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Lens epithelium-derived growth factor (LEDGF/p75)
is an essential cofactor of HIV integration. Both stable
overexpression of the C-terminal part of LEDGF/p75
(LEDGF,,, ,,,) containing the integrase (IN)-binding
domain (IBD) and stable knockdown (KD) of LEDGF/p75
are known to inhibit HIV infection in laboratory cell lines.
Here, primary human CD,* T-cells were transduced with
lentiviral vectors encoding LEDGF,,, ..., the interaction-
deficient mutant LEDGF,,, .,,[D366N, or a hairpin
depleting LEDGF/p75 and challenged with HIV. Maxi-
mal protection of primary T-cells from HIV infection was
obtained after LEDGF,,, .., overexpression reducing HIV
replication 40-fold without evidence of cellular toxicity.
This strategy was subsequently evaluated in the NOD.
Cg-Prkdc® 112rg™"/Sz) (NSG) mouse model. Threefold
reduction in mean plasma viral load was obtained in
mice engrafted with CD,* T-cells expressing LEDGF,, ..
in comparison with engraftment with LEDGF,,, ., D366N
cells. Four weeks after transplantation with LEDGF,,,
55,D366N cells, 70% of the CD,* cells were lost due to
ongoing HIV replication. However, in mice transplanted
with LEDGF,,, .., cells only a 20% decrease in CD,* cells
was measured. Liver and spleen sections of LEDGF,,, .,
mice contained less HIV than LEDGF,,, ., D366N mice
as measured by p24 antigen detection. LEDGF,,, ..,
overexpression potently inhibits HIV replication in vivo
and protects against HIV mediated cell killing of primary
CD,* T-cells.
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INTRODUCTION

During the last decade, the insight has grown that HIV engages

several cellular proteins to serve as cofactors for its replication."?

Virus-host interactions are considered attractive targets for antivi-

ral therapy since antiviral resistance development may be slower.
Lens epithelium-derived growth factor (LEDGF/p75) has been

identified as a binding partner of HIV integrase (IN) in 2003.°

The interaction with IN is lentivirus specific and requires the
IN-binding domain (IBD, amino acid 347-429) in the C-terminal
part of LEDGF/p75.* LEDGF/p75 orchestrates chromosomal teth-
ering of HIV-1-IN.* An ensemble of N-terminal motifs functions
as the main chromatin tether (Figure 1). These motifs include the
PWWP domain,** AT-hook like motifs and three charged regions
(CR1-3).°No crystal structure of full-length HIV-IN or full-length
LEDGEF/p75 is available, but a crystal structure of the IN catalytic
core domain in complex with the IBD revealed that two mono-
mers of IBD interact with a dimer of the catalytic core domain of
IN.” Confirmation of the biological relevance of the co-crystal was
obtained by subsequent mutagenesis studies.*

The role of LEDGF/p75 in HIV replication was validated
using RNA interference-mediated knockdown (KD), knock-
out and overexpression of truncation mutants. KD of LEDGF/
p75 resulted in reduced viral replication and integration*
(Supplementary Figure S1, left panel). The central role of LEDGF/
p75 in HIV replication was also demonstrated by transduction of
LEDGEF/p75 ablated mouse fibroblasts with HIV-derived vector.*
Overexpression of the LEDGF/p75 C-terminal end (amino acid
325-530; LEDGF,, .. ), which lacks the chromatin-binding
domain, potently blocks HIV replication by competing with
endogenous LEDGF/p75 for binding to HIV-IN (Supplementary
Figure S1, right panel).* Recently, IBD-mediated allosteric inhibi-
tion of integration has been proposed as an additional inhibitory
mechanism.*® Moreover, depletion of LEDGF/p75 resulted in loss
of preferential integration of HIV in the body of genes.* Fusion pro-
teins, in which the LEDGF/p75 chromatin interaction domain is
replaced with alternative chromatin interaction domains, support
viral replication and were shown to retarget integration towards
regions bound by the specific chromatin-binding domain.'®"
Together, these results confirm that LEDGF/p75 tethers the lenti-
viral preintegration complex to cellular chromatin.*

To date highly active antiretroviral therapy (HAART) is the
standard treatment for HIV-infected patients, combining three
antiviral drugs blocking different steps in the replication cycle.
HAART can efficiently suppress viral replication, but does not
eradicate the virus and suffers from side effects. In addition,
poor adherence often results in viral resistance development and
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Figure 1 Schematic representation of the LEDGF/p75 domain structure. LEDGF/p75 carries a conserved PWWP-domain and several charged
regions (CR) at its N-terminal end. Together with the nuclear localization signal (NLS) and the AT-hook-like domains (AT), these elements form the
DNA-binding domain of LEDGF/p75. The C-terminal IBD domain is responsible for the interaction with HIV-IN. D366 is an essential spot for the
interaction with HIV-IN;'” mutation of this residue results in loss of interaction. AT, AT-hook; CR, charged region; IBD, integrase-binding domain;
IN, integrase; LEDGF/p75, lens epithelium-derived growth factor; NLS, nuclear localization signal; PWWP, Pro-Trp-Trp-Pro domain.

treatment failure. As such, continuous development of new drugs,
preferentially against new targets, is needed. Recently, we reported
LEDGIN:S as first-in-class small molecule inhibitors targeting the
LEDGF/p75-IN interaction and HIV-1 replication.'

Next to drug development, alternative strategies to treat and
potentially cure HIV-infected people need to be explored. Gene
therapy has the potential to protect natural target cells from HIV
infection and could provide a lifelong treatment. Several gene
therapeutic approaches have been developed for HIV/AIDS (for
a review see refs. 13,14) that aim to create a reservoir of immune
cells genetically modified to resist HIV infection in the patient
through modification of CD,* T-cells or hematopoietic stem cells.
Different steps in the HIV replication cycle and both viral and
cellular proteins can serve as targets for gene therapy and some
approaches have been tested in a clinical setting,™* such as RNA
decoys, transdominant proteins, ribozymes, and RNA interfer-
ence targeting different viral proteins such as Tat, Rev, and gp 41.

Since LEDGF/p75 is an important cellular cofactor for HIV
replication that acts before stable integration of the HIV-1 provirus
in the host chromosomal DNA, we now have evaluated its potential
as a target for HIV gene therapy. Here, we show that overexpression
of LEDGF,,, .., with or without additional LEDGF/p75 KD inhibits
HIV replication in primary human CD,* T-cells in vitro without
cellular toxicity. In addition, LEDGF,,, _, overexpression results
in significant inhibition of HIV replication and protected primary
T-cells from HIV-1 infection in a humanized mouse model.

RESULTS

Construction of lentiviral vectors

To obtain maximal expression levels in primary CD,* T-cells, we
first compared transduction efficiency of human primary CD,*
T-cells by HIV-based lentiviral vectors driving the expression of
enhanced green fluorescent protein (eGFP) from the cytomega-
lovirus immediate early promoter, the spleen focus-forming virus
LTR promoter (SFFV)'" or the human cyclophilinA promoter’
(Supplementary Figure S2). Although cytomegalovirus immedi-
ate early promoter is generally described as a universal promoter,
transduction efficiency in primary CD,* T-cells was low com-
pared to both other promoters. While the cyclophilinA promoter
performed 15-fold better than cytomegalovirus immediate early
promoter, the SFFV promoter outperformed both other promot-
ers (200-fold and 13-fold, respectively). Comparable results were
obtained in human T-cell lines (SupT1 and PM1; data not shown).
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Hence, all viral vector constructs in this study were designed to
contain an internal SFFV LTR promoter.

Next, three different HIV-1-based lentiviral vectors were gen-
erated to interfere with LEDGF/p75 function during HIV infec-
tion (Supplementary Figure S3). All constructs expressed eGFP
and truncated CD,, (tCD34) as reporter proteins. In order to
obtain potent KD of the endogenous LEDGF/p75, we developed a
miRNA-based KD vector (referred to as LV_KD) containing two
miRNA-based shRNA sequences specifically recognizing LEDGF/
p75 mRNA.' We also generated a vector stably overexpressing the
C-terminus of LEDGF/p75 fused to eGFP (LV_LEDGF,,, _. ), for
which we and others demonstrated its potential in cell culture.*
A third construct combined both strategies (LV_LEDGF
KD). As controls we used LV_eGFP and LV_LEDGF,,, ., D366N
(Supplementary Figure S3). Residue D366 in LEDGF/p75 is piv-
otal for the interaction with IN. Mutation of Asp into Asn at this
position abolishes the interaction with IN."”

In a first step the potency of the respective constructs was eval-
uated in laboratory T-cell lines. We generated SupT1 cells stably
transduced at high multiplicity of infection (MOI) (MOI >1) with
the aforementioned lentiviral vectors. Transduction efficiency was
measured at 72 hours by tCD,, flow cytometry, revealing >95%
tCD,, ™ SupT1 cells for all vectors (data not shown). Protein
expression of the respective constructs was evaluated by Western
blot analysis (Supplementary Figure S4a): no LEDGEF/p75
protein was detected in the KD cell line (KD), whereas expression
of LEDGF,,, ., or LEDGF, . . D366N resulted in protein bands
migrating at the predicted MW (55kDa). KD and overexpression
levels were subsequently quantified by qPCR. In the KD cell line,
LEDGF/p75 mRNA levels were suppressed by 87 + 2% relative
to wild-type (WT) cells (Supplementary Figure S4b), whereas
LEDGEF,,, .., and LEDGF, ., D366N were overexpressed four-
and sixfold, respectively, compared to endogenous LEDGF/p75
in WT cells (Supplementary Figure S4c). Growth curves of the
different cell lines did not reveal differences in growth kinetics
compared to control (data not shown).

325-530—

Both LEDGF/p75 KD and LEDGF,,, ., overexpression
inhibit HIV replication in laboratory T-cell lines

HIV-1_,,, replication in the SupT1-derived cell lines was moni-
tored to evaluate the functionality of the constructs (Figure 2).
Following challenge with HIV-1_ . virus (500pg p24) both

WT SupT1 and SupT1 cells transduced with control LV_eGFP
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Figure 2 Both LEDGF/p75 knockdown and LEDGF
T-cell lines were infected with HIV-1
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HIV replication was monitored by p24 measurement using enzyme-linked immunosorbent assay (ELISA).

Days postinfection

e Infection in different T-cell lines. Transgenic SupT1

(a) HIV breakthrough in SupT1 cells depleted for LEDGF/p75 (LEDGF/p75 KD) (open circle) and controls: untransduced WT cells (closed triangle)

and cells transduced with an eGFP-encoding lentiviral vector (LV_eGFP) (closed circle). (b) Breakthrough in SupT1 cells expressing LEDGF

square) and in cells expressing LEDGF
expressing LEDGF

325-530
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325-530 (Open

in combination with LEDGF/p75 KD (open diamond), in WT (closed triangle) or in control SupT1 cells
D366N (closed square). All experiments were performed at least three times; a representative experiment is shown. eGFP,

enhanced green fluorescent protein; LEDGF/p75, lens epithelium-derived growth factor; KD, knockdown; WT, wild-type.

supported HIV-1_ . replication (Figure 2a). In contrast, a 500-
fold inhibition in p24 production was detected at day 11 in the
LEDGF/p75 KD cells compared to WT cells, which is in accor-
dance with previous data.'* Overexpression of LEDGF,, ..
potently inhibited HIV replication (Figure 2b; 600-fold reduc-
tion compared to WT cells), whereas the interaction-deficient
LEDGEF,,, ., D366N control did not significantly affect HIV repli-
cation (Figure 2b). Combining LEDGF/p75 KD and LEDGF,, .,
overexpression resulted in a twofold more potent inhibition of
HIV replication compared to either strategy alone, suggesting a
small additive effect. Similar results were obtained in other labora-
tory T-cell lines, such as PM1 cells” (Supplementary Figure S5).

Next to HIV-1 , ,, we also evaluated replication of HIV-2 and
HIV-1_ ., a highly cytopathic clade D strain, in the transgenic
SupT1-derived cell lines. LEDGF/p75 KD potently inhibited HIV-2
replication, compared to control SupT1 cells transduced with LV_
eGFP (Supplementary Figure S6a). Likewise HIV-2 replication was
inhibited in SupT1 LEDGF,,, _, cells (Supplementary Figure S6b),
whereas the interaction-deficient control LEDGF, , ., D366N cells
supported WT levels of HIV-2 replication (Supplementary Figure
S6b), in line with the results obtained for HIV-1 , .. The combina-
tion of LEDGF/p75 KD and LEDGF,, _, overexpression resulted
in more potent inhibition of HIV-2 replication (Supplementary
Figure S6b). Similar data were obtained with HIV-1 . Control
SupT1 cells, transduced with LV_eGFP, supported HIV-1
breakthrough at day 7, whereas in LEDGF/p75 KD SupTT1 cells a
500-fold inhibition was observed (Supplementary Figure Sé6c).
A 20-150-fold inhibition could be detected in SupT1 cells over-
expressing LEDGEF, . .= alone or in combination with LEDGF/
p75 KD (Supplementary Figure S6d), whereas overexpression of
LEDGEF,,, ., ,D366N in SupT1 cells supported HIV-1__  replica-
tion (Supplementary Figure S6d). Together, these results show
that both LEDGF/p75 KD and LEDGF,,, . overexpression inhibit
virus replication of HIV-1 HIV-2 and HIV-1 .

NL4.3”

LEDGF,,, ,,, overexpression potently inhibits HIV
replication in primary CD,* T-cells
Next, we attempted to inhibit HIV replication in transgenic

primary human CD,* T-cells. Primary cells were purified and
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transduced with either LV_KD or LV_LEDGF,, .= or LV_
LEDGEF,, ., KD. Control primary CD,* T-cells were transduced
with LV_eGFP or LV_ LEDGF, . D366N. LEDGF/p75 KD and
overexpression of LEDGF,,, . or LEDGF,, ., D366N was cor-
roborated by western blot analysis (Figure 3a). Quantitative-PCR
analysis for LEDGF/p75 mRNA levels demonstrated 80 + 4% KD
in KD cells (Figure 3b) and tenfold overexpression compared to
endogenous LEDGF/p75 for LEDGF,,. .. or LEDGF, .. D366N
overexpression cells (Figure 3c).

To evaluate the effect on HIV replication, transgenic cells
were challenged with HIV . virus (5,000 pg p24). Although
LEDGF/p75 KD in T-cell lines resulted in potent inhibition of
HIV replication, we only observed a moderate fivefold inhibi-
tion in the LEDGF/p75 KD cells compared to WT primary cells
(Figure 4a), whereas LV_eGFP control cells supported HIV rep-
lication to the same extent as WT. Conversely, HIV replication
was potently inhibited in the LEDGF,,, . expressing cells com-
pared to WT cells (40-fold inhibition, Figure 4b), whereas no
inhibition was observed in LEDGF,, ., D366N cells. No additive
effect of the KD to LEDGF,, .. overexpression could be detected
when combining both strategies (Figure 4b). Altogether, these
results demonstrate that in vitro HIV replication in primary
human CD,* T-cells is most potently inhibited by overexpression
of LEDGF, ___.
Transgenic CD,* T-cells display normal T-cell
characteristics
In a step towards a gene therapeutic approach for HIV, we
evaluated cell growth and T-cell characteristics for the transgenic
CD 4+ T-cells expressing LV_LEDGF, _ .. and LV_LEDGF,, ..
KD with LV_LEDGEF,, ., D366N as control. No differences in cell
growth between WT cells and the transgenic cells were detected
(data not shown). The proliferative response to mitogenic stimula-
tion by both phytohaemagglutinin and anti-CD,, antibody treat-
ment was evaluated via monitoring of °H thymidine incorporation
(see Supplementary Materials and Methods and Supplementary
Figure S7a; no difference compared to control cells, P > 0.05, two-
tailed ¢-test). Additionally, the production of the cytokines inter-
leukin-2, interleukin-5, and interferon-y was evaluated in the cell

www.moleculartherapy.org vol. 20 no. 5 may 2012



© The American Society of Gene & Cell Therapy

HIV Gene Therapy Using LEDGF/p75

be’Q)é
S b
a )'0’56 @/@‘b
Qé‘é’ 3% ©
& & 2 15+
N © NN 3 - W

s [ KD
[
€
[Te)
N
o
C
0]
0

| — —-— W LEDGF/p75 ;',
2
= I I
&’ T

R— s LEDGF 55 559
8 =
I wWT

o-tubulin

-_E e -

g LEDGF325—530
E=] LEDGF 55 45,D366N

0 I

Relative LEDGF/p75 mRNA levels
N
L

Figure 3 Detection of knockdown and overexpression in primary CD,* T-cells. (a) Analysis of protein expression in transgenic primary CD,*
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culture supernatant (see Supplementary Materials and Methods
and Supplementary Figure S7b-d). For none of the parameters
checked, significant differences were detected between transgenic
and WT cells.

Furthermore, transgenic primary CD,* T-cells were compared
with WT CD,* T-cells for their ability to engraft NOD.Cg-Prkdc
112rg™™"/Sz] (NSG) mice. Therefore, primary human CD 4+ T-cells
were purified and transduced with the respective viral vectors, and
after 5 days of culture, the cells were transplanted into NSG mice (n =
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4 for each group). On a weekly basis, human CD,* T-cell levels were
monitored in the peripheral blood of the mice by flow cytometry.
The percentage human CD,* T-cells of total lymphocytes was ana-
lyzed as an estimate of human cell engraftment. Both WT and trans-
genic cells displayed similar engraftment kinetics, peaking at 3 weeks
post-transplantation (80% human CD,* T-cells/total lymphocytes)
and leveling at ~65% human CD 4+ T-cells at 5 weeks (Figure 5a).
Next to CD,* T-cell levels, we also monitored the ability of
WT and transgenic CD,* T-cells to induce graft-versus-host
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disease in NSG mice. In general, mice are considered to suffer
from graft-versus-host disease when their weight drops below
85% of the weight at the day of transplantation.?® The weight of
the animals in the different groups decreased gradually until 80%
after 42 days of transplantation, eventually resulting in death
of the animals. This was comparable for the different groups
(Figure 5b). Altogether, these results indicate that transduction
with lentiviral vectors and permanent overexpression or KD of
LEDGF/p75 in primary cells does not significantly influence
T-cell characteristics.

© The American Society of Gene & Cell Therapy

Primary CD,* T-cells expressing LEDGF,,, ., are
protected against HIV infection in a mouse model

We employed a human xenotransplant mouse model to evaluate
whether transgenic primary cells are protected against HIV-1 infec-
tion. For our in vivo strategy the LEDGF,,_ . approach was chosen
because this construct demonstrated the strongest phenotype in
primary T-cells in vitro. As displayed in Figure 6a, freshly prepared
primary human CD,* T-cells were transduced with LV_LEDGF, _
.5 O LV_LEDGEF,,_ . D366N control vector at high MOI (MOI
>1). After 4 days, transduction efficiency was measured by tCD,,
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Figure 5 Transgenic primary CD4+ T-cells display a similar engraftment efficiency as WT CD;r T-cells. WT (closed triangle) and transgenic pri-
mary CD‘,Jr T-cells (transduced with LV_LEDGF,,, .,  (open square), LV_LEDGF,,, ., KD (open diamond) or LV_LEDGF,, ... D366N (closed square)
were transplanted into NSG mice (n = 4 for each group). (a) Human CD,* T-cell levels were monitored in peripheral blood with flow cytometry and
are depicted as percentage of human CD,* cells of total lymphocytes. (b) Mice were weighed on a weekly basis. Average weight + SD per treatment
group is displayed. KD, knockdown; LEDGF/p75, lens epithelium-derived growth factor; NSG, NOD.Cg-Prkdc<@ [12rg™'"/Sz); WT, wild-type.
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Figure 6 Primary CD,* T-cells expressing LEDGF,,, .. are protected against HIV infection in a mouse model. Five days after transduction with
LV_LEDGF,,, .., (open square) or LV_LEDGF,,, ., D366N (closed square), primary CD,* T-cells were debeaded and infected with HIV-1,,, , (100,000
pg p24) One day later cells were washed and transplanted into 6-10 weeks old NSG mice (n = 4 for each group). Non infected WT cells (closed
triangle) were used as a control. Blood was sampled on a weekly basis. (a) Experimental set-up. (b) Percentage of human CD,* T-cells of total lym-
phocytes over time. Means + SEM for each group are shown. () HIV p24 levels over time in the plasma of the mouse blood [p24 enzyme-linked
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flow cytometry. Transduction efficiency was comparable for all vec-
tors used (70% tCD, 4+cells) (data not shown). Cells were infected
with HIV-1_ ., and 1 day later transplanted into NSG mice (n =
4 per group). As an additional control, noninfected cells were also
evaluated. On a weekly basis, peripheral blood was monitored for
human CD,* and human CD,.* cells and sampled for p24 as a
measure for HIV replication. The experiment was halted when the
mice showed signs of severe graft-versus-host disease.

As shown in Figure 6b, transplantation of noninfected WT
cells yielded ~60% human CD,* cells of total lymphocytes at 3
weeks post-transplantation. In contrast, no human CD, * cells were
observed in mice transplanted with infected control LEDGF, .
55pD366N expressing cells. However, HIV-infected LEDGF,,,
expressing cells displayed an intermediate engraftment; 30% of
total lymphocytes were human CD,* cells at 3 weeks post-trans-
plantation. In parallel, we monitored HIV replication by p24 anti-
gen detection in the plasma of the respective animals (Figure 6¢).
Significant HIV-1 replication was demonstrated in animals car-
rying nonprotected, LEDGF, . .. D366N cells, explaining the
low level of human cells in the mouse blood. In contrast, a three-
fold reduction in mean plasma viral load was observed in mice
engrafted with LEDGF,, . expressing CD,* T-cells compared to
LEDGE,,, ., D366N control mice. When evaluating the percent-
age of human CD,* T-cells in the total population of human cells
(CD,.* cells), CD,.* cells remained 100% CD, positive over the
time course of the experiment in the mice transplanted with non-
infected, control cells. In animals transplanted with LEDGF,,,
D366N expressing cells, ~70% of the CD,* T-cells were lost by
day 27, probably due to ongoing HIV replication (Figure 6d). In
mice transplanted with LEDGF,_ .. expressing cells, only a 20%
decrease of CD 4+ cells was observed (Figure 6d).

The experiment was repeated with blood of another donor.
Transduction efficiency was comparable for all vectors used,
resulting in a transduction efficiency of 30% tCD,,* cells for
LV_LEDGEF,,, ., and LV_LEDGF,,, . D366N (data not shown),
about twofold lower than in the first experiment. Following infec-
tion with HIV-1_ ., cells were transplanted into NSG mice (n =
9 per group). Although engraftment was readily detectable for
noninfected control cells (indicated by the percentage of human
CD,* cells in the peripheral blood), no significant increase
of human CD,* cells was detected at day 36 in animals trans-
planted with HIV-1-infected LEDGF,,, _, or LEDGF, ., D366N-
expressing cells (Supplementary Figure S8a). Nevertheless, a
comparison of LEDGF, _ ., and LEDGF,,, . D366N-expressing
CD, positive T-cells evidenced a tenfold reduction in HIV-1 rep-
lication (Supplementary Figure S8b). Measuring the percent-
age of human CD," T-cells in the total human cell population
(hCD,, " cells), hCD,* T-cells remained at 100% of the hCD,,*
cells in the mice transplanted with noninfected, control cells. In
animals transplanted with LEDGF,,, ., D366N cells, 80% was
lost by day 29 and 93% of the hCD,* T-cells was lost by day 36
(Supplementary Figure S8¢), in line with the previous experi-
ment. However, in LEDGF, _ _ mice 40% and 30% of the hCD . *
cells remained hCD,* at day 29 or 36 post-transplantation
(Supplementary Figure S8c). These results indicate that overex-
pression of LEDGF,,, .. inhibits HIV-1 replication and protects
primary cells against HIV-1 associated cytopathogenic effects.
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Further evidence for in vivo protection against HIV-1 infec-
tion by LEDGEF,,, ., overexpression was sought by examining
the liver and the spleen of mice transplanted with HIV-1 infected
LEDGF,,, ., or LEDGF,, ., D366N transgenic primary T-cells.
Tissue sections of spleen and liver were examined for HIV-1 p24
antigen. p24 staining was observed in liver sections from animals
engrafted with LV_LEDGEF,,_ ., D366N transduced CD 4+ T-cells
but not in liver from mice engrafted with CD,* T-cells transduced
with LV_LEDGF,, .. = (Figure 7, upper panels). Similar results
were obtained for tissue sections from spleen (Figure 7, lower
panels). These experiments show that LEDGF,, .. = overexpres-
sion prevents productive HIV-1 infection in vivo.

DISCUSSION

Although HAART has decreased the mortality of HIV-infected
patients, HIV infection is still not curable and lifelong pharma-
cotherapy remains necessary. In addition, toxic side effects and
resistance development often urge changes in therapy regimens,
which can finally result in multidrug resistance and therapy fail-
ure. The difficulties of controlling HIV-1 infection and the lack
of an effective HIV vaccine fuel the thinking about alternatives,
such as gene therapy. Ideally, gene therapy should potently sup-
press HIV-1 replication without eliciting viral resistance. While
all steps of the viral life cycle are potential gene therapy targets,
targeting the virus before integration into the host genomic DNA
occurs, is essential to prevent the virus from becoming a heritable
genetic element.

We report here for the first time on a gene therapy approach
that utilizes LEDGF/p75, a cellular cofactor of HIV replication.
LEDGEF/p75, a cellular cofactor that is hijacked by the viral IN,
orchestrates efficient chromosomal tethering and integration of
the provirus into the host cell chromatin.’ Proviral integration
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Figure 7 p24 staining in liver and spleen from mice transplanted
with CD,* T-cells expressing LEDGF,,, . Paraffin-embedded sections
of liver (upper panels) and spleen (lower panels) from mice transplanted
with the LEDGF,,, ., -expressing human CD,* T-cells (left panels) or with
LEDGF,, ,,,D366N cells (right panels) are shown. Sections were stained
with anti-p24. All panels are at x20 magnification. A representative sec-

tion is shown. LEDGF/p75, lens epithelium-derived growth factor.
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is an attractive target because of its central role in the HIV rep-
lication cycle. The IN strand transfer inhibitor raltegravir was a
recent successful addition to HAART. Although RNA interference
and overexpression of truncation mutants in laboratory cell lines
were employed to validate the pivotal role of LEDGF/p75 in HIV
replication,**' the impact of LEDGF/p75 KD and/or LEDGF,,
overexpression on HIV replication has not been studied in pri-
mary cells. In this study we examined the effect of LEDGF/p75
KD, LEDGEF,,, _, overexpression and the combination of both, on
HIV replication in primary CD,* T-cells. Viral vector constructs
were first validated in laboratory T-cell lines. HIV replication
was potently inhibited in LEDGF/p75 KD and in LEDGF,, , -
expressing cells, as reported earlier.* Combining both strategies
even proved to be more potent (Figure 2 and Supplementary
Figure S5), in line with results by Meehan and coworkers.*'

In primary CD,* T-cells, efficient inhibition of HIV-1 replica-
tion in vitro was achieved by overexpression of LEDGF
(Figure 4), but not interaction-deficient control LEDGF, ../
D366N. The fact that KD in primary CD,* T-cells fails to dem-
onstrate a more pronounced effect on HIV replication is most
probably due to the residual LEDGF/p75 protein, as observed in
western analysis (lane 2, Figure 3a). Indeed, earlier studies revealed
already that potent LEDGF/p75 KD is necessary to inhibit HIV
replication, because residual protein levels are sufficient to sup-
port integration.'®*>* In contrast with the T-cell line data, no addi-
tive effect was detected by combining the KD and overexpression
strategies. This difference between laboratory T-cells and primary
CD,* T-cells can be due to the difference in KD levels, respec-
tively 87% and 80% or possibly there is a difference in LEDGF/p75
dependency between laboratory and primary cells. Growth curves,
T-cell characteristics, and engraftment of transgenic primary CD, *
T-cells expressing LEDGF,,, ., or LEDGF,,. .. D366N were indis-
tinguishable from nontreated primary cells ruling out that overex-
pression interferes with cell biology.

Next, transgenic primary CD,* T-cells expressing LEDGF
.50 OF LEDGF, . . D366N were infected with HIV-1 , |
planted into NSG mice. Overexpression of LEDGF,, ., rendered
primary T-cells more resistant to HIV infection compared to the
D366N control, as illustrated by an engraftment up to 30% of total
cells and a threefold reduction in the p24 antigen concentration
in the circulating blood (Figure 6b,c respectively). In line with
this result, p24 staining revealed less HIV in the liver and the
spleen of mice transplanted with LEDGF,, . -expressing CD,*
T-cells compared to mice transplanted with LEDGF,,, ., D366N-
expressing T-cells (Figure 7). Taken together, these results vali-
date LEDGF/p75 as a novel antiviral target for HIV gene therapy.

The interest in gene therapeutic approaches to treat and poten-
tially cure HIV infection has recently been fueled by the “Berlin
case; where an HIV-1 patient with acute myeloid leukemia
received stem cells from a donor homozygous for a 32-base pair
deletion in the CCR5 allele. The patient remained without viral
rebound after transplantation and discontinuation of antiretroviral
therapy?** and successful reconstitution of the systemic and gut-as-
sociated immune system was observed.”® Several gene therapeutic
approaches have been developed for HIV/AIDS (for a review see
refs. 13,14). Viral proteins (Rev, Tat, and Gag) as well as cellular
proteins, such as the CCR5 coreceptor have been targeted using
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various strategies, including RNA decoys, ribozymes, siRNAs,
and zinc-finger nucleases.”® Yet, each approach comes with spe-
cific concerns regarding toxicity,” off-target effects,”® and viral
resistance.”” Monotherapy readily gives rise to escape mutants, as
demonstrated for RevM10 and several siRNA-based approaches,
where a single nucleotide change is sufficient to overcome the
RNA interference-mediated block of HIV replication.” The sur-
gical disruption of the CCR5 gene with zinc-finger nucleases is
one of the most promising approaches to date (for a review see
ref. 26). However, CCR5-independent viruses could be selected”
and the introduction of the CCR5A32 allele comes with a higher
risk for West Nile virus infection.’*® Additionally, the therapy only
protects against HIV-R5 infection.*"* Therefore, analogous efforts
are underway to target CXCR4.%

We employ a fragment of a cellular cofactor to compete with
the endogenous protein, LEDGF/p75, for the incoming viral IN.
The first and most important advantage of targeting cellular pro-
teins lies in the difficulty for resistance development. Theoretically,
it is more challenging for the virus to develop resistance against
an essential cofactor since mutations selected in the viral inter-
acting protein will affect the interaction with the essential cel-
lular cofactor. Although Hombrouck et al. selected viruses that
were resistant to LEDGF, . .= overexpression, the two mutations
selected in HIV-IN, A128T and E170G reduced the affinity of IN
for LEDGF/p75 and replication kinetics were impaired in primary
cells.* Moreover, since the interaction between LEDGF/p75 and
IN is important for replication of all lentiviruses, our strategy has
as well the benefit to target all HIV-1 clades as well as HIV-2*% as
shown in Supplementary Figure S6 for HIV-1_ and HIV-2.

The evaluation of new HIV therapies is limited by the lack of
adequate animal models to evaluate HIV replication and patho-
genesis. Here, we used NSG mice transplanted with acutely
infected human CD,* T-cells, which permitted high-level vire-
mia and assessment of the effect of LEDGF,,, . expression on
HIV-1 replication and CD,* T-cell protection. Autotransfusion
of ex vivo expanded CD,* T-cells results in a clinical benefit for
HIV-infected people.”” The main hurdle for HIV gene therapy lies
in the large number of HIV-1 target cells (>10'). Since genetic
modification of the entire target-cell population is impossible,
only a limited number of the target cells can be genetically pro-
tected against de novo HIV infection. In a clinical setting, autol-
ogous CD,* T-cells can be transduced at high efficiency and
expanded ex vivo to >10° cells. Transfusion of transgenic cells will
only result in a clinical benefit, when the genetically altered cells
have a selective advantage (are protected) over the endogenous
population and can accumulate over time. We evaluated the selec-
tive advantage of LEDGF, _ .. transgenic PM1 cells, by mixing
with WT PM1 cells (see Supplementary Materials and Methods
and Supplementary Figure S9). A significant increase of the
LEDGEF,,, .. expressing cells was observed over time, whereas no
selection was observed in noninfected control cells or in inter-
action-deficient LEDGF,, ., D366N cells. These results are com-
parable with the selective advantage reported for transgenic cells
that are depleted for CCR5.%

A good gene therapy candidate combines low antigenicity with
high efficacy. Since we use a fragment of a cellular cofactor, the
protein fragment will not be recognized as foreign by the body.
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One disadvantage of cellular cofactors is the possible toxicity, since
overexpression of an endogenous protein fragment might deregu-
late specific cellular interactions. The IBD of LEDGF/p75 does not
only interact with HIV-IN, but is identified as a protein—protein
interaction domain, ensuring interaction between LEDGF/p75
and several other cellular proteins, such as JPO2,* pogZ,*® MLL/
menin," and Cdc7-activator of S-phase kinase (Cdc7-ASK).** Akin
to its effect on HIV-1-IN, LEDGF/p75 orchestrates the chromatin-
association of these proteins, with LEDGF/p75 acting as a multi-
functional tether that can target a plethora of cellular machinery
involved in expression and maintenance to specific loci in the
chromatin. Overexpression of the IN-binding C-terminal end of
the LEDGF/p75 protein, might affect these interactions and hence
their downstream pathways. We performed several experiments
to evaluate toxicity effects related to LEDGF,,, ., overexpres-
sion in primary CD,* T-cells (see Supplementary Materials and
Methods). We compared transgenic cells and WT cells for growth,
in vitro proliferative response (Supplementary Figure S7a) and
production of IL-2, IL-5, and interferon-y (Supplementary Figure
$7b-d) following mitogenic stimulation. In addition, we evaluated
engraftment capacity in NSG mice (Figure 5a) together with their
ability to induce graft-versus-host disease (Figure 5b). No abnor-
malities were detected in these experiments.

In contrast to other cellular targets for gene therapy such as
(co)receptors, inhibition of the LEDGF/p75-IN interaction tackles
the last step before proviral integration preventing establishment
of a latent reservoir. Ultimately, efficient HIV gene therapy would
benefit by combining several potent approaches into one viral vec-
tor. As for HAART, combination of different strategies increases
the potency and limits the likelihood for resistance development.
In 2010 DiGiusto et al. reported on a phase I clinical trial using
a triple punch gene therapeutic approach (Tat/Rev shRNA, TAR
decoy and CCR5 ribozyme) to render HSC resistant to HIV infec-
tion. Low levels of genetically altered cells were detected up to 24
months after transplantation.” Inclusion of potent fragments of
cellular cofactors, such as LEDGF,_ .., in a combinatorial gene
therapeutic trial will prevent the HIV virus to become a stable,
heritable element of the infected cell.

MATERIALS AND METHODS

Ethics statement. Animal experiments were performed in compliance
with the local animal experimentation guidelines and approved by the
regional council (Regierungsprisidium, Darmstadt, Germany, protocol
#F123/35). Human peripheral blood mononuclear cells were obtained
from healthy anonymous donors, who provided written informed consent
under protocols approved by the ethics committee of the Medical Faculty
of the Johann-Wolfgang Goethe University Frankfurt, Protocol #81/10.

Cell culture. PM1" and SupT1 cells (both NIH AIDS reagents) were grown
at 37°C in a humidified atmosphere containing 5% CO, in RMPI (Gibco,
Invitrogen, Merelbeke, Belgium) supplemented with 10% heat-inactivated
fetal calf serum (Sigma-Aldrich, Bornem, Belgium) and 50 pg/ml gentami-
cin (Gibco). 293T cells (ATCC/LGC Standards, Molsheim Cedex France)
were grown in Dulbeccos modified Eagle’s medium with Glutamax
(Gibco) supplemented with 8% fetal calf serum and 50 pig/ml gentamicin.
Peripheral blood mononuclear cells were cultured in RPMI supplemented
with 15% fetal calf serum, 1% nonessential amino acids (Gibco), 50 ug/ml
gentamicin and recombinant human interleukin-2 (100 U/ml, Proleukin;
Novartis, Vilvoorde, Belgium) at 37 °C with 5% CO,.
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Plasmids and lentiviral vector production. All primers used are listed in
Table 1. All enzymes used were obtained from Fermentas (St Leon-Rot,
Germany).

Transfer plasmid pSFFV_eGFP_Ires_tCD34 was used to produce
LV_eGFP. First, pCMV_eGFP_Ires_tCD34 was cloned by replacing
blasticidin with tCD34 in pCMV_eGFP_Ires_Bsd' using primers
tCD34s_Bcll and tCD34as_Spel to amplify tCD34. Next, CMV promoter
of pCMV_eGFP_Ires_tCD34 was removed by Xbal and BamHI digestion
and replaced by SFFV LTR promoter (PCR amplified using SFFVs_Spel
and SFFVas_XbalBamHI primers and pFelix (kind gift of J. Luban Lab,
Geneve, Switzerland) as template).

Transfer plasmid SFFV_eGFP_LEDGF
produce LV_LEDGF,,, ., . CMV promoter was replaced by SFFV LTR in
CMV?eGFPiLEDGFm_eresiPuro“ to create SFFV_eGFP_LEDGF,
so_lres_Puro using the same protocol as described above. Ires_Puro was
removed by BamHI and Spel digestion and replaced by Ires_tCD34 (PCR
amplified using primers: IRESs_BglII and tCD34as_Spel and SFFV_
eGFP_Ires_tCD34 as template). Same protocol was used to create SFFV_
eGFP_LEDGF,, ., D366N_Ires_tCD34 which is the transfer plasmid
for LV_LEDGF,, . D366N. Then CMV_eGFP_LEDGF D366N_
Ires_Puro* was used as starter plasmid.

SFFV?eGFPfLEDGFsZS_ 53uflresftCD347mirLED GFand SFFV_eGFP_
Ires_tCD34_mirLEDGF were transfer plasmids for LV_LEDGF,, .. KD
and LV_KD, respectively. Spel, Bcll, and Nhel adaptor was cloned into
NotI and Xhol digested pLNC_mirLEDGF_Zeo" to create pLNC_MCS_
mirLEDGF_Zeo. mirLEDGF was removed by digesting with Nhel and
Xbal and cloned into Spel digested SFFV_eGFP_LEDGEF,, ., Ires tCD34
and SFFV_eGFP_Ires tCD34 to create SFFV_eGFP_LEDGFﬂHm_Ires_
tCD34_mirLEDGF and pSFFV_eGFP_Ires_tCD34_mirLEDGE.

Lentiviral vector production was performed as described earlier.*

15530 11€S_tCD34 was used to
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Transduction. PM1 cells, SupT1 cells and primary CD,* T-cells were
transduced with lentiviral vectors at high MOI (>1) in RPMI medium with
addition of protamine sulphate (Sigma-Aldrich) (8 ug/ml). After 72 hours
of incubation medium was replaced.

Expression analysis. Quantitative-PCR and western blot was performed as
previous described."

Virus strains. The HIV-1 molecular clone, NL4.3* and NDK,? and the
HIV-2 molecular clone, ROD* were obtained through the AIDS Research
and Reference Reagent Program, Division of AIDS, NIH, contributed by
Dr Malcolm Martin (Bethesda, MD). Virus stocks were produced on MT-4
cells following electroporation of viral plasmid at 250 V and 1500 mA. After
4 days the supernatants was harvested and aliquots were stored at —80°C.
Viral titers were determined by p24 enzyme-linked immunosorbent assay
(Innotest HIV Antigen mAb; Innogenetics, Gent, Belgium).

HIV breakthrough assay. Primary CD 4* T-cells were seeded at 250 000
cells/well in a 48-well dish and infected 1 day later with 5,000 pg p24 of
HIV (NL4.3). HIV replication was monitored by p24 enzyme-linked
immunosorbent assay.

PM1 and SupT1 cells were seeded at 400 000 cells/well in a 12-well
dish and infected the same day with 500 pg p24 of HIV (NL4.3), HIV-2
(ROD), and HIV Clade D (NDK).

Table 1 Primers used for plasmid cloning

Primer mame Oligonucleotide sequence 5’-3’

tCD34 s Bcll Aaaaaatgatcacgtggttctgtattgtctgaaaatage
tCD34 as Spel Ttttttactagttcatggttctagttccagectttctce
SFFV s Spel Aaaaaaactagtattaactgcagccccgataaaataaaag
SFFV as Xbal-BamHI Aaaaaaggatcctctagagctcccggtccccegggegac
IRES s BgllI Aaaaaaagatctcgccccccccccctaacgttactg
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T-cell purification. Peripheral blood mononuclear cells were purified from
a buffy coat using density-gradient centrifugation (Lymphoprep; Axis-
Shield PoC AS, Oslo, Norway). Primary CD, " T-cells were isolated using
negative selection (MACS; Miltenyi Biotec, Leiden, the Netherlands) and
stimulated with CD2, CD3, CD28 beads (MACS).

FACS analysis. Transduced cells were fixed (2% PFA final) and analysed
for eGFP expression by flow cytometry (FACSCalibur; BD Biosciences,
Erembodegem, Belgium). Data were analyzed using CellQuest software.
Likewise, tCD34 expression was analyzed. Cells were stained according to
the manufacturer’s protocol (Catnr 130-081-002, Miltenyi Biotec).

Evolution of human cell populations in the NSG mice were monitored
by sampling blood (50pl; retro-orbital bleeding) weekly. Blood was
incubated with monoclonal antibody to mouse Fc-receptors (2.4G2;
Bio Express, West Lebanon, NH) 15 minutes at room temperature. Cells
were stained with PerCP-conjugated antihuman CD4 antibodies (clone
SK3; BD-PharMingen, Heidelberg, Germany) and allophycocyanin-
conjugated antihuman CD45 antibodies (clone HI30; BD-PharMingen)
for 15 minutes at room temperature. Erythrocytes were lysed using BD
PharmLyse (Heidelberg, Germany).

Virus replication assays in xenotransplanted NSG mice. NSG mice were
obtained from Charles River Laboratories (Sulzfeld, Germany). Mice were
bred and maintained under specific pathogen-free conditions in individu-
ally ventilated cages in the animal facilities of the Georg-Speyer-Haus. The
experiments were performed in compliance with the local animal experi-
mentation guidelines. On day 5 after transduction, human T lymphocytes
were infected with HIV .. After 16 hours cells were harvested, washed
with PBS and transplanted into adult NSG mice via intraperitoneal injec-
tion. Blood of the transplanted mice was regularly collected from the tail
vein. Viral load in the serum of the infected mice was determined by p24
enzyme-linked immunosorbent assay. Mice were euthanized after anesthe-
sia by cervical dislocation as soon as they showed signs of severe graft-
versus-host disease.

Immunohistochemical analysis. Organs of the mice were assayed by
immunohistochemistry as described in ref. 49 with minor modifications.
Twenty-minute incubation at 98°C in Tris-EDTA, pH 7.8 was used as
heat-induced epitope retrieval. Sections were incubated overnight with
the primary monoclonal anti-p24 antibody (Clone Kal-1, 1/5; Dako,
Glostrup, Denmark) at 4°C, followed by 30-minute incubation with sec-
ondary anti-mouse antibody (Envision Plus System Labeled Polymer HRP
anti-mouse; Dako). Sections were finally treated with Liquid DAB Plus
Substrate Chromogen System (Dako) for 30 minutes and counterstained
with hematoxylin. Tissues were visualized with Leica DMR Biopoint 2
microscope (Leica Microsystems, Wetzlar, Germany). To assess nonspe-
cific binding, tissue from uninfected transplanted mice was stained as a
control.

SUPPLEMENTARY MATERIAL
Figure S1. Gene therapeutic approaches using LEDGF/p75.
Figure S2. Promoter study.

Figure $3. Lentiviral vector constructs.

Figure S4. Detection of knockdown and overexpression in SupT1
cells.

Figure $5. LEDGF/p75 KD and/or LEDGF,,, ., overexpression inhib-
its HIV-1 infection in PM1 cells.

NL4.3

Figure $6. LEDGF/p75 KD and/or LEDGF
its lentivirus infection.

Figure $7. Transgenic CD," T-cells display normal T-cell characteris-
tics in vitro.

Figure $8. Primary CD," T-cells expressing LEDGF
infection in a mouse model.

Figure §9. Selective advantage of LEDGF
Materials and Methods.
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