
Lentiviral Vector Gene Transfer Is Limited by the Proteasome at
Postentry Steps in Various Types of Stem Cells

FRANCESCA ROMANA SANTONI DE SIO,a,b ANGELA GRITTI,a PAOLO CASCIO,c MARGHERITA NERI,a

MAURILIO SAMPAOLESI,d CESARE GALLI,e,f JEREMY LUBAN,g LUIGI NALDINIa,b

aSan Raffaele Telethon Institute for Gene Therapy and bVita Salute, San Raffaele University, Milan, Italy;
cDepartment of Morphophysiology, School of Veterinary Medicine, University of Turin, Grugliasco, Torino, Italy;
dStem Cell Research Institute, San Raffaele Scientific Institute, Milan, Italy; eReproductive Technologies
Laboratory, CIZ, Istituto Sperimentale Italiano Lazzaro Spallanzani, Cremona, Italy; fDipartimento Clinico
Veterinario, University of Bologna, Ozzano Emilia, Italy; gDepartment of Microbiology and Molecular Medicine,
Faculty of Medicine, University of Geneva, Geneva, Switzerland

Key Words. Lentiviral vectors • Gene transfer • Somatic stem cells • Embryonic stem cells • Proteasome • Proteasome inhibitor

ABSTRACT

The isolation of human embryonic and somatic stem cells
of different types has made it possible to design novel gene
and cell replacement therapies. Vectors derived from
retro/lentiviruses are used to stably introduce genes into
stem cells and their progeny. However, the permissivity to
retroviral infection varies among cell types. We previ-
ously showed that hematopoietic stem cells are poorly
permissive to human immunodeficiency virus (HIV)-de-
rived vectors and that pharmacological inhibition of the
proteasome strongly enhances gene transfer. Here we
report that the proteasome limits lentiviral gene transfer
in all stem cell types tested, including embryonic, mesen-
chymal, and neural, of both human and mouse origin.
Remarkably, this inhibitory activity was sharply reduced

upon differentiation of the stem cells, suggesting that it
represents a novel feature of the stem cell/immature pro-
genitor phenotype. Proteasome-mediated inhibition was
specific for lentiviral vectors and occurred at a postentry
infection step. It was not mediated by activation of nu-
clear factor-�B, a major signaling pathway modulated by
the proteasome, and did not correlate with high protea-
some activity. Interaction of the virion core with cyclo-
philin A was required to maximize the effect of protea-
some inhibitor on the infection pathway. These findings
are relevant to uncover new mediators of HIV gene trans-
fer and help in designing more effective protocols for the
genetic modification of stem cells. STEM CELLS 2008;26:
2142–2152

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Transplantation of hematopoietic stem cells (HSC) from healthy
donors and genetic correction of inherited deficiencies in the
HSC of affected individuals have provided successful therapies
for several diseases. The isolation of human embryonic stem
cells (huESC) and tissue-specific stem cells, such as mesenchy-
mal stem cells (MSC) and neural stem cells (NSC), will allow
designing novel cell replacement strategies and expanding the
scope of the rapidly growing field of regenerative medicine [1].
Since for many applications genetic modification of the stem
cells to be transplanted is needed, the development of efficient
protocols enabling stable gene transfer into different types of
stem cells is required.

Among the available gene transfer systems, lentiviral vec-
tors (LV) best fit the requirements of stem cell transduction. LV
integrate into the genome of target cells and enable stable

expression and transmission of the transgene to the cell progeny
[2]. Moreover, LV impose few requirements on the target cell
status for efficient transduction. However, the efficiency of LV
gene transfer varies significantly among cells of different types
and from different species. Human and murine HSC, for in-
stance, can be transduced by human immunodeficiency virus-1
(HIV-1)-derived lentiviral vectors (HIV-LV) in short-term ex
vivo culture but display low permissivity to the vector, requiring
high vector doses and cytokine stimulation to be efficiently
transduced [3].

As obligate cell parasites, LV exploit the cellular machinery
to establish infection. Only a few cellular cofactors, however,
have been identified to date in the complex pathway leading
from the viral particle binding the cell surface receptor to an
integrated provirus [4]. For all of these factors, it is not known
whether they are expressed at different levels in different cell
types and conditions, and whether this may explain variation in
cell permissivity to infection. The cellular peptidyl prolyl
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isomerase cyclophilin A (CypA) has been identified as a key
cofactor in the process of HIV-1 uncoating, although its mode of
action remains to be clarified [5, 6]. Recently, several groups
have demonstrated that mammalian cells harbor innate defense
mechanisms, such as the expression of TRIM5� and APOBEC
family members, that target LV and other retroviruses [7–9].
Although it was proposed that TRIM5� acts by targeting viral
particles to proteasomal degradation [10], it has recently been
shown that proteasome inhibition relieves a block to reverse
transcription but does not rescue HIV-1 infection in TRIM5�-
expressing cells [11, 12].

We and others have shown that pharmacological inhibition
of the proteasome during infection increases HIV-1 infectivity
and HIV-LV-mediated gene transfer [13–18]. This effect is
particularly evident in HSC, in which the poor permissivity to
HIV-LV can be overcome to reach very high levels of trans-
duction. Thus, the proteasome limits LV in this cell type.

Here we report that proteasome-mediated inhibition of LV
gene transfer is a common and specific feature of different stem
cell types, including ESC, MSC, and NSC, compared with their
differentiated progeny. The proteasome inhibition acted posten-
try and required interaction of CypA with the virion core to
maximize the efficiency of the infection steps leading to inte-
gration.

MATERIALS AND METHODS

Cells
Human hematopoietic stem/progenitor cells (huHSPC) were puri-
fied by density separation on Lymphoprep (Axis-Shield, Oslo,
Norway, http://www.axis-shield.com) and CD34-positive selection
(CD34 progenitor isolation kit; Miltenyi MACS) from mobilized
peripheral blood (MPB) or cord blood (CB), as previously described
[16, 19]. Cord blood-derived huHSPC were differentiated into my-
eloid and erythroid cells as previously described [20, 21]. Murine
hematopoietic stem/progenitor cells (muHSPC) were purified by
lineage-negative selection (StemSep Mouse Hematopoietic Progen-
itor Cell Enrichment kit; StemCell Technologies, Vancouver, BC,
Canada, http://www.stemcell.com) from bone marrow cells har-
vested from 6–10-week-old C57Bl/6 or FVB or 129sv (all from
Charles River Laboratories, Calco, Italy, http://www.criver.com) or
129sv interferon (IFN) ��R�/� (B&K Universal Limited, Grim-
ston, U.K., http://www.bku.com) mice, as previously described
[22]. huESC (HUES-3 line) were kindly provided by D. Melton
(Harvard Stem Cell Institute, Cambridge, MA) and were grown on
mitomycin-C-treated murine embryonic fibroblasts in knockout
Dulbecco’s modified Eagle’s medium (DMEM) containing basic
fibroblast growth factor (FGF2), human albumin, serum replace-
ment, and �-mercaptoethanol, as described [23]. huESC work was
approved by the Ethical Committee of the Reproductive Technol-
ogies Laboratory of Cremona. Murine neural stem cell (muNSC)
lines were established from the subventricular zone tissue of
3-month-old CD1 mice, as previously described [24, 25]. For the
experiments, homogeneous batches of muNSC at subculturing pas-
sages 10–15 were used. Cells were cultured in a chemically defined
serum-free medium (control medium) containing FGF2 and epider-
mal growth factor (both from Peprotech [Rocky Hill, NJ, http://
www.peprotech.com] at 10 and 20 ng/ml, respectively), referred to
as growth medium. Neurospheres formed under these conditions
were subcultured every 5–6 days by mechanical dissociation.
muNSC were differentiated as previously described [25, 26].
Briefly, 5-day-old neurospheres were dissociated, cultured for 3
days in the presence of an adhesion substrate (Matrigel; BD Bio-
sciences, San Diego, http://www.bdbiosciences.com) and in serum-
free medium containing FGF2, and then exposed to control medium
containing 2% fetal calf serum for a further 5–7 days. Neural
primary cultures were established from the cortex of postnatal day
2 CD1 mice. After mild enzymatic dissociation, tissues were me-
chanically dissociated, and cells were plated on laminin-coated

dishes in DMEM-F-12 medium (Gibco, Grand Island, NY, http://
www.invitrogen.com) with 10% fetal bovine serum (FBS). After 24
hours, cultures were shifted to control medium containing FGF2 and
2% FBS for 48 hours and then to control medium containing
brain-derived neurotrophic factor (10 ng/ml; Peprotech). Medium
was changed every 3 days. The total time in culture was 14 days; we
did not add antimitotic agents to allow the proliferation of glial cells
and to obtain mixed glial/neuronal cultures resembling the NSC-
derived cultures. Murine MSC (muMSC) (D15 clone) were isolated
from mouse dorsal aorta at 9.5 days post coitum, as previously
described [27]. muMSC were cultured in MegaCell DMEM with
50% DMEM (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.
com) and 10% FBS containing 25 ng/ml FGF2. Smooth muscle
cells were differentiated by culturing muMSC in DMEM with 2%
horse serum (Euroclone, Pero, Italy, http://www.euroclone.net) con-
taining 10 ng/ml transforming growth factor � (Peprotech) for 10
days, as previously described [28]. Human MSC (huMSC) were
isolated from biopsies of tibialis cranialis of human healthy adult
male patients [29]. huMSC were cultured in MegaCell DMEM with
5% FBS (HyClone, Logan, UT, http://www.hyclone.com) contain-
ing 10 ng/ml FGF2. Mononuclear cells were purified by density
separation on Lymphoprep (Axis-Shield) of peripheral blood from
healthy donors. T lymphocytes were maintained in Iscove’s modi-
fied Dulbecco’s medium (IMDM) with 10% FBS containing recom-
binant human interleukin 2 (rhIL2; 30 U/ml). Human cell samples
were collected after informed consent according to the Declaration
of Helsinki and the H. San Raffaele Bioethical Committee.

Vectors
Vectors are described in supplemental online Materials and
Methods.

Transduction
Hematopoietic stem/progenitor cells (HSPC) were transduced at a
concentration of 0.5–1 � 106 cells per milliliter with vesicular
stomatitis virus glycoprotein (VSV-G)-pseudotyped HIV-LV for 20
hours in the following conditions. Human CB-derived HSPC were
cultured with or without 100 ng/ml recombinant human stem cell
factor (rhSCF), 20 ng/ml recombinant human thrombopoietin
(rhTPO), 100 ng/ml recombinant human Flt3 ligand, and 20 ng/ml
rhIL6 in serum-free StemSpan medium (StemCell Technologies).
Human MPB HSPC were prestimulated 24 hours with 300 ng/ml
rhSCF, 100 ng/ml rhTPO, 300 ng/ml rhFlt3L, and 60 ng/ml rhIL3
in serum-free ExVivo 15 medium (BioWhittaker, Walkersville,
MD, http://www.biowhittaker.com) on non-tissue-culture-treated
dishes coated with fibronectin fragments (CH296; Takara Bio,
Shiga, Japan, http://www.takara-bio.com) Mouse bone marrow-de-
rived HSPC were cultured with or without 100 ng/ml recombinant
murine stem cell factor, 100 ng/ml recombinant murine thrombo-
poietin, 100 ng/ml recombinant murine Flt3 ligand, and 20 ng/ml
recombinant murine interleukin 3 in serum-free StemSpan medium
(all cytokines from Peprotech). After transduction, cells were
washed and maintained in IMDM with 10% FBS containing 100
ng/ml rhSCF, 20 ng/ml rhIL6, and 20 ng/ml rhIL3 (for human cells)
or the same cytokines used for transduction (for murine cells) for at
least 11 days before analysis. huHSPC transduction with RD/TR-
pseudotyped HIV-LV and Foamy virus-derived vectors was per-
formed on non-tissue-culture-treated dishes coated with CH296,
according to the manufacturer’s instructions. huHSPC-derived my-
eloid and erythroid cells were transduced 9 days after exposure to
the differentiation medium at a concentration of 4–8 � 105 cells per
milliliter. T lymphocytes were transduced at a concentration of 106

cells per milliliter, after 3 days of stimulation of peripheral blood
mononuclear cells with 10 �g/ml anti-CD3 antibody (OKT3), 1
�g/ml anti-CD28 antibody (both from Dako, Glostrup, Denmark,
http://www.dako.com), and 1 �g/ml phytohemagglutinin (Roche
Diagnostics, Basel, Switzerland, http://www.roche-applied-science.
com). huESC were seeded at a concentration of 2–7 � 103 cells per
cm2 (2–7 � 104 cells per milliliter) and transduced 12 hours later.
muNSC 5-day-old neurospheres were dissociated and seeded at a
concentration of 3 � 104 cells per cm2 (105 cells per milliliter) and
transduced 24 hours later. muNSC-derived glia and neurons were
transduced 6 days after plating muNSC (3 � 104 cells per cm2) on
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the adhesion substrate. Neural primary cultures were transduced 11
days after plating (8 � 104 cells per cm2). Murine and human MSC

were seeded at a concentration of 0.5–1 � 104 cells per cm2

(0.5–1 � 105 cells per milliliter) and transduced the day after.

Figure 1. Effect of proteasome inhibitor on human immunodeficiency virus (HIV)-LV transduction of stem and differentiated cells. Various stem
(A, C) or differentiated (B, D) cells (both human [A, B] and murine [C, D]) were transduced with a constant dose of HIV-LV-GFP in the absence
or presence of the indicated doses of MG132. The percentage of GFP-positive cells (% GFP; bars) and MFI (line) were evaluated by flow cytometry
10–14 (A, C) or 3–6 (B, D) days after transduction; LV copies per cell (LV CpC; line) were assessed by quantitative polymerase chain reaction 14–21
days after transduction and are shown as mean � SD of three measurements per sample. (A): Human mobilized peripheral blood HSPC, huESC, and
huMSC were transduced with 108 (multiplicity of infection [MOI] 100), 2 � 106 (MOI 20), and 106 (MOI 20) transducing units (TU)/ml
HIV-LV-GFP, respectively. (B): Myeloid (black bars and line) and erythroid (gray bars and line) cells differentiated from cord blood-derived HSPC
were transduced with 107 TU/ml (MOI 10), and human peripheral blood T lymphocytes were transduced with 106 TU/ml (MOI 1). (C): Murine bone
marrow HSPC were transduced in the absence of cytokines with 108 TU/ml (MOI 100), muNSC were transduced with 1 � 106 TU/ml (MOI 10),
and muMSC were transduced with 5 � 106 TU/ml (MOI 50). (D): Neural primary cultures were transduced with 1 � 106 TU/ml (MOI 10), glia and
neurons were differentiated from muNSC of (C) and transduced with 1 � 106 TU/ml (MOI 10), and smooth muscle cells were differentiated from
muMSC of (C) and transduced with 5 � 105 TU/ml (MOI 1). For each cell type, one experiment of two or more independently performed with similar
results is shown. Statistical analysis of all results is given in Table 1. Abbreviations: GFP, green fluorescent protein; huESC, human embryonic stem
cells; huHSPC, human hematopoietic stem/progenitor cells; huMSC, human mesenchymal stem cells; LV, lentiviral vectors; MFI, mean fluorescence
intensity; muHSPC, murine hematopoietic stem/progenitor cells; muMSC, murine mesenchymal stem cells; muNSC, murine neural stem cells; NSC,
neural stem cells.
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muMSC-derived smooth muscle cells were transduced at the same
concentration as muMSC. HSPC were exposed to the vector for 20
hours, whereas all the other cells were exposed for 12–16 hours.
The dose of vector used in each experiment is indicated in the figure
legends as transducing units/ml and multiplicity of infection (MOI),
as calculated by titration on HeLa cells.

Drugs
Proteasome inhibitor MG132 (Calbiochem), cyclosporine A (Sig-
ma-Aldrich), and FK506 (Sigma-Aldrich) were resuspended and
stored following the manufacturer’s instructions. They were added
to the transduction medium at the indicated concentration and
washed out with the vector after the transduction period.

Flow Cytometry
Stem/progenitor cells were maintained in culture for at least 11 days
after transduction before analysis. Differentiated cells, which cannot
be kept in culture for such a long period, were maintained in culture
for at least 3 days before analysis. All cells were stained with 10
�g/ml 7-aminoactinomycin D (7AAD), and only viable, 7AAD-
negative cells were analyzed for transgene expression. Untrans-
duced cells were used as a negative control to set parameters and
gates, and 10,000–20,000 events were scored. For cell cycle anal-
ysis, cells were stained in phosphate-buffered saline 1% saponin
with 50 �g/ml propidium iodide and 300 KU/ml RNase and incu-
bated for 10 minutes at room temperature. Cell aggregates and dead
cells were eliminated from further analysis by gating individual
cells in the FL3-area versus FL3-width plot.

Quantitative Polymerase Chain Reaction
Cells were analyzed at least 14 days after transduction to avoid
detection of nonintegrated vector particles. To amplify the vector
sequence, primers and probe complementary to the vector Rev
responsive element sequence were used. Vector copy numbers were
normalized to genomic DNA content, which was assessed using
primers and probe complementary to the human TERT gene or to
the murine �-actin gene. Quantitative polymerase chain reaction
(Q-PCR) primers and probe sequences and conditions were previ-
ously described [16].

Proteasome Activity Assay and Western Blot
Proteasome activity assay and Western blot are described in sup-
plemental online Materials and Methods.

Statistical Analysis
Statistical analysis is described in supplemental online Materials
and Methods.

RESULTS

Inhibition of LV Transduction by the Proteasome Is
a Specific Feature of Different Stem Cell Types
We first investigated whether the proteasome-dependent resis-
tance of HSC to LV gene transfer was shared by other cell types.
We tested the effect of proteasome inhibition on the transduc-
tion of a panel of stem cells, including huHSPC and muHSPC,
huMSC and muMSC, huESC, and muNSC. All cells were
transduced with late-generation vesicular stomatitis virus-gly-
coprotein (VSV-G)-pseudotyped green fluorescent protein
(GFP) encoding HIV-LV [30] (HIV-LV-GFP) in the absence or
presence of increasing concentrations of the proteasome inhib-
itor MG132 [31]. The amount of vector used for each cell type
was chosen to obtain an easily measurable transduction level
without reaching saturation. MG132 concentrations ranged from
0.1 to 1.5 �M, with the highest concentration set to limit toxicity
(each cell type displayed a different sensitivity to the inhibitor).
After the transduction period both vector and drug were washed
out, and the cells were analyzed after 10–14 days.

Flow cytometry revealed an MG132 dose-dependent en-
hancement in gene transfer in all stem cells tested, (Fig. 1A, 1C;
Table 1), as assessed by the frequency and mean fluorescence
intensity (MFI) of GFP-positive cells. We calculated the fold
increase in transduction by dividing the highest levels of trans-
duction (expressed as MFI and as LV copies per cell; described
below) obtained in cells transduced in presence of MG132 by
the level of transduction obtained in cells transduced in absence
of MG132. The fold increase in transduction due to MG132
ranged between 1.3 and 3.9, depending on the stem cell type
(p � .05 for all cell types; n � 3–8). To determine the average
vector copy number per cell (LV CpC) and thereby confirm the
increase in the transduction level, we performed Q-PCR and
found that all stem cells tested responded to the proteasome

Table 1. Effect of proteasome inhibitor on HIV-LV transduction of stem and differentiated cells

Cell type
Fold increasea

(LV CpC)
p < .05b

(LV CpC)
Fold increasea

(MFI)
p < .05b

(MFI) n (N)

Stem/progenitor (human)
HSPC 3.6 � 1.6 Yes 2.3 � 0.7 Yes 7 (4)
MSC 3.5 � 0.0 Yes 1.3 � 0.1 NA 3 (2)
ESC ND 1.9 � 0.5 Yes 3 (3)

Differentiated (human)
Myeloid ND 0.8 � 0.1 No 4 (2)
Erythroid ND 1.5 � 0.7 No 4 (2)
T cells ND 0.9 � 0.2 No 3 (3)

Stem/progenitor (murine)
HSPC 1.8 � 0.6 Yes 1.6 � 0.4 Yes 8 (5)
NSC 14 � 0.4 Yes 3.9 � 2.4 Yes 3 (3)
MSC 5.6 � 2.2 Yes 3.8 � 0.8 Yes 3 (3)

Differentiated (murine)
Neural primary cultures 1.5 � 0.3 Yes 1.3 � 0.2 Yes 4 (3)
NSC-derived glia and neurons ND 1.5 � 0.4 No 3 (3)
Smooth muscle ND 0.9 NA 2 (2)

a Fold increase is the transduction level of the samples treated with the doses of MG132 showing the highest efficacy divided by transduction
level of the untreated samples. Fold increase is expressed as mean � SD.
b p value is calculated by Kruskal-Wallis test.
Abbreviations: HSPC, hematopoietic stem/progenitor cells; HIV-LV, human immunodeficiency virus-derived lentiviral vector; LV CpC,
lentiviral vector copies per cell; MFI, mean fluorescence intensity; MSC, mesenchymal stem cells; n, total number of replicates; N, number
of independent experiments; NA, not applicable because MFI was measured in only two biological replicates; ND, not determined.
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inhibitor, with a statistically significant increase in vector copy
number (p � .05 for all cell types; n � 3–8). The extent of the
response to the proteasome inhibitor was different among the
different stem cell types tested and ranged from a twofold
increase for muHSPC to a 14-fold increase for muNSC at the
highest dose of inhibitor.

We then investigated whether the proteasome-mediated
block was maintained during differentiation. We used estab-
lished protocols to differentiate myeloid and erythroid cells
from huHSPC [20, 21], smooth muscle cells from muMSC [28],
and glia and neurons from muNSC [25, 26]. The fraction of
differentiated cells was more than 85% of the culture in all
experiments, as assayed by expression of differentiation markers
(data not shown). We also included peripheral blood T lympho-
cytes and neural primary cultures in the analysis. We transduced
all the differentiated cultures as described above and did not
observe any significant increase in the level of transduction, as
assessed by the percentage and MFI of GFP-positive cells, upon
incubation with the proteasome inhibitor, except for a marginal
increase in the neural primary cultures (Fig. 1B, 1D; Table 1).
Indeed, the fold increase in transduction for the differentiated
cells exposed to MG132 ranged between 0.9 and 1.5 (p � .05
for all cell types, except for neural primary cultures, in which
p � .05; n � 3–4). To verify that the lack of response was not
due to saturating levels of GFP expression despite increasing
vector copies, we showed that it was possible to increase the
MFI of T-cells, smooth muscle cells, and neural primary cul-
tures by increasing the vector dose (supplemental online Table
1). In MG132-treated neural primary cultures, we also found a
vector dose-dependent increase in vector copy number (1.5-
fold), corresponding to that observed in MFI. Of note, the
marginal increase measured in the differentiated neural cells
should be compared with the 14-fold increase observed in
muNSC. These findings indicate that proteasome-dependent
inhibition of LV transduction is a characteristic feature of stem
cells and immature progenitors and is sharply reduced upon
differentiation.

We then evaluated whether the proteasome inhibition of
HIV-LV was dependent on a high level of proteasome activity
in stem cells. The proteasome chymotrypsin-like activity, which
accounts for 90% of the activity of this complex, was biochem-
ically assayed in all cell types tested (Fig. 2A). As we reported
previously, huHSPC showed a high proteasome-specific activ-
ity, and this was also true for muMSC. In contrast, the other
stem cell types had lower chymotrypsin-like activities, which
were comparable to those observed in their nonrestrictive dif-
ferentiated progeny. These data argue against a default or direct
activity of the proteasome in limiting HIV-LV transduction.

Since the increased HIV infection observed in cell lines
treated with proteasome inhibitors has been explained by a
drug-induced block in the G2/M phases of the cell cycle [15], we
analyzed the cell cycle distribution of cells exposed to MG132
or not (Fig. 2B). In our experimental conditions, HSPC exposed
to MG132 showed even more pronounced accumulation in the
G0/G1 phases of the cell cycle, which are the most refractory to
HIV-1 infection [32, 33], than the untreated cells (89% vs. 63%
of cells in G0/G1 phases for MG132-treated vs. untreated, re-
spectively). On the contrary, erythroid and myeloid differenti-
ated cells showed a slight accumulation in the G2/M phases
upon MG132 treatment (19% vs. 17% of cells in G2/M phases
for MG132-treated vs. untreated, respectively), yet these cells
did not respond to the drug with an increased transduction.
Thus, a G2/M arrest cannot explain the enhancement of trans-
duction observed in presence of the proteasome inhibitor in our
experimental settings.

The Proteasome Targets Postentry Steps of
Transduction and Is Specific for the LV Core
We tested whether a vector equipped with all of the HIV-1
accessory proteins (which were absent from the vector in the
above experiments) could overcome the proteasome block in
stem cells. We produced HIV-LV-GFP using a first-genera-
tion packaging construct [2], which expresses all of the
HIV-1 accessory proteins, and transduced huHSPC in the
absence or presence of increasing doses of MG132. Trans-
duction significantly increased in an MG132 dose-dependent
manner, when assessed by both flow cytometry and Q-PCR,
to a similar extent as observed for the accessory protein-
defective HIV-LV-GFP (fold increase: 4.7 � 2.8; p � .05;

Figure 2. Proteasome activity and effect of MG132 on cell cycle status
in stem and differentiated cells. (A): Cell lysates were assayed for the
proteasome chymotrypsin-like activity by monitoring the production of
7-amino-4-methylcoumarin (amc) from the fluorogenic peptide Suc-
LLVY-amc. Specific activity is expressed as nanomoles of Suc-LLVY-
amc cleaved per milligram of proteins per minute. Values are mean �
SD of two experiments (n � 6 total replicates in two independent
experiments) performed with independent cell preparations. (B):
huHSPC and huHSPC-derived myeloid/erythroid cells, exposed to 1
�M MG132 for 20 hours or left untreated, were stained with PI and
analyzed for cell cycle distribution. Upper panels: representative flow
cytometry analysis. Lower panel: distribution of the cells in the different
cell cycle phases. Values are the average of two experiments (n � 2 total
replicates in two independent experiments). Abbreviations: HSPC, he-
matopoietic stem/progenitor cells; huHSPC, human hematopoietic stem/
progenitor cells; MSC, mesenchymal stem cells; PI, propidium iodide.
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n � 3) (Fig. 3A, 3D). The overall transduction efficiency of
this first generation vector was lower than that observed with
the late-generation vector. This was likely due to a lower
infectivity of the first generation vector and a toxic effect of
some accessory proteins.

We then asked whether the proteasome-mediated block
acted against other retrovirus-derived vectors. We transduced
human and murine HSPC with a VSV-G-pseudotyped Moloney
leukemia virus-derived vector (MLV) in the absence or presence
of MG132 and did not observe enhanced gene transfer with the
proteasome inhibitor (data not shown). However, MLV required
prolonged cytokine prestimulation to induce cell proliferation
and enable HSPC gene transfer [3]. In these conditions, an
increasing fraction of the cells exposed to MG132 was found in
the S/G2 phase of the cell cycle (data not shown). Thus, we
cannot exclude the possibility that a positive effect of the
proteasome inhibitor may have been masked by a cell cycle
block that inhibited MLV gene transfer.

We then tested Foamy virus-derived vectors (FV) [34] and
did not observe an enhancement of transduction even at the
highest MG132 dose used (fold increase: 1.0 � 0.1; p � .05;
n � 3) (Fig. 3B, 3D). Although the batch of FV used in these
experiments gave a low rate of gene transfer into huHSPC, we
could easily detect an MG132-induced increased transduction
when using HIV-LV at a comparable low titer (compare with
Fig. 3A, right panel). Thus, our data suggest that the protea-
some-mediated block in stem cells acts specifically against LV.

We then investigated whether the proteasome block was
dependent on the mode of vector entry by testing two HIV-LV
that exploit different pathways of entry. We transduced huHSPC
with HIV-LV pseudotyped either with the VSV-G envelope,
which mediates pH-dependent entry via the endosome [35] or
the modified RD114 (RD/TR) envelope, which mediates pH-
independent entry of the vector [36, 37], in the presence or
absence of MG132. Both flow cytometry and Q-PCR analysis
showed a significant MG132-dependent enhancement in the
level of transduction of both VSV-G (fold increase: 2.2 � 0.6;
p � .05; n � 3) and RD/TR HIV-LV (fold increase: 3.2 � 1.9;
p � .05; n � 3) (Fig. 3C, 3D). These findings indicate that
proteasome blockade is not linked to a specific pathway of entry
and thus suggest that the proteasome limits transduction at one
or more postentry steps.

Nuclear Factor-�B and Interferon-Activated
Pathways Are Not Involved in the
Proteasome-Mediated Inhibition
We then investigated whether the major cell signaling pathways
affected by the proteasome were involved in the inhibition of
LV gene transfer. A major consequence of MG132 treatment is
the blockage of nuclear factor (NF)-�B activation [38–40]. To
determine whether the enhancement of transduction observed
with MG132 was due to an inhibition of NF-�B activation, we
prevented NF-�B activation by a genetic approach and evalu-
ated the effect of MG132 on the transduction efficiency of the

Figure 3. Features of the proteasome-dependent inhibition of gene transfer. Human hematopoietic stem/progenitor cells were transduced in the
absence or presence of increasing doses of MG132 as indicated and analyzed by flow cytometry to evaluate the percentage of GFP-positive cells (%
GFP; bars) and MFI (line) or by quantitative polymerase chain reaction to assess vector copies per cell (LV CpC; line, shown as mean � SD of three
measurements per sample). (A): Cells were transduced with 108 transducing units (TU)/ml (multiplicity of infection [MOI] 100) of HIV-LV-GFP
produced with a packaging construct expressing all HIV-1 accessory proteins (p�CMV8.2 [2]), in the presence (left panel) or absence (right panel)
of cytokine stimulation. (B): Cells were transduced with 2 � 106 TU/ml (MOI 2) of GFP encoding FV. (C): Cells were transduced with 106 TU/ml
(MOI 1) of VSV-G (left panel) or RD/TR (right panel)-pseudotyped HIV-LV-GFP. In (A–C), one experiment of two independently performed with
similar results is shown. (D): Statistical analysis of all the experiments performed. Fold increase: transduction level of the samples treated with the
most effective doses of MG132/transduction level of the untreated samples, expressed as mean � SD. p value was calculated by the Kruskal-Wallis
test. Abbreviations: FV, Foamy virus-derived vector; GFP, green fluorescent protein; HIV, human immunodeficiency virus; LV, lentiviral vectors;
MFI, mean fluorescence intensity; n, total number of replicates; N, number of independent experiments; RD/TR, modified RD114 envelope; VSV-G,
vesicular stomatitis virus glycoprotein.
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engineered cells. We transduced muMSC with a retroviral vec-
tor (RV) encoding GFP and an IkB� super-repressor (RV-
IkBSR_GFP), which is constantly bound to NF-�B and inhibits
its activation [41, 42], or with a control RV (RV-GFP). After 3
days, we transduced the cells again with yellow fluorescent
protein (YFP)-encoding HIV-LV (HIV-LV-YFP) in the absence
or presence of increasing concentrations of MG132 (Fig. 4A).
One week post-HIV-LV-YFP transduction, we measured the
percentage of YFP-expressing cells among the GFP-positive
cells and found an almost superimposable enhancement of trans-
duction due to MG132 in the cells transduced with RV-
IkBSR_GFP or with the control vector. This was particularly

evident when comparing the increase in MFI in the two cell
populations. In fact, MG132 treatment induced a 2.9 � 1.3-fold
increase and a 3.8 � 2.7-fold increase in transduction in cells
transduced with RV_GFP and with RV-IkBSR_GFP, respec-
tively (p � .05; n � 3). These findings indicate that NF-�B
activation is not involved in the proteasome block.

We used a similar approach to evaluate whether the
proteasome block acted downstream of interferon (IFN)-
activated pathways. We investigated these pathways because
IFN mediates innate immune responses to HIV and inhibits
HIV infection and HIV-LV gene transfer [43]. IFN also
upregulates the immunoproteasome [44, 45]. We transduced

Figure 4. Effect of preventing nuclear factor (NF)-�B activation and interferon (IFN)-activated signaling on human immunodeficiency virus
(HIV)-LV transduction. (A): NF-�B activation is not involved in the proteasome-mediated block. Upper panel: scheme of the experiment; murine
mesenchymal stem cells were transduced with 2 � 106 transducing units (TU)/ml (multiplicity of infection [MOI] 20) of the indicated RV followed
by 106 TU/ml (MOI 10) of HIV-LV-YFP. Middle panels: flow cytometry analysis of cells before LV-YFP transduction (day 3); percentage of
GFP-positive cells and MFI are indicated. Lower panels: Flow cytometry analysis of YFP expression—percentage (left graph) and MFI (right graph)
of YFP-positive cells—in cells transduced with LV-YFP in the absence or presence of different doses of MG132, as indicated, and previously
transduced with RV-GFP (squares) or RV-IkBSR_GFP (triangles). YFP-positive cells were calculated among the GFP-expressing cells. One
experiment of two independently performed with similar results is shown. There was no statistically significant difference between the fold increase
in transduction induced by MG132 in RV-GFP and RV-IkBSR_GFP cells (one-tailed Mann-Whitney test, performed on data obtained from all the
experiments carried out; n � 3 total replicates in two independent experiments). (B): The proteasome-mediated block is not downstream of
IFN-activated signaling. Bone marrow lineage-negative cells were isolated from wt (triangles) or IFN��R�/� (squares) mice and transduced in the
absence (gray symbols) or presence (black symbols) of cytokine stimulation with 107 TU/ml (MOI 100) of HIV-LV-GFP in the absence or presence
of increasing doses of MG132, as indicated. Left graph: the percentage of GFP positive cells (% GFP) assayed by flow cytometry. Right graph: LV
copies per cell (LV CpC) assayed by quantitative polymerase chain reaction and shown as mean � SD of three measurements per sample. One
experiment of two independently performed with similar results is shown. There was no statistically significant difference between the fold increase
in transduction induced by MG132 in wt and IFN��R�/� cells (one-tailed Mann-Whitney test, performed on data obtained from all the experiments
carried out; n � 3 total replicates in two independent experiments). Abbreviations: cyt, cytokine stimulation; FSC-H, forward scatter-height; GFP,
green fluorescent protein; IFN��R, interferon �� receptor; LV, lentiviral vectors; MFI, mean fluorescence intensity; RV, retroviral vector; YFP,
yellow fluorescent protein; wt, wild-type.
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HSPC from transgenic mice in which the gene encoding the
receptor for � and � IFN had been knocked down
(IFN��R�/�) [46] and from wild-type controls, in the ab-
sence or presence of increasing amounts of MG132.
IFN��R�/� HSPC responded as well as wild-type cells did
to MG132 (3.1 � 1.6-fold and 1.6 � 0.3-fold increase in
transduction upon MG132 exposure in IFN��R�/� and wild-
type cells, respectively; p � .05; n � 3) (Fig. 4B). This
indicates that the proteasome-mediated block does not act
downstream of IFN-activated pathways.

Cyclosporine A Abrogates the Enhancement of
Transduction Induced by the Proteasome Inhibitor
The capsid (CA) protein of HIV-1 binds the cellular protein
CypA, and such an interaction strongly enhances HIV-1
infection in human cells [6, 47]. The immunosuppressive

drug cyclosporine A (CSA) sequesters CypA and prevents
HIV CA-CypA interaction [48, 49]. We used CSA to evaluate
the effect of inhibiting HIV CA-CypA binding on the mod-
ulation of HIV-LV gene transfer by the proteasome. We
transduced huHSPC with HIV-LV-GFP in the absence or pres-
ence of MG132, CSA, or both drugs together. As expected, we
observed a decrease in gene transfer when CSA was added
during transduction (Fig. 5A, 5C). Strikingly, CSA completely
abrogated the enhancement of transduction mediated by the
proteasome inhibitor (2.8 � 1.5-fold and 0.4 � 0.2-fold change
in transduction in cells exposed to MG132 alone and to
MG132�CSA, respectively; p � .05; n � 6). We verified that
this effect was CypA-dependent by testing the effect of FK506,
an immunosuppressive drug that inhibits calcineurin, as CSA
does, but does not bind CypA [50]. FK506 did not interfere with
the MG132 effect on transduction (Fig. 5B, 5C). These data

Figure 5. Cyclophilin A and proteasome-dependent inhibition of LV gene transfer. (A, B): Flow cytometry and quantitative polymerase chain
reaction (Q-PCR) analyses of huHSPC transduced in the presence of cytokines with 2 � 107 transducing units/ml (multiplicity of infection 20) human
immunodeficiency virus-LV-GFP in the absence (no drug) or presence of 0.75 �M MG-132, 40 �M CSA, or 0.75 �M MG-132 � 40 �M CSA as
indicated (A) or presence of 0.5 �M MG-132, 0.5 �M MG-132 � 20 �M CSA, or 0.5 �M MG-132 � 20 �M FK506 as indicated (B). Upper panels:
representative flow cytometry dot plots. Lower panels: percentage of GFP-positive cells (% GFP, bars), MFI (dots in [B]), and LV copies per cell
(LV CpC; dots in [A]) assessed by Q-PCR and shown as mean � SD of three measurements per sample. One experiment of three independently
performed with similar results is shown for (A) and (B). (C): Statistical analysis of all the experiments performed. Fold change versus no drug:
transduction level of the samples exposed to the indicated treatment/transduction level of the untreated samples (no drug), expressed as mean � SD.
p value was calculated by the two-tailed Mann-Whitney test. (D): Western blot analysis of Ery cells 9 days after exposure to the differentiation
medium, huHSPC cultured 20 hours in the absence or presence of cytokines (�cyt, �cyt, respectively) and 1 �M MG-132. Jurkat cell lysate was
used as a positive control (�). Quantification of cyclophilin A in arbitrary units by using ImageQuant software and normalizing it to the amount of
the housekeeping gene GAPDH is shown. One of two independently performed experiments with similar results is shown. Abbreviations: CSA,
cyclosporine A; CypA, cyclophilin A; cyt, cytokines; Ery, erythroid; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent
protein; huHSPC, human hematopoietic stem/progenitor cells; LV, lentiviral vectors; MFI, mean fluorescence intensity; MG, MG132; n, total number
of replicates; N, number of independent experiments; n.a., not applicable.
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indicate that when CypA is sequestered by CSA, proteasome
inhibition does not enhance LV transduction. A possible expla-
nation of this finding is that the CypA concentration is under the
limiting control of the proteasome in stem cells and that pro-
teasome inhibitor enhances transduction by increasing the CypA
level. We performed Western blot analysis on huHSPC treated
or not with MG132, but we did not detect any obvious differ-
ence in the amount of CypA between the samples (Fig. 5D).
Thus, modulation of CypA level by the proteasome cannot be
invoked to explain the effect of MG132 on transduction.

We then transduced huHSPC in the absence or presence
of MG132 with two LV that do not bind CypA: an HIV-
derived vector in which the CypA-binding site of CA has
been mutated [51] (G89V HIV-LV) and a macaque simian
immunodeficiency virus vector, which naturally does not
bind CypA [48] (SIVmac-LV). All vectors were used at the
same MOI and showed increased transduction in the presence
of the proteasome inhibitor (no drug vs. MG132: p � .05 for
all vectors; n � 3) (Fig. 6). However, G89V HIV-LV and
SIVmac-LV gave a low frequency of transduced cells without
drug and reached only the basal level of wild-type HIV-LV
transduction in the presence of MG132 (G89V HIV-LV vs.
HIV-LV: p � .05; SIVmac-LV vs. HIV-LV: p � .05; n � 3),
indicating a lower infectivity of these vectors compared with
the wild-type HIV-LV in HSPC. Interestingly, when CSA
was added together with MG132 to prevent interaction of the
wild-type HIV-LV with CypA, all vectors showed a similar
transduction level, not significantly different from that ob-
served for the wild-type HIV-LV without any drug. Overall,
these findings indicate that interaction of the HIV core with
CypA is required to maximize the effect of the proteasome
inhibitor on the infection pathway. The results obtained with
CSA are consistent with previous studies showing opposite
effects of this drug on infection by CypA-dependent and
-independent viruses [52].

DISCUSSION

Here we show that the proteasome mediates a significant block
of LV gene transfer in primitive stem and progenitor cells and
that this is a specific feature associated with the stem cell
phenotype, which is sharply reduced during differentiation. This
unexpected finding has several implications.

First, our work demonstrates a strategy to improve gene trans-
fer in a panel of cell types highly relevant for cell and gene therapy
applications. Although additional studies will be required to ulti-
mately prove the long-term safety of a short in vitro exposure of
stem cells to proteasome inhibitors, some of these drugs have
already entered the clinic and have proven to be safe. We can
envisage that transient pharmacological blockade of the protea-
some may become a crucial addition to challenging gene transfer
protocols, such as those requiring multiple vector types or complex
constructs that can only be produced to low titer and infectivity.

Concerning the mechanism of the blockade, it is unlikely
that the proteasome targets the vector directly, as we could not
correlate the occurrence of the block to a high proteasome
activity in the different cell types tested. Rather, it is likely that
one or more cellular cofactors crucial for productive infection
are under the limiting control of the proteasome specifically in
stem cells.

Concerning the biological significance of a resistance to
HIV-1 infection in stem cells, it may be relevant in potential
viral targets such as HSC [53–55] and NSC [56, 57]. However,
MSC and ESC do not express HIV-1 receptors. It is possible that
the cellular factor(s) crucial for infection is differentially regu-
lated in stem and differentiated cells of these lineages for its
physiologic function and that this factor has been independently
selected by HIV-1 as a cellular partner in its natural target cells.
Our panel of MG132-responsive and -nonresponsive primary
cells now provides a valuable experimental model to track down
novel cellular factors exploited by HIV to establish infection.

Recently, proteasome-mediated blockade of HIV-1 has also
been reported in dendritic cells (DC) [17, 58]. It will be inter-
esting to investigate whether the block observed in stem cells
and that observed in DC involve similar mechanisms or instead
reveal different, cell type-specific responses.

A major signaling pathway under the limiting control of the
proteasome is NF-�B activation [59]. By using a dominant-
negative approach to establish a block of NF-�B activation
independent of the proteasome inhibitor, we did not prevent the
increase in transduction in response to MG132, indicating that
NF-�B activation is not involved in the proteasome-mediated
block of LV gene transfer in stem cells. We also evaluated the
role of IFN-activated pathways, since IFN is a major effector of
innate antiviral immunity [43]. As IFN��R�/� muHSPC re-
stricted LV gene transfer in a proteasome-dependent manner as
much as their wild-type counterparts, this activity may not be
explained as a response elicited by IFN released in the cultures
exposed to viral particles.

Although the cellular factor(s) limited by proteasome activ-
ity in the stem cells is unknown, our data suggest that it
specifically mediates infection by LV. Indeed, we did not ob-
serve an increase in MLV or FV gene transfer upon proteasome
inhibition. It is possible, however, that upregulation of MLV
gene transfer may have been masked by a cell cycle arrest
induced by MG132 in highly proliferating cells.

Our results indicate that the proteasome-mediated block is not
linked to a specific entry pathway and affects one or more postentry
steps of LV gene transfer. Upon cell entry, the HIV core needs to
properly uncoat to proceed with the subsequent steps of infection.
The only cellular protein known to play a role in this step by
directly binding the HIV CA is CypA [4, 6, 47, 60]. It is still

Figure 6. Effect of MG132 and CSA on the transduction of LV that
do not bind cyclophilin A. Human hematopoietic stem/progenitor
cells were transduced with 107 transducing units/ml (multiplicity of
infection 10) of the indicated GFP vectors in the absence (no drug;
white bars) or presence of 0.7 �M MG132 (black bars) or 0.7 �M
MG132 � 40 �M CSA (gray bars) and analyzed by flow cytometry
for the percentage of GFP� cells. The transduction level is shown as
the fold change relative to that obtained by HIV-LV without drug (set
as 1) and shown as mean � SD of three independent experiments. �,
p � .05; n � 3 total replicates in three independent experiments;
calculated by the one-tailed Mann-Whitney test. Abbreviations:
CSA, cyclosporine A; G89V HIV-LV, HIV-LV carrying a mutation
in the capsid CypA binding site; HIV, human immunodeficiency
virus; LV, lentiviral vectors; SIVmac-LV, macaque simian immuno-
deficiency virus-derived LV.
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debated whether CypA binding in human cells helps the uncoating
process or protects the core from an unknown restrictive factor. We
found that CSA, which sequesters CypA and inhibits its binding to
HIV CA [48, 49], abrogated the enhancement of transduction
induced by the proteasome inhibitor in huHSPC. We also observed
this effect in huMSC (data not shown).

LV unable to interact with CypA, either because of a non-
human primate origin or because they were engineered to
carry a mutation in the CA CypA binding site, were much
less proficient at infecting human HSPC compared with
wild-type HIV-LV. Although the proteasome inhibitor en-
hanced their efficiency of transduction, it did not rescue their
transduction level to that obtained by wild-type HIV-LV in
matched conditions. These results indicate that interaction of
the virion core with CypA is required to maximize the effect
of the proteasome inhibition on the infection steps leading to
integration.

A recent study proposed a novel mechanism of HIV-LV
blockade in huHSPC mediated by the cyclin-dependent ki-
nase inhibitor p21Waf1/Cip1/Sdi1 (p21) [61]. Since p21 is a
known target of proteasome degradation [62, 63] one would
expect proteasome inhibitors to increase its concentration
and, consequently, HIV-LV inhibition. It will be interesting
to investigate whether proteasome inhibition instead modu-
lates p21 assembly among different complexes in huHSPC,
thus sequestering it from an association with and inhibition of
HIV-1 integrase.

Stem cells control gene expression programs by the cho-
reographed assembly of trans-acting factors at enhancers and
promoters during cell differentiation. The recent discovery of
a role of the proteasome in regulating specific transcription in
embryonic stem cells [64] has provided evidence of differ-
ential regulation of the proteasome between stem and differ-
entiated cells. It will be intriguing to explore whether this
differential regulation also mediates the block of LV gene
transfer reported here.

CONCLUSION

Our findings uncover a novel specific feature of the stem cell/
immature progenitor phenotype: inhibition of LV gene transfer
mediated by the proteasome. Whereas this finding has immedi-
ate implications for the design of stem cell-based therapies, it
may help in the future to identify essential cellular cofactors of
HIV infection.
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