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ABSTRACT

Genetic modification of adult human hematopoietic stem and progenitor cells (HSPCs) with lentiviral
vectors leads to long-term gene expression in the progeny of the HSPCs and has been used to success-
fully treat severalmonogenic diseases. In some cases, the gene-modified cells have a selective growth
advantage over nonmodified cells and eventually are the dominant engrafted population. However,
in disease indications forwhich the gene-modified cells do not have a selective advantage, optimizing
transduction of HSPC is paramount to successful stem cell-based gene therapy.Wedemonstrate here
that transduction of adult CD34+ HSPCs with lentiviral vectors in the presence of rapamycin, a widely
used mTORC1 inhibitor, results in an approximately threefold increase in stable gene marking with
minimal effects onHSPC growth anddifferentiation. Using this approach,wehave demonstrated that
we can enhance the frequency of gene-modified HSPCs that give rise to clonogenic progeny in vitro
without excessive increases in the number of vector copies per cell or changes in integration pattern.
The genetic marking of HSPCs and expression of transgenes is durable, and transplantation of gene-
modified HSPCs into immunodeficientmice results in high levels of genemarking of the lymphoid and
myeloid progeny in vivo. The prior safe clinical history of rapamycin in other applications supports the
use of this compound to generate gene-modified autologous HSPCs for our HIV gene therapy clinical
trials. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1199–1208

INTRODUCTION

The successful use of lentiviral vectors to geneti-
cally modify hematopoietic stem and progenitor
cells (HSPCs) for the treatment of a number of
monogenic disease conditions including adreno-
leukodystrophy [1] and b-thalassemia [2] has
been reported, and the number of trials demon-
strating general proofofprinciple continues toex-
pand [3, 4]. We previously reported on a clinical
trial in HIV+ patients in whom autologous CD34+
HSPCs were genetically modified using a lentiviral
vector encoding a short hairpin RNA (shRNA)
targeting the HIV genome, a nucleolar localizing
transactivation response (TAR) decoy, and a
CCR5-specific hammerhead ribozyme previously
shown to effectively inhibit HIV infection in
vitro [5]. We were successful in preparing gene-
modified HSPC (GM-HSPC) products for infusion
in fourof fivepatients, andall patients transplanted
haddetectable genemarkingandexpressionatone
ormore time points for up to 2 years at the time of
the report [6]. In one patient (UPN0306), we have
now observed long-term (.3 years) gene marking
and expression of anti-HIV RNA in peripheral blood

cells [7], demonstrating the potential for long-term
provision of an HIV-resistant immune system. Un-
fortunately, thegenemarkingof themoreprimitive
hematopoietic stem cells was low (∼1%), resulting
in a low frequency of gene-modified progeny cells
(0.1%–0.3%) in the peripheral blood and bonemar-
row of these patients. Thus, there were insufficient
HIV-resistant blood cells in these patients to see
a clinical benefit.

Since this trial, one of the major goals of our
laboratory has been to improve the level of ge-
netic modification of HSPCs using lentiviral vec-
tors. Previously reported methods for enhancing
transduction of CD34+ HSPCs with viral vectors in-
clude duration of prestimulation, number of trans-
ductions, multiplicity of infection, centrifugation,
use of ABC transport inhibitors, fragments of fibro-
nectin, culture media, and time [8–13]. Most of
these methods, however, result in only incremen-
tal effects on overall transduction efficiency, are
not scalable (centrifugation), arehighly dependent
on vector quality (infectious titer), and are subject
to patient-specific variability. Recently, however,
Wang and Torbett [14] reported that rapamycin
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enhanced lentiviral transduction of cord blood and bonemarrow-
derived HSPCs from several species. Rapamycin (sirolimus) is
a nonantibiotic macrolide with pleiotropic activity, including im-
munosuppression and regulation of cell cycling and autophagy
[15–18]. The drug has been used clinically to prevent solid organ
rejection and graft versus host disease, as an anticancer agent,
and to coat coronary stents to prevent restenosis [19–23]. More-
over, engraftment of stem cells in immunodeficient mice has
been shown to be enhanced by treatment with rapamycin [24]
although this effect has not been tested in humans. Thus, we rea-
soned that treatment of HSPCs with rapamycin during transduc-
tion would potentially improve clinical outcome (in our current
gene therapy application) via multiple mechanisms. The history
of safe clinical use of rapamycin is supportive of this approach.

We report here on the use of rapamycin to enhance transduc-
tion in adult granulocyte colony-stimulating factor (G-CSF)-
mobilized HSPCs using in vitro and in vivo hematopoietic cell
assays to optimize the process. The methods developed in this
study will be used to manufacture cell products for our subse-
quent gene therapy studies but are applicable to other lentiviral
vector-based HSPC gene therapy studies and thus represent an
important advancement in the field of human gene therapy.

MATERIALS AND METHODS

Lentiviral Vectors

Self-inactivating HIV1-based lentiviral (LV1, rHIV7-U6-sh1-U6-
TAR-VA1-CCR5RZ-CMV-GFP-P2A-MGMT; and LV2, rHIV7-CMV-
GFP-P2A-MGMT) vectors were produced withmodified packaging
plasmids developed at City of Hope [25]. Batches of viral vector
were produced by calcium phosphate precipitation and transient
transfection of HEK293T cells as previously described [7]. The len-
tiviral vectors were pseudotypedwith vesicular stomatitis virus G
(VSV-G) protein to extend host range to include HSPCs [26–28].
LV3 rRSCSMPGW2 vector was a gift from Dr. Hans Peter Kiem
and has been previously described [29, 30]. LV4 rHIV-shI-TAR-
CCR5 is a self-inactivating VSV-G pseudotyped lentiviral vector
described in [5]. Additional methodology is detailed in the
supplemental online data.

CD34+ HSPC Isolation

CD34+ HSPCs were isolated from G-CSF-mobilized peripheral
blood from healthy donors provided by Progenitor Cell Therapy
(Allendale, NJ, http://pctcelltherapy.com). Apheresis products
were washed, concentrated, labeled with CliniMACS CD34
MicroBeads (Miltenyi Biotec, Auburn, CA, http://www.
miltenyibiotec.com), and enriched with the CliniMACS Cell Sep-
aration System (Miltenyi Biotec). The purity of selected cells
was higher than 95%. The purified CD34+ cellswere either used
freshly for transduction or cryopreserved in CryoStor CS5
solution (BioLife Solutions, Bothell, WA, http://biolifesolutions.
com) using a controlled rate freezer and stored in the vapor
phase of a liquid nitrogen dewar for later use.

Expansion Culture

For expansion of hematopoietic cells, HSPCs at 16–24 hours after
transduction were seeded at 53 104 cells per milliliter in expan-
sion medium, StemSpan serum-free expansion medium (SFEM)
(StemCell Technologies Inc., Vancouver, BC, Canada, http://
www.stemcell.com), containing 50–100 ng/ml recombinant

human stem cell factor, 50–100 ng/ml FMS-like tyrosine
kinase-3 ligand (Flt-3L), 10–50 ng/ml thrombopoietin (CellGenix,
Freiburg,Germany,http://www.cellgenix.com),50ng/ml interleukin-
6 (Invitrogen, Carlsbad, CA, http://www.invitrogen.com) (SFT6)
and with (0.75 mM) or without StemRegenin-1 (SR-1; Cellagen
Technology, San Diego, CA, http://www.cellagentech.com),
hereinafter referred to as expansion medium, unless otherwise
indicated. Cultures were maintained by feeding fresh medium
every2–3days asdescribedbyBoitanoet al. [31] for up to2weeks
or as specified. Cells were takenweekly for cell count and viability
and used to set up colony-forming unit (CFU) assays (at day 7 of
culture) or to be used for phenotype analysis and quantitative
polymerase chain reaction (qPCR).

Lentiviral Transduction

Freshly isolated or frozen CD34+ HSPCs (1–23 106 cells per mil-
liliter) were prestimulated for 16–20 hours before transduction
in SFT6. After prestimulation, the cells were transduced with
lentivirus at an multiplicity of infection (MOI) of 10–50 on
RetroNectin-coated (Takara, Shiga, Japan, http://www.takara-
bio.com)non-tissue culture-treatedplates according to themanu-
facturer’s instructions in the presence or absence of rapamycin
(Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) at
the indicated concentrations. After 24 hours of incubation at
37°C with 5% CO2, the cells were washed three times in phosphate-
buffered saline (PBS) before performance of cell culture assays.

Myeloid Differentiation Culture (Bulk Culture)

For myeloid hematopoietic potential, cells were collected 16–24
hours after transduction, washed, and seeded at 13 105 cells per
milliliter in myeloid differentiation culture medium as described
[32]. Cultures were maintained by demidepletion of media every
3–5 days. Cells were collected weekly for up to 4 weeks for cell
count and viability using Guava PCA-96 (EMDMillipore, Danvers,
MA, http://www.millipore.com) and used for performance of
phenotypic analysis and qPCR.

Flow Cytometric Analysis of In Vitro Cultures

Aliquots of cells from in vitro cultures were harvested weekly for
phenotypic analysis using antibodies to lineage-specific cell sur-
face antigens. Antibodies CD33-PE, CD15-FITC, GlyA-PC5 (BD Bio-
sciences, San Jose, CA, CA, http://www.bdbiosciences.com), and
CD14-APC-Alexa750 (Invitrogen) were used to identify progeni-
tors, granulocyte, erythrocyte, and monocyte subpopulations,
respectively, in myeloid differentiation cultures as previously
described [32]. Cells from expansion culture were also collected
weekly to determine GFP expression and phenotype using CD90-
PE or CD90-APC, CD49f-PE (BD Biosciences, San Jose, CA, http://
www.bdbiosciences.com), and CD34-PC7 (Beckman Coulter,
Brea, CA, http://www.beckmancoulter.com). Phenotypic data
were collected on a Gallios flow cytometer (Beckman Coulter)
and analyzed with FCS Express software (DeNovo Software, Los
Angeles, CA, http://www.denovosoftware.com).

Fluorescence-Activated Cell Sorting

CD34+ HSPCs from three different donors were prestimulated in
SFEM SFT6 overnight followed by LV1 transduction (MOI 10) in
the presence or absence of 20 mg/ml rapamycin (Sigma-Aldrich).
Transduced cells were cultured in expansion culture medium for
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1 week and sorted for GFP+ and GFP2 using a fluorescence-
activated cell sorting (FACS) Aria II (BD Biosciences). Sorted cells
were monitored for growth expansion or plated for CFUs as de-
scribed above.

Colony-Forming Unit Assay

Untransduced controls and transduced cells were harvested
16–24hours after transduction or after 7 days of growth in expan-
sion culture medium. A total of 500 cells were plated per plate in
triplicate in MethoCult H4435-enriched methylcellulose medium
according to the manufacturer’s instructions (StemCell Technol-
ogies). Total colonies and differential lineage colonies were enu-
merated under invertedmicroscope 12–14 days after incubation.

qPCR

Samples from myeloid differentiation culture, expansion cul-
ture or CFU colonies were analyzed for copy number of inte-
grated viral vector using specific primers by qPCR using
previously described methods [6]. The number of copies of in-
tegrated viral vector (woodchuck hepatitis virus posttransla-
tional regulatory element [WPRE]) detected was normalized
to cell number (copies of apolipoprotein B) to calculate the av-
erage copy number/cell. To determine the absolute copy number
per cell of clones, individual colonies derived frommethylcellulose
cultures were isolated, and qPCR was performed using same
methods described above.

Mice

NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG) were originally obtained
from the Jackson Laboratory (Bar Harbor, ME, http://www.jax.
org) and then bred for these studies at the City of Hope National
Medical Center Animal Resources Center. The mice were housed
in an Association for Assessment and Accreditation of Laboratory
Animal Care-accredited barrier facility under specific pathogen-
free environment. All experimentation with mice was performed
under protocols approved by the Institutional Animal Care and
Use Committee (IACUC) of City of Hope National Medical
Center/Beckman Research Institute and the Guide for the Care
and Use of Laboratory Animals [33].

Mouse Transplantation

All animal transplant experiments were conducted according to
an IACUC-reviewed and -approved protocol held by D.L.D. Adult
(8–10 weeks old) NSG mice were irradiated at 270 cGy 24 hours
prior to transplantation. The mice were injected intravenously
with 1 3 106 CD34+ HSPCs per animal in saline for injection
(APP Pharmaceuticals, Lake Zurich, IL, http://www.fresenius-
kabi.us) in cohorts of 10 or 11 mice per condition. The mice were
either transplanted with nontransduced CD34+ HSPCs, HSPCs
transduced without rapamycin, or HSPCs transduced with 20
mg/ml rapamycin, each following overnight stimulation and 24
hours of transduction. Animals weremaintained on sulfamethox-
azole and trimethoprim (Hi-Tech Pharmacal, Amityville, NY,
http://www.hitechpharm.com) water and autoclaved food
with subcutaneous hydration (0.9% NaCl solution) as required
after transplantation. All animal husbandry was performed
according to the IACUC standard procedures. At 16 weeks post-
transplant, bone marrow and spleens from mice transplanted
with HSPCs were harvested and analyzed by FACS.

Flow Cytometric Analysis of Engraftment

Mice were necropsied 16weeks post-transplantation for analysis
of engraftment. Single cell suspensions of bone marrow (femurs)
and spleen were prepared by mechanical dissociation and red
cells lysed using red blood cell lysis buffer (Sigma-Aldrich). All cell
suspensions were pretreated with human immunoglobulin
(GammaGard; Baxter, Westlake Village, CA, https://www.baxter.
com) for30minutes toblocknonspecificantibodystaining.Spleencell
suspensions were stained with a human pan-leukocyte antibody
to CD45-PC7 (BioLegend, San Diego, CA, http://www.biolegend.
com) and lineage-specific anti-human CD3-ECD and CD4-APC
(Invitrogen) for 20 minutes and washed twice with 1 ml of PBS
containing 0.1% bovine serum albumin (Sigma-Aldrich). Bone
marrow cells were stained with anti-human antibodies to
CD45-PC7 (Beckman Coulter) and CD14-APC-Alexa 750 (Invitro-
gen). For isotype controls, we used matching Ig isotypes conju-
gated to APC from (BD Biosciences), ECD, APC-Alexa 750, and
PC7 (Beckman Coulter). Samples were analyzed using Gallios
cytometer as described before.

Statistical Analysis

Statistical analysis was carried out using GraphPad Prism 6.03
software (GraphPad Software, Inc., La Jolla, CA, http://www.
graphpad.com). Pairs of data setswere analyzed for statistical sig-
nificance using Student’s t test (95% confidence interval, two-
tailed, paired or unpaired test); multiple data set comparisons
were performed with one-way or two-way analysis of variance
as specified in figure legends. The results are presented as
means 6 SEM. SEMs are shown as error bars in figures.
Significance is shown as follows: p, p , .05; pp, p , .01; ppp,
p , .001; and pppp, p , .0001.

RESULTS

Rapamycin Enhances Genetic Modification of Adult
HSPCs With Lentiviral Vectors

For these studies, we used G-CSF-mobilized apheresis products
from healthy donors because this is the most commonly used
source of HSPCs for gene therapy clinical studies. CD34+ HSPCs
were isolated using a magnetic selection device (CliniMACS;
Miltenyi Biotec) using methods previously developed in our
laboratory [34]. CD34-enriched HSPCs were prestimulated in
serum-free expansion medium (StemSpan SFEM) containing
hematopoietic cytokines (SFT6) and an aryl-hydrocarbon recep-
tor antagonist (SR-1) because these conditions were previously
shown to maintain the stem cell contents of HSPCs [31]. After
prestimulation, cells were transduced with a lentiviral vector
(LV2) encoding enhanced green fluorescent protein (GFP) in
thepresenceof 0–80mg/ml rapamycin. Cellswere incubatedwith
virus for 24 hours and thenwashed and placed in stem cell expan-
sion cultures (SFEM+ SFT6 + SR-1) for 5 days, afterwhich theywere
counted and analyzed for viability, cell growth, andGFP expression.
Treatment of cellswithup to40mg/ml rapamycin resulted in signif-
icant enhancement of gene marking with little to no toxicity, but
the optimal enhancement of gene marking was observed using
20 mg/ml rapamycin (Fig. 1A, 1B). The use of 80 mg/ml rapamycin
induced significant cell death, and it was not possible to analyze
transduction in these samples. The growth of cells during the first
5 days of culture was significantly inhibited (p, .05) at all rapamy-
cin concentrations, but this was expected because rapamycin is
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a known cell cycle inhibitor (Fig. 1B). Cell cycle analysis of HSPCs
from three donors 20 hours after treatment with rapamycin dem-
onstrated that the percentage of HSPCs going through the S phase
was reduced froman average of 39% to,1%with a significant por-
tion (60%–70%) of the cells arrested in either G0 or G1 of the cell
cycle (supplemental online Fig. 1).

Evaluation of cell growth over 19 days of culture following
treatment with 20 mg/ml rapamycin demonstrated that the
growth inhibitionwas reversible and that rapamycin-treated cells
grew better than controls between days 5 and 15 of culture, after
which growth was similar between treated and untreated cul-
tures (Fig. 1C).

CD34+HSPCs are known tobeamixtureofmultipotent hema-
topoietic progenitors and more primitive hematopoietic stem
cells. CD34+ cells that coexpress the CD90 antigen are highly
enriched in primitive hematopoietic stem cells [35], and this pop-
ulation can be further enriched in CD90+ cells that also coexpress
CD49f [36]. In order to determine the genemarking of thesemore
primitive cell populations, we performed 19 transductions on
HSPCs from 9 healthy volunteers in 5 independent experiments
and assayed after 7 days for the level of GFP expression in various
(phenotypically defined) stemandprogenitor cell compartments.
We observed enhancement of gene transduction of CD34+
HSPCs, as well as the CD34+/CD90+ and CD34+/CD90+/CD49f+
primitive hematopoietic stems in the presence of rapamycin
(supplemental online Fig. 2). This enhancement was highly repro-
ducible and averaged 3-fold in CD34+ (n = 9 donors, 19 transduc-
tions), 3.3-fold in CD34+/CD90+ (n = 9 donors, 19 transductions),
and 1.5-fold in CD34+/CD90+/CD49f+ (n = 3 donors and transduc-
tions) cell populations, although the enhancement did not reach
statistical significance in the CD34+/CD90+/CD49f+ cells (Fig. 1D).

We also evaluatedwhether the transductionwas reproducible
using other vectors and different donors or in the absence of SR-1.
CD34+ HSPCs frommultiple donors were prestimulated and trans-
duced in thepresenceorabsenceof rapamycinwith threedifferent
lentiviral vectors (LV1, LV3, and LV4) in the absence of SR-1, and
the percentage transduction was measured for each group after
7 days of expansion culture (Fig. 2A). We observed a similar en-
hancement of transduction by rapamycin with all three vectors
in the absence of SR-1. Interestingly, LV4 did not contain a GFP
gene, and the analysis of the level of transduction was performed
by quantitative PCR for theWPRE element in the vector. Thus, the
magnitude of observed enhancement of transduction with rapa-
mycin treatment (threefold) was not dependent on method of
analysis.We also observed enhancement of transduction in HSPCs
fromeachof six independentdonors, althoughtheabsolute level of
enhancement by rapamycin did vary with donor (Fig. 2B).

Lentiviral Transduction in the Presence of Rapamycin
Has Minimal but Reversible Effects on Hematopoietic
Colony Formation

We used in vitro colony formation assays to assess the effect of
rapamycin treatment on hematopoietic potential of transduced
HSPCs. CD34+ HSPCs from three donors were transduced with
lentiviral vector (LV1) in the presence or absence of 20 mg/ml
rapamycin and then plated 12–16 hours after transduction in
methylcellulose cultures in triplicate. Alternatively, HSPCs were
transducedasdescribed, cultured inSFEM+SFT6+SR-1 for7days,
and then plated in methylcellulose cultures in triplicate. All cul-
tures were scored for the number of CFU-G, CFU-M, CFU-GM,
CFU-GEMM, and B/CFU-E 2 weeks after plating. Cells plated

Figure 1. Rapamycin dose effect on transduction efficiency, cell viability, and cell growth. (A): LV2 transduction of hematopoietic stem and
progenitor cells (HSPCs) (percentage of GFP expression) over a range of rapamycin concentrations (n = 3). (B): Cell growth and viability of the
same samples shown in (A). (C): Incremental in vitroHPSCproliferation following transductionwithorwithout rapamycin (n=7). (D):Phenotypic
analysis ofGFP expression in subpopulations ofHSPCs 7 days after transduction in the presence or absence of rapamycin (n= 9donors for CD34+
and CD34+/CD90+, n = 3 for CD90+/CD49f+). Height of bars represents the average value, and error bars represent SEM. p, p, .05; pp, p, .01;
ppp, p , .001; pppp, p , .0001. Abbreviations: D, days; GFP, green fluorescent protein; HSPC, hematopoietic stem-progenitor cells; LV, len-
tivirus; ns, not significant; Rapa, rapamycin.
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immediately after transduction showed no differences in the
number of myeloid colonies produced but had a small but statis-
tically significant reduction in the number of erythroid colonies
formed (p , .001) (Fig. 3A). When the cells were cultured for 7
days in expansion medium prior to plating for CFU, no significant
differences in the number of colonies of any type between
rapamycin-treated and untreated cultures were observed (Fig.
3B). These data further support the reversibility of the growth in-
hibitory effects of rapamycin treatment.

Previous studies, including those conducted inour laboratory,
have shown that lentiviral vectors transiently decrease the

growth of cells [37, 38] and (D.L.D., unpublished observation).
Todistinguish between theeffects of transduction and rapamycin
treatment on hematopoietic colony formation, we fractionated
cells into genetic modified (GFP+) and nonmodified (GFP2) pop-
ulations derived from transduction in the presence or absence of
rapamycin by fluorescence-activated cell sorting. Treated cell
samples were all cultured for 7 days in expansion medium prior
to cell sorting to maintain the frequency of primitive hematopoi-
etic cells. Sorted cells were plated in triplicate inmethylcellulose,
and total colonies were counted after 14 days. Among the groups
tested, GFP+ cells gave rise to significantly fewer colonies than

Figure 2. Rapamycin enhances genetic modification of adult hematopoietic stem and progenitor cells (HSPCs) withmultiple lentiviral vectors.
(A):Enhancement of geneticmodification of adult HSPCs in thepresence of rapamycinwithmultiple vectors. GFP+percentage analysis fromLV1
(n=9) andLV3 (n=3) transduced cells (left y-axis) and transgene copynumber analysis byquantitativepolymerase chain reaction fromLV4 (n=3)
transduced cells (right y-axis) after 7 days of expansion culture. (B): Increase in transduction of individual donor hematopoietic stem and pro-
genitor cells in response to rapamycin treatment. CD34+ cells fromsixdonorswere transducedwith LV1andanalyzed forGFP+expressionafter 7
days of expansion culture. Treatment groups were analyzed for significance using the Student’s paired, two-tailed t test. Height of bars rep-
resents the average value, and error bars represent SEM. ppp, p, .001; p, p, .05. Abbreviations: Avg, average; GFP, green fluorescent protein;
HSPC, hematopoietic stem/progenitor cells; LV, lentivirus; Rapa, rapamycin.

Figure 3. Rapamycin effect on hematopoietic potential. CFU assays were conducted as described in Materials and Methods. (A, B): 500 cells
from each sample were plated inmethylcellulose (in triplicate) 1 day after transduction with LV1 (A) or after 7 days of expansion in SFT6 + SR-1
(B). Colony number for each colony type was scored on day 14. The average number of colonies from each sample is shown with a bar for each
colony type. Statistical analysis was performed using paired t tests (n = 3 donors). Height of bars represents the average value, and error bars
represent SEM. ppp, p, .001. Abbreviations: B/CFU-E, late erythrocyte; CFU, colony-forming unit; G, granulocytes; GEMM, granulocyte, eryth-
rocyte, monocyte, megakaryocyte; GM, granulocyte-macrophage progenitor; LV, lentivirus; M, monocytes; Rapa, rapamycin; SFT6, stem cell
factor, flt-3 ligand, thrombopoietin, and interleukin-6; Untd, untransduced.
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GFP2cells regardlessofwhether theywerederived fromtransduc-
tions in the presence or absence of rapamycin (Fig. 4A). However,
transduction in thepresenceof rapamycin resulted inan increase in
thenumberof colonies fromboththeGFP+andGFP2populations.
This ispossiblydueto theexpressionofGFPproteinorhigh levelsof
shRNA expressed from these vectors and is consistent with results
reported by our group and others [39, 40].

Transduction of HSPCs With Rapamycin Results in
a Nominal Increase in the Average Number of
Integrated Copies of Lentiviral Vector and Is Stable

We placed the HSPCs into methylcellulose cultures following
transduction in thepresenceor absenceof rapamycin to generate
colonies for analysis of the average lentiviral vector copy number
per cell using previously described methods [6]. Although there
was an increase in the average copy number per cell in the pres-
ence versus the absence of rapamycin (1.7 vs. 0.92, respectively),
160of 162 (98.7%) of colonies had,5 integrated copies per cell in
the rapamycin-treated group, with only 2 colonies carrying 8 and
11 copies per cell, respectively (Fig. 4B). These data suggest that
rapamycin treatment increases the frequency of transduction
more than the magnitude of transduction.

In order to understand the stability of the enhanced lentiviral
vector integration, we also performed 4-week bulk cultures on
cells transduced with 2 different lentiviral vectors (LV1 and
LV4) and again used PCR analysis of vector sequences to deter-
mine the average number of copies per cell of integrated vector.
Although we observed an overall reduction in the average copy
number per cell over the first 2–3 weeks of the culture period,
the rapamycin-treated cells maintained a higher overall level of

integrated vector for each of two different vectors (Fig. 4C,
4D). No changes in the level of gene marking were observed in
the cultures of cells treated with rapamycin between weeks 3
and 4, suggesting that transgenes were integrated and stable af-
ter 3weeks and that genemarkingwas enhanced in CD33+, CD14+,
and CD15+ myeloid cells as well as glycophorin A+ erythroid
progenitor cells (Fig. 5). These results suggest that the subpopu-
lations of cells that maintain long-term cultures are also more
highly transduced in the presence of rapamycin and are consis-
tent with the phenotypic analysis data of transduction described
above that suggests that the more primitive stem cell compart-
ment is transduced at a higher level in the presence of rapamycin.
Overall, irrespective of method of measurement, our data indi-
cate that CD34+ HSPCs are transduced two- to threefold higher
in the presence of rapamycin with minimal impact on in vitro he-
matopoietic activity (Table 1).

Transduction of HSPCs in the Presence of Rapamycin
Does Not Change the Integration Pattern of Vector

We performed integration site analysis on genomic DNA samples
isolated from HSPCs transduced in the presence or absence of
rapamycin to determine whether there were changes in the pat-
terns of integration. Because our vectors were designed to PCR
from within the lentiviral long terminal repeat (LTR), and there
are two LTRs in reverse orientation in the integrated proviral con-
struct, we detected both vector and genomic sequences. Those
results that showed proper linker sequences showing homology
to humanDNA andwithmore than 5 read coveragewere reported
to ensure authenticity and were further analyzed for integration
site. Similar (random) patterns and frequencies of integration into

Figure 4. Analysis of colony-forming potential and transgene copy number following transduction in rapamycin. (A): Rapamycin enhanced
colony-forming potential of genetically modified cells. CD34+ cells were transduced with LV1 (multiplicity of infection, 10) after overnight pre-
stimulation in SFT6 followed by 7 days of expansion in SFEM SFT6 SR1. GFP+ and GFP2 cells were sorted and plated for CFU. Statistical analysis
wasperformedwithpaired t test (n=3). (B):Methylcellulose colonies of LV1-transduced cellswithorwithout rapamycin treatmentwerepicked,
lysed, and analyzed by quantitative polymerase chain reactionwithWPRE- and apolipoprotein B (ApoB)-specific primers as described inMateri-
als and Methods. The ratio of transgene copy number determined by WPRE and cell number determined by ApoB were calculated and pre-
sented. The data sets were analyzed for statistical significance by paired t test. (C, D): Stability of transgene average copy number per cell
in 4 weeks differentiation cultures of transduced hematopoietic stem and progenitor cells using LV1 (C) and LV4 (D). Height of bars represents
the average value, and error bars represent SEM. p, p, .05; pp, p, .01; ppp, p, .001; and pppp, p, .0001. Abbreviations: CFU, colony-forming
unit; GFP, green fluorescent protein; LV, lentivirus; Rapa, rapamycin; WPRE, woodchuck hepatitis virus post-translational regulatory element.
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exons, introns, and intergenic sequences were observed for the
samples transduced in the presence or absence of rapamycin
(supplemental online Table 1). A complete listing of integration
sites meeting the criteria described above is provided in
supplemental online Tables 2 and 3. Therefore, rapamycin treat-
ment during transduction does not appear to alter the integration
pattern of the lentiviral vector.

Rapamycin-Enhanced Transduction of HSPCs Results in
Improved Gene Marking of Myeloid and Lymphoid
Lineages In Vivo

In order to better assess the effects of rapamycin on engraftment
on long-term engrafting cells, we transplanted cohorts of immu-
nodeficient NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG) mice with
HSPCs transduced in the presence or absence of rapamycin and
measured engraftment and gene marking in multiple blood cell
lineages at 16 weeks after transplant. Although we did not ob-
serve an enhancement of overall engraftment of human cells
(% CD45+) following treatmentwith rapamycin (data not shown),
as has been previously reported [24], we did detect a significant
increase in the level of GFP expression in the CD45+ and CD45
+/CD4+ cell populations in the spleen of these mice (p , .0001)

when the cells were transduced in the presence of rapamycin
(Fig. 6A, 6B). Additionally, we observed equivalent levels of en-
hancement of gene marking and expression in the CD45+ cells
and CD45+/CD14+ monocytes (p , .001) in the bone marrow
of these mice. No tumors were evident in any of the mice tested,
and no mice died as a result of the treatment, which supports
the safety of the treatment. The relative level of genetic mod-
ification within control and rapamycin-treated groups was
similar in all mice tested. These data demonstrate that en-
hancement of gene marking with rapamycin seen in vitro is also
seen in the mature progeny of the HSPCs in vivo without any
demonstrable loss of engrafting activity.

Mechanism of Action of Rapamycin

In order to understand the mechanism of action of rapamycin,
we performed several experiments. First, we measured the ef-
fect of treatment with rapamycin on the expression of low-
density lipoprotein (LDL) receptor, which has been shown to
be the receptor for the VSV-G protein used to pseudotype our
lentiviral vectors [41]. Our data demonstrate that the LDL recep-
tor is down-regulated in the presence of rapamycin despite the
higher level of transduction (supplemental online Fig. 3). We
also evaluated another mTOR inhibitor (KU0063794), which
has been shown to inhibit both mTORC1 and mTORC2, leading
to arrest of cell cycling and induction of autophagy in renal cell
carcinoma cell lines [42]. HSPCs were transduced under stan-
dard conditions, in the presence of 20 mg/ml rapamycin or
KU0063794 ranging from 5 to 80 mM. The proliferation and
GFP marking of the HSPCs was measured for each condition af-
ter 7 days of culture. Proliferation of HSPCs was inhibited in the
presence of rapamycin and at all concentrations of KU0063794
tested (p, .05 for all groups compared with untreated control)
(supplemental online Fig. 4). However, enhancement of trans-
duction only occurred in the presence of rapamycin. Therefore,
inhibition of cell proliferation is not sufficient to result in en-
hanced transduction of HSPCs.

Finally, we performed PCR analysis for WPRE DNA in trans-
duced cells at 3 and 16 hours post-transduction to assess the av-
erage number of reverse transcribed vector copies per cell. There

Figure 5. Rapamycin-enhanced genemarking in differentiated lineage progenies. Phenotypic analysis of GFP+ cells in CD33+, CD14+, and CD15+
myeloid cells, as well as glycophorin A+ erythroid population. CD34+ cells were prestimulated overnight in SFT6 and transduced with LV3
(multiplicity of infection, 10) in the absence (top) and presence (bottom) of rapamycin during transduction. Transduced cells were harvested after
overnight transductionandplated inmyeloiddifferentiationbulkcultureasdescribed inMaterials andMethods.Theplots shownresult fromday14
of culture. Abbreviation: GFP, green fluorescent protein; LV, lentivirus; SFT6, stem cell factor, flt-3 ligand, thrombopoietin, and interleukin-6.

Table 1. Summary of enhanced transduction efficiency by rapamycin
with different methods

Vector GFP Bulk PCR Clone PCR

LV1 2.856 0.54 (n = 9) 2.326 0.54 (n = 9) 2.56 0.298 (n = 3)

LV3 2.416 0.63 (n = 3) 2.316 0.1 (n = 3) NA

LV4 Not applicable 2.46 0.34 (n = 3) NA

The table shows the ratio of transduction efficiency from
rapamycin-treatedovernontreatedon threedifferent vectors, LV1, LV3,
and LV4 with three different assay methods. GFP, bulk PCR, and clone
PCR refer to the methods used to measure the transduction efficiency:
GFP indicates transduction efficiency determined by measuring
percentage of GFP+ cells; bulk PCR indicates transduction efficiency
(transgene copy number per cell) measured by qPCR from bulk culture;
clone PCR indicates frequency of transgene positive clones determined
by qPCR. Abbreviations: GFP, green fluorescent protein; NA, not
available; PCR, polymerase chain reaction; qPCR, quantitative
polymerase chain reaction.
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was no increase in the number of copies of vector per cell at
3 hours, but at 16 hours we observed a 2.5-fold increase in
(presumably unintegrated) copies of vector per cell compared
with transduction in the absence of rapamycin (p , .01)
(supplemental online Fig. 5). These data support the enhance-
ment of intracellular trafficking, leading to an enhanced level of
reverse transcription of RNA vector as a major mechanism of ac-
tion for rapamycin.

DISCUSSION

Geneticmodification of HSPCs has been successfully used to treat
a significant number of monogenic diseases, leading to increased
interest in this form of therapy for other indications. In two re-
cently reported cases, high levels of genetic modification were
observed in vivo following transplantation of gene-modified
CD34+ HSPCs from patients with Wiscott-Aldrich syndrome

or metachromatic leukodystrophy [3, 4]. These results were
obtained using one to two transductions of HSPCs with very high
doses of lentiviral vector each time (MOI = 100 per transduction).
The amount of vector required for these studies is prohibitively
expensive and not amenable to treatments of large cohorts of
patients. Additionally, although not observed in these studies,
the increased concentration of vector has the potential for in-
creasing the number of viral integrants, and these methods
may create significant safety issues in other indications or with
other vectors. In other indications (adenosine deaminase [AD]/
severe combined immunodeficiency [SCID]), high levels of genet-
ically modified cells were observed because the target cell popu-
lation (T and NK cells) had a natural growth advantage over
nonmodified cells [43]. In other cases, however, in which the cells
do not enjoy a growth advantage, modifying the majority of the
HSPCs with a low number of integrated copies of vector is desir-
able and may be necessary to observe a clinical effect.

Figure 6. Rapamycin treatment on CD34+ cells greatly enhanced engraftment of GFP+ cells in NSGmice spleen and bonemarrow at 16weeks.
Cells were prestimulated overnight in SFT6 StemSpan SFEM medium before 24 hours of transduction, and then they were transplanted. (A):
Fluorescence-activated cell sorting phenotypic analysis of spleens fromNSGmice transplanted with 13 106 nontransduced CD34+ cells, trans-
duced CD34+ cells without rapamycin, or transduced CD34+ cells with rapamycin treatment. Upper row: CD45+/GFP+ cells. Lower row: CD4+/
GFP+ cells. (B): Statistical analysis of spleens and bone marrows from NSG mice transplanted with 1 3 106 transduced CD34+ cells without
rapamycin (n = 10) or with rapamycin treatment (n = 11). The data were analyzed with unpaired two-tailed Student’s t test. ppp, p, .001; pppp,
p, .0001. Abbreviations: GFP, green fluorescent protein; NSG, NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ; Rapa, rapamycin; SFEM, serum free expansion
media; SFT6, stem cell factor, flt-3 ligand, thrombopoietin, and interleukin-6; Tx, transduction.
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In our previous clinical trial, we observed levels of genemark-
ing of HSPCs of between 10% and 20% immediately after trans-
duction, but those levels dropped to approximately 1% after 4
weeks of culture and were similarly low in patients transplanted
with the gene-modifiedHSPCs [6]. In order to improve the level of
gene-modified cells in vivo for proof of concept studies, we
sought a method for increasing transduction of adult HSPCs that
was safe and reproducible andnot dependentupon vector titer or
composition. The process needed to be scalable and cGMP-
compliant and ideally would not require the manufacturing or
use of vast amounts of viral vector. The processwould necessarily
have to result in similarly high levels of geneticmodification of the
CD4+ T-cell and monocytic progeny of the HSPCs to be useful for
our HIV gene therapy program, and we did not wish to use
reagents with no prior clinical history.

The results presented here demonstrate that treatment of
adult HSPCs with rapamycin results in gene-modified HSPCs that
meet all of the above requirements. Moreover, rapamycin treat-
ment at the time of transduction resulted in robust enhancement
of the level of gene modification of CD34+ cells, as well as the
more primitive CD34+/CD90+ stem cell populations from nine
healthy donors irrespective of the viral vector used. Although
rapamycin is a cell cycle inhibitor andwe observed an initial delay
in cell growth and erythroid colony formation in vitro, these dif-
ferences were reversible and did not alter the overall hematopoi-
etic potential of the HSPCs. The average copy number per cell was
limited to approximately two in clones analyzed from CFU assays
and bulk liquid culture analysis demonstrated a stable, higher
level of transduction of monocytic, granulocytic, and erythroid
progenitor cells in those cultures initiated with rapamycin-
treated HSPCs. The prolongedmarking of CD33+myeloid progen-
itors that persist in these cultures for 4 weeks supports the
phenotypic data that rapamycin enhances the transduction of
more primitive hematopoietic stem cells that initiate long-term
cultures, as does the engraftment of NSG mice with an increased
frequency of gene-modified cells.

Use of an alternative mTOR inhibitor (KU0063794), which
inhibitsmTORC1andmTORC2,also resulted in the inhibitionofpro-
liferation but did not result in the enhancement of transduction.
Similar to studies in renal cell carcinoma lines, KU0063794 abro-
gates the effects of inhibition of mTORC1 by simultaneous inhibi-
tion of mTORC2. Because this inhibitor has also been shown to
induce autophagy, it is reasonable to assume that induction of
autophagyalsooccurs inHSPCsand thatneithercell cycle inhibition
nor autophagy induction are sufficient mechanisms for the en-
hancement of transduction induced by rapamycin. The increase
in the average numberof copies per cell of reverse transcribed vec-
tor measured in our PCR assays indicates that intracellular traffick-
ingof internalized virus after rapamycin treatment leads toahigher
rate of conversion of vector RNA to reverse transcribed DNA
sequences. Because this process is observed as early as 16 hours,
it is likely that little integration of the vector has taken place and

that themechanismofenhancementmayentirely precedeproviral
integration. We are currently conducting additional testing in our
laboratory to further elucidate the mechanism of action.

CONCLUSION

Importantly, wewere also able to demonstrate the enhancement
of transductionofCD4+ T cells andCD14+monocytes in vivo using
an immunodeficient mouse model. Although we did not observe
an enhancement of the level of engraftment of human cells fol-
lowing treatment ofHSPCswith rapamycin as has beenpreviously
reported for cord blood [24], we did not see any reduction in en-
graftment or skewing of lineages. Overall our data suggest that
the enhancement of rapamycin acts on progenitor and long-
term engrafting stem cells without altering the engraftment or
lineage potential of HSPCs but does not lead to an unacceptable
level of copies per cell of integrated vector or change the integra-
tion pattern of vector in the host cell genomic DNA. The ability to
enhance transduction of our target populations (CD4+ T cell and
monocytes) suggests that this is clinically relevantmethod for en-
hancing transduction of HSPCs with in vivo engrafting ability and
multilineage potential. We are currently exploring the use of
these methods in our clinical trials in stem cell-based gene ther-
apy for HIV.
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