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Restriction factors constitute a newly appreciated line of 
innate immune defense, blocking viral replication inside 
of infected cells. In contrast to these antiviral proteins, 
some cellular proteins, such as the CD4, CCR5, and 
CXCR4 cell surface receptors, facilitate HIV replication. 
We have used zinc finger nucleases (ZFNs) to insert a 
cocktail of anti-HIV restriction factors into the CCR5 locus 
in a T-cell reporter line, knocking out the CCR5 gene in 
the process. Mirroring the logic of highly active antiret-
roviral therapy, this strategy provides multiple parallel 
blocks to infection, dramatically limiting pathways for 
viral escape, without relying on random integration of 
transgenes into the genome. Because of the combina-
tion of blocks that this strategy creates, our modified 
T-cell lines are robustly resistant to both CCR5-tropic 
(R5-tropic) and CXCR4-tropic (X4-tropic) HIV-1. While 
zinc finger nuclease–mediated CCR5 disruption alone, 
which mimics the strategy being used in clinical trials, 
confers 16-fold protection against R5-tropic HIV, it has no 
effect against X4-tropic virus. Rhesus TRIM5α, chimeric 
human-rhesus TRIM5α, APOBEC3G D128K, or Rev M10 
alone targeted to CCR5 confers significantly improved 
resistance to infection by both variants compared with 
CCR5 disruption alone. The combination of three fac-
tors targeted to CCR5 blocks infection at multiple stages, 
providing virtually complete protection against infection 
by R5-tropic and X4-tropic HIV.
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Introduction
One of the major obstacles to treating HIV infection is the virus’s 
ability to mutate and evade therapy.1 This has led to a broad interest 
in developing alternative treatment strategies to disrupt the host-
virus interaction, including cell-based gene therapy approaches 
to restrict infection.2–7 Cellular entry of HIV is mediated through 
binding to the CD4 receptor and either the CCR5 (CCR5-tropic 
virus) or CXCR4 (CXCR4-tropic virus) coreceptor on the sur-
face of CD4+ T-cells, the primary target cells in vivo. In patients, 
early infection is typically established by CCR5-tropic (R5-tropic) 
virus, while CXCR4-tropic (X4-tropic) or dual-tropic variants 
predominate in late stage disease.8 Interestingly, individuals who 

are homozygous for the truncated Δ32 variant of the CCR5 gene 
are resistant to HIV infection and are otherwise healthy,9 mak-
ing CCR5 an intriguing target for HIV therapy. This has been 
done both by the small molecule approaches to inhibit binding 
of HIV to the CCR5 receptor10 and by genetic manipulation to 
create HIV resistant cells that do not express CCR5 on the cell 
surface.11,12 Moreover, the demonstration of an apparent cure of a 
patient infected by HIV by allogeneic bone marrow transplanta-
tion from a matched CCR5 Δ32 donor was recently reported.13,14 
Although it is not known whether it was the donor cells alone or 
a combination of ablative therapy and transplantation with HIV 
resistant cells that led to the apparent cure, it strongly supports the 
idea that using genetically modified cells is a promising approach 
for altering the course of HIV infection.

Specific genome modification can be achieved with engineered 
proteins called zinc finger nucleases (ZFNs).15 ZFNs are composed 
of a zinc finger DNA binding domain fused to a FokI endonuclease 
domain. Each zinc finger recognizes and binds to a three-nucleotide 
sequence, such that a four-fingered protein recognizes 12 base pairs. 
Antiparallel binding of two ZFNs to contiguous sites separated by a 
short DNA spacer leads to dimerization of the endonuclease domain 
and creation of a site-specific DNA double-strand break which can 
be repaired either by potentially mutagenic nonhomologous end 
joining (NHEJ) or high-fidelity homologous recombination with a 
homologous DNA donor template. ZFNs have been developed that 
target the CCR5 gene, and upon induction of a site-specific double-
strand break and mutagenic repair by NHEJ, populations of HIV 
resistant T-cells11 and hematopoietic stem cells (HSCs)12 have been 
created which phenotypically mimic CCR5 Δ32 cells. The potential 
limitation of this approach is that, in patients infected with both X4- 
and R5-tropic virus, mutating CCR5 in a fraction of T-cells or HSCs 
may not be sufficient to alter the course of the disease. Instead, cells 
that are genetically resistant to both coreceptor tropisms of HIV 
need to be created.

One way to generate cells that are resistant to both R5-tropic 
and X4-tropic HIV is to simultaneously knock out expression of 
CCR5 and CXCR4. In fact, recent reports16,17 have described a 
ZFN-mediated CXCR4 disruption strategy effective in protecting 
human CD4+ T-cells against X4-tropic but not R5-tropic infec-
tion. To achieve dual-tropic resistance, Wilen et al. disrupted 
CXCR4 in T-cells from CCR5 Δ32 patients, suggesting a potential 
double knockout strategy using two pairs of ZFNs against CXCR4 
and CCR5.
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Besides being used for targeted gene disruption, ZFNs can 
also be used to stimulate precise targeting of a gene therapy pay-
load to a specific genomic locus by homologous recombination 
(Figure  1a). Gene targeting minimizes the risk of uncontrolled 
genomic insertion, which has caused serious adverse events 
including leukemia in several clinical gene therapy trials.18–20 
Taking advantage of the benefits of gene targeting by homologous 
recombination, we have developed a novel method for creating 

multiple genetic resistances to HIV infection with a single gene-
targeting event. Our approach mimics the current pharmaco-
logical treatment strategy, highly active antiretroviral therapy. A 
highly active antiretroviral therapy regimen typically consists of 
three or more drugs that inhibit HIV infection at multiple stages 
of the virus lifecycle. It has been shown that treatment with two 
antiviral drugs is better than one and that a three-drug regimen 
is superior.21 By analogy, we hypothesize that by creating multiple 
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Figure 1 T argeting GFP to the endogenous CCR5 locus using ZFN-mediated homologous recombination in K562 cells. (a) Schematic of ZFN-
mediated gene targeting by homologous recombination. (b) Examples of homologous targeting vectors used. For complete list see Supplementary 
Figure S4. (c) K562 cells were transfected with the CCR5-GFP targeting vector with or without CCR5 ZFNs delivered as plasmid DNA or mRNA, 
and GFP expression was followed by FACS for 16 days. (d) FACS plots from day 16 after transfection of CCR5-GFP, and with or without CCR5 ZFNs. 
(e) Diagram of genomic PCR and Southern blot strategies used to show targeting at CCR5. Probe, DNA probe used for Southern blot; arrows, PCR 
primers. (f) K562 cells transfected with the CCR5-GFP targeting vector, and without (−) or with (+) CCR5 ZFNs were analyzed for evidence of target-
ing at CCR5 by genomic PCR using the primers in e. (g) Southern blot analysis of GFP positive clones following targeting. “-“ untargeted, B – bial-
lelically targeted. See also Supplementary Figure S3. APO, APOBEC3G D128K; FACS, fluorescence-activated cell sorting; GFP, green fluorescent 
protein; hrhTRIM5α, human-rhesus hybrid TRIM5α; HSV-TK, herpes simplex virus thymidine kinase; hTRIM5α, human TRIM5α; IRES-puro, internal 
ribosome entry site–puromycin N-acetyltransferase; PCR, polymerase chain reaction; Rev, Rev M10; rhTRIM5α; rhesus TRIM5α; Ubc, ubiquitin C 
promoter; 2A, 2A translation skipping peptide; GFP, green fluorescent protein; WT, wild type; ZFN, zinc finger nuclease.
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layers of genetic resistance to HIV (“stacking” genetic traits), we 
can generate broader and more robust inhibition of both R5- and 
X4-tropic HIV compared with CCR5 disruption alone. The ulti-
mate goal would be to develop an approach that, when translated 
into humans, would create a reservoir of protected T-cells that 
would stave off immune collapse and the onset of AIDS, either 
alone or in combination with antiretroviral drugs.

Genetic studies have revealed several cellular proteins that 
confer effective resistance to HIV. TRIM5α and APOBEC3G 
are restriction factors that constitute a newly appreciated arm of 
the mammalian innate immune system.22–24 Interestingly, rhesus 
macaque TRIM5α25–27 and an engineered human-rhesus hybrid 
TRIM5α6 inhibit effective HIV capsid disassembly in the cyto-
plasm of infected cells, while the human version of TRIM5α is 
significantly less effective. APOBEC3G is a cytidine deaminase 
that is packaged with newly formed viral particles and causes 

hypermutation of the viral genome.28–30 The APOBEC3G D128K 
mutant escapes depletion by the viral protein Vif7 and thus suc-
cessfully interferes with HIV replication. Rev M10 is a dominant 
negative form of a viral protein that prevents the export of early 
viral RNAs from the nucleus5,31 (Supplementary Figure S1). Rev 
M10 differs from the other two proteins in that it is not a naturally 
occurring molecule in human cells, although it effectively behaves 
as a restriction factor when expressed in cells.

Recent reports showed lentiviral integration of a cassette of 
three anti-HIV genes, including human-rhesus hybrid TRIM5α, 
into HSCs to confer robust protection against infection.32,33 Here, 
the strengths of that approach are combined with the clinical suc-
cess and specific genome modification of the CCR5 disruption 
strategy. We precisely targeted a combination of anti-HIV genes to 
the CCR5 locus, generating the first example of specifically modi-
fied T-cells that are broadly resistant to HIV infection. In this way, 
we created multilayered genetic resistance to HIV by disrupting 
CCR5 while simultaneously integrating a cassette of anti-HIV 
restriction factors. We demonstrated that this approach conveys 
complete suppression of viral replication as well as full-spectrum 
resistance to both R5-tropic and X4-tropic HIV forms.

Results
ZFN-mediated gene targeting at the CCR5 locus
To determine the efficiency of targeting to the CCR5 locus by 
homologous recombination, we constructed a green fluorescent 
protein (GFP) expression cassette with one kilobase arms of 
homology from the CCR5 gene centered at the CCR5 ZFN cut 
site,11 and included a negative selectable herpes simplex virus thy-
midine kinase (HSV-TK) domain outside the homology (“CCR5-
GFP” targeting vector, Figure 1b). For initial proof-of-principle 
experiments, we chose human erythroleukemic K562 cells, which 
have been extensively used to validate ZFN activity.34–36 Delivery 
of the CCR5-GFP targeting vector along with CCR5 ZFN DNA 
or mRNA into K562 cells by nucleofection resulted in stable GFP 
expression in up to 29.6% of the transfected cells (20.2% over-
all) compared with 2.2% (1.4% overall) in the absence of ZFNs 
(Figure 1c,d). As 2.2% of the cells in the samples without ZFNs 
remained GFP positive once expression from the episomal plas-
mid was lost by dilution through serial passaging, we used this 
percentage to approximate the random integration rate in these 
cells. Therefore, we predicted that approximately 27.4% of the cells 
in the ZFN samples were targeted at the CCR5 locus. The same 
percentage of these cells remained stably GFP positive for more 
than 4 months in culture, confirming that there was no appre-
ciable silencing of the Ubc promoter when targeted to the CCR5 
locus (data not shown). Negative selection with ganciclovir led to 
a 2.5-fold enrichment of targeted cells compared with the random 
integrants, consistent with targeting at the same genomic locus 
(Supplementary Figure S2).

To confirm that targeting occurred at the CCR5 locus, we 
designed a polymerase chain reaction strategy with a forward 
primer that binds a sequence in the CCR5-GFP targeting vec-
tor and a reverse primer recognizing a site in the CCR5 locus 
(Figure 1e). A band indicative of targeting was detected in sam-
ples treated with both the CCR5-GFP targeting vector and the 
ZFNs, but not in those transfected only with the targeting vector 
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Figure 2 E stablishment of JLTRG-R5 T-cell line derived cells express-
ing anti-HIV genes. (a) JLTRG-R5 cells were transfected with the rhesus 
or human-rhesus hybrid CCR5-TRIM5α targeting vector and CCR5 ZFNs, 
and were analyzed for targeting by Southern blot. (b) Protein expression 
of restriction factors targeted to CCR5, probed by α-HA (TRIM5α), α-myc 
(APOBEC3G D128K) and α-Rev (Rev M10). The Coomassie stained blot is 
a loading control. (c) Quantification of bands from western blots in panel 
b using ImageJ software and normalized to hTRIM, rev-APO and rev lanes, 
respectively. Error bars represent the variation between quantification from 
two gels. (d) FACS plots showing ZFN-mediated disruption of the untar-
geted CCR5 allele in CCR5-IRES-puro cells. See also Supplementary Figure 
S5. a, APOBEC3G D128K-myc; FACS, fluorescence-activated cell sorting; h, 
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(Figure 1f). Clonal molecular analysis demonstrated that 89% of 
the GFP positive cells (25/28 clones) were the result of targeting 
the GFP expression cassette to the CCR5 locus (Figure  1g and 
Supplementary Figure S3a) compared with 0% of the samples 
without ZFNs (Supplementary Figure S3b), thus showing an 
overall targeting rate of 27% in the unsorted population.

Generation of HIV-resistant cell lines by targeting 
restriction factors to CCR5
We next investigated whether targeting an anti-HIV restriction 
factor to the CCR5 locus by homologous recombination would 
confer greater restriction to HIV infection compared with CCR5 
disruption alone. To do so, we modified the CCR5-GFP targeting 

vector to replace the GFP expression cassette with a TRIM5α-
IRES-puro cassette (CCR5-TRIM5α targeting vector’ Figure 1b). 
Three versions of this targeting vector were constructed in which 
the TRIM5α gene is either human (h), which confers very little 
restriction against HIV infection; rhesus (rh), which confers robust 
resistance;25 or a human-rhesus hybrid (hrh), which has been 
shown to confer intermediate resistance to HIV.6 A fourth version 
of the targeting vector was created to include only the puromycin 
resistance gene, allowing for the selection of CCR5 disrupted cells 
(“CCR5-hTRIM5α,” “CCR5-rhTRIM5α,” “CCR5-hrhTRIM5α,” 
“CCR5-IRES-puro” targeting vectors; Supplementary Figure 
S4). ZFN-mediated integration of the CCR5-rhTRIM5α target-
ing vector at the CCR5 locus was detected at greater than 50% 
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Figure 3 T argeting a single anti-HIV restriction factor to CCR5 confers significant resistance to R5-tropic and X4-tropic HIV. Infection time 
course of CCR5-TRIM5α cells and CCR5-IRES-puro cells with (a) R5-tropic and (b) X4-tropic HIV as measured by RTCN values. Cumulative RTCN 
values were determined by integrating the area under the RTCN curve. Infection time course of CCR5-APO and CCR5-rev cells with (c) R5-tropic and 
(d) X4-tropic HIV. (*p < 0.05 cumulative RTCN compared with the wild type. Error bars represent standard deviation of three independent biological 
replicates.) h, human; hrh, human-rhesus hybrid; rh, rhesus; RTCN, ratio to cell negative; WT, wild type.

Table 1  Infection and fold protection of CCR5-targeted cells after 14 daysa

Cells

R5 HIV X4 HIV

Cumulative RTCN Fold protection 95% CI Cumulative RTCN Fold protection 95% CI

Wild type 2,438 1 1–3 916 1 1–3

puroR 155 16 12–23 164 6 4–9

hTRIM 454 5 4–7 635 1 1–2

hrhTRIM 1.5 1,642 542–1,642 31 30 23–41

rhTRIM 1.0 2,365 602–2,365 6 141 97–258

APO 11 222 189–270 7 124 87–213

Rev 24 101 90–117 13 71 61–85

Abbreviations: h, human; hrh, human-rhesus hybrid; rh, rhesus; RTCN, ratio to cell negative.
aFold protection was calculated as the cumulative RTCN value of wild-type cells divided by the cumulative RTCN value of each cell line through the first 14 days of 
infection by R5-tropic or X4-tropic HIV. 95% CI, confidence interval is given.
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of the alleles in K562 cells following selection with puromycin 
(Supplementary Figure S3b).

For HIV challenge experiments, we used the JLTRG-R5 line, a 
human Jurkat T-cell reporter line.37 JLTRG-R5 cells express CD4 
and CXCR4 at levels similar to primary CD4+ T-cells and express 
CCR5 at levels similar to peripheral blood mononuclear cells.37 
In addition, they have an integrated long terminal repeat (LTR)-
GFP reporter that expresses GFP upon HIV infection. We used 
the CCR5 ZFNs to integrate the CCR5-hrhTRIM5α and CCR5-
rhTRIM5α targeting vectors into the CCR5 locus in JLTRG-R5 
cells. Again, we showed targeting of up to 50% of the alleles in 
the puromycin-selected population (Figure  2a). Similarly, we 
targeted CCR5-hTRIM5α and CCR5-IRES-puro to CCR5 in 
JLTRG-R5 (data not shown). Protein levels of each of the targeted 
TRIM5α variants were detected (Figure 2b, lanes 2,3,4), quanti-
fied by band intensities, and normalized to the CCR5-hrhTRIM 
lane (Figure  2c). A separate membrane with the same samples 
was stained with Coomassie blue as a loading control. These cells 
maintained expression of the transgenes by western blot for at least 
6 months in culture without any evidence of locus silencing (data 
not shown). To check the status of the untargeted CCR5 allele, we 
stained the targeted cells for CCR5 and analyzed by fluorescence-
activated cell sorting. Notably, in the puromycin-selected CCR5-
IRES-puro population, greater than 99% of the untargeted CCR5 
alleles had been disrupted and did not produce a functional gene 

product as evidenced by the absence of CCR5 on the cell surface 
(Figure  2d). Similar rates of disruption (93–99%) of the untar-
geted CCR5 allele were seen in the other CCR5-targeted samples 
(Supplementary Figure S5). In this way, we efficiently created a 
population of cells, most of which that are disrupted at both CCR5 
alleles, one by gene targeting and the second by mutagenic NHEJ.

Targeted single-factor cell lines are significantly 
protected against R5-tropic and X4-tropic HIV
To quantitate the level of resistance conferred by targeting these 
TRIM5α variants to CCR5, we challenged the targeted cells with 
R5-tropic HIV-1BaL-1. Samples were analyzed by flow cytometry 
for GFP expression from the integrated LTR-GFP reporter, and 
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ratio to cell negative (RTCN) values were calculated as previ-
ously described.38 Briefly, RTCN is the cross product of percent 
GFP positive cells times mean fluorescence intensity, normalized 
to uninfected samples and was used to quantify level of infec-
tion (the higher the RTCN value, the greater the level of infec-
tion). Infection was followed over the course of 14 days, and is 
reported as RTCN values or cumulative RTCN values calculated 
from the area under the RTCN curve. Wild-type JLTRG-R5 cells 
were susceptible to infection by R5-tropic virus with a maximum 
RTCN value of 660 (Figure 3a, blue line, day 11) and a cumulative 
RTCN of 2,438 (Table  1). CCR5-IRES-puro cells, which mimic 
previously reported CCR5 disrupted cells, reached a maximum 
infection of 42 with R5-tropic HIV and a cumulative RTCN of 
155, a protection of 16-fold (Figure  3a and Table  1). Similarly, 
CCR5-hTRIM5α cells showed a fivefold reduction in cumula-
tive RTCN following R5-tropic HIV infection, consistent with 
simply knocking out CCR5. In contrast, CCR5-hrhTRIM5α cells 
and CCR5-rhTRIM5α cells demonstrated 1,642-fold (cumula-
tive RTCN = 1.5) and 2,365-fold (cumulative RTCN = 1.0) resis-
tance to R5-tropic HIV, respectively as measured through day 14 
(Figure 3a and Table 1). Thus, compared with the level of pro-
tection achieved by CCR5 disruption alone through the target-
ing of IRES-puro, combining CCR5 disruption with the targeted 
integration of an anti-HIV factor increases the resistance of these 
cells an additional 100- to 150-fold, providing virtually complete 
inhibition of R5-tropic infection through day 14.

As TRIM5α acts as a postentry restriction factor, we hypoth-
esized that the CCR5-hrhTRIM5α and CCR5-rhTRIM5α cells 
would also be resistant to infection by X4-tropic HIV, whereas the 
CCR5-IRES-puro cells would not. Each of the targeted cell lines 
was challenged with X4-tropic HIV-1NL4-3. By day 14, wild-type 
JLTRG-R5 cells had a cumulative RTCN value of 915, and the 
CCR5-IRES-puro cells and the CCR5-hTRIM5α cells were not 
significantly protected from X4-tropic infection (Figure  3b and 
Table 1), supporting the hypothesis that the resistance these cells 
displayed against R5-tropic virus was due solely to disruption of 
CCR5. Importantly, the CCR5-hrhTRIM5α cells and the CCR5-
rhTRIM5α cells displayed 30-fold (cumulative RTCN = 31) and 
141-fold (cumulative RTCN = 6.5) resistance to X4-tropic HIV, 

respectively (Figure  3b and Table  1). In this way, we showed 
that compared with CCR5 disruption alone, targeting rhesus- or 
human-rhesus hybrid TRIM5α to CCR5 both increases the pro-
tection of a T-cell line against R5-tropic infection and confers sig-
nificant resistance to X4-tropic infection.

To investigate whether other postentry restriction fac-
tors would also serve to protect against both viral tropisms, we 
modified the targeting vectors to include the Vif-resistant D128K 
mutant of APOBEC3G or dominant negative Rev M10 (“CCR5-
APO” and “CCR5-Rev” targeting vectors, Supplementary Figure 
S4). Following targeting, we detected expression of the myc-
tagged APOBEC3G D128K and Rev M10 (Figure 2b, lanes 5 and 
7, and Figure 2c). We showed that the CCR5-APO cells and the 
CCR5-Rev cells were protected 222-fold (cumulative RTCN = 
11) and 101-fold (cumulative RTCN = 24) against R5-tropic HIV, 
respectively (Figure 3c and Table 1). Similarly, against X4-tropic 
HIV, the CCR5-APO and CCR5-Rev cells were protected 124-
fold (cumulative RTCN = 7) and 71-fold (cumulative RTCN = 13) 
through day 14, respectively (Figure 3d and Table 1).

Expression of TRIM5α inhibits the initial round of 
infection
To further investigate the mechanism of HIV resistance in each 
of these single-factor cell lines, we used a single-round infectivity 
assay.39,40 First, we sought to determine whether this assay was sen-
sitive enough to detect differences in the susceptibility of our tar-
geted cell lines. To do this, we generated replication incompetent 
CCR5-tropic pseudovirions containing red fluorescent protein 
in place of the viral envelope protein by cotransfection of HEK 
293T cells with the NL4-3-ΔE-RFP plasmid and the CCR5-tropic 
envelope SF162 plasmid. Culture supernatants were collected and 
used to infect wild-type JLTRG-R5 cells. Infection was assessed by 
quantifying RFP positive cells at 2 days postinfection. Importantly, 
wild-type cells had measurable infection at day 2, while cell lines 
targeted at CCR5 were significantly protected against infection 
due to the disruption of CCR5 (Figure 4a). Slightly variable lev-
els of CCR5 disruption in the targeted cell lines (Supplementary 
Figure 5) accounted for the subtle but nonsignificant differences 
in the level of protection against single-round R5-tropic virus.

Table 2  Infection and fold protection of CCR5-targeted cells after prolonged exposure to HIVa

Cells

R5 HIV X4 HIV

Cumulative RTCN Fold protection 95% CI Cumulative RTCN Fold protection 95% CI

Wild type 5,095 1 1–1 1,904 1 1–2

puroR 551 9 8–10 1,651 1 1–2

hTRIM 3,846 1 1–1 3,011 1 1–1

hrhTRIM 79 64 37–251 726 3 1–20

APO 51 100 96–105 10 198 146–308

Rev 95 54 48–61 863 2 1–642

APO/hrhTRIM 177 29 26–33 2,014 1 1–2

Rev/hrhTRIM 607 8 8–9 1,716 1 1–2

Rev/APO 26 193 185–202 15 131 115–153

hrh triple 4 1,212 595–1,212 1.1 1,782 328–1,782
Abbreviations: h, human; hrh, human-rhesus hybrid; rh, rhesus; RTCN, ratio to cell negative.
aInfection, quantified as cumulative RTCN values, and fold protection were calculated following 25 days of challenge by R5- or X4-tropic HIV. 95% CI, confidence 
interval is given.



792� www.moleculartherapy.org  vol. 21 no. 4 apr. 2013

© The American Society of Gene & Cell Therapy
Generation of an HIV Resistant T-cell Line

To quantify the contribution the targeted anti-HIV restric-
tion factors have independent of the effects from CCR5 disrup-
tion, we made vesicular stomatitis virus-G (VSVG) pseudotyped 
single-round RFP virus (HIV-1NL4-3-ΔE-RFP-VSVG) and infected cells 
as above. Because TRIM5α is a postentry, preintegration restric-
tion factor, CCR5-hrhTRIM5α cells and CCR5-rhTRIM5α cells 
should still be protected against single-round VSVG pseudotyped 
HIV infection. In fact, when challenged in the single-round assay, 
CCR5-hrhTRIM5α cells became significantly less infected, reach-
ing only 59% the level of infection compared with the wild-type 
cells. Similarly, CCR5-rhTRIM5α cells were infected at 32% of 
wild type (Figure 4b). These data indicate that in the single-round 
infectivity assay, blocking viral uncoating through the expression 
of rh- or hrhTRIM5α confers significant, but less robust resistance 
against the initial round of infection compared with the inhibition 
of viral entry, presumably because some of the viral particles are 
able to overwhelm the TRIM5α resistance and become effectively 
uncoated. Furthermore, because Rev M10 and APOBEC3G D128K 
are postintegration restriction factors, they should not inhibit the 
initial cycle of infection, but only subsequent rounds. As predicted, 
the cells targeted with CCR5-APO and CCR5-Rev showed no pro-
tection in the single-round infectivity assay (Figure 4b).

Targeted stacking of restriction factors confers 
complete resistance to R5-tropic and X4-tropic 
infection
Finally, as the combination of CCR5 disruption with TRIM5α 
expression was more protective than CCR5 disruption alone 
against R5-tropic HIV in the multiround infection experiments, 
we sought to determine if stacking resistance factors together in 
combination as a cassette of anti-HIV genes would confer greater 
resistance to both R5-tropic and X4-tropic variants. To do this we 
again modified the targeting vectors to include all combinations 
of Rev M10, APOBEC3G D128K and hrhTRIM5α (“CCR5-Rev-
hrh,” “CCR5-APO-hrh,” “CCR5-Rev-APO,” and “CCR5-hrh-triple,” 
Supplementary Figure S4) and targeted them to CCR5 in JLTRG-R5 
cells. We chose to include the hrhTRIM5α variant instead of the 
rhTRIM5α version in the combination vectors because of its effec-
tiveness alone, and the potentially lower antigenicity associated 
with the hybrid protein compared with the rhesus protein. Protein 
expression was analyzed by western blot (Figures 2b,c). Notably, we 
were unable to detect TRIM5α expression from the CCR5-Rev-hrh 
cells, making it difficult to accurately compare the efficacy of this 
combination of factors in conferring resistance to infection by HIV.

Because of the robust protection provided by each of the fac-
tors alone (cumulative RTCN values between 1.0 and 31), there 
was no significant benefit of adding additional factors through 
day 14 of infection (data not shown). To investigate the protection 
conferred by stacking restriction factors during prolonged infec-
tion, we measured the cumulative RTCN through day 25. Against 
R5-tropic HIV, all of the one-, two-, and three-factor cell lines 
had a significantly lower cumulative level of infection compared 
with the wild-type cells (Figure 5a, *). Notably, when compared 
with the cumulative RTCN of the CCR5-hrh-triple cells, all of the 
one- and two-factor cell lines showed significantly higher levels of 
infection, demonstrating the added benefit of stacking restriction 
factors (Figure 5a, # and Table 2).

Against X4-tropic HIV, of the one- and two-factor lines, the 
CCR5-hrhTRIM, CCR5-APO, and CCR5-Rev-APO cells showed 
statistically lower levels of infection than wild-type cells, while 
the other lines became infected at near wild-type levels during 
prolonged HIV challenge. Importantly, the CCR5-hrh triple line 
remained uninfected during prolonged infection, again highlight-
ing the efficacy of our trait-stacking approach (Figure  5b and 
Table 2).

Discussion
Using ZFN-mediated homologous recombination to target a cas-
sette of anti-HIV restriction factors (hrhTRIM5α, APOBEC3G 
D128K and Rev M10) to the CCR5 locus, we have created robust 
resistance to infection by both X4- and R5-tropic HIV and have 
established a framework to test the relative fold protection genetic 
restriction factors provide against HIV infection (Table  1 and 
Table 2). This is the first demonstration of targeted trait stacking 
against HIV infection using homologous recombination to pre-
cisely integrate the restriction factors into the genome. A recent 
report41 describes ZFN-mediated insertion of GFP into CCR5 at 
targeting rates of up to 10% using a baculoviral delivery method 
in Ghost-CCR5 cells. A second study42 used integration-defective 
lentivirus to deliver CCR5 ZFNs and targeting vector and achieved 
targeting rates of 0.1% in human CD34+ hematopoietic stem/pro-
genitor cells and 5% in human embryonic stem cells, but neither 
group infected the targeted cells with HIV. Untargeted trait-stack-
ing approaches against HIV have also been previously reported 
and show significant restriction of infection,32,33 but they rely on 
the random integration of the anti-HIV factors in the genome. 
Here, we achieve precise gene targeting to the CCR5 locus of a 
cassette of anti-HIV restriction factors and demonstrate effective 
resistance to infection by HIV.

As targeting a puromycin resistance gene alone to CCR5 is func-
tionally equivalent to CCR5 disruption by ZFN-induced NHEJ, we 
were able to compare the efficiency of our ZFN-mediated homolo-
gous recombination trait-stacking strategy with the published ZFN-
mediated CCR5 disruption approach currently in clinical trials.43,44 
In fact, our strategy overestimates the effectiveness of CCR5 dis-
ruption alone because we selected for targeted cells, most of which 
have undergone mutagenic NHEJ at the untargeted CCR5 allele 
(Figure 2d), resulting in a population of cells with most showing 
bi-allelic CCR5 disruption. Notably, even though only 1–7% of the 
targeted cells have detectable CCR5 expression by fluorescence-acti-
vated cell sorting, there is sufficient expression to establish infection 
in the cells without additional anti-HIV factors (the CCR5-IRES-
puro and CCR5-hTRIM5α lines). Because of the small differences 
across samples in CCR5 expression, it is difficult to absolutely con-
trast the effect of targeting particular restriction factors in protect-
ing against R5-tropic infection, but the CCR5-IRES-puro cells had 
among the lowest expression of CCR5 from the untargeted allele 
(Figure 2d and Supplementary Figure S5). Even in this context, 
against R5-tropic HIV, targeted integration of an anti-HIV gene to 
CCR5 provides up to 150-fold increased protection compared with 
CCR5 disruption alone in the CCR5-IRES-puro cells.

In an effort to restrict infection by X4-tropic virus, CXCR4 
ZFNs have been recently described,16,17 and when used in com-
bination with CCR5 ZFNs could confer resistance to both viral 
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tropisms. However, the possible implementation of this approach 
is limited to the mature postthymic CD4+ T-cell compartment 
and would not be feasible in HSCs because of the requirement 
of functional CXCR4 in B-cell development and HSC homing.45,46 
The use of ZFNs against CXCR4 and CCR5 to confer dual-tropic 
HIV resistance would also require bi-allelic gene disruption at 
two distinct sites in the same cell, a relatively rare occurrence even 
with highly active ZFN pairs. Finally, the simultaneous creation of 
two double-strand breaks would likely lead to increased genomic 
instabilities as simultaneous double-strand breaks can lead to 
chromosomal translocations47,48 or deletions.49

Our results suggest an alternative strategy to generate cells that 
are significantly protected from infection by either R5- or X4-tropic 
HIV. Infection was quantified using cumulative RTCN, calculated 
as the area under the RTCN time course curve. Cumulative RTCN 
describes the total viral burden over time and was used to compare 
the susceptibility to infection of our targeted cell lines. Our single-
factor cell lines showed significant protection through the first two 
weeks of infection by either R5-tropic or X4-tropic HIV. By day 25 of 
the R5-tropic HIV challenge, the one- and two-factor cell lines, still 
had significantly lower cumulative RTCN values compared with the 
wild-type cells, but these cells did show modest levels of infection. 
In contrast, the CCR5-hrh-triple cell line showed statistically lower 
levels of infection than the one- and two-factor cell lines, remaining 
virtually uninfected. Against X4-tropic virus, several of the one- and 
two-factor lines (specifically, the CCR5-hrhTRIM, CCR5-APO, and 
CCR5-rev-APO cells) maintained significantly lower levels of infec-
tion compared with the wild-type cells, whereas the others became 
infected at near wild-type levels. Importantly, all but one of the one- 
and two-factor lines were infected at significantly higher levels than 
were the CCR5-hrh-triple cells, showing the benefit of stacking at 
least three layers of restriction against both R5-tropic and X4-tropic 
HIV. The one cell line that was not statistically different from the 
CCR5-hrh-triple cells was the CCR5-Rev line in which each of the 
three replicates was infected at higher levels than the CCR5-hrh-
triple cells, but the variability among samples was high because one 
of the replicates became highly infected earlier in the time course 
than the other two replicates (data not shown). In addition, the 
fact that the double-factor CCR5-Rev-hrhTRIM cells showed con-
siderably higher susceptibility to infection compared with the sin-
gle-factor CCR5-Rev or CCR5-hrhTRIM cells is explained by the 
lower level of Rev expression and the virtually undetectable level 
of TRIM5α expression from the double-factor line. Because of this 
variable protein expression, it is difficult to directly evaluate the data 
from the CCR5-Rev-hrhTRIM cells. In contrast, the presence of low 
levels of three anti-HIV factors in the CCR5-hrh-triple cells is suf-
ficient to provide robust protection against prolonged infection.

In summary, targeted trait stacking is an improvement over 
previous studies that solely relied on CCR511,12,50 or CXCR416,17 dis-
ruption to prevent HIV infection for three reasons. First, unique 
to our system, monoallelically modified cells confer effective 
resistance to infection. Second, just as pharmacological therapies 
against HIV infection inhibit multiple stages of the HIV lifecycle, 
our system provides multiple genetic blockades against infection 
(Supplementary Figure S1). In the first 14 days following infec-
tion, all combinations of anti-HIV factors provided resistance and 
there were only slight differences in the effectiveness of some of the 

single-, double- and triple-factor cassettes. However, by day 25 of 
infection with R5-tropic HIV, many of the cell lines targeted with 
single-factor cassettes had become infected. Notably, the CCR5-
hrh-triple cells remained uninfected throughout the course of the 
experiment. The third major improvement of this strategy is that 
targeted trait stacking at the CCR5 locus is effective in prevent-
ing infection by both R5- and X4-tropic HIV. Cumulative RTCN 
values for CCR5-hrh-triple cells were less than 4 after prolonged 
infection by both viral tropisms. Combining the targeted trait-
stacking strategy described here with recent advances in the ZFN 
modification of human hematopoietic stem and progenitor cells is 
the next preclinical hurdle in developing robust, long-term genetic 
protection against infection by HIV.

Materials and Methods
Cell lines and cell culture. K562s (ATCC, Manassas, VA) and JLTRG-R5 
(AIDS Research and Reference Reagent Program, Division of AIDS, 
NIAID, NIH from Dr Olaf Kutsch, Germantown, MD) were maintained in 
RPMI 1640 (Hyclone, Logan, UT) supplemented with 10% bovine growth 
serum, 100 units/ml penicillin, 100 μg/ml streptomycin, and 2 mmol/l 
L-glutamine.

Plasmid construction. Flag-tagged CCR5 ZFNs11 were synthesized and 
cloned into pcDNA6 (Invitrogen, Grand Island, NY). Targeting vec-
tors were constructed by polymerase chain reaction amplifying CCR5 
arms of homology centered on the ZFN cut site using the following 
primers: 5′fwd, 5′-TTCCTGCCTCATAAGGTTGC-3′, 5′ rev 5′-AGGA 
TGAGGATGACCAGCAT-3′, 3′fwd 5′-GATAAACTGCAAAAGGCTG 
AAGAG-3′, 3′ rev 5′-AGACCCTCTATAACAGTAACTTCCT-3′. pcRev 
(AIDS Research and Reference Reagent Program from Dr Bryan R. Cullen, 
Germantown, MD) and pcDNA-APO3G (AIDS Research and Reference 
Reagent Program from Drs Klaus Strebel and Sandra Kao, Germantown, 
MD) were subjected to site-directed mutagenesis to create the rev M1031 
and APOBEC3G D128K7 mutants. HA-tagged TRIM5α constructs were 
used as previously described.6 The three anti-HIV genes were cloned in all 
combinations and followed by IRES-puromycin acetyltransferase between 
the CCR5 arms of homology. Included outside the homology arms was 
HSV-TK domain for negative selection.

Virus preparation and titer. Plasmid pNL4-3 (generous gift of Dr Beth 
Levine) was transfected into HEK293T cells to make replication competent 
CXCR4-tropic HIV. Supernatant was collected on day 2 and viral titer was 
measured by p24 ELISA (Cell Biolabs, San Diego, CA) following the manu-
facturer’s protocol. Cell-free viral supernatant of CCR5-tropic HIV-1Ba-L 
(AIDS Research and Reference Reagent Program from Dr Suzanne Gartner, 
Dr Mikulas Popovic, and Dr Robert Gallo, Germantown, MD) was propa-
gated in wild-type JLTRG-R5 cells and viral supernatant was collected, 
titered, and used in subsequent experiments. Single-round HIV was pro-
duced as previously described.39 Briefly pNL4-3ΔE-RFP was cotransfected into 
HEK293T cells with either pVSVG (VSVG envelope) or pSF162 (R5 enve-
lope) and viral supernatant was collected on day 2 after transfection.

Cell transfection and selection. K562 cells were nucleofected (Lonza, 
Basel, Switzerland) with 10 μg targeting vector and 1 μg of each ZFN plas-
mid or mRNA using program T-016 and nucleofection buffer contain-
ing 100 mmol/l KH2PO4, 15 mmol/l NaHCO3, 12 mmol/l MgCl2 • 6 H20, 
8 mmol/l adenosine 5′-triphosphate, 2 mmol/l glucose, pH 7.4. JLTRG-R5 
cells were nucleofected with the same conditions except with program 
I-010. Targeted cells were selected with 0.5 μg/ml puromycin. Negative 
selection was performed with 5 μmol/l ganciclovir.

Gene targeting. Genomic polymerase chain reaction was per-
formed to show targeting to CCR5 using a forward primer within GFP 
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(5′-TTCAAGATCCGCCACAACATCG-3′) and a reverse primer outside the 
3′ arm of homology (5′-ACAGATGCCAAATAAATGGATG-3′). A Southern  
blot probe was generated upstream of the 5′ arm of homology by polymerase  
chain reaction amplification of genomic DNA using the following  
primers: fwd 5′-GGCCAGAAGAGCTGAGACATCCG-3′, rev 5′-CGTCTG 
CCACCACAGATGAATGTC-3′. Radioactive Southern blotting was per-
formed using standard techniques.

Western blot. Expression of targeted anti-HIV genes was detected by western 
blot using the following primary antibodies: 1:500 mouse α-rev (Thermo, 
Rockford, IL), 1:5,000 mouse α-myc (Roche, Indianapolis, IN), 1:300 rab-
bit α-HA (Santa Cruz Biotechnology, Santa Cruz, CA); and secondary 
antibodies: 1:10,000 goat α-mouse-HRP (Santa Cruz Biotechnology) and 
1:10,000 goat α-rabbit-HRP (Santa Cruz Biotechnology). Band intensities 
were quantified using ImageJ (NIH, Bethesda, MD).

Immunostaining for CCR5. Surface expression of CCR5 was measured by 
staining 0.5 million JLTRG-R5 cells with 10 μl APC-conjugated α-CCR5 
antibody (BD Biosciences, San Jose, CA). Incubation was performed in 
100 μl phosphate-buffered saline/2% serum for 30 minutes at 4°C and flow 
cytometry was performed using an Accuri C6 cytometer (Accuri, Ann 
Arbor, MI).

Quantitation of infection. In multiround infection experiments, 105 
wild-type or targeted JLTRG-R5 cells were incubated with either 1 ng p24 
X4-tropic or 10 ng p24 R5-tropic HIV. Optimal viral amount were deter-
mined by titration of virus on wild-type JLTRG-R5 cells, and the 10-fold 
difference in amounts of R5 and X4 virus is attributable to the variable 
susceptibility of these cells to infection by R5- or X4-tropic virus. Because 
JLTRG-R5 cells contain an integrated LTR-GFP,37 the level of infection 
was determined using GFP fluorescence and was calculated as the RTCN 
(RTCN = (% GFP)sample × (MFI)sample/(% GFP)uninfected × (MFI)uninfected).38 
Cumulative RTCN values were calculated as the area under the RTCN 
curve using the trapezoid method of integration, minus the area under the 
curve of uninfected cells (which by definition is one time the number of 
days). Fluorescence was measured by flow cytometry using an Accuri C6 
every 2–3 days. At every time point, an aliquot of each sample was pelleted 
and fixed by resuspension in either 4% paraformaldehyde or 2% formalde-
hyde, and incubated 30 minutes at 4°C before fluorescence-activated cell 
sorting. In single-round infection experiments, 105 wild-type or targeted 
cells were spin infected with 100 μl viral supernatant at 1,200g for 2 hours. 
On day 2, cells were prepared for fluorescence-activated cell sorting analy-
sis as above.

Statistical analysis. All infections were performed in biological triplicate 
and statistical significance was calculated by Student’s t test and 95% con-
fidence intervals.
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Figure  S1.  Disruption of the HIV lifecycle by targeted gene therapy.
Figure  S2.  Negative selection with ganciclovir enriches for targeted 
cells.
Figure  S3.  Clonal analysis of K562 cells at targeted CCR5.
Figure  S4.  CCR5 targeting vectors.
Figure  S5.  CCR5 expression in targeted cell lines. ZFN-mediated 
disruption of CCR5 measured by antibody staining and FACS.
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