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a b s t r a c t

Incurable chronic viral infections are a major cause of morbidity and mortality worldwide. One potential
approach to cure persistent viral infections is via the use of targeted endonucleases. Nevertheless, a
potential concern for endonuclease-based antiviral therapies is the emergence of treatment resistance.
Here we detect for the first time an endonuclease-resistant infectious virus that is found with high
frequency after antiviral endonuclease therapy. While testing the activity of HIV pol-specific zinc finger
nucleases (ZFNs) alone or in combination with three prime repair exonuclease 2 (Trex2), we identified a
treatment-resistant and infectious mutant virus that was derived from a ZFN-mediated disruption of
reverse transcriptase (RT). Although gene disruption of HIV protease, RT and integrase could inhibit viral
replication, a chance single amino acid insertion within the thumb domain of RT produced a virus that
could actively replicate. The endonuclease-resistant virus could replicate in primary CD4þ T cells, but
remained susceptible to treatment with antiretroviral RT inhibitors. When secondary ZFN-derived mu-
tations were introduced into the mutant virus's RT or integrase domains, replication could be abolished.
Our observations suggest that caution should be exercised during endonuclease-based antiviral thera-
pies; however, combination endonuclease therapies may prevent the emergence of resistance.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Traditional antiviral therapy is unable to cure many persistent
infections. Therefore, alternative treatments are being developed to
eliminate replication-competent viral genomes within cells. In one
isease Division, Fred Hutch-
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such approach, highly specific endonucleases have been used to
directly cleave and mutate viral genomes, thus preventing virus
replication and persistence (For review see (Manjunath et al., 2013;
Schiffer et al., 2012; Stone et al., 2013; Weber et al., 2014a)). Several
classes of endonucleases, including zinc finger nucleases (ZFNs),
meganucleases, TAL effector nucleases (TALENs) and CRISPR/Cas9
proteins, can now be engineered to cleave DNA at a precise
sequence (Gaj et al., 2013; Hafez and Hausner, 2012), and this has
enabled specific disruption of viral genomes, without host cell
damage.

Recently a number of persistent viruses have been targeted for
antiviral endonuclease therapy using HEs, ZFNs, TALENs or CRISPR/
Cas9. Encouraging results have been achieved against all viruses
targeted, with antiviral activity demonstrated using in vitro and
in vivomodels of viral replication. Endonucleases have been used to
target HBV (Bloom et al., 2013; Chen et al., 2014; Kennedy et al.,
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2014a; Lin et al., 2014; Seeger and Sohn, 2014; Weber et al., 2014b;
Zhen et al., 2015), HCV (Price et al., 2015), the herpes viruses EBV
and HSV (Aubert et al., 2014; Elbadawy et al., 2014; Grosse et al.,
2011; Wang and Quake, 2014; Yuen et al., 2015), HPV (Ding et al.,
2014; Hu et al., 2015; Hu et al., 2014a; Kennedy et al., 2014b;
Mino et al., 2013; Mino et al., 2014; Yu et al., 2015; Zhen et al.,
2014), polyomavirus JC (Wollebo et al., 2015), and the retrovi-
ruses HIV and HTLV (Ebina et al., 2015; Ebina et al., 2013; Hu et al.,
2014b; Liao et al., 2015; Qu et al., 2013; Qu et al., 2014; Tanaka et al.,
2013; Zhu et al., 2015). This body of data suggests that when highly
active virus-specific endonucleases are efficiently delivered to
infected cells, their antiviral activity is robust. Nevertheless, an
important concern for any endonuclease-based antiviral therapy is
the emergence of treatment-resistant infectious virus (Schiffer
et al., 2012; Schiffer et al., 2013), and so far this has not been
described.

Here we report for the first time the appearance of infectious
treatment-resistant virus in cells receiving antiviral endonuclease
therapy. During experiments evaluating the antiviral activity of HIV
pol-specific ZFNs, an RT mutant virus was identified that remained
infectious despite ZFN target site disruption. This treatment-
resistant virus, with an insertion of 3 nucleotides within a ZFN
target site in RT, provided direct evidence for a previously-
suggested mechanism of viral escape (Schiffer et al., 2012;
Schiffer et al., 2013). Importantly, treatment-resistant virus was
able to replicate in primary human CD4þ T cells, but could be
rendered replication incompetent by the introduction of secondary
mutations at other ZFN target sites.

2. Material and methods

2.1. HIV-specific ZFNs

Zinc finger nucleases targeting sequences in HIV protease
(ZFN1), reverse transcriptase (ZFN2 & ZFN3) and integrase (ZFN4)
were generated by Sigma Life Science (Fig. 1A). Heterogeneity
analysis was performed using 3445 HIV polymerase sequences
from the 2013 Los Alamos National Laboratory (LANL) HIV database
(http://www.hiv.lanl.gov/). Logo plots were generated using Gen-
eiousPro by Biomatters (www.genious.com).

2.2. Cell lines and drugs

SupT1 cells (ATCC# CRL-1942) were grown in RPMI 1640
(Invitrogen) with 10% FBS. HEK293 (Graham et al., 1977), 293T
(ATCC# CRL-3216) and TZM-bl cells (Wei et al., 2002) were grown
in DMEM (Invitrogen) with 10% FBS. Tenofovir and AZT were pro-
vided through the NIH AIDS Reagent Program, NIH. Nevirapine and
Fig. 1. HIV-specific zinc finger nucleases. (A) Location of ZFN binding sites within the HIV-1 g
pol sequences within the 2013 Los Alamos National Laboratory database. HIV target site seque
shown in lower case red and nucleotides that differ from the consensus sequence are und
Integrase.
Etravirine were obtained from Santa Cruz Biotechnology and Sell-
eckchem respectively.

2.3. AAV vectors and in vitro transductions

AAV plasmid cloning, vector production, and purification are
described in the supplemental materials. Optimization of SupT1
cell AAV delivery was performed using iodixanol-purified virus
stocks. All other AAV experiments were performed using viral
lysates.

2.4. Plasmids

To analyze ZFN cleavage efficiency, target sites were amplified
using primers ZFN1-F/ZFN1-R, ZFN2-F/ZFN2-R, ZFN3-F/ZFN3-R or
ZFN4-F/ZFN4-R (Supplemental materials) and then cloned using
the Zero Blunt TOPO PCR cloning kit (Invitrogen). The plasmid
pNL4-3 was used to generate ZFN target-site mutants and was
obtained through the NIH AIDS Reagent Program, NIH from Dr.
Malcolm Martin and contains a full length NL4-3 strain HIV mo-
lecular clone (Adachi et al., 1986). The plasmid pDHIV3 contains the
NL4-3 strain with a small deletion in env (Andersen et al., 2006).

2.5. Production of HIV

Replication-defective and replication-competent NL4-3 derived
virus was produced as described in the supplemental materials.

2.6. NL4-3 inhibition assay

HEK293 cells in 6 well plates were transfected with 1 mg of
pNL4-3, 0.75 mg of each ZFN subunit-expressing plasmid and 0.5 mg
of a Trex2-expressing plasmid. At 72 h post transfection superna-
tants were harvested and p24 levels measured by ELISA (Advanced
Bioscience Laboratories, Rockville, MD). TZM-bl cells were then
incubated with 2 ng of p24 for 48 h to determine infectious virus
levels.

2.7. T7 endonuclease I assay and PCR amplicon sequencing

The T7 endonuclease I cleavage assay and amplicon-sequencing
protocols have been described (Aubert et al., 2014). Primers to
generate target site-specific PCR products are described in the
supplemental materials.

2.8. Primary CD4þ T cell culture

CD4þ T cells were isolated by negative selection from PBMC
enome. (B) Logo plot heterogeneity analysis of ZFN target sites (above) across 3445 HIV
nces are from NL4-3. Spacer nucleotides between the left and right zinc finger pairs are
erlined. TP e Transframe peptide; PRO e Protease; RT e Reverse transcriptase; INT e

http://www.hiv.lanl.gov/
http://www.genious.com
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obtained from healthy HIV-negative donors using the CD4þ isola-
tion kit Human (Miltenyi Biotec). Isolated CD4þ cells were then
activated using CD3/CD28 beads (Life Technologies) for 3 days ac-
cording to themanufacturers protocol. Activated Tcells were plated
at 105 cells/well in 48-well plates and infected with 2e50 ng of
NL4-3 or mutant viruses by spinoculation in 500 ml of RPMI con-
taining 10% FBS at 2900 rpm for 2 h. Infected cells were washed
twice with 1X PBS, plated in 48-well plates with 30 U/ml of IL-2,
and incubated for an additional 72 h before analysis of intracel-
lular p24 levels.

2.9. Intracellular p24 staining in primary CD4þ T cells

At 72 h post infection cells were fixed and permeabilized using
the BD Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Bio-
sciences). Cells were then stained for HIV-1 p24 for 30 min at room
temperaturewith 5 ml of KC57-FITCmonoclonal antibody (Beckman
Coulter) immediately prior to flow cytometry analysis.

2.10. Illumina sequencing

Next generation sequencing of wild type or mutant ZFN target
sites was performed using a MiSeq sequencer (Illumina) as
described in the supplemental materials.

2.11. Statistical analysis

Analysis was performed using an unpaired t-test with two-
tailed p-values.

3. Results

3.1. HIV-specific ZFNs

HIV-specific ZFNs were generated against target sites within the
NL4-3 HIV pol sequence (Fig. 1A). Targets were within the protease
(ZFN1), RT (ZFN2 & ZFN3) and integrase (ZFN4) coding sequences
(Supplemental Fig. 1AeC). To predict ZFN activity against different
HIV isolates, 3445 pol sequences from the LANL HIV genome
database were aligned and analyzed for target-site conservation.
Target sites were highly conserved, with 3 (ZFN1), 1 (ZFN2),
0 (ZFN3) and 2 (ZFN4) differences from the consensus sequence
ZFN DNA-binding domains respectively (Fig. 1B).

3.2. Optimization of ZFN delivery

As a means to deliver ZFNs, AAV vectors were investigated to
determine the optimal serotype, promoter and MOI for gene de-
livery to the SupT1 cell line (Supplemental data, Supplemental
Fig. 2). scAAV1 vectors utilizing the EF1a short (EFS) promoter
were selected for further studies as they could deliver ZFNs to
SupT1 cells by co-transduction of vectors expressing individual
subunits at levels of >99%.

3.3. Gene disruption of HIV pol target sites

HIV-specific gene disruption was first analyzed in HEK293 cells
transfectedwith ZFN expression plasmids and a plasmid containing
a replication-incompetent NL4-3 derived provirus (pDHIV3). After
48 h target site disruptionwas analyzed by T7 endonuclease I assay
and clonal sequencing (Fig. 2AeC). Cells treated with each ZFN pair
showed evidence of target site disruption by T7 endonuclease I
assay, at levels of 15.7%, 1.6%, 22.4% and 7.2% respectively for pairs
1e4. By clonal sequencing gene disruption levels were 8.1% (7 of 86
clones sequenced), 6.6% (6 of 91), 9.2% (7 of 76) and 12.2% (6 of 49).
We then performed Illumina sequencing on target site PCR ampli-
cons to more accurately assess the mutation landscape following
treatment with each ZFN pair (Table 1, Supplemental data). We
found that 9.8%, 9.1%, 10.6% and 7.5% of filtered reads contained
mutations within the ZFN target site after treatment with ZFN pairs
1e4 respectively. Of the unique mutations detected 29.8% (59/198),
27.2% (53/195), 32.0% (33/103), and 31.1% (28/90) produced an in-
frame pol ORF for ZFN pairs 1e4 respectively. For each ZFN pair
insertions were more prevalent than deletions, and interestingly
the most common insertions for each ZFN pair contained duplica-
tions of sequences found within the spacer region present between
the ZFN binding domains of each ZFN pair (Supplemental Table 1).

We next tested ZFN disruption of integrated HIV using a T-cell
model of heterogeneous integration. SupT1 cells were infectedwith
replication-defective DHIV3 virus at a MOI of 2 to ensure low
provirus copy numbers (Fig. 2D) and the following day co-
transduced with scAAV1 vectors expressing ZFN pairs 1e4, con-
trol homodimer (ZFN1A/4A) or heterodimer (ZFN1B/4A) mismatch
ZFN pairs, or control GFP- and mCherry-expressing vectors. ZFN
target sites were analyzed for levels of mutation by T7 endonu-
clease I assay and clonal sequencing (Fig. 2D and E). Flow cytometry
for GFP and mCherry at day 3-post scAAV treatment showed that
over 90% of cells were co-transduced (data not shown). At day 4-
post treatment, cells receiving ZFN2 and ZFN4 showed mutation
frequencies of 7% and 28% respectively by T7 endonuclease I assay,
or 3.22% (2 of 62) and 7.5% (6 of 79) by amplicon sequencing. No
evidence of mutations was seen at the target sites from cells treated
with ZFN1 and ZFN3 using either assay. Provirus gene disruption in
ZFN2 and ZFN4 treated SupT1 cells could be increased up to 2-fold
upon co-expression of the 30e50 exonuclease Trex2 (Supplemental
data, Supplemental Fig. 3). We also performed Illumina sequencing
of target site PCR amplicons from ZFN-treated SupT1 cells (Table 2,
Supplemental data). By Illumina sequencing wewere able to detect
target site mutations in SupT1 cells treated with all 4 ZFN pairs. We
saw mutations in 2.9%, 7.5%, 1.7% and 12.3% of Illumina reads for
ZFN 1e4 respectively. Of the unique mutations detected 36.0% (9/
25), 27.7% (18/65), 15.8% (6/38), and 29.3% (54/184) produced an in-
frame pol ORF for ZFN pairs 1e4 respectively. In contrast to
HEK293 cells, mutations in ZFN treated SupT1 cells were predom-
inantly deletions and not insertions (Supplemental Table 2).

3.4. ZFN-mediated disruption of pol inhibits HIV replication

Antiviral activity of ZFNs was first analyzed in HEK293 cells
transfected with pNL4-3 in combination with ZFN- and Trex2-
expressing plasmids. At 48 h post transfection supernatants from
all HIV-specific ZFN treated cells contained fewer virus particles as
indicated by levels of p24 when compared to control cells trans-
fected with pNL4-3 alone or in combinationwith mCherry/GFP and
Trex2 (Fig. 3A), indicating that ZFN treatment could disrupt viral
replication. When TZM-bl cells were incubated with equalized
levels of detected viral particles (2 ng p24/well) no loss of infec-
tivity was seen after treatment with ZFNs 1e3. In contrast, ZFN4
treatment significantly reduced the infectivity of detected viral
particles by 64% (Fig. 3B, p ¼ 0.0002 vs untreated; p ¼ 0.0139 vs
mCherry/GFP treated), suggesting that ZFN4 treatment rendered
some virus particles replication incompetent.

Viruses with non-functional protease, RT, or integrase should
not undergo productive infection. To determine whether the indi-
vidual mutations we observed would disrupt HIV replication, pol
mutations that were identified in ZFN-treated HEK293 cells or
SupT1 cells (Fig. 2C, Supplemental Fig. 3D) were introduced into
pNL4-3. Mutations were chosen that either altered the pol reading
frame, deleted a single codon, or introduced a single extra codon
(Fig. 3C). We selected predominantly small mutations as we



Fig. 2. ZFN-mediated disruption of HIV target sites. (A) PCR amplicon and T7 endonuclease cleavage product sizes indicative of HIV-specific ZFN cleavage and mutagenesis. ZFN-
mediated gene disruption was analyzed in HEK293 cells transfected with the plasmid pDHIV3 using the T7 endonuclease I cleavage assay (B) and clonal amplicon sequencing (C).
HEK293 cells were co-transfected with plasmids expressing ZFN pairs 1e4, a mismatch ZFN homodimer (1A/4A), or a mismatch heterodimer (1A/4B), and 48 h later total DNA was
isolated for analysis of target site disruption. ZFN-mediated gene disruption within the integrated provirus was also analyzed in SupT1 cells infected with DHIV3 using the T7
endonuclease I cleavage assay (D) and clonal amplicon sequencing (E). SupT1 cells were infected with DHIV3 (MOI ¼ 2 transducing units/cell) on day 0 and then co-transduced on
day 1 with scAAV1 vectors (MOI ¼ 50,000 genomes/vector/cell) expressing ZFN pairs 1e4, a mismatch ZFN homodimer (1A/4A), or a mismatch heterodimer (1A/4B) and target site
analysis was performed using cells harvested at day 4. Arrows indicate expected cleavage product locations (B, D). NTC e No treatment control. Wild type ZFN target sequences are
shown in red, deletions are indicated by dashes, and insertions are shown in pink (C, E). Black asterisks indicate mutant sequences that were later introduced into the pNL4-3
molecular clone. wt e wild type.

Table 1
Illumina sequencing of ZFN target sites in HEK293 cells. ZFN target sites from the
experiment shown in Fig. 2 were amplified by PCR and then subjected to Illumina
sequencing. Target site sequence variations are shown for each sample as the per-
centage of filtered reads containing an insertion, deletion or either variant.

Mutations in target site (% of filtered reads)

Total Insertion Deletion In frame Frame shift

ZFN1A/1B control 0.3 0.1 0.2 0.0 0.3
treatment 9.8 8.9 0.9 0.9 8.9

ZFN2A/2B control 0.1 0.0 0.1 0.0 0.1
treatment 9.1 7.9 1.2 3.3 5.8

ZFN3A/3B control 0.1 0.0 0.0 0.0 0.1
treatment 10.6 9.9 0.7 1.3 9.3

ZFN4A/4B control 0.1 0.1 0.0 0.0 0.1
treatment 7.5 7.0 0.5 1.6 5.9

Table 2
Illumina sequencing of ZFN target sites in SupT1 cells. ZFN2 and ZFN4 treated SupT1
cells from the experiment described in Fig. 2D and E were analyzed for target site
mutations. ZFN target sites were amplified by PCR and then used for Illumina
sequencing. Target site sequence variations are shown for each sample as the per-
centage of filtered reads containing an insertion, deletion or either variant.

Mutations in target site (% of filtered reads)

Total Insertion Deletion In frame Frame shift

ZFN1A/1B control 0.4 0.1 0.3 0.0 0.4
treatment 2.9 0.1 2.7 0.8 2.0

ZFN2A/2B control 0.3 0.2 0.1 0.0 0.3
treatment 7.5 1.3 6.2 4.0 3.5

ZFN3A/3B control 0.1 0.0 0.1 0.0 0.1
treatment 1.7 0.0 1.7 0.5 1.2

ZFN4A/4B control 0.3 0.1 0.2 0.0 0.3
treatment 12.3 2.9 9.5 2.7 9.6

H.S. De Silva Feelixge et al. / Antiviral Research 126 (2016) 90e98 93



Fig. 3. Mutations in pol inhibit HIV replication. (A) p24 levels in supernatants from 293T cells transfected with pNL4-3 and plasmids expressing HIV-specific ZFN pairs in com-
bination with Trex2 at 48 h post transfection. (B) Levels of infectious HIV were analyzed by incubating TZM-bl cells with ZFN treated cell supernatants from A (2 ng of p24/well).
Cells were analyzed for luciferase activity 48 h after supernatant treatment. (C) Nucleotide mutations introduced at each ZFN target site in pNL4-3. Asterisks indicate mutants
identified in ZFN treated cells. Introduced nucleotides are shown in blue and introduced amino acids in red along with the location in the pol polypeptide. All sequences and
coordinates are from the pNL4-3 sequence (Genbank Accession: AF324493). (D) Wild type and mutant pNL4-3 plasmids were transfected into HEK293 cells and 48 h later su-
pernatants were harvested for p24 quantification. TZM-bl cells were then inoculated with supernatant containing 2 ng of p24 and 48 h later luciferase activity was measured. (E) T7
endonuclease cleavage analysis of plasmid-derived mutant ZFN target sites in HEK293 cells 48 h after co-transfection with plasmids expressing corresponding ZFN pairs. (F)
Summary of mutations detected by Illumina sequencing at wtZFN2 or ZFN2(þ3) target sites in HEK293 48 h after treatment with ZFN2A/B. NTC e No treatment control; wt e wild
type.

H.S. De Silva Feelixge et al. / Antiviral Research 126 (2016) 90e9894
reasoned that viruses with small mutations would be the most
likely to retain infectivity. Wild-type and mutant NL4-3 plasmids
were then transfected into HEK293 cells and production of infec-
tious virus analyzed using TZM-bl cells. NL4-3 mutants represent-
ing each of the 4 ZFN target sites (7 out of 8) had viral infectivity
reduced to background levels (Fig. 3D). Unexpectedly, mutant NL4-
3-ZFN2(þ3), which contains a TGC duplication within the spacer
region of the ZFN2 target site that introduces an additional leucine
residue adjacent to Leu246 of RT (Fig. 3C), retained infectivity
comparable to wild-type NL4-3. Illumina sequencing data showed
that in the HEK293 cells fromwhich mutant ZFN2(þ3) was initially
identified, the TGC mutation could be found in 2.4% (498/20406) of
all reads, 26.9% of reads containing mutations in the target site
(498/1854), and 74.0% (498/673) of reads with in-frame mutations
within the ZFN2 target site (Supplemental Table 4). To determine
whether the frequency of this TGC mutation was reproducible, we
repeated the analysis of pDHIV3 mutation in ZFN2 treated
HEK293 cells in 2 additional experimental replicates. Illumina
sequencing was performed using PCR amplicons fromHEK293 cells
harvested 48 h after ZFN2A/2B treatment. In all 3 experimental
replicates the pattern of mutations present in ZFN2 target site was
comparable (Supplemental Table 3). Furthermore, the TGC inser-
tion was either the most or second most prevalent mutation
detected in each replicate (Supplemental data), and its frequency in
all reads, target site mutations, and in-frame target site mutations
was highly comparable (Supplemental Table 4). Illumina
sequencing data was then used to determine the frequency of the
TGC insertion in SupT1 cells infected with DHIV3 and treated with
ZFN2 (Supplemental Table 4). In SupT1 cells the TGC insertion was
the most frequently found insertion and was seen in 0.4% (62/
14238) of all reads covering the target region, 5.8% (62/1067) of
reads containing target site mutations, and 10.8% (63/585) of reads
containing in-frame target site mutations respectively.

ZFNs consist of a pair of binding arrays, targeting the þ and -
DNA strands, with each array linked to one half of the FokI nuclease
cleavage domain. Dimerization is required for DNA cleavage (Wirt
and Porteus, 2012) and mutagenesis typically occurs between the
array binding sites, which are often not themselves disrupted.
Because the array-binding sequences in many of our mutants were
not changed, it was possible that the mutant sequences might still
be cleaved by our ZFNs. We therefore determined whether each
mutant target site could be re-cleaved by its cognate ZFN pair in
HEK293 cells, to determine whether the mutants were resistant to
additional rounds of ZFN treatment. After 48 h no target-site
cleavage was detected by T7 endonuclease I assay in cells trans-
fected with 6 of the 8 mutants. Cleavage of the infectious mutant
ZFN2(þ3) and the non-infectious mutant ZFN4(þ5) was observed,
but at considerably lower levels than in cells containing wild-type
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ZFN target sites (Fig. 3E). To quantitate the resistance of the
ZFN2(þ3) target site relative to the wild-type ZFN2 site, we again
performed Illumina sequencing analysis (Fig. 3F). Mutations were
found in thewild-type ZFN target site in 7.8% of reads (1565/20190),
compared to only 0.2% (52/21638) of ZFN2(þ3) target site reads.
Thus, the virus containing the NL4-3-ZFN2(þ3) mutant would be
almost completely resistant to cleavage by ZFN2 compared to the
wild-type virus. Similarly, mutant target sites ZFN1(þ3) and
ZFN3(þ5) respectively were not cleaved despite also having intact
ZFN DNA-binding sequences and similar target-site insertions.
These data support prior observations that ZFN cleavage at mutant
target sites can occur, but is unpredictable and can be context
dependent (Maeder et al., 2008; Sander et al., 2011).

3.5. Characterization of infectious and endonuclease-resistant HIV

Studies in HEK293 cells or TZM-bl cells may not reflect repli-
cation in lymphoid cells. Therefore, we evaluated the NL4-3-
ZFN2(þ3) mutant virus in primary human T cells. Activated hu-
man CD4þ Tcells were incubated with increasing amounts of NL4-3
or NL4-3-ZFN2(þ3) virus and intracellular p24 levels analyzed as a
surrogate for viral replication. CD4þ T cells incubated with both
NL4-3 and NL4-3-ZFN2(þ3) expressed intracellular p24 in a dose-
dependent manner, although higher levels of p24 were seen in
NL4-3 infected cells at each p24 dose (Fig. 4A). Maximal levels of
p24 resulted after incubation with 50 ng of p24-containing super-
natant, with 45% and 26.4% of CD4þ T cells positive for p24 after
infection with NL4-3 and NL4-3-ZFN2(þ3) respectively. This sug-
gests that NL4-3-ZFN2(þ3) can replicate in primary human CD4þ T
cells, but with somewhat reduced efficiency compared to the
parental NL4-3 virus.

In mutant NL4-3-ZFN2(þ3) a leucineeleucine (LL) motif is
created in the p66 thumb domain of reverse transcriptase, adjacent
to the polymerase domain active site (Fig. 4E and F, Supplemental
Fig. 1B). We therefore determined whether susceptibility to clini-
cally used nucleotide or non-nucleotide reverse transcriptase in-
hibitors (NRTi or NNRTi) would be altered. TZM-bl cells were
treated with NRTi (Tenofovir or AZT) or NNRTi (Etravirine or Ne-
virapine) antivirals, and then exposed to equalized infectious levels
of NL4-3 or NL4-3-ZFN2(þ3) mutant virus. Levels of viral infection
were determined after 48 h. NL4-3 and the NL4-3-ZFN2(þ3)
mutant virus were inhibited at similar levels by Tenofovir, AZT,
Etravirine or Nevirapine at all tested drug concentrations (Fig. 4B),
suggesting that the LL motif does not influence NRTi or NNRTi
antiviral susceptibility. This may not be surprising since the LL
motif does not overlap with known NRTi or NNRTi resistance mu-
tations within reverse transcriptase (Fig. 4E, F).

To establish whether secondary mutations could prevent
emergence of infectious but endonuclease-resistant HIV, additional
mutations were introduced into the NL4-3-ZFN2(þ3) mutant at the
ZFN3 and ZFN4 target sites within RT and integrase respectively.
Mutations ZFN3(�3) or ZFN4(þ5), which were able to block NL4-3
infectivity (Fig. 3C and D), were selected and the infectivity of
double mutants NL4-3-ZFN2(þ3)/ZFN3(�3) and NL4-3-ZFN2(þ3)/
ZFN4(þ5) compared with wild-type NL4-3, NL4-3-ZFN2(þ3), NL4-
3-ZFN3(�3), and NL4-3-ZFN4(þ5) in TZM-bl cells (Fig. 4C). The
infectivity of both double mutants was reduced to below the levels
seenwith single ZFN3(�3) and ZFN4(þ5)mutants, whereas mutant
NL4-3-ZFN2(þ3) retained infectivity similar to wild type NL4-3.
These observations suggest that a combination endonuclease
therapy could be used to overcome the emergence of
endonuclease-resistant HIV.

Finally, we evaluated the infectivity of wild type, single-, or
double-mutant NL4-3 viruses in activated human CD4þ T cells to
confirm that mutant virus replication is also blocked in primary
cells. Activated CD4þ Tcells were incubatedwith 50 ng of wild type,
single mutant, or double mutant NL4-3 viruses, and levels of
intracellular p24 determined by flow cytometry 72 h later. As seen
previously in a different donor (Fig. 4A), p24 expression was
detected in CD4þ T cells infected with ZFN2(þ3) mutant virus,
albeit at levels lower than wild type NL4-3 (Fig. 4D). In contrast,
cells infected with NL4-3 mutants ZFN3(�3), ZFN4(þ5), NL4-3-
ZFN2(þ3)/ZFN3(�3) or NL4-3-ZFN2(þ3)/ZFN4(þ5) showed back-
ground levels of intracellular p24 expression (Fig. 4D). These ob-
servations support the conclusion that infectious endonuclease
resistant virus could emerge in HIV-infected patients, but treat-
ment with multiple endonucleases could overcome resistance.

4. Discussion

As an approach to treat persistent viral infections, we are tar-
geting essential genes in viral genomes for disruption using tar-
geted endonucleases (Schiffer et al., 2012; Stone et al., 2013; Weber
et al., 2014a). Like conventional antiviral treatments, endonuclease
therapies might create resistance (Schiffer et al., 2012; Schiffer
et al., 2013). In this study we developed ZFNs targeting HIV pol,
and during analysis of their efficacy we identified an infectious
treatment-resistant virus. This RT mutant virus was resistant to
endonuclease cleavage, was susceptible to antiviral RTi drugs, and
maintained infectivity in primary human CD4þ T cells. These ob-
servations have important implications for the use of endonucle-
ases as antiviral therapeutics.

First, to our knowledge the emergence of resistant infectious
virus has not been evaluated in previous antiviral therapies tar-
geting EBV, JCV, HBV, HCV, HIV, HSV and HTLV using endonucleases
or recombinases (Karpinski et al., 2014; Sarkar et al., 2007). Drug
resistance influences clinical treatments against viral infections
(Glebe and Geipel, 2014; Pawlotsky, 2014; Pham et al., 2014; Piret
and Boivin, 2014), so the emergence of resistance to novel endo-
nuclease therapies should also be considered. This is especially
important for HIV, which has a high mutation rate that drives virus
evolution and treatment resistance. During endonuclease therapy
treatment resistance could occur indirectly, through SNPs intro-
duced during HIV replication that alter target site binding or
cleavage, or directly, through endonuclease-mediated mutations
that prevent target site binding or cleavage. In either scenario,
resistance would only occur if the mutated viral gene remained
functional. Endonuclease-mediated mutations are often large and
likely to functionally inactivate target genes, so the frequency of
resistance generated this way may be low despite the relatively
high number of different in-frame mutations detected. For SNP-
driven resistance, the frequency may be higher, but will differ for
each endonuclease as target sequence heterogeneity tolerance
varies (Pattanayak et al., 2014). Our data confirms that
endonuclease-mediated mutations can produce treatment-
resistant viruses, so further analyses of endonuclease resistance
are warranted.

It is possible that endonuclease therapies could produce
different levels of endonuclease resistance, as determined by target
site re-cleavage. We have identified infectious virus that is largely
resistant to cleavage at the ZFN target site. Under continued se-
lective pressure it is possible that a mutant virus with partial
endonuclease resistance could evolve to produce a completely
endonuclease-resistant virus, as happens with low-level drug-
resistant viruses in HIV patients (Boucher et al., 1992; Harrigan
et al., 1998; Kellam et al., 1994). Further studies are needed to
determine whether increasing endonuclease resistance evolves
during treatment.

This study shows that small indels are not always inactivating,
and may be either resistant or susceptible to endonuclease



Fig. 4. Characterization of endonuclease resistant HIV. (A) Primary activated CD4þ T cells were incubated with the indicated amounts of NL4-3 or NL4-3-ZFN2(þ3) viruses and then
intracellular p24 expression was detected 72 h later by flow cytometry. (B) TZM-bl cells were incubated with NRTi (Tenofovir; AZT) or NNRTi (Etravirine; Nevirapine) drugs for 2 h
prior to infection. Infections were then performed with normalized levels of infectious virus [2.5 � 105 luciferase producing units/well of NL4-3 or NL4-3-ZFN2(þ3)] in the presence
or absence of drugs, and levels of infection were analyzed 48 h later by quantifying luciferase activity. (C) Wild type, single mutant or double mutant pNL4-3 plasmids were
transfected into 293T cells and 48 h later p24 levels in supernatants were quantified by ELISA. TZM-bl cells were then inoculated with supernatant containing 2 ng of p24 and 48 h
later luciferase activity was measured. (D) Primary CD4þ T cells isolated from PBMC were activated by incubation with CD3/CD28 beads for 3 days. Activated CD4þ T cells were
incubated with 50 ng of wild type or NL4-3 mutant viruses and then intracellular p24 expression was detected by flow cytometry. NTC e No treatment control. The experiments
shown in 4A and 4D were performed using cells from different donors. Structural location of the ZFN2(þ3) RT mutation and amino acids known to convey NRTi or NNRTi resistance
(E, F). HIV-1 Reverse Transcriptase without DNA (pdb structure 3KJV) is shown through 3 different orientations with NRTi (E) or NNRTi (F) resistance residues shown in yellow. Blue
e p66 subunit amino acids 1e556; Green e p51 subunit amino acids 4e431; Red e amino acids L246 and P247. NRTi resistance residues M41, A62, K65, D67, T69, K70, L74, V75, F77,
Y115, F116 Q151, M184, L210, T215 and K219 are shown (E). NNRTi resistance residues L100, K101, K103, V106, V108, E138, Y181, Y188, G190 and M230 are shown (F). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cleavage, despite being highly similar. We deliberately studied the
infectivity of mutants with small in-frame mutations, as we pre-
dicted they would be the most likely to maintain replicative ca-
pacity, and for mutant ZFN2(þ3) this proved to be true. We did not
expect such variation in ZFN re-cleavage at similar mutant target
sites. The ZFN1(þ3) and ZFN3(þ5) target sites could not be re-
cleaved, while target sites ZFN2(þ3) and ZFN4(þ5) could be re-
cleaved with reduced efficiency, which suggests that ZFNs can
tolerate different levels of target site heterogeneity. This is impor-
tant, as replication-competent mutant viruses that can be re-
cleaved by an endonuclease during therapy remain targets for
further disruption and are thus less likely to persist.

The NL4-3-ZFN2(þ3) mutant virus was originally identified in
HEK293 cells. However, we found the same mutation repeatedly in
HEK293 cells and in lymphoid CD4þ SupT1 cells. We have also
previously seen similar small insertions in the lymphoid Jurkat cell
line and primary human fibroblasts after endonuclease treatment
(Aubert et al., 2014; Aubert et al., 2011). Together these data
strongly suggest that a resistance mutation like the ZFN2(þ3) RT
mutation could occur in HIV-susceptible primary human cells.
Future experiments will determine the frequency with which the
ZFN2(þ3) mutation, or similar resistance mutations, are found in
ZFN-treated primary human CD4þ T cells.

Our study identifies a unique region of RT that can support
amino acid insertion without eliminating viral infectivity. The
ZFN2(þ3) RT mutant has an extra leucine residue inserted adjacent
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to Leu246, located between the palm and thumb domains, close to
the polymerase domain (Fig. 4E and F). To our knowledge there
have been no reports of HIV with altered activity due to mutations
at Leu246. A widespread analysis of RT mutations showed that
Leu246 is predominantly invariant in treatment-naïve and RTi-
treated HIV-1 infected patients (Ceccherini-Silberstein et al.,
2005). In contrast, a comparison of retroelement and retrovirus
RT sequences showed no conservation of Leu246 (Nowak et al.,
2014). Interestingly, an LL motif is present at the same location
within the prototype foamy virus RT (Nowak et al., 2014), so it is
likely that an LL motif at this site in HIV RT retains functionality.
Further studies of HIV-1 RT containing modifications around res-
idue Leu246 may be warranted.

The NL4-3-ZFN2(þ3)mutant retained sensitivity to RT inhibitors,
which has implications for endonuclease therapy. Since antiviral
endonuclease therapy is not dependent on active viremia, it would
be advantageous to concurrently administer HAART. Therefore, it is
important that endonuclease therapy does not promote the emer-
gence of drug-resistant virus. Our study shows that an infectious
ZFN2-derived mutant virus remains susceptible to NRTi and NNRTi
drugs. Moving forward, it will be important to monitor whether
antiviral drug sensitivity is affected when endonucleases target
genes encoding HIV drug targets such as protease, RT or integrase.

Our data illustrate the utility of mathematical modeling of
treatment regimens in the context of endonuclease resistance.
Previously we predicted that HBV resistance to endonucleases
could be avoided by treatment with 3 or more virus-specific en-
donucleases, using a complex mathematical model (Schiffer et al.,
2013). The present study directly shows that endonuclease resis-
tance and multiple endonuclease target sites can impact thera-
peutic success during HIV treatment. Further modeling studies
should include therapy dosing, endonuclease cleavage efficiency,
and off-target cleavage experiments to optimize future virus-
directed endonuclease therapies.

The experiments performed in SupT1 cells provide a proof of
principle that AAV-mediated endonuclease therapies could be used
to introduce disabling mutations into the integrated provirus in
HIV-infected T cells. To this end recent data suggests that AAV
vectors can be used to transduce primary T cells with extremely
high efficiency (Sather et al., 2015), which could enable efficient
endonuclease delivery to target cells during an anti-HIV therapy.
Future studies will be required to determine whether AAV-
endonuclease therapy can be used to effectively target HIV in pri-
mary T cells.

In conclusion, we have demonstrated that treatment-resistant
infectious HIV can be detected after endonuclease therapy. To our
knowledge this is the first such demonstration and has implications
for antiviral endonuclease development. In the future efforts
should be made to identify and characterize resistant virus on a
study-by-study basis.
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