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SUMMARY

Current drug therapies effectively suppress HIV-1
replication but do not inactivate the provirus that per-
sists in latent reservoirs. Recent studies have found
that the guide RNA (gRNA)-directed CRISPR/Cas9
system can be used for sequence-specific attack
on this proviral DNA. Although potent inhibition of
virus replication was reported, HIV-1 can escape
from a single antiviral gRNA by mutation of the target
sequence. Here, we demonstrate that combinations
of two antiviral gRNAs delay viral escape, and iden-
tify two gRNA combinations that durably block virus
replication. When viral escape is prevented, repeated
Cas9 cleavage leads to saturation of major mutations
in the conserved target sequences that encode crit-
ical proteins. This hypermutation coincides with the
loss of replication-competent virus as scored in
sensitive co-cultures with unprotected cells, demon-
strating complete virus inactivation. These results
provide a proof-of-principle that HIV-1-infected cells
can be functionally cured by dual-gRNA CRISPR/
Cas9 treatment.

INTRODUCTION

Current drug therapies against HIV-1 effectively suppress virus
replication but do not lead to a cure. The proviral DNA, the repli-
cation intermediate that is formed upon reverse transcription of
the viral RNA genome and that is stably integrated into the
cellular genome, persists in latent reservoirs in the human
body. As a consequence, the virus always rebounds when
drug treatment is interrupted. Several approaches to extinguish
this reservoir have been investigated, including strategies that
aim to activate the latent virus so that the infected cells will be
cleared by the immune system (shock-and-kill) and approaches
to permanently inactivate the proviral DNA in infected cells. The
bacterial clustered regularly interspaced short palindromic re-
peats (CRISPR)/Cas9 system that was developed into a versatile
method for genome engineering in eukaryotic cells may be a
powerful and specific tool for elimination of the provirus. The
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Cas9 endonuclease induces double-stranded breaks (DSBs) at
specific DNA sequences. This sequence specificity is due to a
guide RNA (gRNA) that directs Cas9 to a 20-nt complementary
sequence adjacent to a 3-nt motif (protospacer adjacent motif
[PAM]). Several studies demonstrated that CRISPR/Cas9 can
indeed be used for a sequence-specific attack on HIV proviral
DNA. This enables novel gene therapy approaches for the treat-
ment of HIV-1-infected individuals, in which Cas9 and antiviral
gRNAs are either expressed in infected cells to inactivate the in-
tegrated provirus or used to protect cells against infection.

Initially, several groups demonstrated that Cas9 and gRNAs
effectively inhibit HIV-1 gene expression and short-term virus
replication in T cell cultures (Ebina et al., 2013; Hu et al., 2014;
Liao et al., 2015; Zhu et al., 2015). However, we and others
recently demonstrated that HIV-1 can escape from this inhibition
by acquisition of mutations in the gRNA target sequence that pro-
vide resistance against Cas9 attack (Liang et al., 2016; Wang
et al., 2016a, 2016b; Yoder and Bundschuh, 2016). We observed
very rapid escape, mostly due to insertions or deletions (indels) in
the target sequence, when poorly conserved non-essential viral
sequences were targeted. When highly conserved essential do-
mains were targeted, escape was significantly delayed and
mostly due to nucleotide substitutions in the target sequence.
All mutations clustered around the Cas9 cleavage site. This signa-
ture implicated the non-homologous end-joining (NHEJ) pathway
for DNA repair, which acts on Cas9-generated DNA breaks, in the
generation of the escape mutations. Non-essential viral target se-
quences can accommodate the indels that frequently result from
NHEJ repair, which explains the immediate escape when such re-
gions are targeted. When conserved protein-coding sequences
are targeted, only a small subset of the NHEJ-generated muta-
tions, in particular point mutations, will support virus replication,
thus explaining the significant delay in viral escape.

HIV-1 is known for its capacity to escape from most if not all
types of inhibitors when applied as mono-therapy, including anti-
viral drugs and a sequence-specific attack on the viral RNA
genome by RNAI. Also targeting of HIV-1 with zinc finger nucle-
ases (ZFNs) or transcription activator-like effector nucleases
(TALENs) may—in a similar way as observed for CRISPR/Cas9
targeting—result in the generation of nuclease-resistant escape
variants (De Silva Feelixge et al., 2016). However, combination
of several antiviral drugs did result in successful antiretroviral
therapy (ART). This success is based on two independent effects.
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Figure 1. Targeting HIV-1 DNA with Single
and Dual gRNAs

(A) The position of the gRNAs targeting the sense
and antisense strand are indicated above and
below the HIV-1 proviral DNA, respectively.
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(C) The efficiency of the single and dual gRNAs to
silence HIV-1 DNA was tested in 293T cells
transfected with plasmids expressing HIV-1 LA,
Cas9, and single or dual gRNAs. To quantify viral
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First, multiple drugs can provide additive or even synergistic
inhibition. Second and more importantly, combination therapy
will increase the genetic threshold for the acquisition of drug
resistance as more mutations are required. Similarly, combinato-
rial RNAi attack was shown to durably inhibit virus replication and
prevent viral escape (ter Brake et al., 2006). We therefore set out
to test whether combination of two gRNAs that target conserved
HIV-1 domains can permanently block virus replication in in-
fected cells and prevent virus escape in long-term cultures. We
indeed identified durable gRNA combinations, which allowed
us to test whether one can functionally cure HIV-1-infected cells
through permanent inactivation of all integrated provirus. We
demonstrate that such complete sterilization can be accom-
plished in a robust T cell infection model.

RESULTS
Efficient Targeting of HIV-1 DNA with Single and Dual
gRNAs

The CRISPR design web tool (Hsu et al., 2013) was used to
select ten gRNAs that target either the sense or antisense strand
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isolate) with a high predicted on-target
activity (Figure 1A; Table 1). Three gRNAs
targeted the long-terminal repeat (LTR)
sequences that are present at both the
5 and 3’ end of the viral DNA, and seven
gRNAs targeted protein-encoding se-
quences present at a single position.
Seven of these gRNAs were validated in
our previous study that compared target-
ing of conserved and non-conserved viral
sequences (Wang et al., 2016a). We now
preferentially target highly conserved
HIV-1 sequences (Shannon entropy <
0.2, except for gLTR1 and gLTR9) to
avoid rapid NHEJ-mediated escape.

The gRNAs were tested individually
and when combined in pairs (Figure 1B).
In a first set, gLTR7 was combined with a
second gRNA targeting either the LTR
(9LTR1 or gLTR9) or protein-encoding sequences (gGag1 or
gTatRev). These combinations target HIV-1 DNA at four and
three positions, respectively. A second set was based on
gGag1, which was combined with another gRNA that targets
protein-encoding sequences (gGag3, gGag4, gGagPol, gPol3,
gTatRev, or gEnv2). The latter combinations always targeted
the HIV-1 DNA at two positions.

To compare the HIV-1 DNA cleavage efficiency, 293T cells
were transiently transfected with plasmids expressing HIV-1
LAI, Cas9, and single or dual HIV-targeting gRNAs. We
included several control gRNAs that target non-viral sequences
(luciferase, GFP). HIV-1 gene expression was quantified by
measuring viral capsid protein (CA-p24) production at 2 days
after transfection. A high CA-p24 level was observed for the con-
trol gRNAs (Figure 1C), which was significantly reduced for all
single antiviral gRNAs due to Cas9/gRNA-induced cleavage of
the transfected HIV-1 plasmid. No reduction in CA-p24 produc-
tion was observed in control experiments with only Cas9 or
gRNA (data not shown). Most dual gRNA combinations resulted
in a similarly low or further reduced CA-p24 level as measured
with the corresponding single gRNAs. We did not detect a
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Table 1. Selected gRNAs Targeting HIV-1

Name Position in HIV-1 LAI DNA  Target Sequence + PAM? Orientation  Predicted On-Target Activity (%)°  Conservation®
gLTR1 79-101, 9211-9233 ATTGGCAGAACTACACACCAGGG sense 78 0.20
gLTR9 379-401, 9511-9533 GGCGTGGCCTGGGCGGGACTGGG  sense 50 0.48
gLTR7 413-435, 9544-9566 CCCTCAGATGCTGCATATAAGCA antisense 60 0.09
gGagl 1389-1411 GTTAAAAGAGACCATCAATGAGG sense 64 0.15
gGag3 1480-1502 CCAAGGGGAAGTGACATAGCAGG  antisense 67 0.07
gGag4 1827-1849 GATGACAGCATGTCAGGGAGTGG sense 44 0.09
gGagPol 2288-2310 CCCTCAGATCACTCTTTGGCAAC antisense 66 0.07
gPol3 4185-4207 GCATGGGTACCAGCACACAAAGG sense 64 0.13
gTatRev  6002-6024 CCTATGGCAGGAAGAAGCGGAGA  antisense 54 0.11
gEnv2 7841-7863 GGAGCAGCAGGAAGCACTATGGG  sense 69 0.07

2PAM sequence is underlined.

®The on-target activity, computed as 100% minus a weighted sum of off-target hit scores in the human genome (hg19), was calculated using the

CRISPR design web tool from crispr.mit.edu.

°The Shannon entropy was calculated to estimate the variation in the gRNA target sequence among the HIV-1 isolates (group M) described in the HIV
Database 2014 (https://hiv.lanl.gov/; only the complete viral sequences were included). The entropy can vary from 0 to 1.5, with an invariant sequence

having a score of 0.

correlation between the CA-p24 level and the actual number of
target sites in HIV-1 DNA (ranging from two to four), which may
be due to the robust inhibition caused by the single gRNAs.

Dual gRNAs Prevent HIV-1 Breakthrough Replication
More Effectively than Single gRNAs

We next tested the capacity of the single and dual gRNAs
to inhibit a spreading HIV-1 infection in SupT1 T cells stably
transduced with Cas9- and gRNA-expressing lentiviral vectors.
Importantly, none of the tested gRNAs target the HIV-based len-
tiviral vectors used for transduction. For each gRNA and gRNA-
combination, four cell cultures were infected with HIV-1 LAI (1 ng
of CA-p24) and virus replication was monitored for 60 days. In
control non-transduced SupT1 cells and Cas9-only transduced
cells, efficient virus replication resulted in a rapid increase in
the CA-p24 level (Figure 2A) and the appearance of large virus-
induced syncytia and cell death around day 8 after infection. Vi-
rus replication was significantly inhibited by a single gRNA, but
we eventually scored an increase in CA-p24 (shown for gGag1
and gTatRev cultures in Figure 2A), which coincided with syncy-
tia formation. This breakthrough replication likely represents viral
escape as we described previously (Wang et al., 2016a). We did
not detect any virus replication in a single gPol3 and three of
the four gGag4 cultures in the 60-day follow-up period. To esti-
mate the time required for viral breakthrough, we averaged the
moment at which large syncytia and massive cell death were
observed in the four cultures. When no virus replication was de-
tected, we scored 60 days. For cells expressing a single gRNA
targeting protein-encoding sequences, this breakthrough time
varied from 18 days (gEnv2) to 51 days (gGag4; see Figure 2B).
Virus replication was also inhibited in cells expressing the
LTR-targeting gLTR7 or gLTR9 (breakthrough around 16 days),
but no significant virus block was apparent in gLTR1 cells (repli-
cation apparent around day 8). Except for gLTR9, these results
are in agreement with our previous report (Wang et al., 2016a)
that demonstrated a significant delay in breakthrough virus
replication only when highly conserved HIV-1 sequences are

targeted (Shannon entropy < 0.2), whereas rapid virus escape
was scored when less conserved domains were targeted (e.g.,
gLTR1). The less conserved gLTR9 target sequence encodes
binding sites for the Sp1 transcription factor, which likely re-
stricts the escape options and can explain the observed delay
in breakthrough replication.

In most cells expressing two gRNAs, HIV-1 replication was
inhibited more durably than in cells expressing one of the cor-
responding gRNAs and breakthrough virus replication was
further delayed or even prevented (Figures 2A and 2B). In
gLTR7+gLTR1-expressing cells, the level of inhibition was
similar to that obtained for gLTR7 alone, which is likely due to
relatively poor gLTR1-mediated inhibition. In seven dual-gRNA
cells, no virus replication and thus also no virus escape was
observed in 60-day follow-up. When these dual-gRNA cells
were challenged with a higher HIV-1 input (6 and 12 ng instead
of 1 ng of CA-p24; Figures 2C and 2D) and followed for a
prolonged period (up to 114 and 128 days, respectively),
breakthrough virus replication was frequently triggered. How-
ever, virus replication was always significantly delayed when
compared with unhindered replication in control SupT1 and
SupT1-Cas9 cells. Two gRNA combinations (gGag1+gTatRev
and gGag1+gEnv2) exhibited a more durable antiviral effect.
None of the gGag1+gTatRev cultures and only one of the eight
gGag1+gEnv2 cultures demonstrated breakthrough virus repli-
cation. The average time required for breakthrough replication
in the dual-gRNA SupT1 cells did not correlate with the potency
of inhibition of HIV-1 gene expression in transiently transfected
293T cells (Figure 3A), nor with the number of gRNA target sites
(not shown). We also did not observe a clear correlation when the
breakthrough time was plotted against the level of conservation
of the gRNA target sequences (i.e., sum of the Shannon en-
tropies; not shown), which is likely due to the fact that nearly
all selected gRNAs target highly conserved HIV-1 sequences.
Nevertheless, the gLTR7 combinations with gLTR1 and gLTR9,
which target less conserved domains, were less effective in pre-
venting virus breakthrough in all experiments (Figures 2B-2D).
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Surprisingly, for gRNA combinations against protein-coding se-
quences, we observed that a larger distance between the two
Cas9/gRNA cleavage sites further delayed or even prevented
breakthrough replication (Figure 3B).

Monitoring of Escape Mutations in the HIV-1 Targets

We previously demonstrated that breakthrough HIV-1 replication
in single-gRNA protected cells was due to acquisition of escape
mutations in the gRNA target. Sequence analysis of break-
through viruses in the dual-gRNA cell cultures revealed muta-
tions in both gRNA target sites (Figure S1). As previously
observed when targeting HIV-1 with a single gRNA (Wang
et al., 2016a), we predominantly observed deletions and inser-
tions in LTR targets. In protein-coding sequences, we observed
only nucleotide substitutions and 3-nt insertions that do not
abrogate the open reading frame. All mutations clustered around
the Cas9 cleavage site at 3 nt from the PAM, which confirms that
these mutations are due to NHEJ DNA repair. Remarkably, we
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Figure 2. HIV-1 Replication in Cas9- and
gRNA-Expressing T Cells

SupT1 T cells stably transduced with lentiviral
vectors expressing Cas9 and single or dual
gRNAs were infected with HIV-1 LAl virus and
cultured for 60 (A and B), 114 (C), or 128 (D) days.
(A) Virus replication in gGagl, gTatRev,
gGagl1+gTatRev, and control SupT1-Cas9 cells
infected with 1 ng CA-p24 HIV-1 was monitored
by measuring the CA-p24 level in the culture
supernatant.

(B-D) The day at which massive virus-induced
syncytia were observed (reflecting breakthrough
virus replication) was scored for four cell cul-
tures infected with 1 (B), 6 (C), or 12 (D) ng CA-p24
HIV-1. When no virus replication was detected,
we scored 60, 114, and 128 days, respectively.
The average values + SEM are shown. SupT1,
control non-transduced cells.

50 60

observed mutations in the gGag1 but
not the gGag4 target sequence of
gGag1+gGag4 breakthrough viruses.
Although gGag4 obviously can delay
replication, this gRNA may not be a very
strong inhibitor and eventual break-
through replication of the wild-type (WT)
virus may occur. Similar breakthrough
replication of WT virus has previously
been described with moderately active
RNAi inhibitors (ter Brake et al., 2008).
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Accumulation of Mutations in the
Proviral Genome

The gGag1+gTatRev and gGag1+gEnv2
combinations inhibited HIV-1 replication
very efficiently, and viral escape was
blocked in all or 11 of the 12 challenged
cultures, respectively (combined results
in Figures 2B-2D). To investigate the
extent of Cas9-induced mutations in these cultures with com-
plete virus control, we sequenced the gRNA-target sites of the
integrated proviral DNA in protected cell cultures at 110 days af-
ter infection with the highest virus input (12 ng of CA-p24). The
gRNA targets were individually amplified by PCR and multiple
DNA fragments were analyzed by TA cloning and sequencing
(Figures S2 and S3). In gGag1+gTatRev cultures, we observed
mutations in 95% of gGag1 and 100% of gTatRev sites (geno-
type test in Figure 4B). Similarly, we observed mutation of 97%
of gGag1 and 100% of gEnv2 targets in the gGag1+gEnv2 cul-
tures. We scored mostly indels that consistently clustered
around the Cas9 cleavage site (Figures S2 and S3), which is
the pattern typical for NHEJ repair following Cas9-mediated
cleavage.

As nearly all target sites were mutated at this late time (only
3% to 5% WT gGag1 and no WT gTatRev and gEnv sites at day
110; Figure 4B), we decided to also analyze early culture samples
collected at day 12 to study the mutation kinetics (Figures S2 and

gGag1 + gGag3
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Figure 3. Dual-gRNA-Mediated Inhibition of Breakthrough Replica-
tion Does Not Correlate with the Efficiency to Silence HIV-1 DNA but
Correlates with Target Site Distance

Correlation between the time required for breakthrough replication in the in-
fected dual-gRNA SupT1 cells (data from Figure 2D) and (A) the level of HIV-1
gene expression measured in transiently transfected 293T cells (data from
Figure 1C) and (B) the distance between the target sites (for dual gRNAs tar-
geting protein-coding domains; distance shown in right panel in Figure 1B).
The Pearson correlation coefficient (r) and p value (two-tailed) are shown.

S3). This revealed a significant percentage of WT sequences:
38% gGag1 and 25% gTatRev sites in the gGag1+gTatRev cul-
ture and 38% gGag1 in the gGag1+gEnv2 culture, but no WT
gEnv2 sites were scored (Figure 4B). Thus, a large fraction of
the proviral gGag1 and gTatRev sites maintain a WT sequence
early but are mutated at a later time. These results indicate pro-
gressive target site mutation due to continuous Cas9/gRNA ac-
tion. In contrast, all gEnv2 sites were mutated early after infection,
which indicates a very high activity of this gRNA. Taken together,
we observed 25% WT sequences at day 12, which was reduced
to 2% at day 110 (Figure 4C). Also the frequency of 1- and 2-nt
substitutions decreased significantly (from 9% to 1%), whereas
the frequencies of > 3-nt substitutions (from 0% to 3%) and indels
(from 66% to 94%) increased significantly. This shift from minor
to major mutations over time indicates continued Cas9/gRNA
recognition of minor mutants.

At 110 days after infection, we observed mostly indels that
either shift the open reading frame or delete/insert codons in
highly conserved and essential HIV-1 protein-encoding se-
quences, which likely inactivate virus replication. The integrated
proviral DNA was also PCR amplified with an outer primer set to
detect truncated proviruses resulting from cleavage at two tar-
gets and subsequent ligation with loss of the intervening frag-
ment. DNA fragments with the anticipated size were successfully
detected in the gGag1+gTatRev and gGag1+gEnv2 cultures.
Sequencing of the PCR product confirmed deletion of the region

between the two Cas9/gRNA sites, and we observed the addi-
tional removal of several adjacent base pairs in most sequenced
fragments (data not shown), which is in agreement with NHEJ
involvement (Ebina et al., 2013; Hu et al., 2014). These severely
truncated HIV-1 genomes, missing the complete Pol gene and
additional essential sequences, do not encode replication-
competent virus.

No Rescue of Replication-Competent Virus upon
Long-Term Dual-gRNA Inhibition

Considering the complete or nearly complete mutation of the
proviral target sites in the gGag1+gTatRev and gGag1+gEnv2
cell cultures, we wondered whether we could have cured
these cultures of infectious virus. As a sensitive phenotypic
screen for the presence of replication-competent virus, we
mixed the original cultures at several times after infection
with unprotected SupT1 cells (Figure 4A). These cell mixtures
were subsequently cultured for up to 30 days to monitor the
spread of replication-competent viruses. We tested the orig-
inal cultures infected with the highest amount of HIV-1 that
did not show any sign of virus replication in the 128-day
follow-up period (12 ng of CA-p24 infection described in Fig-
ure 2D) and monitored the formation of virus-induced syncytia
to score virus rescue.

For gGag1+gTatRev, replicating virus could be rescued in
co-cultures initiated with samples taken at day 16, but not at
later times (Figure 4D). For gGagl+gEnv2, virus replication
could be rescued up to 69 days, but not at later times, sug-
gesting the loss of any replication-competent virus. For the
positive co-cultures, we noticed that the period needed for
viral appearance increased over time, indicating a gradual
loss of replication-competent virus (Figure S4). Most impor-
tantly, these antiviral gRNAs seem able to fully extinguish all
infectious virus over time. Similar rescue of replication-compe-
tent virus at early but not late times was possible for the
gGag1+gEnv2 cultures infected with an intermediate amount
of virus (6 ng of CA-p24 infection described in Figure 2C),
whereas virus rescue from similarly infected gGag1+gTatRev
cultures failed for all time samples tested (data not shown).
The complete virus inactivation measured in this phenotype
test is in good agreement with the nearly complete mutational
inactivation of both proviral target sites in late samples (geno-
type test in Figure 4B).

DISCUSSION

In this study, we demonstrate that dual-gRNA-guided CRISPR/
Cas9 attack on HIV-1 DNA can efficiently inhibit viral gene
expression and replication. We identified gRNA pairs that
permanently blocked virus replication in infected T cell cultures.
To score the extent of the gRNA/Cas9-induced mutations in
these cultures, we sequenced the integrated proviral genomes
and performed sensitive co-cultures to detect any residual repli-
cation-competent virus. Both target sites had been severely
mutated. Although some wild-type sequences and minor point
mutations were observed initially, these disappeared over time
at the expense of major target site mutations, mostly indels
that clustered around the Cas9 cleavage site as expected for
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Figure 4. Genotypic and Phenotypic Anal-
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phenotype assay: virus rescue by mixing with wt SupT1 (D)
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wild-type sequence
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infections from Figure 2D).
1 (B and C) For the genotype assay, the intracellular
proviral DNA was isolated at 12 and 110 days after
infection. The gRNA target regions were PCR
amplified and sequenced upon TA cloning. Se-
quences of the individual TA cloned sites are
shown in Figures S2 and S3. (B) The frequency of
the WT target sequence in individual TA clones is

day 12

shown for each gRNA target site. (C) The fre-

day 110 L .
quency of the WT sequence, nucleotide insertions,
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analyzed gRNA target sites is shown. Sequences
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(D) For the phenotype assay, infected cells iso-
lated at different times (16-97 days) were mixed
with an equal amount of non-transduced SupT1
cells and cultured for 30 days. Syncytia forma-
tion in these cultures was monitored to detect
rescue of replication-competent virus. +, syncytia
detectable within the 30-day follow-up period; —,
no syncytia detectable.

2138 (5.3)
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0/43 (0.0)

>3 nt substitution
(3.2%)

The observed loss of minor mutations

(single- and double-nucleotide substitu-

tions) and appearance of major mutations

~ (indels and multiple nucleotide substitu-
tions) over time indicates continuous Cas
recognition of mildly mutated targets,
which are thus re-cleaved and hyper-
mutated by subsequent NHEJ repair.
These results are in agreement with re-
ports demonstrating that targets with
one or two point mutations can still be

deletions
(61.5%)

day 16 day 41

day 69

day 97 cleaved by Cas9/gRNA, albeit with

gGag1 + gTatRev + -

+ -

1
2
3 + -
4
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Cas9 cleavage followed by NHEJ DNA repair. This gradual
saturation of major mutations coincided with the total loss of
replication-competent virus, demonstrating complete virus in-
activation. These results indicate that HIV-1-infected cells can
be functionally cured by dual-gRNA CRISPR/Cas9 treatment
without viral escape.
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reduced efficiency (Fu et al., 2013; Hsu
et al., 2013). Likewise, a recent study
demonstrated that 1-bp insertions and 1-
to 2-bp deletions are dominant early
- Cas9/gRNA products, but larger deletions
appeared later (van Overbeek et al., 2016).
Thus, continuous Cas surveillance even-
tually results in more grossly mutated pro-
viruses, which are less likely to be replica-
tion competent. This means that the
likelihood of a complete cure increases
over time, leaving these cells with inacti-
vated proviruses (“viral grave yard”).

The gGag1+gTatRev and gGag1+gEnv2 inhibitor pairs perma-
nently blocked virus replication in all or nearly all infected T cell
cultures, respectively, whereas the virus consistently escaped
from the corresponding single gRNAs. Prolonged virus inhibition
was also observed for most other gRNA pairs compared to
the corresponding single gRNAs, but virus escape did occur



eventually. Escape was due to mutations in both target sites that
prevent Cas9/gRNA binding and cleavage, but that apparently
do not inactivate virus replication. Whereas HIV-1 escape from
antiviral drugs and RNAi is predominantly due to mutations intro-
duced during the error-prone reverse-transcription process and
escape from combinations of inhibitors requires the accumula-
tion of several mutations during multiple rounds of virus replica-
tion, CRISPR/Cas9 escape mutations are generated instanta-
neously upon Cas9 cleavage by subsequent NHEJ repair of
the proviral DNA, and thus even in the absence of virus replica-
tion (Wang et al., 2016a, 2016b). When dual gRNAs are applied,
both target sites will be promptly mutated in a large fraction of
the proviruses. Thus, the first step of virus evolution, that is,
the generation of genetic variants, is not a bottleneck for
CRISPR/Cas9 escape. However, most mutations will inactivate
the virus, especially when conserved essential viral sequences
are targeted. Therefore, the second step of evolution, the selec-
tion of resistant and replication-competent virus variants, re-
mains a major bottleneck, which explains why dual gRNAs tar-
geting two conserved regions strongly delay or even prevent
viral escape.

For gRNA combinations targeting protein-coding sequences,
it seemed that virus escape was further delayed when the dis-
tance between the targets was increased (Figure 3B). This result
cannot easily be explained. In fact, one may have expected the
opposite effect because simultaneous Cas9 cleavage at two tar-
gets in a mammalian genome, with subsequent deletion of the
intervening fragment, was reported to occur more frequently
for smaller distances (Canver et al., 2014), although other studies
could not reproduce this effect (Chen et al., 2014; He et al., 2015;
Xiao et al., 2013). Simultaneous cleavage and fragment deletion
in HIV-1 would create a defective provirus and prevent viral
escape. If deletion would occur less frequently for larger dis-
tances, one would expect a shorter instead of longer delay in
viral escape. Although we could detect such truncated proviral
DNA products after dual-gRNA attack by PCR analysis, we
also identified full-length proviral DNA with mutations at both
target sites. Thus, the efficiency of dual cleavage and fragment
deletion may be rather low. In agreement with this, Kaminski
et al. (2016) demonstrated that a double LTR-attack resulted in
incomplete provirus excision in primary CD4* T cells.

The gGag1+gTatRev combination yielded rapid, robust, and
durable HIV-1 inhibition without virus escape and functionally
cured the infected cells. Several factors likely contributed to
the therapeutic potency of this gRNA combination. First, both
gRNAs are potent inhibitors of viral gene expression (Figure 1C)
and replication (Figure 2A). Second, both gRNAs target se-
quences encoding essential structural and regulatory proteins
(Gag and the overlapping Tat and Rev frames, respectively),
which restricts the options to generate escape virus variants.
Most NHEJ-mutated target sequences will provide resistance
against Cas9 but are likely incompatible with virus replication.
This is certainly true for all indels that shift the open reading
frame, but also in-frame indels that insert or remove one or
several codons (nucleotide triplets) will likely diminish or abolish
virus replication. Only minor sequence variants, in particular
nucleotide substitutions that represent silent codon changes,
are likely to support virus replication, although this possibility is

restricted for the overlapping Tat/Rev codons. Anyhow, although
such minor HIV-1 mutants may initially spread in the culture, they
will soon be inactivated by a subsequent round of Cas9-NHEJ
action.

The potent gGag1+gTatRev antiviral combination seems ideal
for pre-clinical testing and further development of a CRISPR/
Cas9-based gene therapy for the treatment of HIV-1-infected
individuals. However, we realize that major issues need to be
addressed in order to develop a safe and effective in vivo gene
therapy. This includes the choice of target cell (hematopoietic
stem cells or mature T cells), the type of gene delivery vector
used (e.g., integrating lentiviral vector seems suitable for an
ex vivo gene therapy), and safety aspects, much like we discussed
previously for an RNAi-based gene therapy (Herrera-Carrillo and
Berkhout, 2015). Another important question concerns the effi-
cacy against different HIV-1 strains. Both gRNAs target highly
conserved viral sequences and minor mismatches are tolerated
for Cas9 cleavage, but the activity spectrum should be experimen-
tally demonstrated against other viral strains and subtypes. Poten-
tial off-target effects induced by the dual-gRNA/Cas9 treatment
should also be investigated, and it may be necessary to develop
expression systems for regulated or transient expression of
the antiviral transgene. Nevertheless, we here demonstrate the
proof-of-principle that a dual-gRNA-guided CRISPR/Cas9 sys-
tem can trigger a functional cure of HIV-1-infected cells.

EXPERIMENTAL PROCEDURES

Plasmids

The lentiviral vector pLenti-SpBsmBI-sgRNA-Hygro (Addgene; 62205) used
for the expression of gRNA | was a gift from Rene Maehr (Pham et al., 2016).
The lentiviral vectors LentiGuide-Puro (Addgene; 52963) used for the expres-
sion of gRNA Il and LentiCas9-Blast (Addgene; 52962) containing the human
codon-optimized Streptococcus pyogenes Cas9-expression cassette were
gifts from Feng Zhang (Sanjana et al., 2014). Oligonucleotides encoding HIV-
1 targeting gRNAs and control gRNAs targeting the firefly luciferase and
EGFP gene (Liao et al., 2015) were ligated into the BsmB1 site of the pLenti-
SpBsmBI-sgRNA-Hygro and LentiGuide-Puro vectors. The plasmid pLAIl en-
codes the HIV-1 subtype B isolate LAl (Peden et al., 1991).

Cell Culture, Transfection, and Transduction

Human embryonic kidney 293T cells and SupT1 T cells were cultured as
described previously (Das et al., 2011). For the Cas9/gRNA activity assay,
293T cells (at 90% confluence in 2-cm? wells) were transiently transfected
with 140 ng of pLAl, 350 ng of LentiCas9-Blast, 350 ng of LentiGuide-Puro,
and/or 350 ng of pLenti-SpBsmBI-sgRNA-Hygro plasmids using Lipofect-
amine 2000 (Invitrogen). For the production of an HIV-1 LAl virus stock, 293T
cells (75-cm? flask) were transfected with 32 g of pLAl, and after 48 hr, the vi-
rus-containing supernatant was centrifuged at 1,500 x g for 5 min, filtered
(0.45 um), aliquoted, and stored at —80°C. Virus production was measured
by CA-p24 ELISA (Jeeninga et al., 2006).

Lentiviral vectors were produced and titrated as previously described (ter
Brake et al., 2006). Briefly, the vectors were produced by transfection of
293T cells with the lentiviral vector plasmid and packaging plasmids pSYNGP,
pRSV-rev, and pVSV-g using Lipofectamine 2000. After transfection, the
medium was replaced with OptiMEM (Invitrogen), and the cells were cultured
for 48 hr. The lentiviral vector containing supernatant was centrifuged, filtered
(0.45 um), aliquoted, and stored at —80°C. SupT1 cells (2 x 10° cells in 1 ml of
culture medium) were transduced with an equal amount of LentiCas9-Blast vi-
rus particles (30 ng of CA-p24) and cultured with 1 pg/mL blasticidin for 1 week
to select SupT1-Cas9 cells. These cells were subsequently transduced with
pLenti-SpBsmBI-sgRNA-Hygro (gRNA |) or LentiGuide-Puro (QRNA lI) virus
particles and cultured with 500 pg/mL hygromycin B or 1 ug/mL puromycin,

Cell Reports 17, 2819-2826, December 13, 2016 2825

OPEN

ACCESS
CellPress




OPEN

ACCESS
Cell

respectively, for 2 weeks to select cells expressing Cas9 and a single gRNA. To
produce SupT1 cells expressing Cas9 and two gRNAs, the SupT1-Cas9 cells
were first infected with the pLenti-SpBsmBI-sgRNA-Hygro (gRNA 1) virus fol-
lowed by hygromycin B selection and subsequently with the LentiGuide-
Puro (gRNA 1l) virus followed by puromycin selection.

HIV-1 Infection and Provirus Analysis

Transduced and control SupT1 T cells (2 x 10° cells in 1 ml of culture medium)
were infected with an equal amount of HIV-1 LAl virus corresponding to 1, 6, or
12 ng of CA-p24. Cells were passaged twice a week. Virus spread was moni-
tored by measuring the CA-p24 production in the culture supernatant and
scoring the formation of syncytia every 3 or 4 days. To analyze the gRNA-tar-
geted proviral sequence in cultures that did not demonstrate breakthrough vi-
rus replication, infected cells were harvested by centrifugation, and the cellular
DNA with the integrated provirus was isolated with the QIAGEN DNAeasy kit.
The gRNA target regions were amplified by PCR (primers listed in Table S1).
The PCR product was cloned in a TA cloning vector, and the sequence of
multiple cloned fragments was analyzed. Furthermore, to demonstrate the
presence or absence of replication-competent proviruses in these non-break-
through cultures, the infected cells were mixed with an equal amount of control
(non-transduced) SupT1 cells, and the formation of virus-induced syncytia
was monitored during co-culturing of the cells for up to 30 days.

SUPPLEMENTAL INFORMATION
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Table S1. Primer sets used for sequencing of gRNA target regions, related to Figures 2 and 4

gRNA target sense primer antisense primer

gLTR1/7/9 CAGCATCTCGAGACCTGGAAAAACAT GCCACCTGACGTCTAAGAAACCATT
gGagT TAAACACAGTGGGGGGACATCAAG AATCTGGGTTCGCATTTTGGACCA
gGag3 TAAACACAGTGGGGGGACATCAAG AATCTGGGTTCGCATTTTGGACCA
gGag4 TAAACACAGTGGGGGGACATCAAG CTATGTGCCCTTCTTTGCCACAATT
gGagPol TCAGAGCAGACCAGAGCCAACAG CCAATCTGAGTCAACAGATTTCTTCC
gPol3 ATAGTAACAGACTCACAATATGCA AGGTTAAAATCACTAGCCATTGCTCTCC
gTatRev ATATCAAGCAGGACATAACAAGG CTATGATTACTATGGACCACACA

gEnv2 GCACCCACCAAGGCAAAGAGAAGAGTGG CAACCCCAAATCCCCAGGAGCTGTTGATCC




Figure S1. Escape mutations in gRNA target sites, related to Figure 2. The gRNA target regions in breakthrough viruses obtained in cultures of HIV-1 on different
SupT1-Cas9-dual gRNA (gRNA | and Il) cells were sequenced. For each gRNA, the wild-type HIV-1 nucleotide sequence is shown on top. If applicable, protein codon
triplets are boxed in grey and the translated amino acid sequence is shown on the right. The PAM sequence is boxed and the arrowhead indicates the Cas9 cleavage site
at position -3. Nucleotide and amino acid substitutions, insertions and deletions (A) are indicated.

gRNA I |gRNA II |culture gRNA I target sequence gRNA II target sequence
aa Nef
gLTR7 | gLTR1 CCCITCA'GATGCTGCATATAAGCA ATTGGCAGAACTACACA'CCA YFPDWONYTPGPGV
173 ------ A --------------------- AAAAAAAAAAAAGTTC-- ----- AAAAVR---
gLTRY CCCITCA'GATGCTGCATATAAGCA GGCGTGGCCTGGGCGG(:'ACT
1_3 ...... A ................................... G.u..
aa Gag
gGagl CCCITCA'GATG CTGCATATAAGCA GTTAAAAGAGACCATCA'ATG MLKETINEE
672 ...... A-.-.G ---------------------------- A ................
6_4 ~~~~~ A .................................. A~ .........
aa Tat aa Rev
gTatRev CCCITCZ—\'G A TGCTGCATATAAGCA CCTIATG'G CAGGAAGAAGCGGAGA |[SYGR KKRR |M AGRSGD
1_3 ....... GG ...................... ACG ................ ..-.R.... .D ......
674 ------- G ---------------------- ACG ---------------- -R---; -D ------
12_3 ...... A G ...................... ACG ................ .R.... .D ......
aa Gag aa Gag
gGagl |gGag3 GTTAAAAGAGACCATCA'ATG MLKETINE CCAIAG(:’GGAAGTGACATAGCAGG PRGSDIAG
6_1 ................ G ............ D.~ ..... A .........................
672 ................ C ............ H. ----- A- G ......................
12_4 ............... A ................ ~c .................. ~T ......
aa Gag
gGag4 GTTAAZ—\AGAGACCATCZ—\'ATG MLKETINEE GATGACAGCATGTCAG(:'GAG MMTACQGVG
6_1 ............ G ...................................................
672 --------------------- A- -----------------------------------------
6_3 ................ c ............ H = o J+ o o o o o v o v e v ot e e e e e e e e e e e e e e e e
674 ---------------- C ------------ H; --------------------------------
aa Gag aa Pol
gGagPol GTTAAAAGAGACCATCA'ATG MLKETINE CCCITCA'GATCACTCTTTGGCAAC SLRSLFGN FPOITLWOQ
6_4 ............... Tc ............ H.~ ....... G ....................... ~V~
1271 ................ GG ----------- G. ------ A ................ -K -------------
12_4 ................ c ............ H. ~AC ......................... .T .....
aa Pol
gPol3 GTTAAAAGAGACCATCZ—\'ATG MLKETINEE GCATGGGTACCAGCACA'CAA AWVPAHKG
12_2 ............... e T T T € R R
aa Env
gEnv2 GTTAAAAGAGACCATCA'ATG MLKETINEE GGAGCAGCAGGAAGCA(’TAT GAAGSTMG
672 ---------------- G-C---- ------ D; ----------------- G -------------




Figure S2. Sequence analysis of HIV-1 proviral DNA in gGag1+gTatRev-protected SupT1 cells, related to Figure 4. Cellular DNA was isolated at 12 and 110 days after
HIV-1 infection. The gRNA-targeted region was amplified by PCR and TA cloned. Multiple TA clones (17 to 28 for each culture) were sequenced. Sequences were aligned to
the wild-type HIV-1 sequence (ref, reference sequence). The gRNA target and PAM sequence are underlined. The blue arrowhead indicates the Cas9 cleavage site.
Mutations are shown in red (wt, wild-type sequence; -x/+x, x nt deleted/inserted; ns, non-silent amino acid substitution).

gGagl+gTatRev culture; 12 days after infection gGagl+gTatRev culture 1; 110 days after infection gGag1+gTatRev culture 2; 110 days after infection
gGag1 target region (wt: 8/21) gGag1 target region (wt: 1/21) gGag1 target region (wt: 1/17)
TEGTTAALAGAGACCATCA————-—-—-—-———————— — LTEAGGAAGCTGCA Wt CAGCCATGCAAATGTTAALAGAGACCATCA--—[ATGAGGAAGCTGCAG Wt AAATGTTAAAAGAGACCATC - ———— ATGAGGAAGCTGCAGAATGGGAT Wt
TEGTTAARMAGAGACCATCA—-——-—-—-——— - ————— — IWTGAGGAAGCTGCA W CAGCCATGCAAATGTTAAAAGAGACCAT - ———— - -GAGGAAGCTGCAG -4 AAATGTTAAMRAGAGACE — - — = = — — = |- — = — = = — — — — ——— —— ——— — — — -54
TEGTTAARMAGAGACCATCA—-——-—-—-——— - ————— — IWTGAGGAAGCTGCA W CAGCCATGCAAATGTTAALAGAGACCTA - ———— ATGAGGAAGETGEAG-Z AAATGTTARMAGCGARALC - — — — — — —— |- - — — — — — — — — — — — — — — — TGGGAT-22
TGTTAAAMAGAGACCATCA - - —————————————— L TGAGGAAGCTGCA Wt CAGCCATGCAAATGTTAAAAGAGACGAL — — —— — ATGAGGAAGCTGCAG -2 AAATGTTALAAGAGACCATC - — — — — [ == === — = TGGGAT-18
TGTTAALAGAGACCATCA WTGAGGAAGCTGCA Wt CAGCCATGCAAATGTTAAAAGAGACCATC——————GGGGAAGCTGCAG—3 AABATGTTAARAGAGACCAT ———-———|-———————— CTGCAGAATGGGAT -11
TGTTAAAAGAGACCATCA W TGAGGAAGCTGCA Wt CAGCCATGCAAATGTTARAAAGAGACCAG - ——-—|--——-——————— GCAG -13 AAATGTTAAAAGAGACCATC - - GGAAGCTGCAGAATGGGAT -4
TGTTAAAAGAGACCATCA-—--—-—-—-—-—-—-—-—-—-—-—— WTGAGGAAGCTGCA Wit CAGCCATGCAAATGTTAAAAGAGAC — - — - ———— ATGAGGAAGCTGCAG-S AAATGTTAAL —AGGAAGCTGCAGAATGGGAT—15

TGTTAALAGAGACCATCA-—-—-—-—--—————— LTGAGGAAGCTGCA wt CAGCCATGARAC ——————— -~ - - oo oo oo = CTGTAG -27 AAATGTTAAAAGAGAC------—--|]--—-——-——————— CAGAATGGGAT -17
TGTTAALAGAGACCATCA-—-—---—--——-—— - CTGAGGALGCTGCA NS CAGCCATGCAAATEEG-~~~~~---———— A---BTGAGGAAGCTGCAG -18 4-----------—~ -~~~ |- AAGCTGCAGAATGGGAT -26
TGTTAAAAGAGACCATCA-—--—----—--——-—-—— - TGAGGALGCTGECA -1 CAGCCATGCAAAT - - ——-———————————— | -~ -35 AAATGTTAA- - - - - - ---—-——-——— | ————— AAGCTGCCGAATGGGAT -18
-55 [ ittt ettt AGCTGCAG -36 AAATGTTAAAAGAGACCAAC--—-— - --—-———- CTGCAGGATGGGAT -9

-35 CAGCCATGCAAAT -—------ - - - - -~ -~ -~ -~ -~ - |- - - ———————————— -35 GARAGCTGCAGAATGGGAT -20
-22 CAGCCATGCAAATGTTAAAAGAGACCATCACC-ATGAGGAAGCTGCAG +2 AAATGTTAAAAGA-AGCTGC- -4-GAGGAAGCTGCAGAATGGGAT -2
-11 CAGCCATGCAAATGTTALAAGAGACCATCATC-ATGAGGAAGCTGCAG +2 AAATGTTAAAAGAGACCATCAGTC-|ATGAGGAAGCTGCAGAATGGGAT +3
- -GAGGAAGCTGCA 4 CAGCCATGCAAMATGTTAALAGAGACCATCAG--ATGAGGAAGCTGCAG 41 AAATGTTAALAGAGACCATCGACCARTGAGGAAGCTGCAGAATGGGAT 44
IWTGAGGAALGCTGCA _{Q CAGCCATGCAAATGTTALAAGAGACCATCAG--|ATGAGGALGCTGCAG +1 AAATGTTAAAAGAGACCATCAT - - - ATGAGGALAGCTGCAGAATGGGAT +2
-24 CAGCCATGCAAATGTTAALAGAGACCATCAG —WTGAGGAAGCTGCAG +1 AAATGTTARAAGAGACCATC--—— - +
- -44 CAGCCATGLAAATGTTARAAGAGACCATCAL —BTGAGGAAGCTGOAG 41  saatgttassagagaccato———--— Etgaggaagctgcagaatgggat ref
TGTTAAALGAGACCATCAAC - -—-———-—-—-——-—-— - MWTGAGGALGCTGCA 4o CAGCCATGCAAATGTTAALAGAGACCATCAL-—ATGAGGALAGCTGCAG +1 A
TGTTAAALAGAGACCATCAGGACGECA -~ - - -~~~ IWTGAGGAAGCTGEL 4 g CAGCCATGCAAATGTTAAAAGAGACCATCALATATGAGGAAGCTGCAG 43
TCTTAAAAGAGACCATCAAGGAGTAGCALCAATTATCAGGAAGCTGCR L (g CAGCCATGCAAATGTTAAAAGAGAC CATCAGC —ATGAGGAAGCTGCAG 42
o T o —— Etgaggaagccgca ref cagccatgcaasatgttaasaagagaccatca--—-Pltgaggaagctgcag ref
A A
gTatRev target region (wt: 7/28) gTatRev target region (wt: 0/19) gTatRev target region (wt: 0/19)
CCTTAGGCATCTCCTATGf----—-- GCAGGAAGAAGCGGAGACAGCG Wt AAMAGCCTTAGGCATCTCCTATG - -CAGGAAGAAGCGGAGACAGCGAC -1 AAAAGCCTTAGGCATCTCCTATT - -GCAGGAAGAAGCGGAGACAGE NS
CCTTAGGCATCTCCTATGl------—- GCAGGAAGAAGCGGAGACAGCG Wt AAMAGCCTTAGGCATCTCC----|--GCAGGAAGAAGCGGAGACAGCGAL -4 AABAGCCTTAGGCATCTCCTATG - - CAGGAAGAAGCGGAGACAGE -1
CCTTAGGCATCTCCTATG-—--—-- GCAGGALGALGCGGAGACAGCG Wt AAAGCCTTAGGCATCTCC----|- -GCAGGAAGAAGCGGAGACAGCGAC -4 AAAAGCCTTAGGCATCTCCTATG - - CAGGAAGAAGCGGAGACAGE -1
CCTTAGGCATCTCCTATG----—-- GCAGGAAGAAGCGGAGACAGCG Wit ALAGCCTTAGGCATCTCC----|--GCAGGAAGAAGCGGAGACAGCGALC -4 —————————————————_ -} AGAAGCGGAGACAGE -213
CCTTAGGCATCTCCTATG|--—-———-—— GCAGGAAGAALGCGGAGACAGCG wi ARAGCCTTAGGCATCTCCTA - - GCAGGAAGAAGCGGAGACAGCGALDC -2 AAAAGCCTTAGGCATCTCC-A--|---GCAGGAAGAALGCGGAGACAGE -3
CCTTAGGCATCTCCTATGl-------- GCAGGALGAAGCGGAGACAGCG wt AAAGCCTTAG- -GCAGGAAGAAGCGGAGACAGCGAC -12 AAABAGCCTTAG----------—-[---—-———---—-——— GCOGAGACAGD -22
CCTTAGGCATCCECTATGf----—--—— GCAGGAAGAAGCGGAGACAGCG wt ABAGCCTTAGGCATCTAGE ABAAGCCTTCG------—-—-—-—-—--|]----—-- GGAAGAAGCGGAGACAGC -15
CCTTAGGCATCTCCTATT)-------- GCAGGAAGAAGCGGAGACAGCG NS AAAGCCTTAGGCAG-———————[-——————-- AGAAGCGGAGACAGCGAC -14 AAAAGCCTTAGGCATC------- ----C-G-AAGAAGCGGAGACAGC -10
COTTAGGCATCTCCTG-Gf-—---—-—- GCGGGAAGARGCGGAGACAGCG -1 AAAGCCTTAGGE CATCTC B o o —m m - mmmm o mm o C-26 AAAAGCCTTAGGCATCTC----—-[----- AGGAAGAAGCGGAGACAGE -7
CCTTAG---—-—--------"}p - GAATCGGAGACAGCG -19 [ AGCGGAGACAGCGAC -29 AAAAGCCTTAGGCATCTC-----|-—--— AGGAAGAAGCGGAGACAGE -7
CCTTAGGCATCTC- - - - -fp - - - - - -~ __ CGGAGACAGCG -16 AAAGCCTTAGGCATCTCCTA —|—cm e AGAAGCGGAGACAGCGAC -8 AAAAGCCTTAGGCATCTCCTATGL - G- — - - AAGAAGCGGAGACAGE -4
CCTTAG---—--------" |-~ —~—-—~——- GCAGGAAGAAGCGGAGACAGCG {2 BAAGCCTTAGAGG - — — — - ——— |- __ AGCGGAGACAGCGAC -18 AABAGCCTTAGGLATCLCC- - — -] --- - AGGAAGAAGCGGAGACAGE -G
CCTTAGGCATCTCCD -~ f -~ GCAGGAAGAAGCGGAGACAGLG 3 BAABCCTTAGGCATCT - - — — — |- —————__ GAAGCGGAGACAGCGAC -13 ABRAAGCCTTAGGCTTTTA-TATC| - -CCAGGAAGAAGCGGAGACAGLD _q
CCTTAGGCATCTCC--—-f-------- GLAGGAAGALGLCGGAGACAGLG 4 AAAGCCTTAGGCATCTCCTATG COCAGCALCALGC GOAGACAGCGAL +2 2 AAALGCCTTAGGCATC-------|----— AGGAAGALGCGGAGACAGE _Q
“““““““““““““““““““““““ CG 448 4aaGCCTTAGGCOATCTCOCTATGTGGCAGGAAGALGCGGAGACAGCGAD +2 2 (AAMAGECTTAGGCATC-------|----C-G-AAGAAGCGGAGACAGC {(Q

CCTTAGGCATCTOCTAT - ——m——---—mmo oo oo G .01 M AAGCCTTAGECATCTCCTATGIOC GCAGGALGAAGCGGAGACAGCGAD +2 AAAAGCCTTAGGCATCTCCTATOG--GCAGGAAGAAGCEGAGACAGE 4q
“““““““““““““““““““““ GACAGCG .39 AAAGCCTTAGGCATCTCCTATGGC GCAGGAAGAAGCGGAGACAGC GAC +2 (AAAAGCETTAGGCATCTECTATGG--GCAGGAAGAAGCGOAGACAGE 41
CCTTAGGCATCTECC-——|-------- GCAGGAAGAAGCGGAGACAGLG .3 A AAGCCTTAGGCATCTCCTATGIGAGCAGGALGAAGCGEAGACAGE GAL 42 AAAMAGCCTTAGGCATCTCCTATGIC-GCAGGAAGARGCGGABACABE 4D
CCTTAGGCATC-CC-ACGl--—----- CAGGAAGAAGCGGAGACAGLE _3 M AAGCCTTAGGCATCTCCTATOGGGCAGCAACAAGCOOAGACAGDGAD +2 AARAGCCTTAGGCATCTCCTATGICCGCAGGAAGAAGCGGAGACAGE 43
CCTTAGGEATTECCCT - —f-—------------------ GGAGACAGCG .14 amagcCcttaggoatotoctat - ycaggaagaagoggagacagogac ref aaaagccttaggcatctcctatn@——gcaggaagaagcqgagacagc ref
CCTTAGGCATCTCOCTATGl-——-—- CGCAGGAAGAAGCGGAGACAGCE q A
COTTAGGCATCTOCTATGl-——-—- SGCAGGAAGAAGCGGAGACAGLG 4

COTTAGGCATCTOCTATG[c-—----- GCAGGAAGAAGCGGAGACABCE 4

CCTTAGGCATCTCCTATG[cC------ GCAGGAAGALGCGGAGACAGCG Lo

COTTAGGCATCTCCTATGIC------ GCAGGAAGAAGCGGAGACAGCG o

COTTAGGCATCTCCTATGAA-—---- GCAGGAAGAAGCGGAGACAGCG o

CCTTAGGCATCTECTATE/GTCCC — - GCAGGAAGAAGCGGAGACAGES 5

CCTTAGGCATCTCCTATCTTCTTCACGCAGGAAGAAGCGGAGACAGCG +9

ccttaggecatctocctatglg- - - - - - - goaggaagaagoggagacagcy rof




Figure S3. Sequence analysis of HIV-1 proviral DNA in gGag1+gEnv2-protected SupT1 cells, related to Figure 4. Cellular DNA was isolated at 12 and 110 days after
HIV-1 infection. The gRNA-targeted region was amplified by PCR and TA cloned. Multiple TA clones (17 to 22 for each culture) were sequenced. Sequences were aligned to
the wild-type HIV-1 sequence (ref, reference sequence). The gRNA target and PAM sequence are underlined. The blue arrowhead indicates the Cas9 cleavage site.
Mutations are shown in red (wt, wild-type sequence; -x/+x, x nt deleted/inserted; ns, non-silent amino acid substitution).

gGag1+gEnv2 culture; 12 days after infection

gGag1+gEnv2 culture 1; 110 days after infection

gGag1+gEnv2 culture 2; 110 days after infection

gGag1 target region (wt: 8/21) gGag1 target region (wt: 1/17) gGag1 target region (wt: 0/20)
CAAATGTTAAALGAGACCATCA--[ATGAGGAAGCTGCAGAATGGGATA WL TGCAAATGTTAAAAGAGACCATCAR-—--—- TEAGGAAGCTECAGAAT Wl TGCAAATGTTALLLARLACCATCS laTassssaceTcoac NS
CAAATGTTAAALGAGACCATCA--ATGAGGAAGCTGCAGAATGGGATA WL TGCAAATGTTAAAAGAGA -~ ~—~—|--~—--—————— GAAGCTGCAGAAT -11 TOCAAATGTTAAAAGAGACCATCA G-GacTaaccTscac -1
CAAATGTTARAAGAGACCATCA MTGAGGAAGCTGCAGAATGGGATA Wt ) GCAGAAT 33 TGCAAATGTTAAAAGAGACCAT —————————— - —caccaacscToCac 4
CAAATGTTAAAAGAGACCATCA ATGAGGAAGCTGCAGAATGGGATA Wt Tho--m-—m——m—mmmmmmemm | e o e oo~~~ —GLAGAAT "33 TO----m oo m oo oo e oo mm i mm oo scac -33
CAAATGTTAAAAGAGACCATCA ATGAGGAAGCTGCAGAATGGGATA Wt TGCAAATGTTAAAAGAGACCAGG-|-~~~-------—-————--A4GAAT -14 TGCAAATGTTAAA-—--—-——--—— -~ | ___ -34
CAAATGTTAAAAGAGACCATCA ATGAGGAAGCTGCAGAATGGGATA Wt TGCAAATGTTAAAAGAGACCAGG - - - _aGGAAGCTGCAG -23
CALATGTTALAAGAGACCATCA MTGAGGAAGCTGLAGAATGGGATA Wt TGCAAATGTTAAALGAGAC TGCAAATGTTAAAAGAGA - - —coaaccTecas -10
CAAATGTTAAAAGAGACCATCA--ATGAGGAAGCTGCAGAATGGGATA WL TGCAAATGTTALAAGAGACCAT |- ——--—-—- CAGGAAGCTGCAGAAT 4 TGCAAATGTTAAAAGAGACCATCA--------- - - GAGGAAGCTGCAG -2
CAAATGTTALAAGAGACCATCG- - WTGAGGAAGCTGCAGAATGGGATA NS TGCAAATGTTALAAGARA ———— | —————- GG GOAAGCTGCAGAAT -9  TECARATGTTAGG-——-—————————————————| - _____ -29
CAAATGTTAAAGGAGACCATCA--ATGAGGALGCTGCAGAATGGGATA S TGCAAATGTTARARAG-————-——— |- -~ LGALT -22 TGCAAATGTTAABAGA - ————---——————————|]- —~——_ caaccTioan -13
CAAATGTTAAAAGAGACCATCA--|-TGAGGALGCTGCAGLATGGGATA -1 TGCAAATGTTAAAAGAGA D ———— —|-——————— - __ AGAAT -18 TGCoA- - - - - - - _______  _ _AGGAAGCTGCAG -23
CAAATGTTAAAGGAGACCATCA- |- TGAGGAAGCTGCAGAATGGGATA -1 TGCOAAATGTTAAAAGAGACCATC - GAAGCTGCGGAAT -6 TGCAAATGTTAALR - GAGGAAGCTGCAG -12
CAARATGTTAAAAGAGACCATCA-—-|-TG-GGAAGCTGCAGAATGGRATA -2 TGCAAATGTTAAAAGAGACCATCA CAGAAT -9 TGCAAATGTTAGG- -29
CAALTGTTARAAGAGAC-——-——- - -GAGGAAGCTGCAGARATGGGATA -7 TGCAAATGTTAAAAGAGACCATCC|AA--——— TGAGGAAGCCGCAGAAT +1 TGCAAATGTTAAAAGAGACCA - - - —GGAALGCTGCAG -7
CAAATGTTARAAGAGACCAT -———|------—- GCTGCAGAATGGGATA -9 TGCAAATGTTAAAAGAGACCATCATAL- - -TGAGGAAGCTECAGAAT 42 THCARATGTTAA-——-——-——-——————————-[-~—~——_ saGCTRCAR -18
CAAATGTTAAAAGAGAC-—----- LTGAGGALGCTGCAGAATGGGATA -5 TGCAAATGTTAALAGAGACCATCARTAT----GAGGAAGCTGCAGAAT 42 - - - - - _________ A TGAGGAAGCTGCAG -25
CAAATGTTAALAGAGACCA - — - — - - -GAGGAAGCTGCAGAATGGGATA -5 TGCAAATGTTAAAAGAGACCATCARGGGCAATGAGGAAGCTGCAGAAT +6 TGCAAATGTTALAAGAGACCATCAGG——————— A TGAGGAAGCTGCAG +2
CAMRATGTTAL-—--—---------|-"--—--- AALGCTGCAGAGTGGGATA -18 LgCaaaTyLLAaaagadac Catca---——— tgaggaageotgcagaat € TECAAATGTTAAAAGAGACCATCCTA--—---—-- ATGAGGAAGCTGCAG +2
------------------------------ ALGCGGCAGAATGGGATA -39 TGCAALTGTTALALGAGACCATCACCGOC----|CCBAGGAABCTGCAG +5
------------------------------------------------ -54 TGCAAATGTTAAAAGAGAC CATCACAACACCCAMTEAGGAAGCTGCAG +9
CAAATGTTAAAAGAGACCATCAGGATGAGGAAGCTGCAGAATGGGATA 42 fgcacmtobbmamcagagaccaboa- - —— - Etﬂaﬂﬂaagctgcagrm
caaatgtcaaaagagaccat.c:a——Etsassaaqctgcagaatgggaca ref A
A

dgEnv2 target region (wt: 0/21) gEnv2 target region (wt: 0/21) gEnv2 target region (wt: 0/22)
TTGGGAGCAGCAGGAAGCG-~~~~~-——— TTATGGGCGCAGCGTCAAT NS TTGGGAGCAGCAGGAAGTET -~~~ -— TATGGGCGCAGCGTCAATGACG NS GEGAGCAGCAGGAAGEGT—~~—~~—~—-—————————- fraTescCoGe NS
TTGGGAGCAGCAGGAAGCG - ———————— TTATGGGCGCAGCGTCAAT NS TTGGGAGCAGCAGGAAGGGA--—--— TATGGGCGCAGCGTCALATGACG NS GEGAGCAGCAGGAAGOAD - ~——--—--—------————- TaassaCGC NS
TTGGGAGCAGCAGGAAGCG-~~~~~———— TTATGGGCGCAGCGTCAAT NS TTGGGAGCAGCAAGGAGGA- ————— |- ———— GCGCAGCGTCAATGALCG -6 GGGAGCAGCAGGAAGGGA- ——————————————————— TATGGGLCGC NS
TTGGGAGCAGCAGGAAGAA-——-—--—-— GTATGGECGCAGCGTCAAT NS —— - oo - — oo oo oo o oo oo oo oo oo oo m oo -64 GGGAGCAGCAGGAAGC-C--—-—-------—-———————— TATGGGEGE -1
TTGGGAGCAGCAAGGAGGA-~~~~~~—---[-——— - GCGCAGCGTCAAT -6 TTGGGAGCAGCA--AAG- -GGCGCAGCGTCAATGACG -9 GEGAGCAGEAGGATGE —~~~~—~~——-—-—-————————— IG-GGGEGE -3
TTGGGA GCGCAGCGTCAAT -19 TTGGGAGCAGCAG- - --CGTCAATGACG -18 GGEGAGCAGCAGGAALTT raTeeceee -1
TTGGGAGCAGCAG -~~~ ——————————— |-~ CGTCAAT -18 TTGGGAGCAGCAGGAAGGA TATGGGCGCAGCGTCAATGACG -1 GGGAGCAGCAGGAAGCAC ----GGCGC -4
Tommmmmm—— e —————m——— = = — - -TGGGCGCAGCGTCAAT -21 TTGGGAGCAGCAGGATGL - ——————— -TGGGGCGCAGCGTCAATGALG -3 GOGAGCAGCAGTT O -————————————- o — oo oo oo — — == -15
TTGGGAGCAGCAGGGAC ———~——-—-—-- CTATGGGCGCAGCGTCAAT -2 TTGGGAGCAGCAGGATGE - ———-—— - — -TGGGGCGCAGCGTCAATGACSG -3 GGGAGCAGCAGTTL -~ — - ——————— - ———— -] - -15
TTAARA - ———————m—m oo e m oo mm | -41 TTGGGAGCAGCAGGAAGCACTC -~ - —[TATGGGCGCAGCGTCAATGACG +2 GEGAGCAGCAG-————-———---coo oo oo
TTGGRAGCAGCAGG-—————————————— |- -~~~ — . ___ -32 TTGGGAGCAGCAGBAGATCCTC -~ - -[TATGGGCGCAGCGTCAATGACG +2 GEGAGCAGEAG-—————————— oo — e —m—— =
TTGGGAGCAGCAGG-——————————————— |~~~ —— -32 TTGGGAGCAGCAGBAGATCCTC---~[TATGGGCGCAGCGTCAATGACG +2 GEGAGCAGCAGD
TTGGGAGCAGCAGGAAGCCE -~ ~~~———— CTATGGGCGCAGCGTCAAT +1 TTGGGAGCAGCAGGAGATCETC - - - -TATGGGCGCAGCGTCAATGALG +2 GEGAGCAGCAGGAAGGGE-~~~~-—~
TTGGGAGCAGCAGGAAGCAGG-~~~-—~-— CTATGGGCGCAGCGTCAAT +2 TTGGGAGCAGCAGGAAGCACCTC -~ - [TATGGGCGCAGCGTCAATGACG +3 GEGAGCAGCA--AAG
TTGGGAGCAGCAGGAAGCACT ——————— - CTATGGGCGCAGCGTCAAT +2 TTGGGAGCAGCAGGAAGCACCTC---[TATGGGCGCAGCGTCAATGACG +3 GOGAGCAGCA- —AAG- — ———————— ——— —— — —— —— — — — - - --GGCGC -9
TTGGGAGCAGCAGGAAGCACT—~~--—-— TTATGGGCGCAGCGTCAAT +2 TTGGGAGCAGCAGGAGGCACGGGEGATATGGGCGCAGCGTCAATRACG +6 GEGAGCAGCAGGAAGOACTT—~~~-~—--—---————- TATGEGEGE +2
TTGGGAGCAGCAGGAAGCAAGD ——————— CTATGGGCGCAGCGTCAAT +3 TTGGGAGCAGCAGGAAGCACGGGGGATATGGGCGCAGCGTCALTGACG +6 GEGAGCAGCAGGAAGCACCCE —~~—-—--—-—---————— TATGEGCGE +3
TTGGGAGCAGCAGGAAGCACCT——————— TTATGGGCGCAGCGTCALT +3 TTGGGAGCAGCAGGAAGCGLGGGEGATATGGGCGCAGCGTCAATGACG +6 GEGAGCAGCAGGAAGCACCCOCT -~ -~ TATGEGCGC +5
TTGGGAGCAGCAGGAAGCAGTGGGGGGGTCTGGGGGCGCAGOGTCALT +'10 TTGGGAGCAGCAGGAAGCACCCATCCTATGGGCGCAGCGTCAATGACG +6 GGGAGCAGCAGGAAGCACCCCCT === TATGGGCGC +5
TTGGGAGCAGCAGGAAGCACCCCC— — — — — TTATGGGCGCAGCGTCAAT 45 TTGGGAGCAGCAGGAAGCACCCATCCTATGGGCGCAGCGTCAATGACG 46 GGGAGCAGCAGGAAGCACCCATEC - —— -TATGGGCGE +6

MATGGGCGCAGCGTCAAT + TTG + GGGAGCAGCAGGAAGCACCTALLECLCD - ———— ———— — — — — TATGGGCGE +7
ttggdagcagcaggaadca———————_— 1 B8 cgcagogtoaat ref ttgggagcagcaggaagoac—————— ggtgggcgcagcgtcaatgacgref GEGAGCAGCAGGAAGCACAGCGTCAATGACAATGCGTCMATEGECGE 420

A A gggagfcagcafgaadCac ———————————————————— iﬂ:gggcgc ref
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Figure S4. Time required to rescue replication-competent virus from
gGag1+gEnv2 protected T cell cultures, related to Figure 4.
SupT1-gGag1+gEnv2 cells infected with 12 ng HIV-1 and cultured for different
times (16, 41 and 69 days) were mixed with an equal amount of non-
transduced SupT1 cells and cultured for up to 30 days (phenotype assay
shown in Figure 4D). The day at which virus-induced syncytia were observed
in the co-culture, indicating rescue of replication-competent virus, was scored
and the average value (£ SEM) is shown for the co-cultures that demonstrated
virus replication (n=4 for the day 16 and 41 samples; n=3 for the day 69
samples).



Supplemental Experimental Procedures, related to Figure S1

Sequence analysis of escape variants. To analyze the gRNA-targeted proviral sequence in
breakthrough virus cultures, cell-free virus was isolated by centrifugation of the culture medium
at the peak of infection, when massive syncytia were observed, and passaged to fresh matching
transduced cells. When syncytia were apparent in the newly infected cells, cellular DNA
containing the integrated provirus was isolated for PCR and sequencing analysis, as previously
described (Konstantinova et al., 2006). PCR fragments including the gRNA target regions were
directly sequenced (PCR and sequencing primers listed in Table S1). Because this population
sequencing yielded ambiguous sequences for the gLTR7+gLTR1 and gLTR7+gLTR9 cells, the
PCR fragments obtained for these gRNA combinations were cloned in a TA cloning vector,
followed by sequencing of the insert in 15 TA clones to identify the dominant target region

sequence.

Reference
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