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5
Stringent testing identifies highly potent and

escape-proof anti-HIV shRNAs

Karin J. von Eije, Olivier ter Brake and Ben Berkhout
Journal of Gene Medicine 2009. 11 (6):459-67

5.1 Abstract

RNA interference (RNAi) is a cellular mechanism that can be induced by small inter-
fering RNAs to mediate sequence-specific gene silencing by cleavage of the targeted
mRNA. RNAi can be used as an antiviral approach to silence the human immun-
odeficiency virus type 1 (HIV-1) through stable expression of short hairpin RNAs
(shRNAs). Previously, we used a co-transfection assay in which shRNA constructs
were transfected with an HIV-1 molecular clone to identify 20 shRNA inhibitors that
target highly conserved HIV-1 sequences. In the present study, we selected the most
potent shRNAs to formulate a combinatorial shRNA therapy and determine the best
and easiest method for antiviral shRNA selection. We performed transient inhibition
assays with either a luciferase reporter or HIV-1 molecular clone and also infected
shRNA-expressing T cell lines with HIV-1 and monitored virus replication. The
latter assay allows detection of viral escape. In addition, we also tested shRNA-
expressing T cells upon challenge with increasing dosages of HIV-1, and measured
the dose required to result in massive virus-induced syncytia formation in this 2-week
assay. Extended culturing selected three highly effective shRNAs that do not allow
viral replication for more than 100 days. This difference in potency was not observed
in the transient co-transfection assays. The use of increased dosages of HIV-1 selected
the same highly potent shRNAs as the laborious and extended escape study. These
highly potent shRNAs could be used for a clinical vector and the comparison of the
developed assays might help other researchers in their search for antiviral shRNAs.
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CHAPTER 5. STRINGENT TESTING IDENTIFIES HIGHLY POTENT AND
ESCAPE-PROOF ANTI-HIV SHRNAS

5.2 Introduction

AIDS remains a serious problem, with millions of newly human immunodeficiency
virus type 1 (HIV-1) infected individuals each year. Antiviral therapy that prevents
or delays the onset of AIDS has improved the quality of life and life expectancy.
However, drug resistance and severe side-effects remain a serious problem [242]. These
issues argue for a continued search for new antiviral therapeutic strategies. RNA
interference (RNAi) is a promising antiviral strategy for HIV-1 and other pathogenic
viruses [99, 103, 142, 164, 202, 214, 233, 241, 261, 315, 322, 338]. RNAi therapeutics
rely on the usage of the endogenous host cell mechanism for post-transcriptional gene
silencing in which double-stranded RNA triggers the sequence-specific cleavage of a
fully complementary mRNA [95, 122, 136, 221, 267]. Because chronic infections such
as HIV-1 require a durable gene therapy, intracellularly expressed anti-HIV short
hairpin RNAs (shRNAs) have been used to inhibit virus replication [41, 70, 112, 184].
Processing of the shRNA by Dicer into the active small interfering RNA form is
followed by loading into the RNA-induced silencing complex and mRNA inactivation.

All single drug HIV-1 therapies are susceptible to viral escape, including a mono-
shRNA therapy [41, 70, 222, 253, 290, 298, 318]. This can be solved by the combina-
tion of several highly potent shRNAs [287]. Previously, we performed a large screen
to identify effective shRNAs that target highly conserved regions of the HIV-1 RNA
genome [290]. The candidate shRNA inhibitors were selected based on at least 65%
reduction of virus production in a transient co-transfection with the HIV-1 plasmid
pLAI and 75% target coverage among the more than 600 HIV-1 isolates present in
the Los Alamos National Laboratory database [131]. This screen yielded 20 can-
didate shRNAs that could potentially be used for a combinatorial RNAi approach.
To document the optimal way to test such antiviral compounds, we screened these
candidate shRNA inhibitors in different assays, ranging from transient transfection
to long-term virus infections. First, we performed transient transfection experiments
with the shRNA expressing vector and either the matching luciferase reporter or the
HIV-1 molecular clone. Second, we generated stable shRNA-expressing T cell lines
that were challenged with HIV-1 and followed for an extended period to monitor vi-
ral escape. This culture method is certainly most labour and time consuming, but
perhaps also optimally suited for shRNA selection. Third, we performed short-term
infection experiments with these cells and escalating doses of virus. We compared the
outcome of these assays and propose the best approach for future shRNA selection
scenarios.

5.3 Materials and methods

Plasmid construction
Construction of the JS1 lentiviral vector, luciferase target pGL-3 reporters and the
shRNA sequences have been described previously [290]. The shRNA lentiviral vec-
tors were generated by digestion of the pSUPER constructs [290] with XhoI and PstI.
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The fragment was inserted into the corresponding sites of JS1 [290], resulting in JS1-
shRNA.

Cell culture
Human embryonic kidney 293T cells were cultured as monolayer in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco BRL, Gaithersburg, MD, USA) and the human
T cell line SupT1 was cultured as suspension cells in advanced RPMI (Gibco BRL),
DMEM was supplemented with 10% fetal calf serum (FCS), advanced RPMI with 1%
FCS and L-glutamate. Both media contained penicillin (100 U/ml) and streptomycin
(100 µg/ml) and cell lines were kept in a humidified chamber at 37 ∘C and 5% CO2.

Lentiviral vector production and transduction
Lentiviral vector production, transduction and generation of stable cell lines has been
described previously [290]. SupT1 cells were transduced with a multiplicity of infec-
tion of 0.15 and green fluorescent protein (GFP)-positive cells were selected by live
fluorescence-activated cell sorting.

Transient co-transfection assays
Co-transfections were performed in the 24-well format; 150 000 293T cells were seeded
in 0.5 ml of DMEM with 10% FCS without antibiotics. Transfection was performed
the next day when the cells reached a confluence of approximately 70%. DNA lipofec-
tamine 2000 mix was prepared according to the manufacturer’s protocol (Invitrogen,
Carlsbad, CA, USA) and added to the cells. The luciferase reporter and JS1-shRNA
vector were co-transfected in a 1:1 ratio of 100 ng per well and 2.5 ng of renilla ex-
pression plasmid (pRL) was included as a transfection control. Cells were lysed 24 h
post-transfection and a dual luciferase assay (Promega, Madison, WI, USA) was per-
formed according to the manufacturers protocol, although the reaction volume was
downscaled to 25 µl. We also co-transfected 100 ng of pLAI with 100 ng of JS1-
shRNA vector, and 2.5 ng of pRL. The culture supernatant was collected at 48 h
after transfection and supernatant was used to measure CA-p24 by an enzyme-linked
immunosorbent assay (ELISA) as a measure of virus production and cells were lysed
for renilla measurement. To correct for transfection variation, the CA-p24 values
were divided by the Renilla values. Transfections were performed at least twice and
in duplicate.

Long-term culturing of SupT1-shRNA cells upon HIV-1 challenge
Each SupT1-shRNA cell line (3-ml cultures, 1.5 × 106 cells) was infected in six-fold
with a fixed amount of HIV-1. As control cells, the SupT1 cells transduced with the
empty JS1 vector or the inactive shRNA PV4 were used. Virus replication was mon-
itored by HIV-induced cellular syncytia formation and cell-free virus was passaged to
SupT1-shRNA cells.

Analysis of escape virus variants
Cellular DNA of re-infected cells was isolated as previously described [160]. Integrated
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proviral DNA sequences were amplified by the polymerase chain reaction (PCR).
We used several PCR primers and their 5′ end start position in the LAI sequence
is indicated in parenthesis: leader (for sequencing L3, L5-8), sense CACACACA-
AGGCTACTTCCCTGATTAGCAGAACT (104) and antisense ACCTTGCTGCAG-
CCTCTATCTTGTCTAAAGCTTCCTTGGTG (1125); Pol (for sequencing P9, P29,
P44, P45) sense GAAGCAGAAGTTATCCCAGCAGAGACAGGGC (4567) and an-
tisense CCCAAGCTTCTAATCCTCATCCTGTCTACTTGCC (5157); Tat-Rev (for
sequencing RT4) sense ACCTTGTCTAGAATGGAGCCAGTAGATCCTAGACTA-
GAGCCCTG (4567) and antisense GAAGCAGAAGTTATCCCAGCAGAGACAG-
GGC (6407). PCR products were cloned into the pCR2.1 TOPO vector and bacterial
clones were subsequently amplified by PCR and sequenced with the T7 and/or M13R
primer compatible with the pCR2.1 TOPO vector. True genotypic virus escape was
defined as at least two identical clonal mutated target sites sequences for a culture.

HIV-1 escalation infection of SupT1-shRNA cells
The shRNA-SupT1 cells were seeded in a 48-well plate (200 000 cells/well). Different
amounts of HIV-1 were added (CA-p24 end concentration in the range 0.1-500 ng/ml).
The cultures were inspected for syncytia formation 3, 7, 10 and 14 days post-infection.
Cells were split at day 7 and the culture was maintained for an additional week.

5.4 Results

5.4.1 The set of active anti-HIV-1 shRNAs

A large-scale screen of 86 shRNAs targeting highly conserved HIV-1 regions was
previously performed [290]. This screen yielded 20 shRNA candidates for which the
targets in the untranslated leader (L), gag gene (G), pol gene (P) and the overlapping
tat -rev genes (RT) are indicated on the HIV-1 genome in Figure 5.1A. Some regions
were targeted by multiple shRNAs that were tiled, moving one nucleotide per shRNA
(e.g. L2-9). The shRNAs were cloned as an H1-driven polymerase III expression
cassette in the lentiviral vector JS1 (Figure 5.1B). The lentiviral GFP-marker was
used to select transduced cells of the SupT1 T cell line. We also prepared control
cells transduced with the empty lentiviral vector JS1, and cells expressing an inactive
shRNA that targets the pol -vif overlap region (PV4). As positive control, we used
a shRNA targeting the nef region (N9). This potent N9 inhibitor does not target a
highly conserved HIV-1 region and may therefore provide more possibilities for viral
escape [308]. These 23 lentiviral vectors (22 shRNA-encoding and the empty JS1
vector) were used in the transient assays and for the generation of stable T cell lines.
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Figure 5.1: Anti-HIV-1 shRNA inhibitors. (A) HIV-1 genome showing the target sequences for
the shRNAs used in this study. L, Leader; G, Gag; P, Polymerase; PV, Pol/Vif; RT, Rev-Tat;
N, Nef. Several regions were targeted by multiple overlapping shRNAs (e.g. L2-9) [290]. (B)
The third generation lentiviral vector JS1 was used with the shRNA transcribed from the H1
polymerase III promoter.

5.4.2 Transient transfection assays to score shRNA antiviral
activity

To determine whether transient co-transfection assays can identify the most potent
shRNAs, two transient inhibition assays were performed with either a luciferase re-
porter or the HIV-1 molecular clone. We first co-transfected 293T cells with each of
the 22 different JS1-shRNA plasmids and the corresponding firefly luciferase reporter
constructs with the target sequence cloned in the 3′ UTR. As a negative control, we
used the JS1 empty vector. A fixed amount of renilla luciferase plasmid was included
to control for the transfection efficiency and the firefly/renilla ratio was calculated.
Values obtained with JS1 and the respective luciferase reporter were set at 100% for
each reporter (Figure 5.2A). As expected, we measured relatively efficient inhibition,
ranging approximately from 50% to more than 90%, except for the inactive shRNA
PV4.

We next co-transfected the HIV-1 plasmid pLAI with the JS1-shRNA set. The
HIV-1 RNA genome contains targets for all shRNAs and the empty vector JS1 again
served as a negative control. Virus production was measured by CA-p24 production
in the culture supernatant, divided by the renilla values and related to the JS1 control
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Figure 5.2: Transient co-transfection assays. (A) Transient luciferase reporter assay. For each
group of shRNAs that target a specific region, another luciferase reporter was constructed and
used. JS1 was always used as a control and this luciferase activity was set at 100%. (B) Transient
co-transfection with the HIV-1 molecular clone. The empty lentiviral vector JS1 was used as a
control. All co-transfections included renilla luciferase, which was used to correct for variation in
the transfection efficiency.
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that was set at 100% (Figure 5.2B). Again, a potent knockdown is observed for most
shRNAs except for the inactive shRNA PV4. The results of the two transient assays
do overlap considerably (e.g. demonstrating that shRNA L4 is among the most potent
inhibitors).

5.4.3 Extended culturing of HIV-1 infected shRNA cells

We infected the stably-transduced shRNA-expressing T cell lines with HIV-1 to test
the durability of viral inhibition, which comprises an alternative assay that resembles
the ultimate gene therapy setting. Six individual SupT1-shRNA cultures were infected
per shRNA inhibitor and the cells were split when needed. Viral replication was
monitored over time by scoring syncytia formation. If syncytia were observed, the
cell-free viral supernatant was collected to allow reinfection of fresh shRNA cells.

Figure 5.3 summarizes the results of the extended culturing assay. The control cell
lines (empty vector JS1 and inactive shRNA PV4) supported active virus replication
within the first week and all six cell cultures were completely wasted due to massive
syncytia after 2 weeks. A group of relative weak shRNA inhibitors (L6, L7, G6, P2,
P6, P9, P29, RT4, N9) allowed virus replication to become visible within 2 weeks and
the cells were dead after 3 weeks. The remaining cultures either occasionally yielded a
virus-positive culture at later time points or did not show any sign of virus replication
during the test period of 106 days. These shRNAs were labelled as the strong and
durable inhibitors, respectively (L2, L3, L5, L8, G5, P44, P45, RT5) and (L4, L9,
P1, P47). Among the durable inhibitors, only a single P1 culture showed signs of
HIV-1 replication at approximately day 50 (indicated as open circle); the other 23
cultures in this group remained virus-free for the test period of 106 days (indicated as
closed circles). The delayed virus appearance and its stochastic nature are indicative
of viral escape, which is driven by randomly acquired mutations. To assure that we
did not miss a low level of ongoing virus replication with the syncytia screen, we
also measured CA-p24 levels in the supernatant at the end of the experiment, which
confirmed the absence of virus replication (data not shown).

Virus replication as observed for the weak and strong shRNA inhibitor groups
can be due to incomplete virus inhibition, such that the wild-type virus can slowly
accumulate, also called pseudo-escape. Alternatively, it may indicate the selection
of escape variants with a mutation in the target sequence, which is an indication of
strong initial inhibition by the shRNA. Thus, it is important to discriminate between
these two possibilities. Accordingly, the replicating viruses were passaged onto the
corresponding SupT1-shRNA cells, and subsequent replication is an obvious sign of
phenotypic viral escape. We also analysed the HIV-1 target sequence of possibly
evolved virus variants to demonstrate genotypic escape.

For the weak shRNA group, pseudo-escape was apparent in 24 of the 26 cul-
tures that were analysed. This result confirms the sub-optimal inhibitory activity of
these shRNAs. Wild-type sequences that are indicative of partial virus inhibition and
pseudo-escape were also observed for one L2 culture, two L3 cultures, and one P44
culture. By contrast, true genotypic virus escape was evident in 11 of the 15 cultures
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Figure 5.3: Extended culturing of HIV-1 infected stable anti-HIV-1 shRNA T cells. For a
period of 106 days, we scored syncytia formation of HIV-1 infected anti-HIV-1 shRNA T cells. For
each shRNA cell type, six cultures were followed until syncytia formation and cell death occurred.
In this graph, we depicted the day when full-blown syncytia and massive cell death were scored
(open circle). Other cultures were maintained up to day 106 (closed circles). The bars indicate
the average time needed for full-blown syncytia and cell death to occur; if no culture escaped,
this value was set at 106 days.

in the group of strong shRNA inhibitors.

5.4.4 Highly restricted escape pattern for the HIV-1 leader

We observed some interesting patterns among the escape variants. Escape occurs
generally by point mutations in the target. We observed a mutational bias towards
G-to-A changes and the RNAi-induced virus variants resemble the natural sequence
variation among HIV-1 isolates. These evolution characteristics are consistent with
our previous RNAi-escape studies [292, 308].

The untranslated leader region of the HIV-1 RNA genome contains conserved re-
gions that encode important biological functions [5, 6, 226, 227]. We tested eight
shRNAs, L2-9, with overlapping targets that cover the gag initiation codon (Fig-
ure 5.4A). This sequence is also part of the U5-AUG base pairing interaction that is
critical for HIV-1 replication (Figure 5.4A) [5]. Among the leader set, we scored weak
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inhibition (L6,L7), strong inhibition (L2, L3, L5, L8) with occasional virus escape
and durable inhibition (L4, L9). For 11 of the strong shRNA inhibitor cultures that
eventually showed virus replication, clonal sequences were analysed. Eight cultures
demonstrated genotypic escape, with mutations present in the target sequence for two
or more clones per culture (Figure 5.4B). All four mutations observed in the RNAi-
escape analysis also represent the most variable positions in natural HIV-1 isolates
(data not shown). Interestingly, different shRNAs yielded the same escape mutant.
The G-to-A change at position +7 relative to the Gag AUG start codon appears to be
the most favoured escape route, which was selected in four cultures (1 × L5, 3 × L8).
The U-to-C change at position +6 was selected twice (1 × L5, 1 × L8). The U +6 C
and C +8 U mutations are silent in the Gag open reading frame, but G +7 A is
not. However, the encoded amino acid substitution from an aliphatic to an aliphatic
hydroxyl group (alanine to threonine) is also seen in natural HIV-1 isolates.

Most notably, the escape mutations do maintain the U5-AUG duplex (Figure 5.4C).
Indeed, the dominantly observed changes do substitute relative weak G-U base pairs
by stronger ones. The G +7 A and U + 6C mutations result, respectively, in an A-U
and G-C base pair in the U5-AUG duplex structure. We also observed a minor weak-
ening, C +8 U, where the base pair G-C was mutated in G-U pairing. There is only
one exception in which the base pairing is destroyed (G-1A), where the C-G becomes
a C-A mismatch. The gag initiation codon is never affected, which is in accordance
with the Gag protein being essential for viral replication.

5.4.5 A transient dose-escalating HIV-1 infection assay

We next tested whether there is any method faster than long-term culturing that
can identify durable shRNA inhibitors. We made a selection of shRNAs from each
potency group and performed short-term 14-day infections of the SupT1 T cell lines
with escalating HIV-1 doses in the range 0.1-500 ng/ml of CA-p24. Cultures were
scored for syncytia formation and we plotted the amount of HIV-1 input needed to
induce massive syncytia formation within 14 days (Figure 5.5). A clear distinction
between the three different shRNA groups was apparent. For the durable shRNA
inhibitors, an input of 50 ng/ml of CA-p24 was required to obtain a full-blown in-
fection within 2 weeks. By contrast, the control, weak and strong inhibitor groups
required concentrations of 0.1, 1 and 1-10 ng/ml of CA-p24, respectively. This result
also indicates that HIV-1 replication can be forced in the presence of any shRNA, but
the amount of virus input required is indicative of the potency of the inhibitors. This
escalating dose assay was able to identify the four potent and most durable shRNAs.

5.5 Conclusion

We compared transient transfection, long-term infection and virus escalation assays
for their ability to discriminate between antiviral shRNAs that provide weak, strong
or durable HIV-1 inhibition. The two transient co-transfection assays with a reporter
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Figure 5.4: HIV-1 escape and the U5-AUG interaction. (A) Shown is the LTR-gag part of the
HIV-1 DNA and the targets for shRNA L2-9. The indicated U5 and AUG domains of the HIV-1
RNA genome can interact by base pairing. The AUG start codon is indicated by an asterisk.
(B) Acquired mutations in the AUG domain are indicated for the different 19-nucleotide target
sequences. The shRNA culture is indicated on the left, and the number of occurrences is shown
on the right. (C) The proposed U5-AUG base pairing interaction and the acquired mutations.
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Figure 5.5: HIV-1 dose escalation assay. A selection of each group of shRNAs was tested on
stable cell lines with a single copy of shRNA lentivirus per cell for the ability to suppress different
viral loads of HIV-1. Light grey, dark grey and black bars represent the modest, intermediate
and potent inhibitors, respectively. Syncytia was scored from no syncytia formation to full-blown
syncytia formation. The graph depicts how much HIV-1 (ng/ml CA-p24) was needed to achieve
massive syncytia formation within 14 days.

construct or HIV-1 molecular clone were able to identify weak inhibitors, but did not
provide sufficient discrimination between strong and durable shRNAs. Long-term
infection of HIV-1 on shRNA-expressing cells, followed by sequencing of putative es-
cape variants, did clearly distinguish between the weak, strong and durable inhibitors.
The weak shRNA inhibitors allowed the delayed appearance of the wild-type virus
(pseudo-escape due to partial virus inhibition). The strong shRNA inhibitors required
the acquisition of a mutation in the target sequence to allow virus breakthrough (true
escape). The durable shRNA inhibitors did not allow virus escape.

We thus consider long-term culturing to be the most optimal way to determine
which shRNAs represent durable inhibitors, but the viral escalation assay provides
a reasonable alternative. This transient assay was able to identify the same set of
durable inhibitors. The viral escape routes can provide new insight on viral evolution
or viral replication mechanisms. For example, shRNA induced escape mutants may
indicate the part of sequence space that is available for HIV-1 evolution see Chapter 3.
The escape routes observed upon targeting of the Gag initiation region by multiple
overlapping shRNAs do corroborate the importance of the proposed U5-AUG long
distance RNA base pairing interaction [5, 6, 226, 227].

Combining all these results, one can devise a strategy for future shRNA selec-
tion. First of all, initial screening could be performed in the transient HIV-1 DNA
transfection assay, yielding candidate inhibitors that provide at least 65% inhibition.
Second, a dose escalation assay with these candidates can be performed to divide the
inhibitors in different potency groups. In a final experiment, the most effective HIV-1
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inhibitors can be validated in an extended culturing assay to document possibilities
for viral escape.

With an observed virus inhibition window of more than 100 days for the durable
inhibitors, it is interesting to consider what happened with the virus during this
time window. Previously, it was demonstrated that the viral RNA genome of the
infecting HIV-1 particle is not targeted by RNAi [279, 319], such that integration of
the viral genome occurs. Therefore, all inhibition occurs at the level of viral transcripts
made de novo. However, RNAi-mediated gene suppression is never complete. This
is supported by the evolution of resistant viruses in the strong inhibitor group after
prolonged latency period of more than 80 days (e.g. individual cultures of L8, G5
and P45) (Figure 5.3). For the durable inhibitors, the potency of the shRNAs is such
that no outgrowth of escape viruses occurs for 100 days, which does not exclude that
a very low undetectable level of virus replication may occur.

For clinical gene therapy, we have proposed the use of a lentiviral vector that
expresses four anti-HIV-1 shRNAs [287]. This set includes P1 and P47 from the
group of durable inhibitors, but also G5 and RT5 that we now define as strong, but
not durable, inhibitors. However, RT5 remains an interesting inhibitor that targets
the overlapping tat and rev genes, which may restrict viral escape options. It could
be considered to replace the relative weak G5 shRNA with the durable inhibitor L4
or L9 that were identified in the present study.

The next step towards a gene therapy will be the testing of each individual shRNA
and the 4-shRNA therapeutic vector for safety and efficacy in appropriate in vitro and
in vivo models. A potential risk of expressing multiple shRNAs is saturation of the
microRNA (miRNA) pathway. It has been shown that high levels of shRNAs can
elicit saturation of the miRNA pathway in vitro and in vivo [44, 58, 110, 204, 306].
Whether this occurs with a single integration of our therapeutic lentivirus remains
to be determined. Another realistic concern is that of “off-target” effects induced by
the passenger or guide strand of the therapeutic shRNAs [140].

Whether the many HIV-1 variants present in a patient (quasispecies) can be
durably inhibited also remains to be addressed. For in vivo experiments, we pro-
posed the humanized mouse model [291]. The great advantage of this model is that
human hematopoietic stem cells are used, which we also propose for use in ex vivo gene
therapy. These stem cells can develop into mature immune cells that sustain HIV-
1 infection [22]. Previously, we demonstrated successful transduction of a shRNA-
expressing lentivirus vector in human hematopoietic stem cells (Chapter 9. After
introduction of these cells in the mouse, mature human T cells developed. ex vivo, we
demonstrated HIV-1 inhibition in these shRNA-expressing cell population. The dose
escalation study indicates that HIV-1 can replicate, even in the presence of durable
shRNA inhibitors, if an excess of HIV-1 is used. It would be of interest to repeat
such dose-escalation experiments in vivo to estimate the impact of a patients’ viral
load on the success of RNAi gene therapy. In the presence of HIV-1 pressure, we
hope to achieve a selection of shRNA-protected immune cells over untransduced and
thus unprotected cells. Preferential outgrowth of those shRNA-expressing cells may
benefit the patient due to partial immune reconstitution. All these questions can be
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