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Lentiviral-mediated gene transfer of anti-HIV

shRNAs in humanized mice delays thymopoiesis and
affects cell accumulation in the peripheral lymphoid

organs
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Berkhout

† These authors contributed equally to this study

10.1 Abstract

Despite the development of HAART (highly active antiretroviral therapy) that im-
proved the life expectancy and quality of life of HIV patient dramatically, drug-
induced side effects and the emergence of drug-resistant viral variants warrant the
search for alternative therapeutic options. One option is the antiviral gene ther-
apy approach based on RNA interference to induce the degradation of HIV target
RNA in a sequence-specific manner. We previously validated the in vivo feasibil-
ity of a short hairpin (sh)RNA-based gene therapy in human immune system (HIS)
(BALB-Rag/𝛾) mice generated with human hematopoietic stem cells (HSC) that were
transduced with a lentiviral vector expressing an shRNA against the HIV-1 nef gene.
The development of the human hematopoietic cells was not affected in the shNef-
HSC engrafted mice, although a reduced percentage of transduced human immune
cells was observed after establishment of the immune system in vivo. To decipher
whether reduction of transduced cells in vivo was an shNef-specific side effect, we
tested the impact of another shRNA targeting the pol region. We also analyzed the
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CHAPTER 10. LENTIVIRAL-MEDIATED GENE TRANSFER OF ANTI-HIV
SHRNAS IN HUMANIZED MICE DELAYS THYMOPOIESIS AND AFFECTS
CELL ACCUMULATION IN THE PERIPHERAL LYMPHOID ORGANS

long-term effect of shRNA expression on T cell lines in vitro and observed a stable
ratio of transduced versus control cells in co-culture for up to 45 days. In contrast,
shRNA-transduced fetal liver HSC that were triggered to develop into T cells in vitro
exhibited a competitive disadvantage as compared to control vector-transduced HSC.
Similar observations were obtained in vivo in the HIS (BALB-Rag/𝛾) mice, which
showed a specific delay in thymus engraftment. Overall, we observed similar effects
for both shRNA expression vectors, suggesting that the observed effects are general
for shRNA therapies.

10.2 Introduction

HIV-1 and AIDS remain a major public health problem with more than 33 millions
infected individuals worldwide. The development of HAART (highly active antiretro-
viral therapy) has dramatically improved the life expectancy and quality of life of
the treated patients. HAART inhibits viral replication but does not provide viral
clearance and should be continued throughout the patients life. Drug side effects
and the emergence of drug-resistant viral variants promote the search for alternative
therapeutic options. New antiviral gene therapy approaches based on RNA interfer-
ence (RNAi) have recently emerged. Gene silencing through RNAi can be induced by
expression of double-stranded RNA that will lead to sequence-specific degradation of
the target RNA [95]. Anti-HIV-1 short hairpin RNA (shRNA) expression in CD4+ T
cells strongly inhibits HIV-1 replication in vitro [290, 309]. Ideally, an ex vivo gene
therapy approach should target the CD34+ hematopoietic stem cells (HSC), such that
a constant supply of HIV-resistant cells will be generated to colonize the blood and tis-
sues. To study efficacy and safety issues of such gene therapy approaches, humanized
mouse models of the human immune system (HIS) have been used [17, 162, 291].

Over the last two decades, several humanized mouse models have been devel-
oped and optimized for the experimental study of HIS development and function
[176, 198, 268]. We and others have transplanted human CD34+CD38− HSC into

immunodeficient (BALB/c RAG2−/−IL-2R𝛾−/−
𝑐 ) newborn mice, resulting in the de-

velopment of a multi-lineage HIS in vivo [101, 295]. Within 8 weeks, human lymphoid-
and myeloid-cell compartments, including B cells, 𝛼𝛽T cells, 𝛾𝛿T cells, natural killer
(NK) cells, monocytes/macrophages, conventional dendritic cells (cDC) and plasma-
cytoid dendritic cells (pDC), are generated and detected in the lymphoid organs of
such HIS (BALB-Rag/𝛾) mice [101, 135, 174, 259, 295]. Since the major targets for
HIV-1 infection are found in the transplanted immune system of HIS (BALB-Rag/𝛾)
mice, assessing human pathogenesis in such an animal model has become of great
interest. Recently, productive infection of HIV-1 (both X4- and R5-tropic strains) in
HIS (BALB-Rag/𝛾) mice was demonstrated, with infection parameters resembling to
some extent those in humans e.g. viremia, CD4+ T cell depletion and disseminated
infection in lymphoid organs [12, 22, 33, 34, 106, 144, 335]. Similar results were ob-
served with other humanized mouse models of the HIS [278, 312]. Mouse models of
the HIS are therefore extremely suitable to evaluate the in vivo pathogenesis of HIV-1
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[77, 206] and to address new HIV therapeutic strategies such as peptide inhibitors of
HIV-1 replication or prophylactic delivery of anti-retrovirals [76, 302]. For an RNAi-
based gene therapy approach HSC will be treated ex vivo with the lentiviral vector
and reinfused into the patient, where these cells will home to the bone marrow and
produce mature immune cells that are protected against HIV-1. Thus, engrafting
CD34+ HSC that subsequently will differentiate in the animal can be used as a sensi-
tive screen for hematopoiesis in the presence of the lentiviral-mediated gene transfer
of anti-HIV shRNAs.

We previously tested the in vivo feasibility of an shRNA-based gene therapy in
HIS (BALB-Rag/𝛾) mice reconstituted with human HSC transduced with a lentiviral
vector expressing an shRNA against the HIV-1 nef gene [291]. The development of
the human hematopoiesis-derived cells was not affected in the shNef-HSC engrafted
mice. However, for reasons still unknown, a reduced percentage of transduced human
immune cells was observed for the shNef vector after establishment of the HIS in vivo,
although initial transduction efficiencies were similar for the control vector and the
shNef vector.

In this study we set out to decipher whether the reduction of transduced cells in
vivo is an shNef-specific side effect or a general shRNA effect. We therefore tested
another antiviral shRNA targeting the HIV-1 pol gene. We transduced human cells
with the JS1 control, JS1-shNef or JS1-shPol47 lentiviral vector prior to xenograft-
transplantation. We analyzed the long-term effect of shRNA expression on transduced
T cell lines and human HSC in vitro, as well as in vivo in HIS (BALB-Rag/𝛾) mice
over a 9 week time course. We observed similar effects for both shRNAs, suggesting
that the cellular effects could be general for shRNA therapies.

10.3 Materials and Methods

Constructs and lentiviral vector preparation and virus titer determination
Lentiviral vectors — JS1, JS1-shNef and JS1-shPol47 — were previously described
[290, 291]. Lentiviral vectors [87, 342] were produced by co-transfection of vector
constructs and packaging constructs pSYNGP, RSV-rev and pVSVg in 293T cells
with lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), as previously described
[266, 289]. The virus stocks were concentrated with an Amicon Ultra concentrator,
MWCO 100,000 (Millipore Corporation, Bedford, MA, USA) and aliquots of 0.4 mL
were stored at -80 ∘C. Virus production was determined by CA-p24 ELISA [20] and
virus titers were determined by serial dilution of virus and transduction on SupT1
cells.

Transduction and monitoring of the human T cell lines
Transduction and generation of stable cell lines has been described previously [45].
SupT1 cells were transduced with lentiviral vectors at a multiplicity of infection (MOI)
of 0.15, yielding on average 1 integration in each transduced cell. And a higher MOI
ranging from approximately 2 to 20, resulting in 54 to 89% GFP+ cells was used.
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Experiment was repeated three times and the frequency of GFP+ cells was measured
over time by flow cytometry. PM1 T cells were transduced at a multiplicity of in-
fection (MOI) of 0.15. At 1 week post transduction, GFP+ cells were isolated with
live fluorescence-activating cell sorting. Subsequently, GFP+ PM1 cells were mixed
with non-transduced GFP− PM1, with the GFP+ PM1 representing 50 or 80% of the
cultures, and the frequency of GFP+ cells was monitored by flow cytometry analysis.

Isolation of human hematopoietic stem cells and transduction procedure
Human CD34+CD38− HSC were isolated from human fetal liver (FL) tissue sam-
ples obtained from elective abortions, with gestational age of 14-18 weeks. The
use of FL tissues was approved by the Medical Ethical Committee of the Academic
Medical Center of the University of Amsterdam and was contingent on informed
consent. Single-cell FL suspensions were prepared and HSC were isolated as pre-
viously described [177]. In brief, CD34+ cells were enriched by immunomagnetic
sorting (indirect CD34 human progenitor cell isolation kit, Miltenyi Biotec) and the
CD34+CD38−CD3−CD19−CD56−BDCA2− (further referred to as CD34+CD38−)
HSC were sorted using a FACSAria (BD Biosciences) to a purity of at least 99%.

The sorted human CD34+CD38− HSC were transduced with JS1, JS1-shNef or
JS1-Pol47 lentiviral vector after overnight culture in IMDM (Invitrogen, Carlsbad CA,
USA) supplemented with Yssels medium, 5% normal human serum (NHS), 20 ng/mL
human stem cell factor (huSCF; PeproTech, Rocky Hill NJ, USA), 20 ng/mL human
thrombopoietin (huTPO; PeproTech) and 20 ng/mL human interleukin-7 (huIL-7;
Cytheris). The following day, the cells were incubated for 6–8 h with virus supernatant
in fibronectin-coated plates (30 µg/mL; Takara Biomedicals, Otsu, Shiga, Japan).

Cell culture
Human embryonic kidney (HEK) 293T cells were grown at 37∘C and 5% CO2 in
DMEM (Gibco BRL). The SupT1 and PM1 T cell lines were grown in advanced
RPMI (Gibco BRL). Media was supplemented with 10% and 1% Fetal Calf Serum
(FCS) respectively, minimal essential medium nonessential amino acids, penicillin (100
U/mL) and streptomycin (100 µg/mL). The OP9-DL1 cell lines were maintained in
MEM𝛼 (Invitrogen Life Technologies) supplemented with 20% FCS (HyClone) [83].
Co-cultures of 5–20 × 104 lentiviral-transduced CD34+CD38− FL sorted HSC and
5 × 104 OP9-hDL1 cells in MEM𝛼 with 20% FCS, 5 ng/ml human IL-7 and 5 ng/ml
human Flt-3 ligand (huFlt-3L; PeproTech) were performed to analyze the impact of
vector transduction on HSC differentiation potential [83]. The co-cultures were sup-
plemented every 2–3 days with fresh medium, and progenitor cells were transferred
to fresh OP9-DL1 cells every 4–5 days of culture.

Generation of HIS (BALB-Rag/𝛾) mice

BALB/c (H-2𝑑) Rag2−/−𝛾−/−
𝑐 mice [314] were bred and maintained in isolators, and

were fed autoclaved food and water. Mice with a human immune system (HIS (BALB-
Rag/𝛾)) were generated with minor modifications as compared to previous reports
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[101, 177, 295]. Briefly, newborn (<1week old) Rag2−/−𝛾−/−
𝑐 mice received sub-lethal

(3.5 Gy) total body irradiation with a X-ray Röntgen source or 137Cs, and were in-
jected intra-hepatic (i.h.) with 5–10 × 105 transduced CD34+CD38− human HSC.
All manipulations of HIS (BALB-Rag/𝛾) mice were performed under laminar flow.
Cell suspensions of the HIS (BALB-Rag/𝛾) mouse organs were prepared in RPMI1640
medium supplemented with 2% FCS. At 1, 4 and between 8 and 9 weeks post en-
graftment mice were sacrificed for analysis. Mice sacrificed between week 8 and 9
are further in the paper referred to as the week 9 group. In this 9 week group only
mice with more than 10% of human (CD45+) cells in the blood were used for further
analysis.

Flow cytometry analysis for cell surface markers
Cell suspensions were labeled with anti-human mAb targeting the following cell sur-
face markers: CD3 (SK7), CD4 (SK3), CD8 (SK1), CD19 (SJ25C1), CD45 (2D1),
HLA-DR (G46-6), CD14 (M5E2), CD11c (S-HCL-3) from BD biosciences, CD1a (T6-
RD1) from Coulter-Immunotech and BDCA2 (AC144) from Miltenyi Biotech. Wash-
ings and reagent dilutions were done with PBS containing 2% FCS and 0.02% sodium
azide (NaN3). All acquisitions were performed with a LSR-II (BD Bioscience) flow cy-
tometer interfaced to FACS-Diva software system and analyzed with FlowJo software.
Cellular debris and dead cells were excluded by their light-scattering characteristics
and based on incorporation of 4’,6-diamidino-2-phenylindole (DAPI, Sigma).

Statistical analyses
Data were subjected to two-tail unpaired and paired Student’s t-test analysis where
indicated in the figure legends. The obtained p values were considered significant
when p<0.05. When significant differences were observed this was indicated in the
graph (* when p<0.05, ** when p<0.01 and *** when p<0.001).

10.4 Results

10.4.1 The effect of shRNA expression on T cell lines in vitro

We previously reported that the development of human leukocytes is not disturbed
in Human Immune System (HIS) (BALB-Rag/𝛾) mice generated with human HSC
transduced with a lentiviral vector expressing an shRNA against the HIV-1 nef gene
[291]. However, despite similar initial transduction efficiencies of HSC transduced with
control and shNef vectors, the latter vector was associated with a reduced percentage
of transduced (GFP+) human cells after establishment of the HIS in vivo. To decipher
whether this observation was an shNef-specific effect (e.g. off-targeting of a specific
cellular mRNA) or a more general effect, we constructed the JS1-shPol47 vector, based
on the same third-generation self-inactivating lentiviral vector [87, 266] but expressing
another antiviral shRNA against the HIV-1 pol gene [290, 291] (Figure 10.1A-B).

To assess the effect of long-term expression of shRNAs in T cell lines, SupT1 cells
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were transduced with a lentiviral vector expressing either shPol47 or shNef or the
empty control vector JS1. Transduction was performed at an MOI of 0.15 and the
co-culture of transduced and non-transduced cells was followed over a four week time
period, but no reduction in the percentage of GFP+ cells could be observed (data
not shown). To assess whether adverse effects would be induced at higher shRNA ex-
pression levels we transduced cells with an MOI ranging from 2–20 to obtain multiple
vector integrations per transduced cell. We maintained these cells in culture for 24
days and measured the frequency of GFP+ cells at regular intervals (Figure 10.2A).
The ratio between the percentage of GFP+ cells in culture and the initial percent-
age of GFP+ cells at 3 days post-transduction was calculated and plotted. Again no
adverse effects were scored in the SupT1 cell line.

We also tested the same lentiviral vectors at an MOI of 0.15 in the PM1 T cell
line, which should yield an average of one integration per transduced cell. One week
after transduction, GFP+ PM1 cells were isolated by live cell sorting and mixed with
non-transduced (GFP−) PM1 at a ratio of 1:1 or 4:1. Cells were kept in culture
for 45 days (Figure 10.2B) and we did not observe a reduction in the frequency of
GFP+ PM1 cells. Overall, the reduction in the frequency of shRNA-transduced cells
(GFP+), as seen in our previous in vivo HIS (BALB-Rag/𝛾) mice experiments [291],
could not be mimicked in vitro in T cell lines.

HIV-1 LTR

gag

pol

vif

vpr

tat

rev

env

nef

vpu

LTR

Nef

Pol47

H1

shNef/shPol47

JS1
3'LTR

cPPT

mcs

PGK GFP pre

ΔU3

RRER U5RSV

A

B

Ψ

Figure 10.1: RNAi targets in the HIV-1 genome and the shRNA vector. (A) The shNef and
shPol47 target positions within the HIV-1 viral genome are indicated for HIV-1𝑤𝑡. (B) The third
generation self-inactivating lentiviral vectors. JS1 expresses the green fluorescent protein (GFP)
reporter. In addition the JS1-shNef and JS1-shPol47 vectors express respectively an shRNA
against the HIV-1 nef or pol gene from the human polymerase III H1 promoter.
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Figure 10.2: The effect of long-term shRNA expression in T cell lines. (A) SupT1 cells
were transduced with either JS1 (filled circle), JS1-shNef (open square) or JS1-shPol47 (filled
diamond) lentiviral vectors and the ratio of GFP+ cells in culture was followed over 24 days.
The experiment was performed in triplicate. (B) Sorted GFP+ PM1 T cells transduced with
JS1 (filled circle) or JS1-shNef (open square) or JS1-shPol47 (filled diamond) were mixed with
non-transduced (GFP−) PM1 cells to generate a GFP+/GFP− ratio of 1:1 (middle graph) or 4:1
(right graph) and kept in culture for 45 days. The ratio of GFP+ cells was measured over time.
For both SupT1 and PM1 experiments, the GFP results are expressed as the ratio between the
frequency of GFP+ cells in culture and the frequency of GFP+ cells 3 days post-transduction.

10.4.2 Reduced in vitro accumulation of CD34+CD38− HSC
expressing an shRNA

As no growth disadvantage of shRNA-transduced cells was observed in the T cell
line experiment, we next analyzed the effect of shRNA expression on an in vitro
co-culture assay of HSC differentiation. The bone marrow stromal cell line OP9, de-
rived from the macrophage-colony stimulating factor (M-CSF) deficient osteopetrotic
(op/op) mouse, is efficient in supporting full T cell development when expressing the
Notch ligand Delta-like 1 (DL1) [261] and named the OP9-DL1. This system has
been extensively used to study T cell differentiation of a wide variety of mouse and
human progenitor cells [73, 83, 165, 175, 303]. Hematopoietic progenitor cells that
develop into T cells on OP9-DL1 cells follow a developmental program similar to
T cell progenitors in the thymus [19, 83]. We used the OP9-DL1 system to study
the impact of lentiviral-mediated shRNA expression in human HSC on differentia-
tion towards the T cell lineage. Human CD34+CD38− HSC were transduced with
JS1, JS1-shNef or JS1-shPol47 vector. Subsequently, the cell culture consisting of
transduced (GFP+) and non-transduced HSC was co-cultured with OP9-DL1 cells
for 4 weeks, allowing the comparison of transduced and non-transduced cells under
the same culture conditions. The transduction efficiency was similar for all lentiviral
vectors (47–58% GFP+ cells). We followed the kinetics of human cell expansion in
OP9-DL1 co-cultures. For the three vectors, we observed similar kinetics of expansion
of the human CD34+CD38− HSC with an initial phase of strong expansion followed
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by a plateau phase (Figure 10.3A). We then analyzed the frequency of human GFP+

cells over time and compared it with the original transduction efficiency. Whereas
the percentage of GFP+ cells increased for JS1-co-cultures (Figure 10.3B), the fre-
quency of human GFP+ cells was stable over time in the JS1-shNef and JS1-shPol47
co-cultures (Figure 10.3C-D). The HSC population transduced by lentiviral vectors is
more actively dividing and thus proliferates faster as compared with the untransduced
HSC. This effect was observed for the JS1, but not for the JS1-shNef and JS1-shPol47
transduced cells, indicating a possible reduced proliferation capacity of the shRNA
expressing as compared to JS1-transduced cells. Based on the expression of CD1a,
CD3, CD4 and CD8, the human non-transduced (GFP−) and transduced (GFP+)
cells exhibited a similar phenotype in each co-culture (JS1, JS1-shNef, JS1-shPol47)
and no difference in the rate of T-lineage differentiation was observed between the
three co-cultures (data not shown).

JS1-shNef

JS1-shPol47

C

D

A

B JS1

Figure 10.3: The effect of shRNA expression in differentiating CD34+CD38− HSC in
vitro. (A) The graph represents the expansion rate of human CD34+CD38− HSC transduced
with either JS1 (black circle), JS1-shNef (open square) or JS1-shPol47 (black diamond) over
time, relative to the original CD34+CD38− HSC progenitors input. Results show typical data
from one of at least 3 independent experiments. (B-D) Graphs show the ratio over time of human
GFP+ cells in OP9-DL1 cocultures for JS1 (B), JS1-shNef (C) or JS1-shPol47 (D). The GFP
results are expressed as the ratio between the frequency of human GFP+ cells measured in the
OP9-DL1 co-cultures and the initial HSC transduction efficiency at 4 days post-transduction.
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10.4.3 Reduced seeding of the thymus in HIS (BALB-Rag/𝛾)
mice by shRNA-expressing human progenitor cells

As we observed a reduced accumulation of the transduced CD34+CD38− HSC in
OP9-DL1 cocultures, we next analyzed the early events of tissue colonization and
cell differentiation in the HIS mouse model. We transduced human CD34+CD38−

HSC with the JS1, JS1-shNef or JS1-shPol47 vector prior to xenograft transplanta-

tion in BALB/c Rag-2−/−IL-2R𝛾−/−
𝑐 newborn mice (Figure 10.4A). An aliquot of

the transduced human HSC was kept in culture in vitro for 4 days to determine
the transduction efficiency based on GFP expression. The JS1, JS1-shNef and JS1-
shPol47 vectors displayed similar transduction efficiencies (58% GFP+ cells for JS1,
47% for JS1-shNef and JS1-shPol47) (Figure 10.4B). We sacrificed a fraction of the
HIS (BALB-Rag/𝛾) mice from each group at 1 week post-HSC transplantation. At
this age, the human CD34+CD38− HSC are only found back at the site of human
HSC injection, that is the liver of the HIS (BALB-Rag/𝛾) mice. To test for the main-
tenance of the transduced cells we measured the in vivo percentage of human GFP+

cells in the liver of the animal at 1 week post-HSC transplantation and compared
this value to the original in vitro transduction efficiency (in vivo/in vitro ratio of %
GFP+ cells). We did not observe a difference in this GFP+ ratio for the three vectors
(JS1, JS1-shNef and JS1-shPol47) at this early time point after HSC transplantation
(Figure 10.5A).

At 4 weeks post-HSC transplantation, CD34+CD38− HSC and their differentiated
progeny are detected in the liver, thymus and bone marrow, and we analyzed the HIS
(BALB-Rag/𝛾) mice for the presence of human hematopoietic GFP+ cells in these
organs. A statistically significant increase in the ratio of GFP+ cells was observed in
the liver for JS1, but not for JS1-shNef and JS1-shPol47 (Figure 10.5B). In contrast,
in the bone marrow no statistical significant difference in the ratio of GFP+ cells
was measured between the 3 groups of mice (Figure 10.5C). Seeding of the thymus
by transduced (GFP+) progenitors was significantly impaired as demonstrated by a
pronounced reduction in the ratio of GFP+ cells for the JS1-shNef and JS1-shPol47
HIS (BALB-Rag/𝛾) mice as compared to the JS1 group (Figure 10.5D). However, a
similar number of human CD45+ thymocytes was found in the thymus of the 3 groups
of HIS (BALB-Rag/𝛾) mice (Figure 10.5E), suggesting that seeding of the thymus
by human progenitors is exclusively impaired for the GFP+ subpopulation of cells
expressing either JS1-shNef or JS1-shPol47.

10.4.4 The reduction of shRNA-expressing cells in adult HIS
(BALB-Rag/𝛾) mice is organ-specific and not cell subset-
specific

To test for the long-term effects of the reduced capacity of the shRNA-transduced
human cells to initiate thymopoiesis, we analyzed the development and the seeding
of human leukocytes in the periphery of adult HIS (BALB-Rag/𝛾) mice at 9 weeks
post-HSC transplantation. Methodology and transduction efficiencies were similar
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Figure 10.4: Generation of HIS (BALB-Rag/𝛾) mice with shRNA-mediated gene trans-
fer. (A) Cell suspensions enriched for human CD34+CD38− HSC are prepared from fetal liver
tissue. Live nucleated CD34+ cells are magnetically sorted and further enriched for CD34+CD38−

HSC using fluorescence activated cell sorting. Lentiviral supernatants are produced on HEK 293T
cells. Lentivirus-mediated gene transduction of purified HSC is performed immediately after cell
sorting. Sublethally irradiated newborn BALB/c Rag-2−/−IL-2R𝛾−/−

𝑐 mice are injected intra-
hepatically with transduced HSC. The transduction efficiency is evaluated based on GFP expres-
sion after 4 days in culture. (B) Human fetal liver CD34+CD38− SCID-repopulating cells were
transduced, at a similar multiplicity of infection, either with JS1 (left) or JS1-shNef (middle) or

JS1-shPol47-expressing (right) vector and injected into newborn BALB/c Rag-2−/−𝛾−/−
𝑐 mice.

A fraction of the transduced cells was kept in culture for 4 days and was analyzed by flow cy-
tometry for expression of green fluorescent protein (GFP). The transduction efficiency (%GFP+

cells) is indicated for each vector.

134



10.4. RESULTS

A

B

C

D
Liver T+1wk

Liver T+4wks

Bone Marrow T+4wks

Thymus T+4wks

Thymus T+4wksE

Figure 10.5: Delayed seeding of HIS (BALB-Rag/𝛾) mice thymus by shRNA-expressing hu-
man progenitor cells. Human fetal liver CD34+CD38− SCID-repopulating cells were transduced,
at a similar multiplicity of infection, either with JS1 or JS1-shNef- or JS1-shPol47-expressing
vector and injected into newborn BALB/c Rag-2−/−𝛾−/−

𝑐 mice. (A) At 1 week post-HSC trans-
plantation, JS1 (filled circles, n=7), JS1-shNef (open squares, n=9) and JS1-shPol47 (filled
diamonds, n=5) groups of HIS (BALB-Rag/𝛾) mice were analyzed for GFP expression (%GFP+

cells) in the liver. (B-D) At 4 week post-HSC transplantation, JS1 (filled circles, n=4), JS1-shNef
(open squares, n=4) and JS1-shPol47 (filled diamonds, n=5) groups of HIS (BALB-Rag/𝛾) mice
were analyzed for GFP expression in the liver (B), the bone marrow (C) and the thymus (D). The
GFP results are expressed as the ratio between the frequency of GFP+ human cells measured
in the animals (in vivo) and the frequency of human GFP+CD34+CD38− cells injected in the
newborn mice (in vitro HSC transduction efficiency). (E) At 4 weeks post-HSC transplantation,
the absolute number of human CD45+ cells in the thymus was determined for the 3 groups of
mice.
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to the described HIS (BALB-Rag/𝛾) mice experiments performed at 1 and 4 weeks
post-HSC transplantation.

At 9 weeks post-HSC transplantation, the 3 groups of HIS (BALB-Rag/𝛾) mice
were analyzed for the presence of human hematopoietic CD45+ cells in the blood
(Figure 10.6A) and the lymphoid organs (not shown) and no significant difference was
observed. However, the percentage of transduced (GFP+) cells in the blood 9 weeks
after hematopoietic reconstitution was reduced by approximately 20% as compared
to the initial transduction efficiency in the JS1-shNef [291] and JS1-shPol47 groups
(Figure 10.6B). We further analyzed the in vivo/in vitro ratio of human GFP+ cells
in the bone marrow, thymus, spleen and liver of the HIS (BALB-Rag/𝛾) mice at 9
weeks post-HSC transplantation. Similar ratios of GFP+ cells were observed in the
bone marrow (Figure 10.6C), consistent with the results at week 4. However, the
defect in the seeding of GFP+ cells in the thymus observed at week 4 was overcome
at week 9 (Figure 10.6D). Seeding of the secondary lympoid organ spleen and liver
still showed a significant reduction (Figure 10.6E-F). The reduction in the percentage
of transduced (GFP+) cells in the liver and spleen was similar to the one observed in
the blood. This observation suggests that the shRNA-expressing cells exhibit normal
homing to bone marrow, but a delayed seeding of the thymus (observed at week 4)
and the peripheral lympoid organs (blood, spleen, liver).

We next asked whether the differential GFP expression pattern between central
and peripheral lymphoid organs in the JS1-shNef and JS1-shPol47 HIS mice could be
attributed to a particular cellular subset. We therefore analyzed the GFP expression
in several leukocyte populations, namely CD3+ T cells, CD19+ B cells, BDCA2+

pDC, CD14+CD11c+ monocytes and CD14−CD11c+ cDC of the bone marrow and
the spleen. In the bone marrow no reduction of GFP+ ratio was observed, in contrast
to the spleen where the GFP+ ratio was reduced and a similar reduction in the
different cell subsets could be observed. Interestingly, for the T cell population a large
variation in the GFP ratio was observed between individual animals (Figure 10.7).
Altogether, we conclude that the loss of GFP+ cells occurs between the bone marrow
and the other lymphoid organs, and this loss equally affects all human cells expressing
shNef or shPol47. Of note, the delayed contribution of shRNA-expressing cells to
thymopoiesis at 4 weeks post-HSC transplantation was not observed anymore in the
adult HIS (BALB-Rag/𝛾) mice.

10.5 Discussion

Previously we reported that expressing a shRNA directed against the HIV-1 nef gene
in human CD34+CD38− HSC leads to a reduction of the percentage of human GFP+

cells that mature in the HIS (BALB-Rag/𝛾) mouse model, in contrast to the control
vector that did not interfere with the frequency of GFP+ cells [291]. Here we evaluated
whether this drop in GFP+ cells was a shNef-specific side effect or a general shRNA
effect and we explored at which stage of development this drop in GFP+ cells occurred
in the HIS (BALB-Rag/𝛾) mice. To assess this, we tested another shRNA that was
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Figure 10.6: Reduced expression of shRNA in HIS (BALB-Rag/𝛾) mice is organ-
specific. Human fetal liver CD34+CD38− SCID-repopulating cells were transduced, at a similar
multiplicity of infection, either with JS1 or JS1-shNef- or JS1-shPol47-expressing vector and in-
jected into newborn BALB/c Rag-2−/−𝛾−/−

𝑐 mice. (A-F) JS1 (black circles, n=6), JS1-shNef
(open squares, n=8) and JS1-shPol47 (black diamonds, n=6) groups of HIS (BALB-Rag/𝛾)
mice were analyzed 9 weeks post-transplantation for human cells (%CD45+) in the blood (A)
and were also analyzed for GFP expression (B). The GFP expression was also determined in the
bone marrow (C), the thymus (D), the spleen (E) and the liver (F) of the 3 groups of mice (JS1:
filled circles, JS1-shNef: open squares and JS1-shPol47: filled diamonds). The GFP results are
expressed as the ratio between the frequency of GFP+ human cells measured in the animals (in
vivo) and the frequency of human GFP+CD34+CD38− cells injected in the newborn mice (in
vitro HSC transduction efficiency).
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Figure 10.7: Reduced expression of shRNA in HIS mice is not cell subset-specific. GFP
expression by several human immune cell subsets was measured in the bone marrow (A) and the
spleen (B) for JS1 (top panel), JS1-shNef (middle panel) and JS1-shPol47 (bottom panel) groups
of reconstituted HIS (BALB-Rag/𝛾) mice. These subsets were defined as T cells (CD3+CD19−),
B cells (CD3−CD19+), plasmacytoid dendritic cells (pDC; CD3−CD19−BDCA2+HLA−DR+),
conventional dendritic cells (cDC; CD3−CD19−BDCA2−HLADR+CD14−CD11c+) and mono-
cytes (Mono; CD3−CD19−BDCA2−HLADR+CD14+CD11c+).
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directed against the HIV-1 pol gene.

Lentiviral transduction of the SupT1 and PM1 T cell lines with the shNef and
shPol47 cassettes did not induce a cell growth disadvantage in vitro as compared
with the control JS1-transduced cells and untransduced cells. In contrast, shRNA-
transduced CD34+CD38− HSC co-cultured with OP9 stromal cells exhibited a com-
petitive disadvantage as compared to JS1 control cells. Overall, these in vitro ex-
perimental systems did not demonstrate a reduction of the percentage of shRNA-
expressing GFP+ cells over time, suggesting that pressure of the in vivo environment
is responsible for the observed reduction in the HIS (BALB-Rag/𝛾) mice [291]. We
thus screened the early events of tissue colonization and cell differentiation taking
place in the HIS (BALB-Rag/𝛾) mice engrafted with shRNA-HSC. At 1 week post-
HSC transplantation, no perturbations in the HIS (BALB-Rag/𝛾) mouse liver were
found between the shNef, shPol47 and control groups. However 4 weeks post-HSC
transplantation, a differential pattern was apparent. At this developmental stage,
human HSC leave the liver, colonize the bone marrow and subsequently seed other
lymphoid organs. While colonization of the bone marrow by human GFP+ cells does
not seem to be affected by shRNA expression, seeding of the thymus by human GFP+

progenitors was strongly impaired in the shRNA groups as compared to the control.
This observation could be caused by a disturbed generation of thymus seeding progen-
itor (TSP) cells [224, 284], the disturbed expression of molecules driving the migration
of TSP cells, or problems with their entry into the thymus or the most early steps of
T cell lineage commitment, such as IL-7 receptor [96, 225, 282], chemokine receptors
CXCR4 [234] and CCR9 [280] or Notch signaling [83, 284, 307].

Whereas a significant reduction of human GFP+ cells was observed in the shRNA-
treated mice at 4 weeks post-HSC transplantation in the thymus, this was not the case
at 9 weeks post-HSC transplantation, showing that shRNA-expressing progenitors are
not fully blocked, but only delayed, in their capacity to seed the thymus. At 9 weeks
post-HSC transplantation, the bone marrow is not affected by a reduction in the
shRNA-expressing cells, in contrast to the peripheral lymphoid organs (blood, spleen
and liver). Analysis of GFP expression by different cellular subsets in the bone marrow
and the spleen indicated that the reduced frequency of GFP+ cells in the periphery
is not affecting a specific human immune cell lineage. Altogether, we conclude that
the delayed or reduced capacity of shRNA-transduced cells to initiate thymopoiesis
and to accumulate in secondary lymphoid organs may result in a reduced frequency
of GFP+ cells in the adult HIS (BALB-Rag/𝛾) mice.

The observations in the OP9-DL1 co-cultures support the hypothesis of a cell
proliferation disadvantage of shRNA-transduced human HSC as compared to un-
transduced HSC. This growth disadvantage will lead to a reduced colonization of the
tissue and slower multi-lineage differentiation. The delayed seeding of the thymus by
shRNA-expressing progenitors, without affecting the total number of thymocytes in
the thymus of the 3 groups of 4 weeks post-HSC transplantation HIS (BALB-Rag/𝛾)
mice, is in agreement with this kinetic explanation. The underlying mechanism for
the proliferation disadvantage of the shRNA-expressing cells has not been identified
yet, but we can envision several possibilities. One possible cause could be a distur-
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bance of the miRNA pathway [44, 58, 110, 204, 291, 306]. The miRNA pathway
is involved in hematopoiesis and differentiation of human CD34+CD38− HSC into
lineage-committed progenitors and the migration process of hematopoietic cells from
the bone marrow to the thymus and the periphery [146, 326]. One can imagine that
any disturbance in this network might result in impaired hematopoietic development.
Saturation of the miRNA pathway may occur if the shRNA is expressed at too high
levels due to, for example, multiple integration of the lentiviral vector in the cell.
In a clinical setting one would therefore aim for a low number of integrations per
cells, preferably only a single copy. Another possible cause is that small interfering
RNAs can direct transcriptional gene silencing (TGS) by methylation and histone
modification [119, 316]. These processes can also silence the regions surrounding the
targeted sequence. Thus, a possibility is that the expressed shRNA can elicits TGS
in the lentiviral vector, including the GFP expression cassette. Alternatively, the H1
polymerase III promoter of the shRNA cassette may interfere with GFP transcrip-
tion from the PGK polymerase II promoter. In the latter cases, the reduction of GFP
expression cannot be used to score the number of shRNA-expressing HSC cells in
vivo. Consequently, a different design of the lentiviral vector and/or different analysis
methods are required.

Interestingly, reduction in GFP expression was also observed in another shRNA-
HSC setting. Anderson et al. transduced HSC with a lentiviral vector containing
three anti-HIV genes (shRNA, CCR5-ribozyme and TAR-decoy) or control vector.
Subsequently HSC were injected in human thymic grafts of the SCID-hu mice [17].
Six weeks after injection the mice were sacrificed and the mature T progenitor cells
were analyzed. In this study, the percentage of GFP+ cells was lower in the recovered
progenitors for both vectors 6 weeks post-engraftment, but this reduction was stronger
for the triple RNA construct as compared with the control. Moreover, while the
initial mean fluorescence intensity was higher for the triple vector, possibly due to
more vector integration per cell, its mean fluorescence intensity became similar to the
control in the progenitors cells 6 weeks post-engraftment. Thus, a reduction of GFP
expression is also seen by others studying shRNA expression in HSC.

The clinical relevance of the temporary reduction of GFP+ cells for RNAi based
gene therapy approach has to be evaluated in further detail. If this reduction in
GFP+ cells is caused by an early disadvantage of the shRNA expressing cells, what
will be the significance for a clinical application? The results of this study suggest
that only a delay and not a dysfunction of shRNA expressing cells occurs upon shRNA
expression. For the thymus we observed a reduced engraftment of shRNA-expressing
cells at week 4, but engraftment reached the level of the control cells at week 9 post
HSC-transplantation. In addition, differentiation of the HSCs into the different cell
subsets of the HIS was not affected. In a clinical setting a similar delayed seeding
of the thymus and peripheral lymphoid organs may be expected. Based on our in
vitro data where potent virus inhibition with these shRNAs was observed, it is likely
that the proliferation disadvantage of shRNA-expressing cells will be counterbalanced
by positive selection upon HIV-1 infection. In this scenario HIV-1 resistant shRNA-
expressing cells will be positively selected, leading to a clinical benefit for the patient.
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