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Despite efforts to develop effective treatments for eradicating
HIV-1, a cure has not yet been achieved. Whereas antiretroviral
drugs target an actively replicating virus, latent, nonreplicative
forms persist during treatment. Pharmacological strategies
that reactivate latent HIV-1 and expose cellular reservoirs to
antiretroviral therapy and the host immune system have, so
far, been unsuccessful, often triggering severe side effects,
mainly due to systemic immune activation. Here, we present
an alternative approach for stimulating latent HIV-1 expres-
sion via direct protein delivery of cell-penetrating zinc-finger
activators (ZFAs). Cys,-His, zinc-fingers, fused to a transcrip-
tion activation domain, were engineered to recognize the HIV-
1 promoter and induce targeted viral transcription. Following
conjugation with multiple positively charged nuclear localiza-
tion signal (NLS) repeats, protein delivery of a single ZFA
(3NLS-PBS1-VP64) efficiently internalized HIV-1 latently in-
fected T-lymphocytes and specifically stimulated viral expres-
sion. We show that short-term treatment with this ZFA protein
induces higher levels of viral reactivation in cell line models of
HIV-1 latency than those observed with gene delivery. Our
work establishes protein delivery of ZFA as a novel and safe
approach toward eradication of HIV-1 reservoirs.

INTRODUCTION

The HIV-1 pandemic remains a major public health concern. Antire-
troviral drugs targeting key steps of the HIV-1 replicative cycle have
improved the lifespan of infected patients. However, these do not pro-
vide a cure to HIV infection that requires continuous administration
of drugs associated with severe side effects.' The inability of antiretro-
viral therapy to eradicate HIV is due, at least in part, to the existence
of latent reservoirs, mostly found in resting cluster of differentiation
4" (CD4") T lymphocytes harboring a transcriptionally silent inte-
grated provirus that persists in patients and reemerges if treatment
is discontinued.” Latent reservoirs escape antiretroviral action and
host immune response due to the lack of viral replication, represent-
ing a major barrier toward a cure for HIV infection.”

With the consideration of the underpinning mechanisms of HIV la-
tency, a “shock-and-kill” strategy has been proposed aiming to acti-

vate latent HIV expression and expose the virus reservoir to the
host immune response or to the HIV cell-specific cytopathic effects.
The main route explored up to date to reverse HIV latency is based
on pharmacological drugs that trigger viral transcription by stimu-
lating endogenous signaling pathways or removing epigenetic repres-
sion markers associated with the HIV provirus.” Most prominent
candidates include protein kinase C (PKC) pathway agonists” and
inhibitors of histone deacetylases (HDACs).”” Despite evidence
that these agents can induce latent viral expression, clinical studies
evidenced that none of these treatments has been able to dissociate
the reduction of latent reservoir in patients from nontolerable toxic
effects.” For instance, PKC agonists cause a striking increase in HIV
transcription from aviremic patients at the cost of triggering toxic in-
flammatory responses derived from an undesirable global immune
activation. On the other hand, patients treated with HDAC inhibitors
manifested minimal adverse effects, but the increase in viral expres-
sion was rather modest, and no significant reduction of the reservoir
size was observed.” This highlights the need for alternative strategies
that could directly induce latent HIV expression without depending
on the modulation of endogenous pathways.

Despite the absence of clear biomarkers identifying HIV reservoirs,
the presence of an integrated provirus constitutes a permanent ge-
netic element that can be explored to develop targeted antiviral stra-
tegies. Programmable DNA-binding domains can be engineered to
target specific sites across the human genome to enable precise
sequence modification or modulate the transcriptional environment.®
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Most relevant DNA-binding domains are composed of zinc fingers,”
transcription activator-like effectors (TALEs)'® or the more recent
CRISPR-Cas9 system.'' Engineered zinc-finger domains, in partic-
ular, were the first to be implemented successfully for genome engi-
neering applications.”> The Cys,-His, motif is among the most
well-studied zinc-finger scaffolds and is composed of approximately
30 amino acids arranged in a BBo conformation. Particular residues
within the a-helix (i.e., positions —1, 3, and 6) make specific base con-
tact with base pair (bp) triplets and are therefore critical to determine
specificity toward the major groove of the DNA sequence.” Target
specificity can also be affected by interactions from adjacent zinc-
finger modules within a DNA-binding array."” Engineered polydactyl
zinc-finger proteins with investigator-defined specificity can be
assembled using a number of different methods and fused to certain
effector domains for either targeted transcriptional activation/repres-
sion or epigenetic modulation,'* site-directed DNA cleavage,'” or
recombination.'® Such zinc-finger-based tools have also enabled the
development of targeted antiviral strategies for treating HIV infec-
tion. More specifically, site-directed zinc-finger nucleases have been
explored to inhibit or prevent viral infection by eliminating the inte-
grated provirus from infected cells following targeted mutagen-
1718 or by engineering resistance to HIV infection via disruption
of the major HIV coreceptors,'””" the latter culminating in clinical
studies.”’ Design of zinc fingers targeting the HIV promoter™* has
also proven effective at inhibiting HIV replication by directly shutting

down HIV transcription® >’ or interfering with viral integration.”*””

esis

Given the silent nature of the latent HIV reservoir, targeted transcrip-
tion activators have gathered interest as tools for reversing virus la-
tency. Specifically, we*® and others”*® have demonstrated the poten-
tial of site-directed artificial transcription factors to recognize the HIV
promoter and stimulate latent virus expression, thereby providing a
targeted shock-and-kill approach. Interestingly, zinc fingers possess
an intrinsic ability to cross the anionic cellular membrane, likely
owing to the positive net charge of these DNA-binding domains.”
This cell-penetrating activity grants zinc fingers the potential to serve
as protein-based therapeutics,” capable of inducing precise genome
perturbations.”® ** Herein, we describe a novel approach for reacti-
vating latent HIV by the direct delivery of cell-penetrating zinc-finger
activators (ZFAs). We show that ZFA proteins engineered to recog-
nize the HIV promoter can directly enter latently infected cells as a
protein transduction domain and specifically induce viral expression.
Our work demonstrates that engineered ZFAs are promising tools for
targeting latent HIV infection and that their innate cell-penetrating
activity could overcome some of the limitations associated with deliv-
ering artificial transcription factors to cells.

RESULTS

Design of Zinc-Finger Transcription Factors Targeting the HIV-1
Promoter

We initially investigated whether synthetic ZFAs could specifically
activate HIV expression. Based on the Carlos Barbas library of
zinc-finger modules,” we designed ZFAs to target the HIV 5’ long-ter-
minal repeat (5" LTR) promoter. Building on our previous knowledge
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using TALE-based activators,”® we designed zinc fingers to target a
“hot spot” section of the 5° LTR covering the 200 bp upstream of
the transcription start site (TSS). This region was submitted to the
Zinc Finger Tools web server—an automated zinc-finger design
tool"' based on an experimentally characterized database—to obtain
the most promising zinc-finger candidates to target this particular
segment. To enforce binding selectivity, we selected target sites en-
riched for GNN** and ANN*’nucleotides —given the superior spec-
ificity of zinc-finger domains targeting these triplets"*—and
restricted, at most, to one CNN.*”> We designed ZFAs comprising
four-finger (ZLT4A, ZLT4B, ZLT4C, and ZLT4D) and six-finger
(ZLT6A and ZLT6B) domains (Figure 1A; Table 1). Whereas shorter
four-finger (12-bp targets) domains may facilitate binding to the
DNA major groove,* six-finger (18-bp targets) domains should
confer genome-wide specificity.” For this study, we also explored
zinc fingers (six-finger) previously designed to target the 5 LTR
(HLTR1, HLTR3, and HLTR6) or the tRNA primer binding site
(PBS), adjacent to the 3’ end of the 5 LTR promoter and required
for initiation of viral retrotranscription (PBS1, PBSla, and PBS3)
(Figure 1A; Table 1). These zinc fingers were reported to inhibit
HIV replication when fused to a transcription repressor domain.****
Each ZFA construct is composed of the zinc-finger DNA-binding
domain fused to the VP64 transactivation domain*®*—a tetrameric
repeat of the herpes simplex virus VP16—that recruits the transcrip-
tion initiation complex to induce gene expression when directed to its
regulatory region.”” We incorporated into each ZFA construct a
C-terminal hemagglutinin (HA) tag for protein detection, as well as
an internal simian vacuolating virus (SV40)-derived nuclear localiza-
tion signal (NLS) sequence between the DNA-binding and transacti-
vation domains (Figure 1B, top) The amino acid sequence of each
protein is presented in Table S1. Western blot analysis of ZFA expres-
sion in human embryonic kidney 293T (HEK293T) cells showed
expression of all four-finger and six-finger ZFAs designed. However,
some ZFAs show a reduced level of expression, particularly ZLT6A,
ZLT6B, and HLTRI1 (Figure 1B, bottom). Variations in intracellular
levels of ZFA proteins could also be partially a result of potential fluc-
tuations in transfection efficiency of ZFA constructs. Nevertheless,
this result indicates that ZFAs are expressed at different levels, antic-
ipating possible differences in their intrinsic stability.

We evaluated the potential of each ZFA to specifically induce gene
expression from their target sites using a luciferase (Luc) reporter
assay in HEK293T cells that we previously employed to evaluate
designer TALE activators.”® This assay correlates luciferase activity
with the ability of each ZFA to recognize its target and stimulate
gene activity. We constructed Firefly luciferase reporter plasmids con-
taining four direct repeats of each ZFA binding site to drive gene
expression (Figure 1C, top). HEK293T cells were cotransfected with
each ZFA construct and its corresponding reporter. Potential fluctu-
ations in transfection efficiency and cell number between each sample
were normalized by cotransfection of a Renilla luciferase expression
vector. We observed increased luciferase activation for all ZFA con-
structs compared to its reporter alone (Figure 1C, bottom). From
all designed ZFAs, ZLT4D (~1,300-fold), HLTR6 (~1,600-fold),
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Figure 1. Zinc-Finger Activators (ZFAs) Designed to Target the HIV-1 Promoter

(A) Schematic illustration of ZFA target sites at the 5’ long-terminal repeat (5" LTR) promoter and tRNA primer binding site (black solid line) within the HIV-1 genome. Most relevant
endogenous transcription factor binding sites (nuclear factor kB [NF-«kB] and SP1) are referenced. (B) Top: schematic representation of ZFA activator expression constructs. ZFA
coding sequences are incorporated into a pcDNA backbone vector driven by the cytomegalovirus (CMV) promoter. VP64 denotes the tetrameric repeat of the herpes simplex
virus VP16 transactivation domain, NLS stands for the nuclear localization signal derived from the simian virus (SV40), and HA indicates the hemagglutinin A tag. Bottom: western
blot of 20 pg lysate of HEK293T transfected with indicated ZFA constructs. Samples were taken 48 h after transfection and probed with horseradish peroxidase-conjugated anti-
HA and anti-B-tubulin (loading control) antibodies. “Mock” indicates lysate from HEK293T cells transfected with empty pcDNA vector only. (C) Top: schematic representation of
the Firefly luciferase reporter system containing four direct repeats of the zinc-finger target sites for each ZFA construct. Bottom: fold activation of luciferase expression after
cotransfection of indicated ZFA with the Firefly luciferase reporter plasmid into HEK293T cells. Firely luciferase expression was normalized to cells transfected with reporter
plasmid only (Empty). Renilla luciferase expression vector was also cotransfected to normalize for transfection efficiency and cell number. Error bars indicate standard deviation of
three independent experimental replicates (n = 3); **p < 0.001; one-way ANOVA sample versus “Empty” (4x ZFA binding-site vector only).

PBS1 (~400-fold), and PBS1a (~200-fold) induced the highest level of
gene expression from their target sites (p < 0.001). The remaining
ZFA constructs induced moderate levels (~3- to 30-fold increase) of
gene activation. We observe that the most effective ZFAs—ZLT4D,
HLTR6, PBS1, and PBSla—were also expressed at high levels
following transient transfection in HEK293T cells (Figure 1B, bot-
tom). These results indicate that target sequence composition, as
well as intracellular protein stability, plays a major role in the design
of potential ZFA for optimal gene activation.
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ZFA Specifically Stimulates Latent HIV-1 Expression

In addition to its binding efficacy, the ability of synthetic transcription
factors to induce gene expression is also connected to the target location
relative to the TSS and chromatin accessibility,” as well as the presence
of proximal regulatory elements.”’ To evaluate the potential of ZFAs to
induce HIV transcription from the native promoter, we constructed a
luciferase reporter containing the full-length 5 LTR and PBS regions
(—455 to +198 relative to TSS) (Figure 2A, top). This segment of
HIV-1 contains all of the essential elements that regulate viral gene
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Table 1. Representation of Zinc Fingers Designed in This Study to Target the HIV Promoter

ZF Position® Predicted Target Sequence (5'-3') ZF a-Helix Sequence”
F6 F5 F4 F3 F2 F1
ZLT4A —163 GGC CCG AGA GCT DPGHLVR RNDTLTE QLAHLRA TSGELVR
ZLT4B —134 AAG ACT GCT GAC RKDNLKN THLDLIR TSGELVR DPGNLVR
ZLT4C —52 GTG GCG AGC CCT RSDELVR RSDDLVR ERSHLRE TKNSLTE
ZLT4D —31 CAT ATA AGC AGC TSGNLTE QKSSLIA ERSHLRE ERSHLRE
ZLT6A —146 CGG AGT ACT ACA AAG ACT RSDKLTE HRTTLTN THLDLIR SPADLTR RKDNLKN THLDLIR
ZLT6B —140 ACT ACA AAG ACT GCT GAC THLDLIR SPADLTR RKDNLKN THLDLIR TSGELVR DPGNLVR
HLTRI® +23 TGG GTG ACG AAT TCG GAG RSDNLVR TSGELVR QSSNLAS QSGDLRR RSDVLVR TSGHLVR
HLTR3" —80 GGA GGC GTG GCC TGG GCG QSSHLVR DPGHLVR RSDVLVR DCRDLAR RSDHLTT RSDDLVR
HLTR6" +118 ACA CTG AGA CCA TTG ATC QRHSLTE TSGSLVR DKKDLTR QLAHLRA DPGALVR SPADLTR
PBS1° +167 AAA TCT CTA GCA GTG GCG QRANLRA RGGWLQA QRHSLTE QSGDLRR RSDVLVR RSDDLVR
PBS1a%¢ +160 CTGTGG AM aicca RSDVLVR RSDHLTT QRANLRA QSGDLRR RSDVLVR RSDDLVR
GCA GTG GCG
PBS3° +180 TGG CGC CCG AAC AGG GAC RSDHLTT HTGHLLE RNDTLTE DSGNLRV RSDHLAE DPGNLVR

*Position relative to transcription start site of the HIV-1 promoter.
®Amino acids from position —1 to +6 relative to zinc-finger o.-helix domain are shown.
“Zinc fingers previously designed and reported.”**

4PBS1a consists of two, three-finger modules separated by a long flexible linker (Gly3SerGly4). The F6 to F4 modules bind the first half site (GTG TGG AAA), and the F3 to F1 modules
bind the second half site (GCA GTG GCG). Nonbound DNA sequence is indicated by lowercase letters.

expression, as well as the target sites for each designed ZFA. We cotrans-
fected HEK293T cells with ZFA constructs and the LTR-PBS reporter.
To control for nonspecific activation from six-finger activators, we
created a ZFA based on Aart—herein named Aart6 (predicted target
site: 5'-ATG TAG AGA AAA ACC AGG-3')—a previously described
zinc finger" that theoretically should not bind any sequence within
the HIV provirus. Nonspecific activation from four-finger activators
was accounted by designing a four-finger ZFA variant of Aart (Aart4;
predicted target site: 5’-AGA AAA ACC AGG-3'). We observed that
HLTR6-VP64 (~3-fold activation; p < 0.001) and PBS1-VP64 (~4-
fold activation; p < 0.001) six-finger ZFAs increased activation from
the LTR promoter at levels above the Aart6 control (Figure 2A, bottom),
indicating these ZFAs as the most potent at inducing transcription from
the HIV-1 promoter. None of the other six-finger and four-finger ZFAs
could induce gene activation more efficiently than their nontargeting
control (Aart6-VP64 and Aart4-VP64, respectively), which presented
an ~2-fold activation background that could be attributed to nonspecific
activity from the VP64 domain. The ZFAs ZLT4D and PBS1a were un-
able to induce activation from the full-length LTR in spite of their strong
ability to induce gene expression from a promoter element consisting of
only their binding site (Figure 1C). Interestingly, HLTR3-VP64 in-
hibited expression from the LTR compared to cells transfected with
LTR-PBS reporter alone (p < 0.001). This effect could be owed to the
overlap between HLTR3 and SP1 binding sites, causing the ZFA to
outcompete the endogenous factor and block LTR activation,”* high-
lighting the importance of zinc-finger location within the HIV pro-
moter. Opposed to that previously observed with HIV-targeted TALE
activators,”® the combination of different ZFAs did not increase LTR
activation (data not shown).
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We next set out to evaluate whether ZFAs could reactivate latent HIV-1
expression. Latency reversal was assessed using the lymphocytic Jurkat-
derived J-Lat cell line. This latency model harbors a full-length inte-
grated HIV-1 proviral genome containing an EGFP gene that serves
asareporter for viral gene expression (HIV-1-AEnv-EGFP) (Figure 2B,
top). These latently infected cells do not express an integrated provirus
unless reactivated by a stimulus, such as the tumor necrosis factor o
(TNF-0).>* The J-Lat clone 10.6, which is particularly sensitive to reac-
tivating stimuli, was nucleofected with expression vectors encoding
either nonspecific Aart6-VP64 or HIV-targeted HLTR6-VP64 or
PBS1-VP64, and EGFP expression was assessed by flow cytometry.
PBS1-VP64 drove robust levels of reactivation in J-Lat 10.6 cells
(~30% EGFP-positive cells) (Figure 2B, bottom), consistent with its
ability to activate 5" LTR transcription from the luciferase reporter in
HEK293T (Figure 2A). On the other hand, HLTR6-VP64 led to minor
levels of reactivation (~5% EGFP-positive cells), indicating that gene
activation from the 5" LTR promoter (Figure 2A) alone was not suffi-
cient to enforce the reactivation of HIV expression in latent cells. In
conclusion, these results demonstrate that the PBS1-VP64 activator
promotes not only targeted stimulation of HIV-1 expression from the
5" LTR viral promoter but also reactivation of viral expression in a
model of HIV-1 latency. The PBS1 zinc finger targets the primer bind-
ing site region, the primary location for initiation of retro-transcription
following binding of human tRNA"*.>* Accordingly, the PBS1 binding
site is extremely conserved across HIV-1 subtypes, with full target
sequence homology in 80%-90% of strains among subtypes of the ma-
jor (M) group (Figure S1). These include the most dominant subtype B
(prevalent in the Americas, Western Europe, Japan, and Australia) and
subtype C (prevalent in Southern and Eastern Africa, China, and India).
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Figure 2. ZFA Proteins Target the LTR Promoter and Activate Latent HIV-1 Expression

(A) Top: schematic representation of the LTR-PBS luciferase reporter used to evaluate ZFA activity from the HIV-1 LTR promoter. Full-length 5" LTR (U3-R-U5) and primer
binding site (PBS) regions were placed upstream of the Firefly luciferase reporter. Bottom: fold activation of luciferase expression in HEK293T cells cotransfected with
indicated ZFA expression constructs and LTR-PBS luciferase reporter. Luciferase expression was normalized to that obtained with transfection of reporter plasmid alone
(LTR-PBS). Renilla luciferase expression vector was also cotransfected to normalize for transfection efficiency and cell number. Error bars indicate standard deviation of three
independent experimental replicates (n = 3); ***p < 0.001; one-way ANOVA. (B) Top: schematic representation of the HIV-1 proviral genome present in J-Lat 10.6 cells. Full-
length HIV-1 was derived from the molecular clone pNL4-3-AEnv-EGFP and expresses an EGFP gene from the LTR promoter. Structural viral genes are shown in black;
auxiliary genes are shown in gray. The nefand env genes were inactivated to force a single infection cycle. Bottom: percentage of EGFP-positive J-Lat 10.6 cells nucleofected
with LTR-targeted HLTR6-VP64 or PBS1-VP64 or nonspecific Aart6-VP64 ZFAs. “J-Lat” indicates nontransfected J-Lat 10.6 cells. EGFP-positive cells were measured by
flow cytometry at 48 h after nucleofection. Dot plots are representative of a single experiment from three independent replicates.

Asaresult, the PBS1-VP64 synthetic activator should be highly valuable
to provide a broad therapeutic effect across patients carrying distinct
strains of HIV-1.

Protein Delivery of Cell-Penetrating ZFA Reactivates Latent HIV-

1 Expression

To explore novel delivery routes for treatment of HIV reservoirs, we
capitalized on the innate ability of Cys,-His, zinc fingers to cross the
cell membrane®” and evaluated whether protein delivery of cell-pene-
trating ZFAs could directly internalize HIV latently infected cells and
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specifically stimulate viral expression. To further enhance cell-pene-
trating activity, we fused three NLS repeats to the N-terminal region
of the PBS1-VP64 activator, herein named 3NLS-PBS1-VP64, since
the incorporation of positively charged NLS sequences has previously
been shown to improve cell permeability of zinc-finger nucleases and
enhance their gene-editing activity.”” We cloned the genes encoding
PBS1-VP64 and 3NLS-PBS1-VP64 activators together with an N-ter-
minal histidine tag (polyhistidine [6xHis]) into the pET28b vector
for protein expression in E. coli and subsequent purification (Fig-
ure 3A). A positively charged polyhistidine tag is retained following
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Figure 3. Reactivation of HIV Latent Cells by Protein Delivery of Engineered ZFA

(A) Schematic representation of ZFA expression vectors for protein production in Escherichia coli. PBS1-VP64 was genetically fused to the pET28b expression vector driven
by the IPTG-inducible T7 promoter. PBS1-VP64 contains a NLS between PBS1 zinc-finger and VP64 activation domains. 3NLS-PBS1-VP64 contains three additional NLS
repeats at the N-terminal of the DNA-binding domain to enhance cell permeability. 6 x His indicates six histidine tags for protein purification. HA indicates the hemagglutinin A
tag for protein detection. (B) SDS-PAGE of purified ZFA proteins. ZFAs were detected using BlueSafe protein staining. (C) ELISA analysis of PBS1-VP64 and 3NLS-PBS1-
VP64 binding to an oligonucleotide incorporating PBS1 target sequence (5'-AAA TCT CTA GCA GTG GCG-3'). Absyos/492 nm Values are represented as the mean of two
independent experiments. (D) Top: schematic representation of HIV latent cell treatment with ZFA proteins. J-Lat 10.6 cells were incubated with ZFA protein for 1.5 h under
standard cell-culture conditions. HIV activation of the J-Lat 10.6 cell line was evaluated through detection of GFP-positive cells by flow cytometry at 48 h after protein in-
cubation. Bottom: percentage of HIV activation in the J-Lat 10.6 cell line following treatment with 0.25 uM to 8 uM of PBS1-VP64 (filled circles) or BNLS-PBS1-VP64 (open
squares). (E) Percentage of live cells of J-Lat 10.6 cells treated with increasing concentrations (from 0.25 uM to 8 uM) of 3NLS-PBS1-VP64 for 90 min. Cell viability was
assessed through flow cytometry at 48 h after protein treatment by gating the forward-scatter/side-scatter (FSC/SSC) live population. Percentage of live cells is normalized for
J-Lat cells treated with ZF storage buffer alone. (F) Percentage of HIV activation in the J-Lat 10.6 population treated with 2 pM of PBS1-VP64 (white columns) or SNLS-PBS1-
VP64 (black columns) for different periods of protein incubation. HIV activation of the J-Lat 10.6 population was evaluated through detection of GFP-positive cells by flow

cytometry at 48 h after protein incubation. Error bars indicate standard deviation of three independent experiments (n = 3); *p < 0.05; **p < 0.01; one-way ANOVA.

protein purification and thus, will contribute to increase the overall
positive charge of ZFA and potentially increase its cell-penetration abil-
ity. SDS-PAGE analysis of purified ZFAs demonstrates over 90% of
estimated purity of these proteins (Figure 3B). To confirm that purified
ZFA proteins retained their functionality, we performed an enzyme-
linked immunosorbent assay (ELISA) analysis to evaluate protein bind-
ing to synthetic DNA target site (Figure 3C). Both PBS1-VP64 and the
3NLS-PBS1-VP64 activators similarly recognized the PBS1 binding site
in a concentration-dependent manner, indicating that the addition of
NLS repeats does not influence ZFA efficacy to bind DNA.

We next determined whether ZFA proteins could penetrate cells
latently infected with HIV-1 and activate viral expression. J-Lat 10.6
cells were incubated with increasing amounts of PBS1-VP64 or
3NLS-PBS1-VP64 for 1.5 h before analyzing HIV reactivation by flow
cytometry 48 h post-treatment (Figure 3D, top). We observed a strong
reactivation in J-Lat cells following a single treatment with 3NLS-PBS1-
VP64. Reactivation was concentration dependent and reached a
maximum level (~40% GFP-positive cells) after treatment with 8 UM
of ZFA (Figure 3D, bottom). We detected relatively modest levels of re-
activation using 8 pM of PBS1-VP64 (~15% GFP-positive cells), indi-
cating the importance of NLS repeats for promoting ZFA-mediated
HIV activation by protein delivery. However, an analysis of treated
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J-Lat 10.6 cells following treatment with 3NLS-PBS1-VP64 indicated
that cell viability was reduced to 80% with 2 pM of ZFA and drastically
decreased after treatment with >2 uM of protein (Figure 3E). Potential
protein aggregation resulting from high levels of ZFA concentration
could be a source of cell toxicity. We therefore performed our subse-
quent protein treatments with a maximum of 2 uM of ZFA. To further
maximize the activity of ZFA protein treatment, we observed that ex-
tending the incubation period to 6 h increased reactivation of the latent
HIV population up to ~40% of cells with 2 uM of 3NLS-PBS1-VPé64,
similar to reactivation levels observed with 8 uM of ZFA (Figure 3D,
bottom) and surpassing those observed with ZFA nucleofection (Fig-
ure 2B, bottom), while having minimal effect over PBS1-VP64 activity
(Figure 3F). The supplementation of cell medium with ZnCl, or L-argi-
nine, previously used for assisting activity of cell-penetrating zinc-finger
nucleases,’” had no influence on ZFA activity (data not shown). Overall,
these data show that engineered cell-penetrating ZFAs can reactivate
latent HIV-1 expression following protein delivery.

Incorporation of Multiple NLS Repeats Enhances ZFA Cell
Permeability

According to a reported protein delivery of multi-NLS-conjugated zinc-
finger nucleases,”” we assessed whether incorporation of NLS repeats is
necessary to promote efficient ZFA protein uptake. We compared
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PBS1-VP64 and 3NLS-PBS1-VP64 cell-penetration efficacy through
detection of fluorescein isothiocyanate (FITC)-conjugated ZFA in
Jurkat T lymphocytes. Cells were washed twice with trypsin/EDTA
prior to analysis to remove any surface-bound ZFA. We observed

Figure 4. Incorporation of Multiple NLS Repeats
Improves ZFA Cell-Penetrating Ability

(A) Mean fluorescence intensity (MFI) analysis determined
by flow cytometry of Jurkat cells, untreated or treated with
increasing concentrations (from 0.25 uM to 2 pM) of FITC-
stained PBS1-VP64 or SNLS-PBS1-VP64 for 6 h. His-
tograms are representative of a single experiment from
three independent replicates. (B) Western blot analysis of
cytoplasmic (40 pg lysate) and nuclear (20 pg lysate)
fractions of J-Lat 10.6 cells treated with indicated ZFA
protein concentrations (in micromoles) of PBS1-VP64 or
3NLS-PBS1-VP64 for 6 h. Vinculin and lamin B1 were
detected as loading controls for cytoplasmic and nuclear
fractions, respectively. (C) MFI analysis, determined by
flow cytometry, of resting CD4* T cells, untreated or
treated with increasing concentrations (from 0.25 uM to
2 uM) of FITC-stained 3NLS-PBS1-VP64 for 6 h. Histo-
grams are representative of a single experiment from
three independent replicates.

that only cells treated with 3NLS-PBS1-VP64
efficiently internalized FITC-conjugated ZFA
(Figure 4A), presenting a 31-fold increase in
intensity (MFI)
compared to untreated cells and a 14-fold in-
crease compared to cells treated with PBS1-
VP64 following treatment with 2 pM of protein.
Western blot analysis of nuclear and cytoplasmic
fractions of J-Lat 10.6 cells treated with ZFA pro-
teins further supports the improved cell perme-
ability of 3NLS-PBS1-VP64 and shows that
both PBS1-VP64 and 3NLS-PBS1-VP64 are effi-
ciently targeted to the nucleus in a concentration-
dependent manner (Figure 4B). These results
demonstrate that superior HIV reactivation
observed with 3NLS-PBS1-VP64 is a result of
its increased cell-penetration ability in general
and not associated with improved nuclear
import.

FITC mean fluorescence

Furthermore, we assessed whether 3NLS-PBS1-
VP64 could penetrate primary resting CD4" T
lymphocytes, the major cell population
harboring the HIV reservoir” and highly refrac-
tory to gene transfer.”* We observed a substantial
dose-dependent increase in FITC MFI in resting
CD4" T cells, up to ~11-fold, following treatment
with 2 pM of 3NLS-PBS1-VP64 compared with
untreated cells (Figure 4C), in which approxi-
mately 75% of the cell population was internal-

ized with FITC-conjugated ZFA (Figure S2). We did not observe any
evident cell toxicity of resting CD4 T cells in the presence of ZFA
(Figure S2). Still, internalization was not so efficient in resting CD4"
T cells as in Jurkat cell line (Figure 4A), indicating that the cell-activation
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Figure 5. Increased Reactivation of Latent HIV Expression Following
Multiple ZFA Short-Term Protein Treatment

(A) Western blot (30 ug lysate) analysis of zinc-finger protein delivery (ZFA) and HIV
expression (HIV p55) in J-Lat 10.6 cells treated with 2 uM of BNLS-PBS1-VP64 for 6 h.
Samples were collected for analysis at the indicated time points. Vinculin was detected
as loading control. (B) Top: schematic representation of HIV latent cell multiple treat-
ment with ZFA protein. J-Lat 10.6 cells were incubated with ZFA protein for 1.5 h per
each treatment under standard cell-culture conditions. HIV activation of the J-Lat 10.6
cell line was evaluated through detection of GFP-positive cells by flow cytometry at
48h after proteinincubation. Bottom: percentage of HIV activationin the J-Lat 10.6 cell
line following multiple treatments with 2 uM of 3NLS-Aart6-VP64 (white columns) or
3NLS-PBS1-VP64 (black columns) proteins. HIV activation of the J-Lat 10.6 cell line
was evaluated through detection of GFP-positive cells by flow cytometry at 48 h after
protein incubation. Error bars indicate standard deviation of three independent ex-
periments (n = 3); *p < 0.05; **p < 0.01; **p < 0.001; one-way ANOVA.

state might influence its permeability to these cell-penetrating proteins.
Still, these results demonstrate the high intrinsic ability of multiple NLS-
conjugated ZFAs for protein delivery into hard-to-transfect quiescent
cells as those associated with the establishment of HIV reservoirs.

Short-Term ZFA Protein Treatments Induce High and Sustained
Levels of HIV-1 Activation

To further evaluate ZFA internalization and activity kinetics
following protein delivery, we incubated J-Lat 10.6 cells with 3NLS-
PBS1-VP64 for 6 h and then monitored both ZFA cell entry and
HIV expression for a period of 6 days (144 h) by western blot. We
observed that 3NLS-PBS1-VP64 protein is immediately internalized
as shortly as 45 min (0.75 h) after incubation, reaching intracellular
peak levels between 3 h and 12 h, being almost fully degraded by
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48 h post-treatment (Figure 5A). In turn, HIV stimulation—mani-
fested by expression of viral capsid p55—is first detected at 12 h
post-treatment and persists up to 6 days, the maximum time point
analyzed, at which ZFA protein turnover has already occurred (Fig-
ure 5A). With the consideration of the short-term persistence of
intracellular Gag p55,” these data indicate that protein delivery of
ZFA remains in the latent cells for a short period but sufficient to
induce HIV activation for longer periods.

With the consideration that a substantial fraction of ZFA protein en-
ters the cells within the first hour, we evaluated whether multiple
short-term (1.5 h) protein treatments would further improve ZFA-
mediated HIV reactivation. J-Lat 10.6 cells were incubated with
ZFA protein up to a total of four short-term treatments of 90 min,
and HIV activation was assessed 48 h post-treatment (Figure 5B,
top). Flow cytometry analysis of treated J-Lat cells shows a dramatic
increase in the fraction of the reactivated population (~55% HIV acti-
vation with 4x ZFA treatments; p < 0.001) as the number of ZFA
treatments increases (Figure 5B, bottom), considerably improving
HIV activation overextending ZFA incubation to 6 h (Figure 3F).
Stimulation of the J-Lat 10.6 population with 4x ZFA treatments
draws reactivation levels closer to the maximum threshold observed
in the presence of proinflammatory cytokine TNF-o..>* For all condi-
tions tested, we did not observe any significant changes in J-Lat 10.6
reactivation when cells were treated with a nonspecific 3NLS-Aart6-
VP64 protein (Figure 5B, bottom), indicating that viral gene expres-
sion is not induced by the presence of a nonspecific ZFA. This result is
not due to differences in cell-penetrating capacity between 3NLS-
PBS1-VP64 and 3NLS-Aart6-VP64, as observed by MFI analysis of
Jurkat cells treated with FITC-conjugated ZFA, despite the histogram
showing less homogeneous internalization of the nonspecific ZFA
(Figure S3). Comparison of HIV expression among latently infected
cell lines displaying different contexts of gene repression—]J-Lat
10.6 and 9.2,>> ACH-2,°° and U1’ —showed a discrepancy in the
response of each model to ZFA-mediated reactivation. Multiple treat-
ments with 3NLS-PBS1-VP64 promoted a strong induction of HIV
transcription in J-Lat 10.6 (84-fold activation) and ACH-2 (49-fold)
latency models; however, treatment of Ul and J-Lat 9.2 cell lines
did not affect viral expression (Figure S4). Overall, these results
demonstrate that multiple short-term ZFA treatments can induce
high levels of HIV latent expression in a targeted manner, yet the
context of HIV repression within latently infected cells can affect
the ability of ZFA protein delivery to stimulate viral expression.

DISCUSSION
The emergence of genome-engineering tools has greatly expanded the
possibilities to directly target the HIV genome and promote an anti-

17,18 . 59
7*® and recombinases’ can

viral effect.”® Site-directed nucleases
recognize and excise the integrated HIV proviral genome from in-
fected cells. Nevertheless, genotoxicity caused by unwanted cuts at
the human genome® or the emergence of resistant HIV strains gener-

01 rajses concerns

ated by double-strand breaks at the viral genome
about the safety of this approach. In contrast to programmable nucle-

ases, engineered transcription activators have been shown to
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modulate gene expression'* without causing disruptive DNA breaks
and generally with the absence of off-target effects.”” Indeed,
genome-wide studies have shown that synthetic activators induce tar-
geted gene activation in a precise manner with minimal alterations in
global gene expression,”°>°* highlighting their safety for therapeutic
applications. As a result, several studies”® *° have explored the design
of synthetic activators to induce latent HIV expression and demon-
strated the potential of this approach to target HIV reservoirs. Among
these, Cys,-His, zinc fingers possess the innate ability to penetrate the
anionic cell membrane,”” which could be explored as a novel thera-
peutic route to target HIV reservoirs by protein delivery of engineered
activators.

In this study, we report the construction of a cell-penetrating ZFA for
direct protein delivery and activation of latent HIV-infected cells. We
designed several ZFAs to target the HIV-1 5 LTR promoter and
induce viral gene expression. Opposed to TALE activators previously
designed to target the HIV-1 promoter,”® gene-activation efficiency
was highly variable among designed ZFA, which could reflect fluctu-
ations in DNA-binding affinity. Moving forward, optimization of the
zinc-finger framework to enhance binding affinity could be accom-
plished by intercalate addition of longer linkers to support optimal
placement of long zinc-finger arrays around the helix conformation
of the DNA target.”**” PBS1-VP64 was identified as the single ZFA
able to strongly stimulate latent HIV expression, attaining reactiva-
tion levels comparable to those reported in our previous study using
TALE activators.”® Despite the HLTR6-VP64 ability to activate gene
expression from the 5 LTR promoter within an episomal DNA
context, this zinc finger may not access its target site within chro-
matin,** as indicated by its inability to stimulate latent HIV expres-
sion in the J-Lat 10.6 model. The PBS1 target site overlaps the
tRNA primer binding site and flanking sequences located at the 3’
end of the LTR promoter, which is unbound to a nucleosome;*” there-
fore, this region should be accessible to binding of this ZFA. More
importantly, this region is described as the most conserved segment
of the HIV-1 genome,*® being required for initiation of viral retro-
transcription following binding of human tRNA™** Although
gene activation is generally stronger when engineered transcription
factors are targeted upstream of the TSS, these can also be efficient
from downstream regions,'* as demonstrated by the PBS1-VP64 ca-
pacity to stimulate HIV transcription.

We further demonstrated that the PBS1-VP64 activator can be
directly delivered to latent cells as a cell-penetrating protein. Signifi-
cant stimulation of latent HIV expression was only obtained with the
inclusion of multiple NLS repeats at the N-terminal region of PBS1-
VP64. Despite previous reports demonstrating that protein delivery
of cell-penetrating zinc-finger nucleases alone mediates efficient
gene knockout,”™* the presence of acidic and negatively charged res-
idues within transactivation domains, such as VP64," might chal-
lenge their translocation through the anionic cell membrane. In
fact, the PBS1-VP64 activator alone presents a neutral charge at the
physiological pH even in the presence of a positively charged polyhis-
tidine tag. Incorporation of 3xNLS repeats confers a high positive

charge to this ZFA (+15.2), which was shown crucial for its superior
cell permeability and activity. This result is consistent with a previous
report by Liu et al.”” that demonstrates the potential of NLS peptides
to increase overall positive net charge and enhance protein delivery of
zinc-finger nucleases. Strikingly, we show that the performance of
multiple short-term ZFA treatments can enhance activation potency
over that observed with gene delivery. However, we observed that re-
activation of HIV expression was not consistent among distinct
models of latent infection, indicating that certain repression mecha-
nisms may not be reversed by ZFA alone. Interestingly, a combination
of synthetic activators with other latency-reversing agents*** has
proven to alleviate suppression of the latent HIV provirus within
such unfavorable contexts and may therefore expand the activity of
ZFA within the heterogenous latent HIV population.

Successful therapeutic application of synthetic activators in vivo will
be conditioned, in most cases, by the delivery method to ensure effi-
cient bioavailability and broad distribution of these platforms in the
target population. Relevant to this, direct protein delivery of ZFA
could overcome limitations derived from standard gene-delivery
methods. Although gene delivery by viral vectors can provide higher
and sustained production of DNA-targeted activators,”” protein de-
livery is generally less toxic while avoiding insertion-related mutagen-
esis. On the other hand, its small size promotes higher biodistribution
and cellular uptake compared to nonviral liposome or nanoparticle-
based delivery methods.”® More importantly, protein delivery im-
proves temporal control of engineered activators over gene-delivery
methods. These so-called “hit-and-run” strategies are suitable for
latent HIV activation, for which engineered activators remain in
the cell shortly enough to stimulate HIV transcription but without
causing potentially harmful off-target gene modulation from pro-
longed exposure.”® In fact, we observed that the short-term presence
of ZFA within latent HIV cells was sufficient to promote viral expres-
sion for days following ZFA degradation. Of note, ZFA-mediated
production of cis-acting viral transactivator Tat could create a posi-
tive-feedback circuit that supports reactivation for longer periods.®’
Future experiments should investigate precisely the long-term persis-
tence of HIV reactivation and whether it is enough to trigger the elim-
ination of these latent reservoirs.

Despite the exponential growth of TALE- or CRISPR/Cas9-based
therapeutic applications,® the biochemical properties of zinc-finger
proteins combine both the cell-penetrating ability and site-specific
targeting in a single molecule, which may overcome limitations asso-
ciated with gene-delivery methods’ and prove relevant in the context
of clinical translation. In addition, the existence of zinc-finger do-
mains in humans should potentially reduce risks of immunogenicity
emerging from in vivo genome-engineering therapeutics.”” Future
studies should address the potential of ZFA protein delivery in a clin-
ically more relevant setting, namely, in cells extracted from aviremic
patients,”" as well as primary cell’* and animal”®> models of HIV la-
tency that recapitulate the biological properties of HIV reservoirs
that occur in vivo. In this context, further optimizations of the ZFA
framework could be performed to enhance the efficacy and safety
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of this approach. Gene-activation potency of ZFA could be enhanced
by incorporating upgraded transactivation domains that recruit com-
plementary transcription factors.”* Additionally, previous reports
have shown improved penetration of ZFA through conjugation
with protein-transduction domains,”>’® leaving room to further opti-
mize the cell-penetrating capacity of ZFAs. One of these studies
demonstrated in vivo localization of ZFA in the brain following intra-
peritoneal or subcutaneous injection into a mouse model of Angel-
man syndrome,”® demonstrating its capacity to cross the blood-brain
barrier and modulate gene expression—a desirable feature to target
potential HIV reservoirs in the central nervous system.77 Moreover,
translation of this technology into infected patients might require a
receptor-targeted approach”®”® through ZFA conjugation with li-
gands that direct these into the relevant cell populations, particularly,
resting CD4" T lymphocytes. Receptor-mediated delivery of zinc-
finger nucleases has been shown to enhance cell internalization,®’
further supporting the potential of this approach for in vivo applica-
tions. The identification of potential biomarkers associated with HIV
latent infection in CD4" T cells®" may open new perspectives for tar-
geted protein delivery of synthetic ZFAs directly to the HIV reservoir.

In conclusion, we provide evidence that cell-penetrating ZFAs engi-
neered to target the HIV promoter can be directly delivered to latently
infected cells without any carrier and strongly stimulate viral expres-
sion. This study is an important step to approach novel shock-and-kill
strategies to eradicate latent HIV reservoirs.

MATERIALS AND METHODS

DNA Plasmid Constructs

Design of HIV-targeted polydactyl ZFAs was performed at Zinc
Finger Tools web server (https://www.scripps.edu/barbas/zfdesign/
zfdesignhome.php).*! Zinc-finger arrays were generated by modular
assembly.”” ANN,*> GNN,* or CNN** binding zinc-finger modules
were isolated through Xmal/Spel digestion and cloned into Agel/
Spel restriction sites of the pSCV vector until generation of 4-finger
or 6-finger arrays.*> ZFAs were generated by cloning of the zinc-
finger arrays into Xhol/Spel restriction sites of pAart-VP64
(pAart6)” to generate ZFA constructs pZLT4A through pZLT6B
and pAart4. Previously designed HIV-targeted zinc-finger repres-
sors”*** were digested and cloned into Xhol/Spel restriction sites of
pAart6 to generate ZFA expression constructs pHLTR1 through
pPBS3. Correct construction of each plasmid was verified by Sanger
sequencing analysis (Table S1).

pET28b-PBS1-VP64 was generated by PCR amplifying PBS1-VP64
from pPBS1 using primers 5 zinc finger (ZF)-forward (Fwd) and 3’
VP64-reverse (Rev) and cloning into Ndel/Sacl restriction sites of
pET28b-CCR5R-1NLS.”” pET28b-3NLS-PBS1-VP64 and pET28b-
3NLS-Aart6-VP64 were generated by, respectively, PCR amplifying
PBS1-VP64 from pPBS1 and Aart6-VP64 from pAart6 using primers
5/ 3NLS-ZF-Fwd and 3’ VP64-Rev. PCR products were digested with
Sall and SacI and cloned into Xhol/Sacl restriction sites of pET28b-
CCR5R-1NLS. Correct construction of each plasmid was verified by
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sequence analysis (Table S2). Primer sequences are provided in
Table S3.

The pZFA luciferase reporter vectors were constructed through PCR
by amplifying the luciferase gene from pGL3-Basic (Promega, Madi-
son, W1, USA) using the primers 5" ZF-Luc-ZLT4A through PBS3,
which contained four direct repeats of each zinc-finger binding site
and 3’ Luc-Rev. PCR products were digested and cloned into the
Xhol/Sphl restriction sites of pGL3-Basic to generate pGL3-ZF-
ZLT4A through PBS3. The HIV-1 LTR-PBS reporter plasmid was
constructed by PCR amplifying the 5 LTR (U3-R-U5) promoter
and the PBS region from pNL4-3 (NIH AIDS Reagents; NIH, Be-
thesda, MD, USA) using the primers 5 LTR-PBS-Fwd and 3’ LTR-
PBS-Rev. PCR product was digested and cloned into the Mlul/Nhel
restriction sites of pGL3-Basic to generate pGL3-LTR-PBS. Primer se-
quences are provided in Table S3. Correct construction of each
plasmid was verified by Sanger sequencing analysis.

Cell Culture

HEK293T (American Type Culture Collection [ATCC], Manassas,
VA, USA) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM,; Life Technologies, Carlsbad, CA, USA), supplemented with
10% (v/v) fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), 2 mM
L-glutamine, and 1% (v/v) antibiotic-antimycotic (Anti-Anti; Gibco).
The Jurkat E6-1 cell line and J-Lat 10.6 clone (NIH AIDS Reagents;
NIH, Bethesda, MD, USA) were cultured in RPMI-1640 medium
(Life Technologies, Carlsbad, CA, USA), supplemented with 10%
(v/v) FBS, 2 mM L-glutamine, and 1% (v/v) Anti-Anti. Cells were
maintained at 37°C in a humidified atmosphere of 5% CO,.

Peripheral blood mononuclear cells (PBMCs) were obtained from
healthy anonymous donors through the Instituto Portugués do
Sangue e Transplantagao (IPST; Lisboa, Portugal) as described.®’
Briefly, PBMCs were isolated using density gradient centrifugation
and Ficoll-Paque PLUS (GE Healthcare, Chicago, IL, USA), according
to the manufacturer’s instructions. Resting CD4" T cells were purified
from PBMCs by negative selection using the EasySep custom kit for
Human Resting CD4" T Cell Enrichment Cocktail (Stem Cell Tech-
nologies, Vancouver, Canada). Unwanted cells were removed using
anti-CD8, CD14, CD16, CD19, CD20, CD36, CD123, TCT ¥/3,
GlyA, CD66b, CD25, HLA-DR, and CD69 magnetic-coated beads.
Resting CD4" T cells were cultured in RPMI-1640 medium, supple-
mented with 10% (v/v) FBS, 2 mM L-glutamine, and 1% (v/v) Anti-
Anti and maintained at 37°C in a humidified atmosphere of 5% CO..

Luciferase Assays

Luciferase assays were performed as previously described.”® Briefly,
HEK293T cells were seeded onto 96-well plates at a density of 4 X
10* cells per well. At 16-24 h after seeding, cells were transfected
with 200 ng of pZFA constructs, 5 ng of pGL3-ZFA binding-site re-
porters, and 1 ng of pRL-cytomegalovirus (CMV) (Promega, Madi-
son, W1, USA) using Lipofectamine 2000 (Life Technologies), accord-
ing to the manufacturer’s instructions. At 48 h after transfection, cells
were washed once with Dulbecco’s PBS (DPBS; Life Technologies)
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and lysed with Passive Lysis Buffer (Promega). Luciferase expression
was measured with the Dual-Luciferase Reporter Assay System
(Promega) using a Veritas Microplate Luminometer (Turner Bio-
systems, Sunnyvale, CA, USA), according to the manufacturer’s in-
structions. Normalized luciferase activity was determined by dividing
firefly luciferase activity by Renilla luciferase activity.

ZFA Transient Transfection

For expression analysis of designed ZFAs, we seeded HEK293T cells
onto a 24-well plate at a density of 2 x 10> cells per well. 24 h after
seeding, cells were transfected with 500 ng of indicated ZFA expres-
sion constructs or the pcDNA3.1 (Life Technologies) backbone vector
using the TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI,
USA), according to the manufacturer’s instructions. At 48 h after
transfection, ZFA expression was analyzed by western blot as
described below.

Episomal transfection of ZFAs in J-Lat 10.6 cells was performed by
plasmid nucleofection as previously described.”® Briefly, we seeded
J-Lat cells onto a 10-cm dish at a density of 1 x 10° cells per mL. After
48 h, 2 x 10 cells per transfection were centrifuged at 100 x g for
10 min at room temperature and resuspended in Nucleofector Solu-
tion SE (Lonza, Basel, Switzerland) with 2 pg of indicated pcDNA
ZFA construct. Cells were transferred to a 16-well Nucleocuvette
(Lonza) and electroporated with a 4D-Nucleofector System (Lonza),
selecting the program CL-120. At 48 h after transfection, cells were
analyzed by western blot or flow cytometry as described below.

ZFA Protein Expression and Purification

Expression and purification of cell-penetrating ZFAs were adapted
from a previously optimized protocol.”® Zinc-finger pET28b expres-
sion constructs were transformed into a chemically competent
E. coli BL21(DE3) strain (Merck KGaA, Darmstadt, Germany).
Overnight culture from a single colony was inoculated into
500 mL of Luria-Bertani (LB) media supplemented with 200 mM
NaCl, 50 pg/mL kanamycin, 100 pM ZnCl,, and 0.2% glucose.
Cell culture was grown at 37°C with agitation (220 rpm) until op-
tical density 600 (ODgq) reached 0.5 and then at room temperature
until ODg reached 0.8. Protein expression was induced with 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG; Thermo Fisher Scien-
tificc, Waltham, MA, USA) for 4 h at room temperature. Cells
were pelleted by centrifugation at 12,000 x g for 5 min and stored
at —20°C until purification protocol.

Purification of ZFAs was carried out by resuspending the cell pellet
in 20 mL of ZF binding buffer (20 mM HEPES, pH 8.0, 2 M NaCl,
1 mM MgCl,, 100 uM ZnCl,, and 10% glycerol). This solution was
supplemented with 1 mM B-mercaptoethanol, protease inhibitors
(Roche, Basel, Switzerland), and 0.1% Triton X-100. Cells were lysed
by sonication (10 min, 50% output, pulse on) and centrifuged at
12,000 x g for 60 min at 4°C. The supernatant was cleared by
running through a 0.45-pm low protein binding filter. Cell lysate
was transferred to a His GraviTrap column (GE Healthcare). The
column was washed with 10 mL of 5 mM imidazole (Merck

KGaA) and with 5 mL of 35 mM imidazole in ZF binding buffer.
ZF protein elution was performed with 300 mM imidazole in ZF
binding buffer. Ten fractions of 0.5 mL eluted protein were collected
and supplemented with 100 mM L-arginine. Fractions containing a
majority of eluted protein were selected, combined, and buffer
exchanged to ZF storage buffer (20 mM HEPES, pH 8.0, 500 mM
NaCl, 1 mM MgCl,, 100 pM ZnCl,, 10% glycerol, and 100 mM
L-Arg) using PD-10 desalting columns (GE Healthcare). ZF pro-
teins were then concentrated using an Amicon Ultra-15 Centrifugal
Filter Unit (Merck KGaA) and stored at —80°C. Purified ZFA
batches were analyzed by 4%-12% SDS-PAGE (National Diagnos-
tics, Atlanta, GA, USA) and stained using BlueSafe reagent (NZY-
Tech, Lisboa, Portugal).

ELISA

Assessment of ZFA proteins binding to target sites was performed by
ELISA. Briefly, ELISA plates were coated with 400 ng streptavidin per
well overnight at 4°C. After rinsing with double-distilled (dd)H,O,
wells were incubated with 25 ng biotin-marked oligonucleotides con-
taining the ZFA target site for 1 h at 37°C. Plates were rinsed with
ddH,0O and blocked with 3% bovine serum albumin (BSA) in
ZNBA buffer (20 mM Tris-HCI, pH 7.4, 90 mM KCl, 1 mM MgCl,,
and 100 uM ZnCl,) for 1 h at 37°C. Serial dilutions of ZFA protein
were prepared, starting from 125 nM in ZF storage buffer, supple-
mented with 1% BSA and 3 pg herring sperm DNA (Promega). Plates
were incubated with protein dilutions for 2 h at room temperature.
Following washing with DPBS-Tween 20 0.1%, wells were probed
with anti-HA monoclonal antibody (clone 3F10; Roche) in 1%
BSA/ZF storage buffer for 30 min at room temperature. Following
washing with ddH,O, plates were developed with ABTS (Calbiochem;
Merck KGaA), conjugated with H,O, for 15 min, and analyzed by
measuring absorbance (Abs) at 405/492 nm on a Tecan Infinite
M-200 (Tecan Group, Mannedorf, Switzerland) plate reader.

ZFA Protein Treatment

For protein delivery of cell-penetrating ZFAs, cells were seeded 24 h
before protein treatment in 24-well plates at a density of 2 x 10° cells
per well. After 24 h, cells were centrifuged at 300 x g for 5 min at room
temperature. ZFA proteins were diluted in supplemented RPMI me-
dium at the final concentration indicated. Cells were resuspended in
zinc-finger protein solution and incubated at 37°C and 5% CO, atmo-
sphere for 90 min, unless otherwise indicated. After protein treatment,
cells were washed twice with supplemented RPMI media and then
moved to 37°C and 5% CO, atmosphere. For each experiment, cells
were also incubated with ZF storage buffer as a mock control.

Flow Cytometry

For analysis of HIV activation from J-Lat 10.6 cells, cells were collected
48 h after protein treatment and washed twice with DPBS (Life Tech-
nologies), and EGFP expression was evaluated by flow cytometry
(Guava easyCyte 5HT; Merck Millipore, Burlington, MA, USA).

Evaluation of ZFA internalization by flow cytometry was performed
through protein treatment of Jurkat cells with FITC-conjugated
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ZFA. ZFA proteins were stained using the FluoReporter FITC Protein
Labeling Kit (Thermo Fisher), according to the manufacturer’s in-
structions. Cells were treated with FITC-conjugated ZFA proteins
as described above, collected, washed twice with trypsin 0.25%-
EDTA (GE Healthcare), and resuspended in DPBS (Life Technolo-
gies, Carlsbad, CA, USA). FITC-positive cells were evaluated by
flow cytometry (Guava easyCyte SHT; Merck Millipore).

For each sample, 10,000 live events were collected, and data were
analyzed with FlowJo software (Tree Star, San Carlos, CA, USA).

Western Blot

For detection of intracellular ZFAs by western blot, cells were har-
vested and lysed with radioimmunoprecipitation assay (RIPA) buffer
(25 mM Tris-HCI, pH 7.6, 150 mM NaCl, 1% Nonidet P-40 [NP-40],
1% sodium deoxycholate, and 0.1% SDS), supplemented with EDTA-
free Protease Inhibitor Cocktail Tablets (Roche, Basel, Switzerland).
For the analysis of ZFA internalization and localization in the nuclear
and cytoplasmic fractions, cells were washed twice with trypsin
0.25%-EDTA (GE Healthcare) and lysed using the NE-PER nuclear
and cytoplasmic extraction reagents (Thermo Fisher Scientific), ac-
cording to the manufacturer’s protocol. The Bio-Rad Protein Assay
Kit (Bio-Rad, Hercules, CA, USA) was used to determine protein con-
centration, according to the manufacturer’s instructions. ZFA protein
detection was analyzed by 4%-12% SDS-PAGE (National Diagnos-
tics), loaded with the indicated amount of total cellular protein
extract. Samples were transferred onto a 0.2-um Amersham Protran
nitrocellulose membrane (GE Healthcare). ZFAs were detected by a
horseradish peroxidase (HRP)-conjugated anti-HA monoclonal anti-
body (clone 3F10; Roche, Basel, Switzerland). Vinculin and B-tubulin
loading controls were detected using, respectively, a mouse anti-Vin-
culin monoclonal antibody (clone 7F9; Santa Cruz Biotechnology,
Dallas, TX, USA) and a mouse anti-B-tubulin monoclonal antibody
(clone AA2; Sigma, St. Louis, MO, USA) and HRP-conjugated goat
anti-mouse immunoglobulin G (IgG; Bio-Rad, Hercules, CA, USA).
HIV capsid precursor p55 was detected using a mouse anti-p24 (clone
183-H12-5C; NIH AIDS Reagents) and HRP-conjugated goat anti-
mouse IgG (Bio-Rad). Membranes were washed with TBS-0.2%
Tween 20, and proteins were detected following incubation with
Immobilon Western Chemiluminescent HRP substrate (Merck Milli-
pore) and then revealed in a chemiluminescence film Amersham Hy-
perfilm Enhanced Chemiluminescence (ECL) (GE Healthcare).

Quantitative PCR (qPCR)

To determine HIV expression from J-Lat 10.6 and ACH-2 cell lines,
total cellular RNA was extracted using the Trizol reagent (Thermo
Fisher Scientific) and eluted in diethyl pyrocarbonate (DPEC)-treated
water. RNA samples were treated with DNase I (Thermo Fisher Sci-
entific), and cDNA was synthesized using the NZY reverse transcrip-
tase (NZYTech) and random hexamer primer mix (NZYTech). qPCR
was performed using the SensiFAST SYBR Hi-ROX Kit (Bioline, Lon-
don, UK), according to the manufacturer’s instructions. HIV viral
gene transcription was detected using the primers 5' HIV-Fwd and
3’ HIV-Rev. B-actin housekeeping gene transcription was detected
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using the primers 5 B-actin-Fwd and 3’ B-actin-Rev. Primer se-
quences are provided in Table S3. HIV relative gene expression was
determined by using the Delta-Delta Ct method and normalized to
cells treated with ZF storage buffer alone (Mock).

Statistical Analysis

Statistical analyses for all experiments were performed from three in-
dependent experimental replicates (n = 3)—unless otherwise indi-
cated—using a one-way ANOVA, followed by Bonferroni post hoc
test, corrected for multiple comparisons (Prism Software 5.0; Graph-
Pad Software). Statistically significant differences were expressed as
*p < 0.05, **p < 0.01, and ***p < 0.001.
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