, qPCR from lamb blood noted a subset of animals
that had less than one integration per cell (Figure 2B).

While a limited number of material uteruses were evaluated for vector sequences, all
samples were negative for vector. More extensive analysis was performed on uterine
contents and as shown in Figure 3, the vector copy number detected in the placenta
corresponds to the level detected in fetal organ tissue from the animal. Copy number in the
placentomal and interplacentomal tissues was generally lower than that of the placenta,
consistent with the combined maternal and fetal origins of these tissues. Interestingly,
evidence of mosaicism was suggested by one lamb with transgenic placental tissue (5.67 ×
103 copies/0.2 μg of DNA) but no evidence of vector within fetal tissues (data not shown).

Discussion
The development of successful and efficient methods for genetic engineering of livestock
will undoubtedly afford many benefits to agriculture, animal and human health. A new and
extremely promising method for producing genetically engineered livestock involves the
utilization of lentiviral vectors. This approach will undoubtedly play a major role in both the
production of genetically modified animals in addition to their broad utilization for gene
therapy in veterinary medicine to treat animal diseases. Numerous studies have now been
completed which demonstrate the utility and effectiveness of using lentiviral vectors for the
delivery of transgenes into different mammalian cell lines and embryos, sometimes with
increases in efficiency up to 100-fold. (Hasuwa et al. 2002; Rubinson et al. 2003; Scherr et
al. 2003)

In this study, 54% of the recipient ewes became pregnant after implantation with embryos
that had been injected with our recombinant lentivirus. This is comparable to pregnancy
rates that would be expected following the transfer of non-injected embryos. In addition,
34% of the fetuses and 42% of the lambs were transgenic. Although this represents a lower
rate of transgenisis than previous reports involving cattle, mice and pigs which document
rates up to 80%, the efficiency of producing transgenic sheep reported here is still much
higher than when compared to methods involving pronuclear injection (Pursel and Rexroad
1993; Golovan et al. 2001; Behboodi et al. 2005; Maga et al. 2006) and more efficient and
less expensive than genetically engineering cell lines followed by somatic cell nuclear
transfer. (Denning et al. 2001; Lois et al. 2002; Kuroiwa et al. 2004) Further development of
this technology requires careful analysis of the safety concerns inherent in using viral
vectors. A major concern addressed in this study is the potential of RCL developing during
vector production or through recombination with endogenous sheep DNA. After extensive
analysis of 57 surrogates, 41 fetuses and 33 lambs no evidence of RCL could be
documented. This analysis includes three different methods for RCL detection. Samples
were analyzed by the p24 ELISA used in screening human for evidence of the HIV-1 viral
capsid. Second, a highly sensitive qPCR method that detects the VSV-G envelope was used.
Most investigators believe that should a RCL develop, it is most likely to occur during
vector production and would contain the VSV-G envelope used to pseudotype vector
particles. Presently the in vivo fate of a VSV-G pseudotyped RCL is unknown; it is possible
that the fusogenic nature of the VSV-G envelope would limit virus propagation but this
envelope would also allow a RCL to infect a much broader range of cell types than the
native HIV-1 envelope. Currently the FDA requires post-trial monitoring of patients for
RCL after treatment with lentiviral vectors and an acceptable method is PCR for the VSV-G
envelope. Therefore, this method of detection was utilized in our study. Thirdly, the most
sensitive assay currently available that is required to certify vector products for human use
was utilized in select fetuses. The lack of RCL is consistent with other studies evaluating
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vectors generated by the transient transfection method.(Escarpe et al. 2003; Sastry et al.
2003; Manilla et al. 2005; Cornetta et al. 2011)

Another safety concern is that lentiviral vector sequences could be mobilized to surrogate
animals. Such transfer could occur by three mechanisms; (1) mobilization of vector by RCL,
(2) vector particles introduced into the maternal circulation during the time of embryo
implantation, or (3) fetal cells migrating across the placenta prior to or during delivery. To
evaluate this risk, we utilized qPCR directed at vector sequences and performed an extensive
evaluation of surrogate animals. Analyzing of blood and organ samples from 57 ewes found
no evidence of vector sequences in the surrogate. These findings indicate that if there is any
transfer of vector sequences into the surrogates, it is a rare event. The latter finding has
significance when considering quarantine requirements for surrogates after they have
delivered transgenic animals.

When evaluating offspring, 14 fetuses and 14 lambs were transgenic. Samples from the
surrogate uterus were negative for vector sequences (Table 1 and supplemental Table 2). As
expected, placenta and placentome were found to contain vector sequences given the close
fetal-maternal connections during pregnancy. The placentome is a unique placental structure
present in ruminant species in which the fetal side of the placenta (cotyledon) is fused with
the maternal uterine tissue (caruncle) at discrete locations within the placenta. Small
ruminants, including sheep, develop a synepitheliochorial placenta. As development ensues,
there is a transient loss of the maternal uterine luminal epithelium (LE) resulting from fusion
of binucleated cells of the conceptus trophoblast with the maternal LE. The placenta type is
referred to as cotyledonary and characterized by the presence of placentomes which are
vascularized structures formed from the interdigation of aglandular maternal caruncules with
fetal cotyledons. They are fully functional by gestational day 60 and represented as distinct
contacts between uterus and placenta. It is estimated that placentomes serve as the source for
85% of the blood flow to the placenta during late gestation. The anatomical structure of
these tissues is consistent with the copy number analysis demonstrating similar copy number
in fetal organs and placenta with lower copy number in structures that are of fetal and
maternal origin.

While the focus of this study was an evaluation of safety, a subset of animals was selected to
quantitate gene transfer. Interestingly, the level of gene transfer for an individual animal was
similar for each organ tested. The finding that animals had one or more copies per cell
indicates that gene transfer can occur very early in embryo development.

In summary, an extensive evaluation of transgenic animals and their surrogates found no
evidence of RCL or transfer of inadvertent vector sequences. These studies support the
continued development of this technology for transgenic livestock. The data also provides
additional safety information relevant to human gene therapy applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Embryo Injection of Lentiviral Vectors Containing the gene for Green Fluorescent Protein.
(A) Microinjection of vector into the perivitelline space of one-cell sheep embryo; (B)
Transgenic sheep and their surrogates; (C) fetal sheet under normal light conditions, and D)
confirmation of transgenic status of a fetal sheep using fluorescent lighting.
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Figure 2.
Copy Number Estimate for Transgenic Animals. (A) Values represent the vector copy
number per cell for transgenic fetuses. Fetuses had between one and eight organs available
for analysis, the standard deviation is displayed for fetuses in which multiple organs were
analyzed. Error bars represent standard deviation of the mean for animals with multiple
organs available for analysis. (B) Values represent the vector copy number per cell from
blood of transgenic lambs.
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Figure 3.
Copy Number Estimate in Uterine Contents of Transgenic Animals. Values represent the
vector copy number per 0.2 μg of DNA for placenta, placentomal and interplacentomal
tissues. The mean copy number of internal organs is also provided for comparison. In
general the placenta and internal organs are similar in copy number. The placentomal and
interplacentomal tissues are generally lower in copy number consistent with the fetal and
maternal origins of these structures.
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