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Human immunodeficiency virus type 1 (HIV-1) causes a persis-
tent viral infection resulting in the demise of immune regulato-
ry cells. Clearance of HIV-1 infection results in integration of
proviral DNA into the genome of host cells, which provides a
means for evasion and long-term persistence. A therapeutic
compound that specifically targets and sustainably activates a
latent HIV-1 provirus could be transformative and is the goal
for the “shock-and-kill” approach to a functional cure for
HIV-1. Substantial progress has been made toward the devel-
opment of recombinant proteins that target specific genomic
loci for gene activation, repression, or inactivation by directed
mutations. However, most of these modalities are too large or
too complex for efficient therapeutic application. We describe
here the development and testing of a novel recombinant
zinc finger protein transactivator, ZFP-362-VPR, which specif-
ically and potently enhances proviral HIV-1 transcription both
in established latency models and activity across different viral
clades. Additionally, ZFP-362-VPR-activated HIV-1 reporter
gene expression in a well-established primary human CD4+

T cell latency model and off-target pathways were determined
by transcriptome analyses. This study provides clear proof of
concept for the application of a novel, therapeutically relevant,
protein transactivator to purge cellular reservoirs of HIV-1.

INTRODUCTION
Human immunodeficiency virus type 1 (HIV-1) establishes a latent
long-term infection that remains hidden from the immune system.
Clearance of latent HIV-1 DNA from infected host cells was sug-
gested to take many decades.1 Activation and purging of provirus
from macrophages, monocytes, and T cells, with �1 infected cell
per million cells, has been an ongoing experimental struggle, the
goal being to find latency reversing agents (LRAs) that can be used
along with antiretroviral therapy (ART). This “shock-and-kill”
approach aims to eliminate the reservoir by inducing HIV-1 activa-
tion resulting in death of the infected cell and immune clearance of
the cells presenting antigen.2 Several LRAs are known to activate
latent provirus in HIV-infected individuals,3 but LRAs are broad ef-
fectors of cellular processes and, therefore, inherent off-target effects
18 Molecular Therapy: Methods & Clinical Development Vol. 20 March
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are expected. The ideal LRA should also activate genetically distinct
clades of HIV-1. A method that could specifically activate latent virus
in quiescent CD4+ T cells4 and in macrophages in those HIV-infected
individuals on ART, and across multiple clades of virus, could prove
useful to purge cellular viral reservoirs, expose infected cells to T cell
killing, and potentially lead to a functional cure.

We and others have reported the potent and broad activation of latent
HIV-1 using defective CRISPR fused to transcriptional activating do-
mains.5–7 Using this system, the most effective locus in the HIV-1
long terminal repeat (LTR) for modulating transcription was shown
to be the LTR-362 site,5–7 as a single guide RNA (sgRNA) directed
to this site (sgF2-362) with a defective CRISPR activator, which is a
catalytically dead Cas9 fused to a VPR activation domain (dCas9-
VPR), potently activates latent HIV.7 Notably, the LTR-362 site con-
tains a nuclear factor kB (NF-kB) sequence doublet that is unique to
HIV-1 and not found in the human genome.8 This site is susceptible
to non-coding RNA-directed transcriptional control9,10 and repre-
sents an HIV-specific site for targeted control of proviral transcrip-
tional activation. While dCas9-VPR can be targeted to the LTR-362
site and potently activate HIV at levels greater than available LRAs,
including suberoylanilide hydroxamic acid (SAHA), tumor necrosis
factor-a (TNF-a), or prostratin,7 there are limitations, such as the
requirement of a guide RNA administered with the dCas9-VPR pro-
tein. An alternative approach requiring a single smaller protein deliv-
ered systemically could prove useful in the activation of latent HIV.
One such approach is outlined here and encompasses generating
zinc finger protein (ZFP) conjugates targeted to the promoter of
HIV. ZFPs are small, versatile, and modular and can target virtually
any gene of interest. The DNA-binding specificity and modularity
of ZFPs, specifically Cys2His2-type ZFPs, frequently result in their
2021 ª 2020 The Author(s).
//creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2020.10.018
mailto:kmorris@coh.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2020.10.018&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
use as artificial transcription factors when fused to a transcription
modulation domain.11 Unlike CRISPR/Cas9, ZFPs require only a sin-
gle component, which is smaller compared to Cas9 (�0.6 kb versus
�4 kb), making them more compatible with delivery vectors that
have size limitations, such as with the clinical applied adeno-associ-
ated viral vector (AAVs) requiring two separate vectors to deliver
CRISPR systems, even without bulky activation domains and with lit-
tle space for regulatory features, or novel exosome delivery platforms
favoring active loading of smaller nucleic acid cargo.12

Over the last decade, much progress has been made toward the devel-
opment of a bona fide therapeutic protein based on ZF technology. ZF
nucleases (ZFNs) have been developed to induce insertions or dele-
tions (indels) at specific genomic loci, such as CCR5,13 to generate
HIV-resistant CD34+ hematopoietic stem cells (HSCs) in bone-
marrow transplants, and is currently being developed as a therapeutic
strategy.14 Importantly, ZFPs can be bioinformatically identified and
tailored to target distinct sites using well-established algorithms.15

ZFPs can be fused to other proteins, such as repressive epigenetic reg-
ulatory proteins that direct gene silencing at the target locus, to pro-
vide locus-specific functionality.16–18 ZFNs have been used to target
and inactivate HIV’s LTR,19 activate the LTR and latent virus tran-
scription,20,21 excise provirus,22 and repress HIV transcription.23

However, no ZFP activator has been developed to target the respon-
sive 362 site and used to activate all clades of HIV and a latent virus
target. We describe here a new ZFP that can potently activate all
clades of HIV with a characterized off-target profile. This new ZFP
may prove useful in “shock-and-kill” strategies to activate latent virus
in the presence of ART or facilitating HIV targeted chimeric antigen
T cell killing of those cells infected with virus.

RESULTS
ZFP-362-VPR specifically binds and transcriptionally activates

the LTR of HIV

Recently, we and others demonstrated that a defective CRISPR con-
jugated to activation domains was capable of activating latent
HIV-1 provirus.5–7,24–26 This work demonstrated that these con-
structs are the most potent activators found to date for HIV, exhibit-
ing far greater activation of HIV-1 than any LRAs currently employed
to activate provirus, and that one locus appeared to be the most
susceptible target site for CRISPR-directed modulation of HIV-1
transcription. This locus, the LTR-362 site,5–7 contains an NF-kB
doublet that is unique to HIV-1 and not found elsewhere in the
human genome8 and is one of the most effective sites for small anti-
sense RNA directed transcriptional modulation of HIV-1.9,10 Because
the LTR-362 site is the “Achilles heel” of HIV-1 transcription, we used
ZF Tools version 3.0 to bioinformatically generate three unique ZFP
amino acid sequences that theoretically bind the 362 site (Figure 1A).
The new ZFPs were fused to a Tat domain used previously in a ZFP
targeting UBE3A as a potential therapy for Angelman syndrome16

and the VPR domain used previously with defective CRISPR to
HIV-1.7 The VPR domain has in addition to the VP64, a concatemer
of VP16 for herpes simplex virus (HSV), the endogenous p65 and
Molecul
Epstein-Barr virus (EBV) activator, Rta, which collectively constitute
a potent transcription activation domain.27 One of these three ZFPs,
ZFP-362b (referred to as ZFP-362), was found to potently activate
HIV-1 expression at levels comparable to dCas-VP64+sgF2-362, in
a CEM clonal T cell line has an integrated LTR-mCherry-IRES-Tat
(LChIT) reporter28 or pMo-HEK cells,29 a HEK293 cell line that
has been transduced with a lentivirus with an LTR-driven GFP (Fig-
ures 1B and 1C). Notably, this targeted activation was lost in
pMoD362 cells, which lack the ZFP-362 target site (Figure 1D).
Next, we tested the breadth of ZFP-362 transcriptional activation.
The ability of ZFP-362 to activate clades A–G of HIV-1 was assessed
in co-transfected HEK293 cells with vectors containing subtype-
specific LTRs driving luciferase reporter (Figure 1E). ZFP-362
demonstrated the most potent activation of subtypes A, B, D, and F
and less robust activation in subtypes C, E, and G. A noteworthy
observation is that the target site is conserved in subtypes A, B, D,
and F, while subtypes E and G contain point mutations and deletions
in the LTR-362 site (Figure S1A). Subtype C contains a triple NF-kB
site, and the ZFP-362 binding locus aligns better between the second
and third NF-kBmotifs with a single mismatch deletion (Figure S1B).
Overall, these data support the notion that ZFP-362-VPR is specif-
ically active on the HIV-1 LTR for a wide range of HIV subtypes.

To more clearly determine the targeting of ZFP-362-VPR, a chro-
matin immunoprecipitation assay (ChIP)30 was performed on both
LTR targeted dCas9-VPR+sgF2-362 and ZFP-362-VPR treated
pMo-HEK cells. Both the dCas9-VPR and ZFP-362-VPR were found
to localize specifically to the LTR (Figure 1F), and ZFP-362 enrich-
ment was lost when targeting a pMo vector lacking the 362 site (Fig-
ure S2). To verify the presence of the ZFP-362-VPR, protein expres-
sion was confirmed by western blot (Figure S3). Collectively, these
data suggest that the ZFP-362-VPR fusion construct can target
HIV-1 at the LTR-362 site and potently activate viral transcription.

We have previously demonstrated that a dCas9-VPR and dCas9+
sgF2-362 can activate a variety of latent HIV-1 models, whereas var-
iable activation was observed with other LRAs.7 We similarly tested
the ZFP-362-VPR vector on well-established reporter cell lines for
HIV latency and observed activation of clonally selected J-Lat cell
lines “6.3,” “10.6,” and “15.4,” with similar potency to that of the
dCas9+sgF2-362 (Figure 2). Furthermore, the ZFP-362 reliably acti-
vated the LTR compared to themost commonly used LRAs (Figure 3).
These data demonstrate that ZFP-362-VPR can consistently and
potently activate HIV in different models of HIV latency and
that this activation is independent of activating NF-kB signaling
pathways.

ZFP-VPR-362 activates HIV in a primary CD4+ T cell model of

latency

It was determined if the ZFP-362-VPR can activate HIV-1 in a pri-
mary HIV latency model. CD4+ T cells were HIV-1 infected
in vitro 17 days prior with a pNL4.3-Denv-nluc replication-incompe-
tent vector expressing nano-luciferase pseudotyped with VSVG. As
active infection reduces CD4+ expression, the latent population and
ar Therapy: Methods & Clinical Development Vol. 20 March 2021 19
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Figure 1. ZFP-362-VPR-mediated transcriptional activation of HIV

(A) A schematic is shown depicting ZFP-362-VPR, a zinc finger fused to the VPR activator domain, a Tat peptide motif, and NLS peptide sequences for nuclear targeting,

which was developed to transcriptionally activate the NF-kB site in the HIV-1 LTR.10 (B) ZFP-362-VPR activates LTR expression in LChiT 3.2 bimodal latent HIV reporter cells

at levels that are comparable to dCas-VPR. (C) ZFP-362-VPR activates LTR expression of GFP in pMO-HEK cells but (D) has no effect on pMOD362 cells containing a

deletion in the LTR-362 site targeted by the ZFP-362. (E) The ability of ZFP-362-VPR to activate various subtypes of HIV was determined by co-transfection of ZFP with

subtype-variable LTR expressing luciferase clones. (F) ChIP analysis of ZFP-362-VPR and dCas-VPR binding to the HIV LTR. The pMO-HEK cells were transfected with the

dCas-VPR+sgF2-362 or control sgRNA, or ZFP-362-VPR andChIP assay was performed 72 hr post-transfection to determine binding to the LTR-362 site.8 The experiments

were performed in triplicate-treated cells, and errors bars are calculated as standard deviations. *p < 0.001 from an unpaired Student’s t test.

Molecular Therapy: Methods & Clinical Development
uninfected cells could be separated from productively infected cells on
day 17. The ZFP-362-VPR vector was transfected into the CD4+

T cells 72 h post-separation, and the level of luciferase activity was
measured as a readout of LTR activation. There was a significant in-
crease in luciferase levels with the ZFP-362-VPR compared to a GFP
or ZFP control (Figure 4). Likewise, known activators of the LTR,
PMA, or anti-CD3/CD28 stimulation, resulted in high levels of
LTR activation. Although high levels of activity were observed in
one donor, the levels of activity with the ZFP-362-VPR in two other
donors was less pronounced (Figure S4). Nonetheless, these data
demonstrate that the ZFP-362-VPR can activate the HIV-1 LTR in
primary CD4+ T cells.
20 Molecular Therapy: Methods & Clinical Development Vol. 20 March
Assessment of ZFP-VPR-362 off-target effects

A major concern of using LRAs is the broad off-target cellular effects
that can result in cellular toxicity or oncogenic mutations. As the
ZFP-362 targets the same site as the sgF2-362, we compared the
effects of ZFP-362-VPR on endogenous RNA expression. The ZFP-
362-VPR, dCas9+sgF2-362, or pcDNA3.1 was transfected into
pMo-HEK cells, and gene expression was assessed by bulk RNA-
sequencing analysis. Principal component analysis showed tight clus-
tering of the sample groups, indicating experimental treatment is the
major source of variation (Figure S5A). Expression plots show that
ZFP-362-VPR and dCas9+sgF2-362 potently activate the on-target
GFP reporter, and CRISPR components were only detected in
2021



A

Figure 2. Activation effects of ZFP-362-VPR on different J-Lat latent infected cell models

Three different J-Lat cell lines (J-Lat 6.3, 10.6, and 15.4) were subjected to neon transfection with dCas-VPR+sgF2-362, ZFP-VEGF-VPR (control), or ZFP-362-VPR. The

expression of GFP was determined by FACS at 72 hr post-treatment. Fold activation was the GFP MFI made relative to a mock sample set at 1. The experiments

were performed in triplicate-treated cells, and errors bars are calculated as standard deviations. Statistical significance was determined using an unpaired Student’s t test

(**p < 0.005).
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dCas9-VPR+sgF2-362 cells (Figures S5B and S5C). There were 191
differentially expressed genes observed in the dCas9-VPR-sgF2-362
(Table S1) and 219 observed in the ZFP-362-VPR-treated samples
(Table S2) compared to the control pcDNA3.1 vector (jlog2FCj 3 2,
false discovery rate [FDR] = 0.05). Importantly, the ZFN-362-VPR
had a comparable gene expression profile to the dCas9-VPR+sgF2-
362 (Figure 5A): 358 differentially expressed genes were common
to both treatments, 12 genes unique to the dCas9-VPR+sgF2-362-
treated samples, and 40 genes unique to the ZFP-362-VPR-treated
samples (Figure 5B; Tables S3 and S4). We looked for enriched
Gene Ontology (GO) terms and KEGG pathways associated with
differentially expressed genes in ZFP-362-VPR-treated samples
with respect to controls, and enrichment of terms associated with
neurotransmitter transport and pathways specific for cardiomyocytes
was observed (Figure 5C). Similarly, enrichment for these GO terms
and KEGG pathways was observed for dCas9-VPR+sgF2-362-treated
samples, suggesting similar target profiles (Figure 5D). Importantly,
none of the differentially expressed genes or pathways is a known
oncogene or is associated with cell proliferation.
Molecul
DISCUSSION
ZFPs are versatile and modular. Several ZFPs have been developed
to target and repress HIV-1, including one designed against the
SP1 site in the LTR,31 while others have developed ZFPs targeted
to three regions in the LTR and found that they were potent stable
repressors of viral expression.32 However, none of these previous
studies developed a ZFP to the highly conserved NF-kB site
in the LTR. We report here a ZFP activator that specifically acti-
vates HIV-1 transcription by targeting the LTR-362 site, a site
identified through CRISPR gRNA tiling across the 5¿ LTR and
determined to be highly sensitive to promoter activation.7 More-
over, these first-generation ZFPs, while functional, lacked several
modifications that enhance nuclear function and trafficking. One
recent and exciting example utilized a ZFP conjugated to a
KRAB silencing domain and a Tat domain for targeting the brain
and directed to the promoter of an antisense long non-coding
RNA (lncRNA) involved in regulating genes active in Angelman
syndrome.16 In that study, it was conclusively shown that brain-
directed targeting of a ZFP is feasible in vivo and contingent on
ar Therapy: Methods & Clinical Development Vol. 20 March 2021 21
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Figure 4. ZFP-362-VPR activity in primary CD4+ T cell latency model

CD4+ T cells (pseudotyped viruses pNL4.3-DEnv-nLuc-VSVG uninfected cells and

latently infected cells) were transfected with ZFP-362-VPR and control vectors (GFP

and ZFP-control), and 72 hr later, the levels of luciferase were measured. CD4+

T cells were also treated with PMA (10 ng/mL) and anti-CD3/CD28 beads as

positive controls. The average of triplicate-treated cells are shown with the standard

deviations, and p values were determined using a one-way ANOVA and Dunnett’s

test. ****p < 0.0001; NS, not significant.

www.moleculartherapy.org
a Tat localization peptide conjugated with the ZFP.16 We capital-
ized on these recent developments and developed ZFP-362-VPR to
contain the same Tat domain used previously in the ZFP targeting
in Angelman syndrome.16 The use of this Tat domain may allow
for the ZFP-362 to function as a soluble protein as well as to
enhance nuclear targeting and retention of the ZFP-362 activator,
though such a notion was not experimentally assessed in this
study.

While ZFPs, transcription activator-like effector nucleases (TALENs),
and several nuclease CRISPR and defective CRISPR systems containing
various conjugates have been shown to target HIV-1 for applications
Figure 3. Comparison of ZFP-362-VPR and LRAs on in vitro latency models

Three different J-Lat cell lines (J-Lat 6.3, J-Lat 10.6, and J-Lat 15.4) were subjected to

various known LRAs: TNF-a, CD3/CD28 beads, prostratin, PMA, or PMA+ionomycin. DM

was determined 72 hr after treatment by FACS for the levels of GFP. Fold activation was t

treated cultures are shownwith the SEM. Statistically significant differences, as determin

and ****p < 0.0001) and were analyzed compared to the mock or DMSO control for th

Molecul
ranging from silencing33 to excision26,34–38 to activation,5,7 the problem
of achieving target specificity while maintaining activity across the
various HIV-1 clades has remained enigmatic. Notably, ZFP-362 is
capable of broadly activating all the LTRs of different clades of
HIV-1 to varying levels of expression but strongly activates 4 of the 7
clades of HIV-1 with full sequence complementarity, a conservation
not present in previous LTR ZFP activators,18 which encourages the
further characterization of ZFP-362-VPR in more complex clade-
specific latency models. Additionally, there is a significant HIV-1
disease burden of “non-B” subtypes in underdeveloped regions, such
as a prevalence of HIV-1 subtype C in southern Africa.39 Whether
next-generation gene and cellular treatments would be financially or
technically feasible in these regions remains to be assessed, but as these
next-generation therapeutics offer significant potential for the treat-
ment of HIV-1, their development should be encouraged.

The ZFP activator affects a limited subset of genes that appear tran-
scriptionally activated in an off-target manner. ZFP-362-VPR has a
very similar pattern of differential gene expression compared to
dCas9-VPR+sgF2-362, suggesting a comparable off-target profile
for these vectors, which did not affect cell cycle or viability.7 Impor-
tantly, effects on T cell proliferation and viability have been observed
with traditional LRAs and represent an advantage of a more targeted
approach.40 Of note, we previously found that differentially expressed
genes with the dCas9-VPR+sgF2-362 were significantly lower in
number andmagnitude compared with TNF-a,7 suggesting these vec-
tors have a better on-target profile than LRAs with broad-acting
cellular pathways. Importantly, ZFP-362 expression could be regu-
lated either through the specificity of the delivery vector or inclusion
of regulatory factors ensuring tissue-specific expression and possibil-
ity minimize off-target effects a design feature not readily applicable
to broad-activating small-molecule LRAs.

Nevertheless, ZFP-362-VPR affected genes enriched in pathways
relevant to cardiomyocyte signaling and contraction (Figure 5).
These data suggest that even though the NF-kB doublet is not pre-
sent in the human genome, the dCas9-VPR+sgF2-362 and ZFP-362-
VPR may interact with some NF-kB binding sites leading to off-
target effects. If this was the case, not all NF-kB sites are bound
and activated, as known NF-kB pathways, such as cytokine signaling
or proliferation,41 were not identified by enrichment analysis, and
362 site-targeting in our previous work showed no effect on cell
cycle progression and viability.7 However, we cannot rule out
non-specific ZF binding and activation; further work is required
to determine the range of motifs bound by ZFP-362-VPR, enabling
us to better identify the potential physiological effects of ZFP-362-
VPR-mediated dysregulation.
either electroporation with dCas-VPR+sgF2-362 or ZFP-362-VPR or treated with

SO and untreated (mock) cells were included as negative controls. Activation of HIV

he GFP percentage made relative to a control vector set at 1. The results of triplicate-

ed from a one-way ANOVA and Dunnett’s test are also shown (*p < 0.05, **p < 0.005,

e vectors and LRAs, respectively.
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Dysregulation of NF-kB activation can result in cardiac remodeling
and hypertrophy and contribute to heart failure,42 and it remains to
be determined if ZFP-362-VPR is able activate downstream NF-kB
target sites involved in these processes. Although we did not assess
ZFP-362-VPR in vivo, our data suggest that restricting delivery of
ZFP-VPR-362 to cardiac tissue may be required, or that this approach
should be used transiently to activate latent virus for a defined
therapeutic window. Using delivery vectors that do not accumulate
in cardiac tissue could be helpful in avoiding off-target effects. Alter-
natively, inclusion of tissue-specific microRNA (miRNA) target sites
in the transgene has been used to prevent undesirable expression in
specific tissues,43 and incorporating cardiac-specific miRNA target
sites into ZFP-362-VPR may restrict expression in this organ.44

ZFPs are endogenous regulators of gene transcription that can regu-
late transposable and viral elements,45 including human ZNF10,
which inhibits HIV-1 LTR function.46 Interestingly, endogenous
ZNF10 was found to block SP1/NF-kB interaction in the HIV-1
LTR and inhibit viral transcription. It is notable that the cell has
evolved a ZFP regulator to this same region that ZFP-362 is directed
against, suggesting that over time, perhaps HIV-1 will be silenced by
the action of endogenous KRAB containing ZFPs.47

The ZFP-362 activator of HIV-1 described here may prove useful in
the development of a functional cure for HIV-1 infection. For
instance, the ZFP-362 activator could be used in a “shock-and-kill”
strategy to activate latent virus while maintaining ART, leading to
the death of the latently infected cells by viral-induced apoptotic
factors or the immune system.2 There is evidence that replication-
competent infected CD4+ T cells do not die as a result of virus-
induced cytopathic effect48 and may require targeted elimination.
ZFP-362-VPR could be used to induce sustained expression of
HIV-1 to allow for, or enhance, chimeric antigen T cell (CAR) target-
ing of infected cells. Notably, the lack of HIV-1 antigen has proven
problematic for developing robust anti-HIV CARs.49,50 However,
for either of these approaches to prove viable, the issue of delivery re-
mains to be solved. Indeed, while ZFP-, TALEN-, and CRISPR-based
gene therapies are all proving exceptionally valuable in modulating
HIV-1 expression and may in the next decade emerge as a bona
fide means of eliminating HIV-1 infection, a means of delivery to in-
fected target cells remains enigmatic (reviewed in Liang et al.51 and
Saayman et al.52). ZFPs or TALENs could be delivered using lipid
nanoparticles53 or cellular exosomes.54 Such an approach would be
amendable to CAR T cell and “shock-and-kill” based strategies;
however, more work in developing these systems and determining
the ability to deliver ZFP-362 remains to be carried out, as do
many of the technical challenges inherent in cell delivery.
Figure 5. ZFP-362-VPR induced differential gene expression

pMo-HEK cells were transfected with the pcDNA3.1, dCas9-VPR+sgF2-362, or ZFP-36

subjected to RNA-sequencing analysis. (A) Comparison of the log fold change of ZFP-36

expressed genes (jlogFCj > 1, FDR 0.05) are colored red; GFP expression is equally

differentially expressed genes unique to ZFP-362-VPR and dCas9-VPR+sgF2-362-t

expressed genes in the (C) ZFP-362-VPR- and (D) dCas9-VPR+sgF2-362-treated sam
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MATERIALS AND METHODS
Vectors

The H1sgRNA (control), dCas9-VPR, and sgF2-362 have been previ-
ously described.7 The amino acid sequences of ZFP-362 and ZFP-
VEGF that bind their respective target sites were identified using
ZF Tools version 3.015 and fused to a VPR activation domain and
cloned into pcDNA3.1 mammalian expression vector by Genscript
(amino acid sequence of ZFP-362-VPR protein provided in the Sup-
plemental information). The ZFP-362 was ordered as a gBLOCK
(IDT, Coralville, IA, USA) and was cloned into a dCas9-VPR vector
(Addgene #63798) to replace the dCas9 in this vector using NEBu-
ilder HiFi DNA assembly master mix (NEB, Ipswitch, MA, USA).
The LTR-driven luciferases from different subtypes were obtained
from the NIH AIDS reagent program (cat. nos. 4787, 4788, 4789,
4790, 4791, 4792, 4793; NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH; pBlue3¿LTR-luc-A from Dr. Reink Jeeninga
and Dr. Ben Berkhout).55,56
Cell lines

pMo-HEK and pD362 lentiviral vectors were generated as
described in Shrivastava et al.29 HEK293T cells (ATCC) were
transduced at a MOI of 0.1 to ensure a single integrated copy.
7 days post-transduction, GFP-positive cells were fluorescence-
activated cell sorting (FACS)-sorted (FACSCalibur II, Becton
Dickinson, East Rutherford, NJ, USA, at the Scripps Flow Cytom-
etry core facility) to generate a cell line with a stably integrated
HIV-1 LTR or with a D362LTR that contains mutations at
the 362 site. The following J-Lat cell lines were obtained through
the NIH AIDS reagent program, Division of AIDS, NIAID,
NIH: J-Lat full-length clones 6.3, 10.6, and 15.4, which are
collectivity referred to as J-Lat cells, which were deposited by
Dr. Eric Verdin.57 The LChIT reporter line, a CEM T cell-based
reporter system comprising of the single-copy LTR integrant
driving the expression of mCherry-IRES-tat, has been described
previously.7
Cell culture

HEK293T cells (ATCC) and the derived pMo-HEK and pD362 re-
porter lines were maintained in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific) and 50 mg/mL peni-
cillin/streptomycin (Thermo Fisher Scientific) at 37�C and 5% CO2.
J-Lat and LChIT cell lines were both maintained in RPMI 1640
(Thermo Fisher Scientific) supplemented with 10% fetal bovine serum,
2 mmol/L l-glutamine (Thermo Fisher Scientific), and 50 mg/mL peni-
cillin/streptomycin (Thermo Fisher Scientific) at 37�C and 5% CO2.
2-VPR expression vectors, and total RNA was extracted 72 hr post-transfection and

2-VPR-treated samples with dCas9-VPR+sgF2-VPRmean expression. Differentially

and potently activated in both treatments. (B) A Venn diagram of the number of

reated samples. Bar plot of enriched KEGG pathways indicated by differentially

ples with respect to controls.
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CLADE-specific activation assays

HEK293 cells were transfected in triplicate using Lipofectamine 3000
(Thermo Fisher Scientific) with pcDNA-ZFP-362-VPR or pcDNA-
VEGF-VPR with vectors expressing firefly luciferase off the LTRs
from different subtypes of HIV-1. A vector expressing Renilla lucif-
erase was included as a background control (pRL-CMV, Promega,
Fitchburg, WI, USA). At 48 hr post-transfection, a dual-luciferase re-
porter assay was performed according to manufacturer instructions
and luciferase activity detected on the Glomax Explorer system
(Promega). The levels of firefly luciferase were normalized to Renilla
luciferase and made relative to the pcDNA-VEGF-VPR control.

Activation of the HIV-1 LTR

The protocol to assess the ability of the ZFP-362-VPR construct
to activate latent HIV-1 has been described in Saayman et al.7 In
brief, pcDNA-ZFP-362-VPR, pcDNA-ZFP-VEGF-VPR (control),
or pcDNA3.1 (mock) plasmids were transfected into the CEM LChIT
cells and the J-Lat cells using the neon transfection system (Thermo
Fisher Scientific) at a cell density of 2 � 107 cells/mL with the
following electroporation parameters: 3 pulses, 1,350 V, and 10 ms.
The dCas9-VPR+sgF2-362 vectors, which have been previously
shown to potently activate HIV-1, were included as a comparison.7

The cells were cultured without antibiotics following electroporation.
To determine the activation with LRAs, J-Lat cells were treated with
TNF-a (10 ng/mL; Gibco, cat. #PHC3015), CD3/CD28 beads (3:1 ra-
tio beads:cells; Dynabeads human T-expander CD3/CD28 beads, cat.
#11141D), prostratin (3 mmol/L; Sigma cat. #P0077-1mg), PMA
(50 ng/mL; Fisher Scientific, cat. #BP685-1) with/without ionomycin
(500 ng/mL; Tocris Biosciences, cat. #1704/1). A DMSO control was
included with 0.5% (v/v) DMSO dissolved in RPMI media with 10%
FBS. Seventy-two hours post-treatment, the ability of these constructs
to induce latent activation was assessed by FACS with 10,000 single
events collected, and the data was analyzed using FlowJo vX3.05470
software.

NF-kB site specificity of ZFP-362-VPR

To test the target site specificity of the pcDNA-ZFP-362-VPR to activate
the LTR of HIV-1, 100,000 pMo-HEK and pD362 reporter cells were
seeded per well in a 24-well plate at 24 h prior to transfection. Cells
were transfected in triplicate using Lipofectamine 2000 (Thermo Fisher
Scientific), and 72 h post-transfection, total cellular RNA was isolated
from cells using the Maxwell RSC simplyRNA cells kit (Promega) ac-
cording to manufacturer’s instructions. The concentrations of the iso-
lated DNase-treated RNA samples were standardized and then reverse
transcribed using Mu-MLV reverse transcriptase (Thermo Fisher Sci-
entific) with a n-oligo-dT/random nonamer primer mix (IDT). Quan-
titative real-time PCR was carried out using Kapa Sybr Fast universal
qPCR mix (Kapa Biosystems, Wilmington, MA, USA) on a Roche
LightCycler 96 system (Roche Diagnostics, Indianapolis, IN, USA) ac-
cording to provided instructions. The following PCR primer sets were
used: GFP forward primer, 5¿-GACAACCACTACCTGAGCAC-3¿;
GFP reverse primer, 5¿-CAGGACCATGTGATCGCG-3¿; RPLP0 for-
ward primer, 5¿-CGCAGCCAATAGACAGGAG-3¿; RPLP0 reverse
primer, 5¿-GCGCGTGCCTTTTATAATGC-3¿;58 and theGFP expres-
26 Molecular Therapy: Methods & Clinical Development Vol. 20 March
sion was analyzed using quantitative reverse transcription PCR (qRT-
PCR). pcDNA-ZFP-VEGF-VPRandpcDNA3.1were included as nega-
tive controls. The qPCR data was analyzed using LightCycler software
version 1.1.1320.

Activation of HIV-1 LTR in CD4+ T cell latency model

Naive cells were isolated and activated by anti-interleukin (IL)-12
(Peprotech; cat. #500-P154G), anti-IL-4 (Peprotech; cat. #500-
P24), transforming growth factor b (TGF-b) (Peprotech; cat.
#100-21), and anti-CD3/CD28 beads (Invitrogen; cat. #11131D).
Activated cells were infected by pseudotyped pNL4.3-deltaEnv-
nLuc-VSVG viruses. At day 17, CD4+ cells were isolated using a Dy-
nabeads CD4+ isolation kit (Invitrogen; cat. #11331D). At day 18,
CD4+ cells were treated with 10 ng/mL PMA (Sigma; cat. #P1585)
or anti-CD3/CD28 beads or transfected by plasmids (GFP, ZFP-
362-VPR, or ZFP-VEGF-VPR) using by neon electroporation (Invi-
trogen; cat. #mpk1096). After 72 hr, part of the cells were stained
with fixable viability dye efluor 450 (eBioscience; cat. #65-0863-
14) and anti-CD4 (Invitrogen; cat. #MHCD0405) and anti-P24
(BD; cat. #556027) antibodies and measured by flow cytometry.
The cells were counted, and samples containing 2,000 live cells
were lysed and measured using the Nano-Glo luciferase assay sys-
tem (Promega; cat. #N1120). Ethics approval was obtained from
the University of Utah to use primary tissues in the described assays
(IRB 00067637).

ChIP analysis of ZFP-362-VPR

The ZFP-362-VPR and dCas9-VPR+sgF2-362 plasmids were trans-
fected in triplicate into 3 million pMo-HEK cells using calcium phos-
phate transfection. ChIP analysis was carried out on the transfected
pMo-HEK cells for the myc-tagged activating complexes using anti-
myc antibodies (Cell Signaling Technology, Danvers, MA, USA).
The ChIP protocol was performed 72 h post-transfection using pre-
viously described protocols.10,59,60 The ChIP elutes were purified us-
ing the MinElute PCR purification kit (QIAGEN, Hidlen, Germany)
and analyzed by qPCR. Relative enrichment at the LTR was
determined using LTR specific primers that were described in
Saayman et al.59

ZFP-362-VPR and dCas9-VPR+F2gRNA effects on global RNA

expression

To determine the extent to which ZFP-362-VPR and dCas9-VPR+
sgF2-362 disrupted RNA expression, we compared pMo-HEK cells
transfected with either construct to those transfected with a
pcDNA3.1 control. The pMo-HEK were seeded at 100,000 cells per
well in a 24-well plate and transfected with the ZFP-362-VPR and
dCas9-VPR+sgF2-362 plasmids in quadruplicate using calcium phos-
phate transfection. Total cellular RNA was isolated 48 h post-trans-
fection from cells using the Maxwell RC simplyRNA cells kit (Prom-
ega). Sequencing was performed by Genewiz on an Illumina platform
with paired-end 150-bp reads. Sequence data are available via Gene
Expression Omnibus (GEO: GSE150382). Raw sequencing reads
were processed with the nf-core61 RNASeq pipeline version 1.4.
In brief, trimmed reads were mapped using spliced transcripts
2021
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alignment to a reference (STAR)62 to the GRCh37 reference using the
ENSEMBL (release 75) annotation. Each library was subjected to
extensive quality control, including estimation of library complexity,
gene body coverage, and duplication rates, among other metrics
detailed in the pipeline repository. Reads were counted across
genomic features using Subread featureCounts63 and merged into a
matrix of counts per gene for each sample. Differential expression
analysis was performed with DESeq264 as implemented in the SAR-
Tools package.65 Only genes with at least 1 read count in 1 sample
were retained for the analysis. Multiple testing was corrected using
the Benjamini-Hochberg method, where p values are adjusted to con-
trol for false discovery. An adjusted p value threshold of 0.05 was used
to select differentially expressed genes. Gene enrichment analyses
were performed with ClusterProfiler66 using the full set of genes
with at least 1 count in any sample as background and differentially
expressed genes as the input list. Enriched GO terms or enriched
KEGG pathways were selected using an FDR threshold of 0.05 with
the enrichGO function of ClusterProfiler.

Statistical analysis

Graphing and statistical analyses were performed using GraphPad
Prism version 8 (V8.1.2), and the statistical analysis used and p values
are described in the figure legends.
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