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To generate g-retroviral vectors for stable conjoint expression of artificial microRNAs (amiR) and therapeutic
genes in primary human lymphocytes, and to identify the design parameters that are key for successful vector
generation. Gamma-retroviral vectors were designed to co-express both amiRs and a linked reporter gene, trun-
cated CD34 (tCD34). Artificial miRs based on microRNAs miR-16, miR-142, miR-146b, miR-150, miR155, and
miR-223 were inserted into sites within the intron of the vector and tested for tCD34 expression by flow cytometry
(FACS). Different constructs were assembled with amiRs targeted to knockdown expression of suppressor of
cytokine signaling 1 (SOCS1) or programmed cell death 1 (PDCD1, PD-1). Three of the six amiRs maintained
tCD34 expression. Expansion of primary human T cells transduced with these amiR vectors, as well as transgene
expression, were equivalent to control engineered T cells over a 40-day period. Knockdown of SOCS1 RNA and
PD-1 expression by FACS was shown to vary between constructs, dependent on either the specific short interfering
RNA sequence used in the amiR, or the microRNA backbone and location in the vector intron. Gamma-retroviral
vectors that both efficiently knockdown endogenous gene expression and maintain linked transgene production can
be produced, but empirical vector evaluations were best suited for optimal construct analysis.

Introduction

The discovery of RNA interference and the subse-
quent finding of microRNAs (miRs) led to new under-

standings of cellular regulation and novel opportunities to
manipulate gene expression [1–4]. While transfection of
short interfering RNA (siRNA) can be used to rapidly screen
for the phenotype of target gene knockdowns, long-term
manipulation of gene expression requires sustained delivery
of the interfering RNA through integrating gene transfer
vectors. The most common design for these vectors has been
to use strong RNA polymerase III (PolIII) promoters to drive
the expression of short hairpin RNA (shRNA) where the
interfering RNA is expressed as a stem loop structure that
mimics the precursor microRNA (pre-miRNA) [5–8]. Most
recently, several groups have gone a step further to mimic
natural miRNA biology by producing artificial constructs
that are analogous to the primary miRNA (pri-miRNA) [9–
12]. These artificial miRNAs (amiRs) can be transcribed by
RNA PolII promoters, as are most natural miRNAs.

Significant advances have been made in the last decade in
the ability to transduce primary cells for human gene therapy
applications [13,14]. The successful application of these
techniques in T cell adoptive cell transfer gene therapy trials
for cancer has led to long-term clinical responses in diverse

malignancies [15]. Using retroviral vectors (both g-retroviral
and lentiviral vectors have been used) to deliver tumor anti-
gen targeting receptors based on T cell receptors (TCR) or
chimeric antigen receptors are particularly attractive ap-
proaches for cancer immunotherapy [15–18]. The target cell
for these cancer gene therapy trials were mature T cells,
which have a number of regulator feedback systems that
limit uncontrolled immune responses in healthy individuals
[19,20]. While the expression of these T cell feedback reg-
ulatory networks are essential in the control of autoimmunity,
they may limit the in vivo effectiveness of T cells genetically
engineered to express anti-tumor antigen receptors. Herein,
we describe g-retroviral vector design principles for the co-
expression of an RNAi inducing moiety along with a model
anti-tumor antigen receptor.

Materials and Methods

Artificial miR vector design

The MSGV1 (MSCV-based splice-gag) g-retroviral vector
is similar to the MFG vector with a long terminal repeat
derived from the murine stem cell virus (MSCV) and the
murine leukemia virus (MLV) extended packaging signal
(c + ), and the splice acceptor region of the POL gene
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immediately upstream of the ENV start codon, which is lo-
cated within an NcoI site [21,22]. In MSGV2, the NcoI site is
removed and replaced with a multiple cloning site. The
truncated CD34 (tCD34) gene was made using polymerase
chain reaction (PCR) as described [23] with the addition of a
5¢ NotI site and 3¢ EcoRI site, and inserted into MSGV2 using
these sites to produce MSGV2-tCD34. amiR sequences were
synthesized (Blue Heron Biotech) based on available pri-miR
sequences for miR-16, miR-142, miR-146b, miR-150, miR-
155, and miR-223. The 5¢ end of each amiR was synthesized
with restriction enzyme sites BglII-BsrGI-XhoI-SpeI and
with 3¢ addition of XhoI-BglII-SpeI-BsrGI. The sequences
from commercially derived (Thermo Scientific and Qiagen)
siRNA or shRNAs were substituted for the stem region of
each microRNA. For example, the anti-PD-1 amiR based on
miR-223 (lowercase sequence to follow) and siRNA SA3
(uppercase sequence to follow) has this sequence: cctttctct
ctctttccctctagggtcacatctcccaggatgatctcacttccccacagaagctcttgg
cctggcctcctgcagtgccacgctcCGGAGAGCTTCGTGCTAAAC
TggacactccatgtggtagagAGTTTAGCACGAAGCTCTCCGag
tgcggcacatgcttaccagctctaggccagggcagatgggatatgacgaatggactg
ccagctggatacaaggatgctca. The complete sequence of each miR
backbone is shown in Table 1. amiR sequences were inserted
into the BsrGI or BglII sites within the intron of MSGV2-
tCD34. All vectors were confirmed by enzyme digestion and
DNA sequencing.

Retroviral vector preparation and transduction

To generate g-retrovirus, 293 GP cells, which stably ex-
press GAG and POL proteins, were transfected as previously
described [24,25]. In brief, 9 mg of vector DNA and 4 mg of
RD114 envelope plasmid DNA were mixed with lipofecta-
mine 2000 (Life Technologies) in antibiotic free medium and

incubated at room temperature for 20 minutes. The mixture
was applied to 293GP cells that had been plated the prior day
on a 100-mm2 poly-lysine –coated plate (Becton Dickinson).
After 6 hours of incubation, the medium was replaced with
Dulbecco’s modified Eagle’s medium (Life Technologies)
with 10% fetal bovine serum and the viral supernatants were
harvested 48 hours later. The peripheral blood lymphocytes
(PBL) used in this study were obtained from healthy donors
and metastatic melanoma patients seeking treatments at the
Surgery Branch, National Cancer Institute. All primary hu-
man cells were obtained under Institutional Review Board
reviewed and approved clinical protocols. Briefly, PBL were
collected by leukapheresis, and lymphocytes were separated
by Ficoll/Hypaque cushion centrifugation, washed in Hank’s
balanced salt solution and resuspended at a concentration of
1 · 106/mL in AIM-V� medium (Life Technologies) supple-
mented with 300 IU/mL interleukin-2, 50 ng/mL of an ago-
nistic anti-CD3 antibody, and 5% heat-inactivated human
serum type AB (Valley Biomedical). Two days later, 2 · 106

total cells were transduced at 0.5 · 106 cells/mL with retroviral
supernatant spun onto RetroNectin (Takara Bio) coated non-
tissue culture treated 6-well plates as described by the manu-
facturer. Transduced cells were allowed to expand in AIM-V
media as above, without OKT-3. HEK293 and 293GP cells
were purchased from ATCC.

Endpoint and real-time PCR

For the detection of integrated viral sequences in the ge-
nomic DNA of transduced lymphocytes, we utilized an end-
point polymerase chain reaction (PCR) assay, whereby in-
tegration of an amiR-containing vector results in amplifica-
tion of a *350-bp band. Integration of a vector that does not
contain any amiR yields a *100-bp band instead. Genomic

Table 1. Artificial microRNA Backbone Sequences

5¢ Sequence

miR-16 cctcaaaaatacaaggatctgatcttctgaagaaaatatatttctttttattcatagctcttatgatagcaatgtcagcagtgcct
miR-142 acaaggagggctggggggctcttggagcaggagtcaggaggcctgggcagcctgaagagtacacgccgacggacagacagacagtgcagtcacc
miR-146b ttactcatcctgggaacgggagacgattcacagaagaaagcatgcaagagcagcgtccaggctgaaagaactttggccacctggcac
miR-150 ggacctgggtataaggcagggactgggcccacggggaggcagcgtccccgaggcagcagcggcagcggcggctcctctccccatggccctg
miR-155 acaaaccaggaaggggaaatctgtggtttaaattctttatgcctcatcctctgagtgctgaaggcttgctgtaggctgtatgctg
miR-223 cctttctctctctttccctctagggtcacatctcccaggatgatctcacttccccacagaagctcttggcctggcctcctgcagtgccacgctc

3¢ Sequence

miR-16 agtaaggttgaccatactctacagttgtgttttaatgtatattaatgttactaatgtgttttcagttttattgatagtcttttcagtatt
miR-142 tgagtgtactgtgggcttcggagatcacgccactgctgccgcccgctgcccgccaccatcttcctcggcgctcggggacctcgtgtg
miR-146b tgcccggcagtgctacaacatcaatgccaaggccgtggggcagctgatggtttgggctcccaacttcccagccaggtgcttctgcag
miR-150 ggacctggggaccccggcaccggcaggccccaaggggtgaggtgagcgggcattgggacctcccctccctgtactcccatct
miR-155 gtgtatgatgcctgttactagcattcacatggaacaaattgctgccgtgggaggatgacaaagaagcatgagtcaccctgctgg
miR-223 agtgcggcacatgcttaccagctctaggccagggcagatgggatatgacgaatggactgccagctggatacaaggatgctca

Loop

miR-16 ttaagattctaaaattatct
miR-142 aacagcactggaggg
miR-146b gtgagctctagcaa
miR-150 ctgggctcagacc
miR-155 ttttgcctccaactga
miR-223 ggacactccatgtggtagag

All nucleotide sequences are shown in 5¢ to 3¢ orientation.
miR, microRNA.
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DNA was isolated, from transduced lymphocytes cultured
during one week after transduction, using the DNeasy Blood
and Tissue kit (Qiagen). Oligonucleotide primers flanking the
BglII and BsrGI cloning sites within the intronic region of the
vector were synthesized by Integrated DNA Technologies.
PCR reactions were performed using the PCR Supermix (Life
Technologies in a GeneAmp PCR System 9700 thermal cycler
(Life Technologies) following the instructions provided by the
supplier. For real-time reverse-transcription PCR (RT-PCR),
total RNA was isolated using RNeasy Mini Kit (Qiagen) and
reverse transcribed using the ThermoScript RT-PCR system
(Life Technologies). All RT-PCR reactions were performed
using an ABI 7500 FAST real-time PCR system instrument
(Life Technologies). All TaqMan probes and reagents were
purchased directly from Applied Biosystems (Life Technolo-
gies) and TaqMan b-actin control reagents kit was used for
normalization.

Fluorescence activated cell sorting analysis

Transduced T cells were stained with a phycoerythrin-la-
beled anti-CD34 and with allophycocyanin-labeled anti-PD-
1 (BD Pharmingen). Cells were analyzed using a FACScanto
II flow cytometer with CellQuest software (BD Biosciences)
or FlowJo software (Tree Star, Inc).

Results

Evaluation of amiR vector design using a vector
expressing tCD34

A g-retroviral vector (MSGV2–tCD34) was designed to
express a truncated version of the human hematopoietic pro-
genitor protein CD34 (tCD34) in a vector containing the
Moloney murine leukemia virus (MoMLV) extended pack-
aging signal and the naturally occurring intronic elements from
the MoMLV ENV gene, similar in design to the MFG class of
vectors (Fig. 1) [21]. tCD34 has a number of advantages for
use as cell surface marker, the most attractive being the
availability of certified reagents for clinical applications to
enrich for CD34 + cells [23,26]. The tCD34 gene was flanked
by restriction enzyme sites permitting the rapid substitution of
alternative coding sequences for potentially therapeutic genes,
such as anti-tumor antigen receptors.

The MSGV2-tCD34 vector backbone was used as the
platform for the delivery of artificial microRNAs (amiRs)
designed to knockdown expression of endogenous genes.

As backbones for the amiR sequences we chose micro-
RNA previously shown to be abundantly expressed in human
lymphocytes, specifically miR-142, miR-146b, miR-150,
miR-155, miR-16, and miR-223 [27–30]. Using a represen-
tative siRNA sequence targeted to TIPE2, we constructed 11
individual vectors with the amiRs inserted into one of two
restriction enzyme sites within the intron of the tCD34 vector
(Fig. 1). We chose to directly engineer primary human T
cells, as established T cell lines cannot correctly model the
diversity of gene expression found in random human donor
lymphocytes. Retroviral vector supernatant was prepared
from each construct and used to transduce activated human T
cells. Two days later we assayed for transduction efficiency
by fluorescence activated cell sorting analysis (FACS) anal-
ysis of cells expressing tCD34. As shown in Fig. 2, the T cells
transduced with the parental vector produced 27% tCD34 +

cells, while expression of tCD34 in the amiR vectors varied
from 1.1% to 25%. Interestingly, three of the amiR vector
designs, using miR-223, miR-146b, and miR-16 backbones
yielded poor tCD34 expression when inserted into either
restriction enzyme site. This observation was reproducible
with independently produced batches of vector supernatant.

To determine if the lack of tCD34 expression in transduced
human PBL was caused by the lack of transduction, we ex-
tracted DNA from transduced lymphocytes and used PCR to
determine the presence of integrated proviral DNA. The
specific PCR primers used were in the intron and flanked the
amiR insertion region (on either side of the BglII and BsrGI
sites). A PCR product was observed for each amiR vector-
transduced PBL culture (Fig. 2), regardless of tCD34 ex-
pression, indicating that the amiR sequence was associated
with the proviral integrate and we did not observe any gross
rearrangements of the amiR sequence by this assay. These
results suggest that the lack of tCD34 expression in these
specific vectors was due to post-transcriptional events.

The purpose of this experiment was to screen vector de-
signs for subsequent experiments targeting relevant cellular
targets, and thus all subsequent vectors were based on amiR
sequences from mirR-142, miR-150, and miR-155. The
reason for the lack of tCD34 expression in some vector de-
signs was not investigated further but possibly involved
negative influences on vector mRNA stability, processing, or
translational efficiency.

amiR vectors targeting SOCS1

As a first gene of potential interest to manipulate in T
cells we chose to target suppressor of cytokine signaling 1
(SOCS1). Eight siRNA or shRNAs targeting SOCS1 were
initially evaluated for their ability to knockdown SOCS1
mRNA in 293T and PBL with the four most active sequences
used to form the stems of amiRs based on microRNAs
142, 150, and 155 (data not shown). A total of 18 different
vectors were assembled and used to transduce PBL. Vector

FIG. 1. Artificial microRNA–truncated CD34 (amiR–
tCD34) vector design. Shown in the top diagram is the de-
sign principle for amiRs, which contain the 5¢, loop, and 3¢
sequences from a primary microRNA (miR) transcript with
the stem sequence being derived from a small interfering
RNA (siRNA). The MSGV2–tCD34 vector is shown in the
bottom diagram with the location of the insertion sites for the
amiR sequences. LTR, long terminal repeat; SD, splice do-
nor; c+ , extended packaging sequence; SA, splice acceptor.
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nomenclature was as follows: microRNA. siRNA restriction
enzyme (e.g., 150.065 BglII was a vector using the miR-150
backbone with a stem from siRNA 065 inserted into the BglII
site). Because previous reports had demonstrated that high-
level expression of shRNAs could affect in vitro cell viabil-
ity, we monitored growth of the SOCS1-amiR vector trans-
duced PBL cultures for 40 days (Fig. 3A). No significant
differences in SOCS1-amiR vector transduced cell growth
curves were observed compared to control cells, including
untransduced cells, green fluorescent protein (GFP) vector
transduced, and an unrelated amiR. We also determined
whether there were any changes in tCD34 gene expression
over time and again did not observe any significant differ-
ences in tCD34 expression over time versus the parental
tCD34 vector (Fig. 3B).

Evaluation of the activity of 18 amiR vectors targeting
SOCS1 was performed by measuring RNA levels of SOCS1
in transduced T cells (Fig. 4). In comparison with control
cultures, several of the constructs reduced SOCS1 RNA
greater than 4-fold (e.g., 142.065 BglII), while other con-
structs such as 155.003 BsrGI did not reduce SOCS1 mRNA.

Furthermore, we observed that the identical amiR construct
could behave differently dependent on its cloning site (e.g.,
compare 142.065 BglII and 142.065 BsrGI), indicating the
necessity to empirically evaluate all constructs for knock-
down activity. In some experiments, as the one depicted in
Fig. 4, SOCS1 mRNA expression in untransduced lympho-
cytes or lymphocytes transduced with GFP was different
from that in MSGV2-tCD34-tranduced cells. This observa-
tion, however, was not consistent across different donors.

Artificial miR vectors targeting PD-1

We next chose to target programmed cell death 1
(PDCD1), whose gene product is the PD-1 protein. When we
sought to target PD-1, we found that endogenous PD-1 ex-
pression was only transiently expressed post T cell activation
and varied greatly from donor to donor making it a difficult
target to evaluate amiR activity in vitro. Therefore, we in-
troduced, into primary T cells, the wild type PD-1 sequence
expressed by a constitutive promoter and then transduced
these cells with amiR vectors targeting PD-1. To determine

FIG. 2. Screening of amiR backbones. Shown in the top three rows are flow cytometry (FACS) plots of transduced
primary human T cells stained for the cell surface expression of CD34, with percent positive cells as shown. Rows labeled
BsrGI and BglII indicate which restriction enzyme site within the MSGV2–tCD34 vector was used to insert the amiR. The
bottom row shows a photograph of the polymerase chain reaction (PCR) reaction products of DNA extracted from
transduced T cells and subject to amplification using primers on either side of the BglII and BsrGI sites. Data are
representative of four independent transductions using different donor lymphocytes.
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FIG. 3. Cell viability and
transgene expression of amiR
vector transduced primary T
cells. (A) Eighteen different
amiR vectors targeting sup-
pressor of cytokine signaling 1
(SOCS1) were used to trans-
duce primary human T cells
along with control vectors and
maintained in cell culture for
40 days. Shown is the cell
count over time. (B) The same
18 vector-transduced cell cul-
tures were assayed for tCD34’
gene expression by FACS
at days 10, 30, and 40 post
transduction. Shown were the
percent CD34 positive cells
at the given time points.
Columns are labeled to indi-
cate which siRNA was used,
the microRNA (miR) back-
bone, and the vector insertion
site. Data shown were from
one of two similar experi-
ments using different donors.

FIG. 4. SOCS1 knockdown
by amiR vectors. The amount
of SOCS1 mRNA relative to
beta-actin was determined in
peripheral blood lympho-
cytes (PBL) cultures trans-
duced with the 18 SOCS1
amiR vectors and 3 control
cultures. RNA values were
determined by qualitative
real-time PCR. Data shown
were from one of two similar
experiments using different
donors.
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the ability of the amiR vectors to knockdown PD-1 pro-
tein expression, seven anti-PD-1 amiR vectors were used to
engineer PD-1 gene-transduced primary T cells from three
independent donors and five days post-transduction, the ex-
pression of tCD34 and PD-1 on the T cell surface was de-
termined (Fig. 5A). Each of the amiR vectors reduced PD-1
surface expression in comparison with T cells transduced
with the parental tCD34 vector, both in the percentage of PD-
1-postive cells (Fig. 5A) and in the mean fluorescence in-
tensity of the PD-1 staining (Fig. 5B).

Discussion

Gamma-retroviral vectors are one of the core gene transfer
technologies used in human gene therapy clinical applications
and have been used extensively in trials targeting hemato-
poietic cells using ex vivo gene transfer procedures. They
have been used in multiple trials targeting T lymphocytes for
diseases as diverse as adenosine deaminase deficiency-severe
combined immunodeficiency, HIV infection, cancer, and
most importantly, have a long-term safety record [14,31–33].
In this report we examined the design of g-retroviral vectors
devised to express both a protein coding sequence and also an
amiR sequence with the ability to knockdown target gene
expression. We took an empirical approach by testing several
microRNA backbones inserted into two different sites within
the intron of an MFG-like vector.

An amiR is a hybrid RNA molecule with RNA sequences
derived from the 5¢ and 3¢ flanking and loop regions of en-
dogenous microRNAs but where the stem sequence has been
replaced by an short interfering RNA (siRNA) sequence. For
potential clinical applications, amiRs have a number of ad-

vantages over similar shRNA expression platforms, includ-
ing the use of RNA polymerase II promoters, which can
mimic natural microRNA expression; and the endogenous
microRNA processing machinery does not trigger cellular
self-defense mechanisms such as interferon induction [34].
While many RNAi knockdown vectors designed for general
laboratory experimentation use short-hairpin designs, over-
expression of shRNAs using RNA polymerase III vectors
have been demonstrated to mediate toxicity via saturation of
microRNA processing pathways leading to lethality in ani-
mal models [35,36]. These shRNA vectors have also been
shown to be toxic to transduced human T cells [37] and we
also observed this phenomenon in preliminary experiments.

Many microRNAs are naturally found within introns or
other noncoding sequences, and previous publications using
lentiviral vectors also reported that these genetic elements
could be inserted and effectively expressed within artificial
introns of gene transfer vectors [12]. By insertion into the
vector intron, we theorized that the amiR insert would not
interfere with the expression of tCD34, as they would be
spliced out from the mature mRNA that was translated into
the tCD34 protein. Interestingly, this was not the case for
three of the amiRs based on miR-223, 146b, and 16, for which
we did not observe tCD34 expression (Fig. 2). In the report by
Amendola et al., using a lentiviral vector gene transfer plat-
form, an amiR based on miR-223 was shown to not interfere
with linked reporter gene expression when inserted into an
artificial intron [12]. Thus it is possible that the differences
observed in the effectiveness of the given amiR vector to
maintain the linked reporter protein expression are likely to
be context dependent, which reinforces the concept of em-
pirical vector design evaluation.

FIG. 5. Programmed cell death protein 1 (PD-1) knockdown by amiR vectors. The percentage of PD-1 + /CD34 + cells
was determined 5 days post transduction with seven different amiR vectors in multiple donor PBL engineered to consti-
tutively express PD-1. (A) Histograms showing a representative example of PD-1 expression on human PBL engineered to
co-express PD-1 along with the indicated amiR (solid line) or control vector (shaded histogram). Events gated on lymphoid,
single, viable CD3 + cells. (B) Shown are the mean values from three independent transductions using different donors. (C)
Shown are the mean fluorescence intensity values of PD-1 expression for tCD34 + PD-1 + cells (average of three inde-
pendent transductions performed on different donors). Parental refers to cells transduced with the MSGV2–tCD34 vector.
Paired t-test: ***p < 0.001, **p < 0.01, *p < 0.05.
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SOCS gene family members are involved in the regula-
tion of T cell differentiation and function as negative
feedback elements to cytokine stimulation [38,39]. Fol-
lowing cytokine receptor binding, Janus kinase ( JAK) is
activated which in turn activates the signal transducers
and activators of the transcription pathway. SOCS1 binds to
JAK and inhibits further T cell activation. Therefore, inhi-
bition of SOCS1 might enhance T cell function by lessen-
ing this feedback and potentially enhancing proliferation
and effector functions. Although we assembled and tested
multiple amiR vectors targeting SOCS1, we were unable to
reduce SOCS1 RNA expression more than 80% (Fig. 4).
This amount of SOCS1 RNA reduction may not be sufficient
for a relevant biological effect and further vector optimi-
zation would be warranted.

PD-1 is a cell surface protein that is expressed on activated
T cells and upon binding its ligands PD-L1 and PD-L2, in-
hibits T cell function, and is likely involved in limiting pe-
ripheral inflammatory responses and autoimmunity [40,41].
Most significantly, many tumors express PD-L1 and in
clinical trials using anti-PD-1 monoclonal antibodies, clinical
efficacy has been demonstrated in a variety of cancers [42].
We recently reported that PD-1 is down regulated in ex vivo
gene modified T cells administered to cancer patients in TCR
gene therapy trials [43]. This lack of significant PD-1 ex-
pression on ex vivo cultured T cells necessitated the intro-
duction of an expression cassette constitutively expressing
PD-1 in order for us to evaluate the PD-1 amiR vectors. While
artificial in design, we felt that if any of the amiR vectors we
able to reduce vector-mediated PD-1 expression, it would
likely be possible to see reduction of PD-1 under natural
T cell activation. Data presented in Fig. 5 demonstrated a near
90% reduction in PD-1 protein expression, which may merit
further investigation.

The purpose of the investigations reported herein was to
determine the feasibility of functional amiR insertion into the
commonly used MFG-class of g-retroviral vectors. Based on
these vectors design principles, g-retroviral vectors contain-
ing an amiR plus potentially therapeutic proteins can be
readily assembled, but different combinations of amiR se-
quence and vector insertion site need to be taken into con-
sideration for optimal function.
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