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Viral latency of human immunodeficiency virus type 1 (HIV-1)
has become a major hurdle to a cure in the highly effective an-
tiretroviral therapy (ART) era. The clustered regularly inter-
spaced short palindromic repeats (CRISPR)-Cas9 system has
successfully been demonstrated to excise or inactivate inte-
grated HIV-1 provirus from infected cells by targeting the
long terminal repeat (LTR) region. However, the guide RNAs
(gRNAs) have classically avoided transcription factor binding
sites (TFBSs) that are readily observed and known to be impor-
tant in human promoters. Although conventionally thought
unfavorable due to potential impact on human promoters,
our computational pipeline identified gRNA sequences that
were predicted to inactivate HIV-1 transcription by targeting
the nuclear factor kB (NF-kB) binding sites (gNFKB0,
gNFKB1) with a high safety profile (lack of predicted or
observed human edits) and broad-spectrum activity (predicted
coverage of known viral sequences). Genome-wide, unbiased
identification of double strand breaks (DSBs) enabled by
sequencing (GUIDE-seq) showed that the gRNAs targeting
NF-kB binding sites had no detectable CRISPR-induced off-
target edits in HeLa cells. 50 LTR-driven HIV-1 transcription
was significantly reduced in three HIV-1 reporter cell lines.
These results demonstrate a working model to specifically
target well-known TFBSs in the HIV-1 LTR that are readily
observed in human promoters to reduce HIV-1 transcription
with a high-level safety profile and broad-spectrum activity.
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INTRODUCTION
Antiretroviral therapy (ART) has been effective at stopping active
human immunodeficiency virus type 1 (HIV-1) replication and trans-
mission.1 However, ART has been insufficient to cure chronic HIV-1
infection. This has been partially due to the fact that HIV-1 estab-
lishes a latent reservoir mainly in resting CD4+ T cells that undergo
transcriptional silencing.2–4 The latent state is thought to be one of
the major reasons HIV-1 is able to evade immune surveillance and in-
hibition of ART.5 Low-level reactivation events of the latent reservoir
permit new infection.6 Clonal expansion of infected T cells with repli-
Mo
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cation-competent provirus further expands the cellular reservoir.7 As
HIV-1-infected individuals on suppressive ART therapy live a rela-
tively normal quality of life and have a normal life expectancy, the
latent reservoir has become a major hurdle to the development of
curative therapy.8–11 Several methods to reduce the size of the latent
reservoir have been investigated. One method, known as “shock and
kill,” has focused on the reactivation of infected cells using latency
reversal agents (shock); these cells are in turn cleared by the immune
system (kill).12 Another method has explored utilizing gene editing
systems to mutate host factors that in order to create HIV-1-resistant
CD4+ T cells or permanently inactivated the proviral DNA, thereby
reducing the reservoir.13,14

The clustered regularly interspaced short palindromic repeats
(CRISPR) systemhas proved to be a versatilemethod in eukaryotic cells
for anti-HIV-1 gene editing.15 The CRISPR system requires target spec-
ificity provided by guide RNA (gRNA) that match to a 20-bp comple-
mentary DNA sequence (known as the protospacer) next to a 3-bp
sequence termed the protospacer adjacent motif (PAM).16–18 The
CRISPR-associated (Cas) protein complexed with the gRNA initiates
the recognition of the PAM followed by the hybridization between
the gRNA and protospacer (termed gRNA:target hereafter). With suf-
ficient base pairing between a gRNA:target pair, a conformational
change of the Cas protein induces a double-strand break (DSB) of
the target DNA at the third position of the protospacer. This is then re-
paired via non-homologous end-joining (NHEJ) resulting in insertions
and deletions (InDels) of nucleotides at the cut site.19

Early investigation of the CRISPR-mediated antiviral strategy focused
on disrupting the HIV-1 promoter by targeting the long terminal
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repeat (LTR) of the proviral DNA and demonstrated significant
reduction of HIV-1 replication.20–24 There are identical copies of
the LTR on each end of the integrated provirus. The LTR also
possesses multiple functions with respect to the regulation of HIV-
1 transcription and replication elicited by distinct sequence motifs.25

Proviral excision was observed using a LTR-targeting gRNA, since
two target sites are present on one proviral genome that could poten-
tially result in two DSBs simultaneously, which in turn excised most
of HIV-1 proviral genome.23,24,26–29 However, a study has shown that
target site editing of the provirus may be equally important to proviral
excision if not more frequent in HIV-1 inactivation.30 In the absence
of an excision event, previous studies also showed evidence of signif-
icant reduction of HIV-1 replication indicated by biomarkers
including LTR-driven luciferase/beta-galactosidase (b-gal) and GFP
or HIV-1 RNA-protein products such as p24. This transcriptional
inactivation was attributed to InDels at the CRISPR-induced DSB
sites as the product of the eukaryotic DNA repair system NHEJ.
Different levels of transcriptional inactivation were observed by tar-
geting different regions on the LTR likely due to the transcriptional
activity encoded at the targeted region, which is not uniform. The
gRNAs targeting the transactivation response element (TAR) adja-
cent to the transcription start site in the HIV-1 LTR were found to
be more effective than most others.21,23,29,31–33 This is likely due to
its critical role of regulating elongation of HIV-1 transcription and
high sequence conservation observed from previously sequenced
HIV-1 LTRs. The tests of drug resistance also revealed that CRISPR
targeting conserved HIV-1 sequence required longer time to develop
CRISPR-resistant mutants.31,34,35

The sequence variability is not only significantly correlated with func-
tional importance but also can reduce the editing efficiency of the
CRISPR-Cas system due to mismatches between the 20-bp gRNA:tar-
get pair.33,36 Due to the high mutation rate of HIV-1 reverse tran-
scriptase, the latent reservoir maintained a level of sequence variation
within individuals even under suppressive ART.10 The host immune
systems surveillance and escape mutations gained by HIV-1 also
contribute to variation between individuals.10 Breadth or percent
coverage of sequence variants by a given gRNA in a known HIV-1
reservoir will directly impact the efficacy of CRISPR-based anti-
HIV-1 therapy in a clinical setting.37 For instance, a gRNA capable
of targeting the majority of predominant HIV-1 sequence variants
is predicted to be more likely to edit most of the known HIV-1 reser-
voir upon successful delivery and expression of CRISPR-Cas9 in
HIV-1-infected cells.

A number of recent studies have designed gRNAs based on sequence
conservation observed in HIV-1 sequence databases.33,36,38–40 How-
ever, a conserved sequence does not guarantee a likely CRISPR-medi-
ated cleaving site, since CRISPR possesses asymmetric tolerance for
mismatches. The loss of CRISPR-mediated cleavage activity due to
a single nucleotide change was quantified using gRNA mutants that
targeted the same DNA. Two penalty matrices that described the
loss of activity were developed by Hsu et al.41 (termed Massachusetts
Institute of Technology [MIT] matrix) and Doench et al.42 (termed
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cutting frequency determination [CFD] matrix). Hsu et al.41 tested
412 gRNA mutants on 12 endogenous target sites in human genome,
whereas CFD was generated from the result of 27,897 gRNAmutants.
The MIT matrix was previously used to identify the gRNAs that were
predicted to cleave most of the HIV-1 genetic variants that were
known in patient-derived sequences in Drexel CNS AIDS Research
and Eradication Study (CARES) cohort.33,36 Other studies also
emphasized the consideration of genetic variability during gRNA
design and found that mismatches in target sites reduced the effi-
ciency on HIV-1 inactivation, as well as facilitated the occurrence
of escape mutants.39,43–45

The efficiency of the CRISPR system on HIV-1 has been examined on
patient-derived peripheral blood mononuclear cells (PBMCs) ex vivo
and in humanized mice in vivo using gRNAs targeting both the LTR
andmajor structural protein gag.46–49 A critical step to move the ther-
apy forward then is to test the treatment efficiency in a viral swarm
with a group of sequence variants. We have developed CRSeek to ac-
count for on-target HIV-1 sequence variants from HIV-1-infected
patients and off-target risk from the published human genome in
the development pipeline.50 The collected sequences of HIV-1 sub-
type B in the Los Alamos National Laboratory (LANL) database
were used to predict the percent coverage of sequence variants for de-
signed gRNAs. The screening of gRNAs that effectively damage HIV-
1 structurally and/or functionally after proviral sequence edits is
required for CRISPR-based anti-HIV-1 therapy to ascertain the ther-
apeutic efficacy in the absence of provirus excision. Here LTR-target-
ing gRNAs were screened computationally considering HIV-1
sequence variation (Figure 1). Percent variant coverage (PVC) and
off-target counts were conducted for each high-frequency gRNA.
One of the top ranked targeting sites was the nuclear factor kB
(NF-kB) binding regions in the core enhancer region of the LTR.
Genome-wide, unbiased identification of DSBs enabled by
sequencing (GUIDE-seq) was used to demonstrate the low risk of
off-target edits in the human genome as was predicted in silico despite
the skepticism of off-target effect concerning targeting a sequence
domain ubiquitous in the human genome. The functional readout us-
ing HIV-1 reporter cell lines also showed significant inactivation of
LTR-driven transcription. These results emphasized the need for a
gRNA design and screening pipeline to improve the development
of CRISPR-based anti-HIV therapy.

RESULTS
The Promoter and Enhancer Regions of LTR U3 Is Conserved

across Individuals

One of the major hurdles for the development of anti-HIV-1 therapy
using the RNA-guided CRISPR system was the sequence variability
at the designated target sites within the HIV reservoir. To estimate
the sequence variability across a population of sequence variants, we
used the HIV-1 subtype B LTR sequences deposited in LANL as a rep-
resentation of the intra- and inter-patient HIV-1 reservoir (termed
LANL database hereafter, n = 24,831, deposited sequences with any
nucleotide overlapping the LTR region on HXB2). The region with
the lowest diversity (diversity = 0.2 ± 0.05 bits) occurred in the TAR



Figure 1. An Experimental Overview of In Silico gRNA Screening and In Vitro Functional Testing for Identification of Optimized anti-HIV-1 gRNAs

All distinct 23-bp HIV-1 LTR sequences ending with two consecutive guanines were collected as a potential gRNA subset from HIV-1 subtype B sequences in the LANL

database. Percent variant coverage (PVC) across the total HIV-1 50 LTR variants was calculated for gRNAs using CRSeek.50 Counts of potential off-target sites were

estimated by cas-offinder using human reference genome build GRCh37. Lead gRNAs with high PVC and low off-target counts were subjected to a test of efficacy at

stopping HIV-1 transcription in HIV-1 indicator cell lines as well as off-target evaluation by GUIDE-seq.
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element of the LTR (Figure 2A). The top ranked gRNAs in this region
have been shown to be very effective at reducingHIV-1 transcription as
we and others have previously published.22,24,26,29,33,35,51–54 Effective
sequence mutations and correlated functional changes in TAR implies
that this low diversity region was under evolutionary constraints due to
the functional importance of those sequence domains. An obvious
reduction of diversity after position 615 of the LTR was due to lack
of coverage for the calculation of diversity.

Previous studies have shown that the 30 end of the U3 region contains
many transcription factor binding sites and acts as the core of the pro-
moter and enhancer region that regulates HIV-1 transcription.55

Sequence variation in this region has significant impact on the ki-
netics of HIV-1 replication and the regulation of HIV-1 latency.56–61

The impact is in part due to the presence of two NF-kB and three Sp
transcription factor binding sites and the TATA box in the LTR of
HIV-1 subtype B (Figure 2A). Therefore, we hypothesized that
inducing sequence edits in the HIV-1 core enhancer/promoter region
would reduce or inactivate LTR-driven transcription. Two local
troughs of nucleotide diversity could also be observed at the 50 end
of the U3 region. The gRNAs designed to edit the 50 U3 region had var-
ied reduction efficiencies,20,23,29,32,46,62–64 while previous results
showed no significant reduction of HIV-1 transcription.33,39 This was
more than likely due to the fact that CRISPR-induced InDels were
far from the enhancer and promoter regions and resulted in little effect
on LTR-driven transcription.

Discovery of Highly Conserved gRNA Targets

Due to the NGG protospacer requirement of the SpCas9 system, there
are only a limited number of potential targets in the HIV-1 genome.
In the reference HXB2 strain, there are 86 potential target sites with a
PAM for SpCas9 in the LTR region. However, the protospacer in the
reference sequence may not represent the most predominant
sequence in the known HIV-1 sequences from the LANL database.
A thorough search of all potential gRNAs that utilize SpCas9 resulted
in 75,885 unique gRNAs predicted to target at least one HIV-1
sequence variant in the LANL database. A sequence variant with a
perfect match to a potential gRNA should be a guaranteed target
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 967
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Figure 2. Parameters Used to Identify Novel HIV-1 LTR gRNAs

(A) Local troughs of nucleotide diversity appeared in the core and enhancer regions in the HIV-1 LTR. The upper panel showed the 20-bp diversity plotted by leftmost position

in any given 20-bp window. Details of the diversity calculation have been described in the method section. The middle panel showed the coordinates of the U3, R, and U5

regions of the LTR. The core and enhancer regions are at the 30 end of U3 region (position 350–454). The sequencemotifs that regulate HIV-1 transcription were shown on the

lower panel. Shaded areas were the regions with locally low diversities. (B) Most potential gRNAs possessed a low number of sequences that were perfect 20-bp matches

across LANL. The x axis represented the number of HIV-1 sequence variants that possessed identical 20-bp sequences to its paired gRNA along with 3-bp NGG PAM. y axis

shows the number of gRNAs from the list of 75,885 possible gRNAs. High frequency 20-bp sequences next to NGG across LANL were more likely to make the gRNA to have

broad coverage on HIV-1 variants. A list of 751 high frequency 20-bp sequences were selected as potential gRNA sequences for subsequent analysis. (C and D) A CFD score

cutoff with high predicted accuracy was identified. (C) The receiver operating characteristic (ROC) curve using the CRISPR dataset described in results and two published

scoring matrices for the prediction of CRISPR-mediated cleavage event by gRNA:target pair. CFD showed a better area under the curve (AUC) than MIT. (D) The precision

rate of increasing cutoff of CFD score using CIRCLE-seq and CRISPOR datasets. A precision rate over 95% occurred at a CFD score of 0.569. The gRNA:target pair with a

CFD score more than 0.569 may have more than a 95% chance to be cleaved by CRISPR-Cas9, whereas the pair with less than 0.569 would not be cleaved. (E) Scatter plot

of HXB2- versus LANL-based gRNA CFD scores at same position. (F) Bar plot indicating the average CFD score for HXB2 and LANL-derived gRNAs. Error bars

represent ± S.E.M. p value calculated by two-tailed t test. (G) Scatter plot of HXB2- versus LANL-based gRNA off-target hots from same position. (H) Bar plot indicating the

average number of off target sites per HXB2 or LANL-derived gRNAs. Error bars represent ± SD. p value calculated by two-tailed t test.
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for that given gRNA. The frequency plot showed that most of the po-
tential gRNAs only perfectly matched to a small portion of the known
HIV-1 reservoir in the LANL database (Figure 2B). Therefore, only
the gRNAs with a frequency of hits higher than 1% within the
LANL database were further screened, which resulted in 751 high
prevalence gRNAs for subsequent analysis. The gRNAs with high
counts of identical sequence across the LANL database represented
a guaranteed breadth for these gRNAs due to an identical sequence
to the predominant variant. However, this does not guarantee an in-
duction of cleavage events in the sequence variants with one or more
mismatches against high prevalence gRNAs. Therefore, additional
prediction methods of CRISPR-mediated efficiency with the presence
of mismatches between gRNAs and HIV-1 genetic variants were
required to calculate the breadth of gRNAs in the knownHIV-1 reser-
voir from the LANL database, as described below.
CFD Scoring Matrix Exhibits Better Performance at Predicting

CRISPR-Induced Cleavage Sites

Note again that the effect of gRNA:target mismatches were position-
specific and had non-uniform weights for a gRNA:target pair as pre-
viously described.41,42 While there are dozens of gRNA-design and
off-target site prediction tools published, the CFD scoring matrices
developed by Hsu et al.41 and Doench et al.42 are the most frequently
used tools. In addition, these two matrices were directly generated
from experimental tests with systematic and intended mismatches
on gRNAs against target sites. Previous studies showed that CFDma-
trix gave higher specificity and sensitivity at predicting off-target
cleavage sites without additional rule-based criteria.65 Given this,
both scoring matrices were evaluated to select the threshold of effec-
tiveness for subsequent analysis. A list of 154 bona fide off-target sites
that were experimentally detected by 26 unique gRNAs from 8 off-
target studies and 25,892 putative off-target sites were used to evaluate
scoring matrices.66 The data preprocessing method has been
described in the Materials and Methods section.

A receiver operating characteristic (ROC) curve was developed using
the filtered datasets with predicted CRISPR-induced cleavage scores
between gRNA and corresponding off-target sequences calculated
by MIT and CFD matrices. The area under the curve (AUC) of
CFD was 0.92 while that of MIT was 0.86, which recapitulated the
result obtained from Haeussler et al.66 (Figure 2C). The CFD matrix
was further tested to define the cutoff where gRNA:target sequence
pairing accounting for allowable nucleotide mismatches would still
lead to CRISPR-induced DNA cleavage. Off-target cleavage detection
using circularization for in vitro reporting of cleavage effects by
sequencing (CIRCLE-seq) that contained 1,054 off-target sites was
collected for true positive cleavage sites, while cas_offinder gave
5,617 predicted off-target sites using the same subset of gRNAs for
true negative cleavage sites. The precision curve indicated a predictive
precision of 95.7% when CFD was larger than 0.569 (Figure 2D). This
cutoff indicated that there was a 95.7% chance any given gRNA:target
pair with a CFD score of 0.569 or larger leading to a CRISPR-induced
DSB. This cutoff was subsequently used to predict whether HIV-1
sequence variants or off-target human sequence would be cleaved
by a given gRNA/SpCas9 in our gRNA screening pipeline.

Selection of gRNA Spacer Sequence Significantly Enhanced the

Predicted Performance of gRNAs Targeting the Same Site

The collection of 751 candidate anti-HIV-1 gRNAs exhibited a range
of cleavage potential across the LANL database (Figure S1; Table S1).
The top two gRNA candidates with highest percent coverage
LTRgRNA60 and LTRgRNA29) were identical to the D-LTR-
268145 (termed SMRT1 hereafter) and D-LTR-113493 (termed
SMRT2 hereafter) gRNAs identified in our previous study (Table
S1).33 This result reassured the reproducibility of the pipeline even
when using a more robust scoring matrix (fromMIT to CFD) and in-
dependent HIV-1 sequence databases representing known HIV-1
subtype B reservoir.

An optimized gRNA informed by LANL-based gRNAs with
improved PVC was identified by changing at least one bp over 20-
bp spacer sequence in 69 out of 86 gRNAs generated using only the
HXB2 reference sequence (HXB2-based gRNAs; Figure S1). The sub-
set of LANL-based gRNAs with optimized PVC was used to compare
the predicted PVC with HXB2-based gRNAs. The average PVC of
LANL-based gRNAs was significantly greater than the HXB2-based
gRNAs (Figures 2E and 2F). Surprisingly, predicted off-target activity
was also significantly reduced in the subset of optimized LANL-based
gRNAs during the selection process (Figures 2G and 2H).

gRNA Sequences with Enhanced Variant Coverage Bind to the

TATA Box and NF-kB Binding Sites

Previous studies have shown that sequence mutations in the core and
enhancer regions of the HIV-1 subtype B LTR significantly reduced
HIV-1 replication, directly or indirectly, due to the change of
sequence motifs including NF-kB binding sites, Sp binding sites,
and the TATA box.56–61 gRNAs were ranked in Table S1 by PVC
and number of potential off-target counts. The top gRNA candidate
in the core region of the promoter targeted the TATA box (position
427–431; Table 1). However, the potential cleavage site (position
418) was 9 bp away from the TATA box. Previous studies that iden-
tified biased editing outcomes from CRISPR-induced DNA repairs
suggested that deletions spanning 7 bp amounted to less than 30%
of 109 mutational outcomes.67,68 This may cause low functional
disruption since the majority of CRISPR-mediated sequence edits
will not change the integrity of the TATA box. It should be noted
that the subtype B LTR has been shown to also be able to use the
CATA box (positions 425–431).69 This gRNA cleavage site would
be 7 bp away, still too far for a functional outcome. Given this result,
the next highest ranked gRNA candidate targeted the NF-kB binding
sites (NF-kB site I, position 363–373; NF-kB site II, position 350–
360). The cleavage site of LTRgRNA28 (termed gNFKB0 hereafter)
was position 370, the middle of the NF-kB site I.

Another gRNA, LTRgRNA24 (termed gNFKB1 hereafter), was pre-
dicted to cleave position 360, the end of NF-kB site I, as well as the
junction of the NF-kB binding sites in the LTR. The junction between
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 969
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Table 1. Top 10 gRNAs Located in the Core and Enhancer Regions of the LTR U3 Region

Name Spacer (50 to 30) PVC Strand Start Stop PCS Diversity POC Functional Motif

LTRgRNA490 CUGCUUUUAUGCAGCAUCUGNGG 0.926 � 416 435 418 1.23 0 TATA box

LTRgRNA49 UGCUUAUAUGCAGCAUCUGANGG 0.922 � 415 434 417 1.31 0 TATA box

LTRgRNA28 CUUUCCGCUGGGGACUUUCCNGG 0.911 + 354 373 370 2.40 1a NF-kB I

LTRgRNA219 UUUCCGCUGGGGACUUUCCGNGG 0.887 + 355 374 371 2.60 0 NF-kB I

LTRgRNA253 CUUUCCACUGGGGACUUUCCNGG 0.880 + 354 373 370 2.40 3 NF-kB I

LTRgRNA491 UGCUUUUAUGCAGCAUCUGANGG 0.874 � 415 434 417 1.31 1 TATA box

LTRgRNA57 UUUCCGCUGGGGACUUUCCANGG 0.864 + 355 374 371 2.60 0 NF-kB I

LTRgRNA25 CUGCUUAUAUGCAGCAUCUGNGG 0.858 � 416 435 418 1.23 1 TATA box

LTRgRNA24 CUACAAGGGACUUUCCGCUGNGG 0.858 + 344 363 360 2.67 1b NF-kB II

LTRgRNA65 AUCUACAAGGGACUUUCCGCNGG 0.854 + 342 361 358 2.91 0 NF-kB II

The list was ranked by percent variant coverage (PVC) and predicted off-target counts (POCs). The closest functional motif from a given gRNA was counted by the distance between
the predicted cleavage sites (PCSs) and the motif positions on the HIV-1 LTR based on the coordinates of HXB2.
aLTRgRNA28 (gNFKB0), POC: chr2: 29124850–29124872 (29124856), WDR43 intron 1/17
bLTRgRNA24 (gNFKB1), POC: chr13: 30403040–30403062 (30403046), UBL3 intron 1/4
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the two binding sites has been shown to be critical for HIV-1 reacti-
vation.70 Therefore, it is likely that point mutations and InDels intro-
duced during NHEJ will reduce LTR-driven transcription.

gNFKB0/1 Possessed Little to No Risk of Human Genome

Editing

The LTR sequence of HIV-1 has evolved to contain a series of
transcription factor binding sites that are similar to, readily
observed, and known to be important for human gene expression
in the human genome that co-opt interactions with human tran-
scription factor families to regulate HIV-1 transcription. One ma-
jor concern of targeting the core and enhancer regions using the
CRISPR-Cas9 system has been the potential off-target effect on
similar sequence motifs in the human genome. However, there
was one predicted off-target site identified in the hg19 reference
genome using gNFKB1 and one off-target site identified using
gNFKB0 in off-target screening using CRSeek. The predicted off-
target site of gNFKB0 was located at the beginning of the second
exon of WDR43 on chromosome 2 with two mismatches against
gNFKB0 and a CFD score of 0.571. It was predicted to recognize
position 29124850–29124872 and cleave chromosome 2 at position
29124856. This is in an intron region, which was observed to
contain an NF-kB binding site as identified by chromatin immu-
noprecipitation sequencing (ChIP-seq).71 The gNFKB1 was pre-
dicted to cleave in the middle of first intron of UBL3 gene on chro-
mosome 13 position 30403046 (Table S2).

The binding likelihood of NF-kB transcription factors to cognate
binding sites in HIV-1 sequence variants was further compared
with that in the human genome. Visualization of cleaving endog-
enous NF-kB binding sites was performed using a collection of
5,112 NF-kB (p105/p50) binding sites along with 30-bp flanking
sequences on both ends throughout the human genome.71–74

p105/p50 binding sites among the NF-kB-related factors was
selected for subsequent comparison since it recognizes binding
970 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
motifs that were the most similar to the HIV-1 LTR consensus
sequence (Figure S2). Of note, RelA showed a relatively closed po-
sition-specific scoring matrix (PSSM) score to p105. However,
RelA (MA0107.1) was only composed of 18 sequences without in-
formation of chromosomal positions stated in the JASPAR data-
base, while p105/p50 (MA0105.03) was composed of 5,112 sites
with chromosomal locations available. These 65-bp sequences
were aligned and the nucleotide conservation was calculated and
presented by sequence logo (Figures 3A and 3B). The sequence
logo using binding site flanking sequences showed that there was
no sequence conservation among aligned human sequence other
than the NF-kB binding motif. This indicated that human NF-
kB binding sites lacked the conserved PAM sequence needed to
initiate CRISPR-Cas9 binding (Figure 3A). The potential
CRISPR-Cas9 binding positions distal to the PAM were also defi-
cient in similarity due to the lack of two NF-kB binding sites next
to each other as observed in the HIV-1 LTR (Figure 3A). However,
The PAM and the 20 nucleotide spacers were both well-conserved
in the HIV-1 LTR (Figure 3B).

To further visualize the differences described above, the PSSM and
CFD matrix were used to quantify the binding likelihood of target
sequences by p105/p50 and gNFKB0/1, respectively. Using the
PSSM generated by NF-kB binding site sequence profiles in the
human genome (MA0105.3, JASPAR), p105/p50 had high binding
likelihood to both HIV-1-specific and human NF-kB binding sites
without significant differences (Figure 3C). The CFD score was
then used to estimate the chance of gNFKB1/Cas9 binding (Fig-
ure 3D). None of the sequences flanking the human NF-kB bind-
ing sites possessed a CFD score higher than 0.2 (Figure 3D). There
were 5,089 out of 5,112 sequence having a CFD score lower than
0.001 (Figure 3D). The predicted off-target for gNFKB0 was in
an intron region, which was observed to contain an NF-kB binding
site as identified by ChIP-seq71 (CFD = 0.571, Figure S3; Table S2).
In contrast, gNFKB1 was predicted to have an off-target cleavage



Figure 3. The Use of gNFKB1 Was Predicted to Have High Specificity to HIV-1-Specific NF-kB Binding Sites and Low Off-Target Risk to Human NF-kB

Binding Sites

(A) The sequence conservation of human NF-kB (p105/p50) binding sites and flanking sequence lacked a conserved PAM site and had low similarity for gNFKB0/1 to bind. A

sequence logo was generated by a collection of 5,112 human NF-kB binding sites. The shade under gRNA sequences shows potential matched (blue) and mismatched

(black) nucleotides between gNFKB0/1 and human sequences. (B) HIV-1-specific NF-kB binding sites and flanking sequence are well conserved to match both gNFKB0 and

gNFKB1. The sequence logo was generated by a collection of 6,123 NF-kB binding sites from HIV-1 subtype B LTRs in the LANL database. The bottom panel shows the

transcription factor binding sites identified by functional assays published in previous studies.86–92 (C) The p105/p50 binding likelihood are high with respect to binding to both

HIV-1 subtype B and human NF-kB binding sites. The log-odd score based on the HIV-1-specific NF-kB site II (position 363–372) were calculated by biopython module. The

generation of human NF-kB binding PSSM for log-odd score was described in the method section. Error bars represent ± SD. K-S test was not significant (n.s.) (D) The use of

gNFKB0was not likely to bind to humanNF-kB binding sites. All humanNF-kB binding sites had a CFD score less than 0.2 using gNFKB1, which was lower than the cleavage

cutoff identified by the analysis above. Error bars represent ± SD. *p < 0.001 in K-S test. (E) The frequency table of 5,112 NF-kB binding site distance to the next closest

neighboring NF-kB binding site in the human genome. The closest pair of human NF-kB binding sites was used for each of 5,112 sites for this estimation.
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site in an intron that was not a NF-kB binding site. There are only
two nucleotides in between the position of NF-kB site I and NF-kB
site II on the HIV-1 LTR in subtype B. To test whether this
configuration of closely positioned NF-kB binding sites is unique
to HIV-1, we calculated the pairwise distance of the two
closest NF-kB binding sites for 5,105 p105/p50 binding sites in
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Figure 4. Detection of Off-Target Cleavage Events in HeLa

Cells Using Candidate gRNAs/SpCas9 followed by

Different Stimulation Conditions after Transfection of

gRNA/SpCas9 Expression Vectors

(A) Number of distinct off-target loci identified by GUIDE-seq in

HeLa cells treated with gRNA/SpCas9. Off-target cleavage sites

were called when there was at least one forward and one reverse

identified read with human:linker junction containing 7 mis-

matches or less between gRNA:target pair in human genome.

Unsti, unstimulated condition; pano, Panobinostat for 24 h

before GUIDE-seq analysis and after 48 h of CRISPR treatment;

TatIIIB, Transfection of TatIIIB Tat-expressing vector 24 h before

GUIDE-seq analysis and after 48 h of CRISPR treatment. (B–D)

The fraction of linker containing reads for each sample aggre-

gated for each detected off-target sites predicted with gRNAs

gSP1 (B), T5gRNA (C), and RNF2 (D) against human

genome. Labels at y axis represented observed cleavage sites in

human chromosome, whereas the integer in the parenthesis is

the number of mismatches between gRNA sequences and hu-

man reference sequences.
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the human genome. There were no adjacent NF-kB binding
sites located within less than 10 bp from each other (Figure 3E).
These data also suggested that low sequence conservation
flanking NF-kB binding sites and the lack of unique configurations
of adjacent NF-kB binding sites will result in low likelihood of
off-target editing events in human NF-kB binding sites, therefore
a high safety profile for the use of gNFKB0 or gNFKB1 in the hu-
972 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
man genome based on in silico predictions. We next
conducted GUIDE-seq, an unbiased off-target
detection assay, to validate the in silico prediction.

The Unbiased Off-Target Detection Assay

GUIDE-Seq Indicated Low Risk of gNFKB gRNAs

The HeLa cell line was selected to test the off-target
risk of LTR-targeting gRNAs using the GUIDE-seq
technique.75 The GUIDE-seq assay is a high sensi-
tivity next-generation sequencing (NGS) assay that al-
lows for detection of off-target gRNA:Cas9 cleavage
on a whole genome-wide level. To identify true off-
target cleavage events, we needed at least two inde-
pendent linker insertion events in different orienta-
tions to be considered a potential CRISPR-mediated
cleavage event. The RNF2 gRNA was previously
tested with no detectable off-target edits in the human
genome and used as a negative control in these
studies. The gRNA GagD was selected because it is a
lead candidate for current cure strategies that gave
improved results over LTR targeting alone.32

LTRgRNA179 (termed gSP1 hereafter) targets the
LTR with 5 predicted off-target cleavage sites in
hg19 and was selected as a positive control for detect-
able off-target edits (Table S1). SMRT1/2, LTR-A, and
T5gRNA were used as comparators that target LTR
sequences and in silico were predicted to not have off-target cleavage
(Table S2). GUIDE-seq showed no detectable off-target edits with the
treatment of either gNFKB0 or gNFKB1 (Figure 4A). The occurrence
of off-target events varied among off-target loci as well as stimulation
conditions (Figures 4B–4D; Table S2). The change of CRISPR-medi-
ated activity may be partially due to epigenetic effects at different
target locations. We previously published a report detailing this
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mechanism.76 It is also worth noting that none of the GUIDE-seq de-
tected off-target sites possessed more than 1% linker integration
events (Table S2), with the majority of linker containing reads map-
ping to regions with more than seven mismatches from the trans-
fected gRNA and likely representing endogenous chromosomal
breaks. Both gNFKB0 and gNFKB1 showed no off-target risk in
GUIDE-seq analysis. However, since gNFKB0 was predicted to target
an NF-kB binding site in the intron proximal to chromosome 2 posi-
tion 29124856, even though the GUIDE-seq results did not find a
detectable off-target event, gNFKB0 was eliminated from further
examination.

LTR-Driven Transcription Was Significantly Diminished when

gNFKB1 Was Delivered

HEK293T cells were transfected with an all-in-one plasmid vector that
contained gNFKB1, Cas9, and RFP. The Cas9 and RFP were separated
by a P2A self-cleavage sequence, to allow for proper expression of both
proteins. 24 h post-transfection, an HIV-1 molecular clone, NL4-3
DEnv GFP, was transfected into the same cells. This molecular clone
has GFP inserted into the Env gene of HIV-1, rendering this molecular
clone replication incompetent. This clone will be referred to as HIV-1
GFP. Cells were processed for flow cytometry 48 h after HIV-1 GFP
transfection. Double-positive cells were gated for those cells expressing
both gRNA:Cas9 (RFP) and HIV-1 GFP in order to understand the
gRNA-mediated effect to LTR-driven viral transcription when exposed
to CRISPR therapy (Figure 5A). This gating strategy indicated how
many cells had received both Cas9 and HIV-1 GFP. A significant
reduction was observed in the number of double-positive cells
(86.45% reduction) when compared to an empty vector (EV) control
(Figure 5B). The EV control expressed Cas9 and RFP but no gRNA.
Furthermore, a significant reduction was observed in the GFP mean
fluorescence intensity (MFI) from GFP-positive cells that were in the
double-positive gate (Figure 5C). When comparing the number of
events in the double-positive gate, a significant difference was noted be-
tween EV and gNFKB1 (Figure 5D).

gNFKB1 Was Able to Reduce LTR-Driven Gene Expression in a

Highly Sensitive TZM-bl Assay

TZM-bl cells are a HeLa-based cell line that has an integrated LTR
that drives b-gal production. In the presence of the viral protein
Tat (trans-activator of transcription), the LTR begins to express
b-gal (Figure 5E and 5F). When Tat is not present, b-gal is expressed
minimally. In this assay, TZM-bl cells were co-transfected with HIV-
1 GFP and the all-in-one Cas9 vector described previously. HIV-1
GFP provided the Tat necessary to express b-gal. 48 h post transfec-
tion, cells were processed for b-gal quantification. A significant
difference was observed in the amount of b-gal production, 79.41%
reduction, when compared to the EV control.

Co-transfection using a 3:1 Ratio of HIV-1 GFP to gNFKB1 Still

Leads to a Significant Reduction in Double-Positive Cells

In order to test whether gNFKB1 would be able to reduce LTR-driven
gene expression when there was a greater amount of HIV-1 GFP
introduced into cells, HEK293T cells were transfected with 750 ng
of HIV-1 GFP and 250 ng of gNFKB1 (3:1) in a 24-well plate. 48 h
post transfection, cells were processed for flow cytometry. A signifi-
cant reduction was observed in the number of double-positive cells
(72.1% reduction, Figures 6A and 6B). A significant reduction was
observed when comparing the MFI from the EV to gNFKB1 (Fig-
ure 6C). There was also a significant reduction in the number of
events in the double-positive gate (Figure 6D).

gNFKB1/Cas9 Significantly Reduces LTR-Driven Transcription

in a T Cell Model of HIV-1 Latency

To better understand the efficacy of the gNFKB1, we performed
CRISPR knockdown assays in the widely accepted T cell latency J-Lat
model. J-Lat (Jurkat-Latently infected) cells were developed by using a
background cell line known as Jurkats, a T cell line, and infecting
them with a strain of HIV-1 known as R7/DEnv/GFP. This strain of
HIV-1 replaces the nef gene with GFP, and there is a frameshift muta-
tion in the env gene, rendering it non-functional.77 These cells have one
integrated provirus that has been shown to express GFP upon latency
reactivation. Under basal conditions, these cells express aminimal basal
amount ofGFP. For this study, J-Lat 10.6 cells were used, which have an
integrated provirus in chromosome 9.77,78 J-Lat 10.6 cells were trans-
duced with a lentiviral vector that encoded Cas9/gRNA/RFP at a
MOI of 1. A LV transduction was used as transfection if these cells is
known to be difficult. The expression of RFP after lentiviral transduc-
tion has been shown to act as an indicator of CRISPR-Cas9 expression.
The dual-color system was useful to observe the effect of CRISPR-Cas9
treatment onHIV-1 LTR-driven transcription (GFP). 5 days post trans-
duction, J-Lat 10.6 cells were stimulated with either Phorbol 12-myris-
tate 13-acetate (PMA)/Ionomycin (50 ng/mL and 1 mM) or tumor ne-
crosis factor alpha (TNF-a; 20 ng/mL). PMA/Ionomycin was used
because it acted as a maximal stimulator of HIV-1 gene expression.
TNF-a was used as a more physiologically relevant stimulation. 24 h
post stimulation, cells were processed for flow cytometry. The gating
strategy is defined in Figure S4. The basal level of GFP expression is
less than two percent under unstimulated conditions. When stimulated
with either PMA/Ionomycin or TNF-a GFP positivity reaches 75%–
80%. A significant reduction was observed in the number of cells that
were successfully transduced (RFP+) and had reactivated from latency
(GFP+), in both the PMA/Ionomycin and TNF-a-treated cells (Fig-
ure 7). For PMA+Ionomycin-treated cells, the number of cells not ex-
pressingGFPwas 54.5% (Figure 7A). For TNF-a-treated cells this value
was 56.7% (Figure 7B). The histograms in Figures 7A and 7B indicate
the populations of cells that are either GFP+ or GFP�. The 102 peak
are cells that did not reactivate from latency, while the 104 peak are cells
that did reactivate from latency. In this experiment, the more effective
the gRNA the higher the 102 peak will be, and subsequently the 104

peak will become smaller. The percentage of cells from each peak was
used to generate the lower panels in Figures 7A and 7B. The reduction
of GFP in CRISPR-treated cells was primarily due to the sequence edits
on target sites designated by given gRNAs. Compared to an EV control
that expressed Cas9/RFP but no gRNA, more than half of CRISPR-
treated cells (RFP+) were GFP�. This suggested that the LTR-driven
transcription of gNFKB1-treated J-Lat cells had been inactivated even
under strong stimulation. In addition, cell viability was determined by
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Figure 5. gNFKB1 Was Able to Significantly Reduce LTR-Driven Reporter Gene Expression

(A–D) gNFKB1was able to significantly reduce LTR-driven reporter gene expression in HEK293T cells. HEK293T cells were seeded in 12-well plates at 150,000 cells per well.

24 h post seeding, cells were transfected with gNFKB1 (1 mg). 24 h after gNFKB1 transfection, cells were transfected with HIV-1 GFP (1 mg). 48 h after HIV-1 GFP was

transfected, cells were processed for flow cytometry. (A) Representative dot plots showing gating for double-positive populations. (B) Graphical representation of the

percentage of cells that were double-positive. (C) GFPMFI was normalized to 1 with the EV control and compared with gNFKB1. (D) The total amount of events collected was

graphically represented. (E and F) gNFKB1 was able to significantly reduce the amount of beta-galactosidase (b-gal) produced in a TZM-bl cell assay. TZM-bl cells were

seeded in 96-well plates at a density of 20,000 cells per well. Cells were then co-transfected with HIV-1 GFP and gNFKB1. 48 h post transfection, cells were processed for

b-gal. (E) Graphical representation of b-gal readout, shown here as relative light units (RLUs). (F) EV+HIV-1 GFP was normalized to 100% and gNFKB1 was compared to the

normalized control. Experiments were performed in biological triplicate, error bars represent ± SD. Statistical significance was determined by unpaired t test, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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Figure 6. gNFKB1 Was Able to Significantly Reduce HIV-1 GFP Gene Expression with a 3:1 Ratio of HIV-1 GFP to gNFKB1

HEK293T cells were seeded in 24-well plates at a density of 60,000 cells per well. Cells were co-transfected with HIV-1 GFP and gNFKB1. 48 h post transfection, cells were

processed for flow cytometry. (A) Representative flow plot showing gating for double-positive populations. (B) Graphical representation of the percentage of cells that were

double-positive. (C) GFP MFI was normalized to 1 with the EV control and compared with gNFKB1. (D) The total amount of events collected was graphically represented.

Experiments were performed in biological triplicate, error bars represent ± SD. Statistical significance was determined by unpaired t test, **p < 0.01, ***p < 0.001.
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a live/dead stain (Invitrogen) and it was shown that gNF-kB1 did not
cause an increase in cell death when compared to EV. There was a
decrease in cell viability from cells alone and DMSO (not transduced
with LV and not stimulated with PMA+I or TNF-a) to EV and gNF-
kB1 (Figure S5). This is likely due to the effects of transduction and sub-
sequent stimulation. However, the cell viability was not further
decreased with the treatment of gNFKB1 compared to the EV control,
indicating that the gene edits mediated by gNFKB1 did not induced
additional cell death (Figure S5).

DISCUSSION
There is growing evidence that HIV-1 genetic variation influences the
therapeutic efficacy of CRISPR-mediated HIV-1 inactivation. The po-
tential target sites for broad-spectrum gRNAs also showed relatively
low diversity and are more likely to play critical roles in HIV-1 repli-
cation due to evolutionary constraints. Darcis et al.45 demonstrated
the direct effect of genetic variation using seven distinct isolates to
perform an efficacy test with three gRNAs. They found in long-term
viral infection culture that even a single mismatch between gRNA
and the intended target site on single molecular clones could result
in viral escape. Roychoudhury and colleagues39 utilized the “Rule
Set 2” method previously developed for on-target activity and calcu-
lated the percentage of identical hits in subtypes. Instead, our analysis
defined a CFD cutoff to estimate the percentage of genetic variants one
gRNA was likely to efficaciously cleave (Figures 2C and 2D). The
“Rule Set 2” was developed from protein-coding sequences, whereas
our analysis identified gRNA candidates that maximized the coverage
of on-target variants with minimal off-target risk. We have previously
identified a list of broad-spectrum gRNAs, SMRT gRNAs, that effec-
tively inactivated LTR-driven transcription in TZM-bl cells.33 The
SMRT1 (D-LTR-268145) and SMRT2 (D-LTR-113493) gRNAs
were re-identified as two of the top hits using the LANLdatabase again
in the current study (Table S1). The diversity on position 513–532 and
514–533 were 0.207 and 0.204 bits estimated by all HIV-1 subtype B
LTR sequence deposited in LANL. This reinforces the idea that the
TAR region is under evolutionary constraints to preserve functional
activity related toHIV-1 replication. It also elucidated that the compu-
tational pipeline to screen broad-spectrum gRNAs represented an
effective, but not guaranteed, way to identify efficacious gRNAs to
disrupt HIV-1 replication. NF-kB binding site-targeting gRNAs
showed high coverage of HIV-1 subtype B genetic variants that
were known in the HIV LANL database (Table S1). They were also
located on the LTR in an area of relatively low diversity (Figure 2A).
We, however, acknowledge that the sequence variation in NF-kB
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Figure 7. The HIV-1 Reactivation Activity Was

Significantly Reduced in the HIV-1 Latent Cell Line J-

Lat 10.6 Treated with gNFKB1

J-Lat 10.6 cells were gated from a major cell population

while excluding debris. Cells were then gated on live cells,

then gated on RFP expression, and finally a histogram of

GFP expression was used. Cells are J-Lat 10.6 cells without

any treatment and the DMSO/PBS group are J-Lat 10.6

cells treated with DMSO or PBS. EV and NF-kB1 were

transduced with LV encoding gRNA and Cas9 and later

stimulated with PMA+Ionomycin or TNF-a. (A) Number of

GFP+ cells treated with gNFKB1 with PMA/I stimulation

(50 ng/mL and 1 mM) after CRISPR treatment among all

successfully transduced (RFP+) cells. (B) Number of GFP+

cells treated with gNFKB1 with TNF-a (20 ng/mL) stimula-

tion after CRISPR treatment. The upper panel shows the

raw data and distribution of fluorescein isothiocyanate A

(FITC-A) intensity in treatments. The lower panel shows the

relative percentage of GFP cells compared to the EV control

(n = 3). p values were calculated using a one-tailed t test.
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binding sites and evolutionary constraints may be different between
HIV-1 subtypes, which was one of the reasons that only subtype B se-
quences were included in present study. Disruption of functional ac-
tivity was determined to be crucial for HIV-1 transcription in three
HIV-1 indicator cell lines in vitro (Figures 5, 6, and 7).

To our knowledge, this is the first use of the high-sensitivity detection
of off-target edits using GUIDE-seq for anti-HIV-1 therapy. Two
gRNAs targeting two consecutive and HIV-1-specific NF-kB binding
sites were identified as the top hits in the core and enhancer promoter
region in the LTR U3 region. High off-target risk without funda-
mental evidence was stated in previous literature due to high sequence
similarity of 11-bp NF-kB binding motif between human and HIV-1
sequence.23,32 Due to the low diversity found in the LANL database
and high inhibitory potential on HIV-1 replication demonstrated in
previous reverse genetic studies, the off-target risk of gNFKB0/1
were scrutinized in detail in silico and in vitro in this study.70 The
lack of a conserved PAM site and low similarity across 20-bp of target
sequence points to a predicted low risk of hits in the human genome.
The GUIDE-seq results further validated the high safety profile of
gNFKB0/1 since the sensitivity of GUIDE-seq on CRISPR-mediated
cleavage sites was reported to be at 0.01% of cleavage frequency at a
designated target. The gRNA targeting Sp site II (gSP1) has also reit-
erated the accuracy of our computational pipeline for off-target pre-
diction. Five out of seven off-target cleavage sites identified by
GUIDE-seq were successfully captured in the predicted off-target
list. No correlation however was observed between the GUIDE-seq-
identified cleavage frequency and the CFD score on GUIDE-seq-
identified cleavage sites (Table S2). This indicated that a dichoto-
mized variable using CFD cutoff was a proper way to describe the
occurrence of cleavage events.

A few more measurements and functional assays should be pointed
out to address other concerns of anti-HIV-1 gRNAs. One of them
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is the development of resistance from edited provirus. While there
were no resistance studies provided in this manuscript, it is important
to note that utilizing a single therapy to combat HIV will most likely
result in resistance. This has been demonstrated by the ART field
quite definitively. The work of this manuscript will help design an
optimal package of gRNAs that when administered will ideally in-
crease the barrier to resistance. The correlation between time for
breakthrough resistance and sequence diversity when using CRISPR
was pointed out in previous studies, which emphasized the sequence
constraints in functionally important regions.31,34,35,79 Therefore, tar-
geting in conserved functional regions will be advantageous with
respect to resistance as well.

This study has demonstrated the high safety profile and moderate ef-
ficacy of NF-kB binding site targeting gRNAs. These gRNAs were
highly specific to the conserved NF-kB sites I and II in the HIV-1
subtype B LTR. Low off-target risk was demonstrated by both compu-
tational analysis and in vitro editing profiling using GUIDE-seq. The
efficacy of gNFKB1 at reducing LTR-driven transcription was moder-
ate in TZM-bl cells but not as efficient as SMRT1.33 We also observed
a moderate reduction in the amount of J-Lat 10.6 cells that did not
reactivate from latency when treated with Cas9 LV. It should be noted
that a key difference in the experiments performed in TZM-bl and J-
Lat 10.6 cells has been the stimulation used to reactivate the J-Lat 10.6
cells. PMA+Ionomycin mimics T cell activation, bringing multiple
transcription factors down on the LTR, including, but not limited
to NF-kB. In contrast to PMA+Ionomycin, TNF-a has been shown
to be a much more NF-kB specific agonist. The immediate next
step for this study is to examine how this gRNA does in primary in-
fected T cells followed by in vivo models. If CRISPR becomes a treat-
ment option for HIV-1-infected patients, these cells will provide a
good model for what could happen in vivo. Utilizing a humanized
mouse model has shown to be advantageous for a recently published
paper using CRISPR and LASER ART to cure HIV infection.49
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Moreover, as previously shown, this gRNA would be used in a pack-
age of gRNAs, and that package will be delivered within the context of
a number of different animal models. One of the limitations in the
current manuscript is the lack of using replication competent virus.
Data from these experiments would shed light on how this gRNA im-
pacts viral replication and viral resistance, while studying multiple
rounds of replication. While the in silico data clearly demonstrated
that gNF-kB1 would be able to target diverse HIV-1 quasispecies,
further investigation on the broad-spectrum activity in a rigorous
experimental setting is warranted.

Overall, consideration of broad-spectrum design with respect to
gRNA:target relationship and conservation of target sites among
observed HIV-1 genetic variants could result in a better gRNA profile
including effective HIV-1 reduction and low off-target risk. These key
determinants are required for the proceeding development of
CRISPR-mediated therapy on HIV-1 eradication/inactivation. More-
over, we were able to demonstrate that we could package our Cas9/
gRNA/RFP in an all in one vector in a lentiviral particle and success-
fully deliver them to T cells.

MATERIALS AND METHODS
Database of HIV-1 Subtype B Sequences

All records of HIV-1 subtype B sequences were retrieved from the
LANL HIV sequence database. Sequences that were tagged as subtype
B in the search interface of LANLHIV sequence database as of August
2018 were collected. This resulted in 424,893 sequences. Among the
subtype B dataset, 24,831 sequences were overlapped at least one bp
on either side of LTR based on HXB2 coordinate (position 1–634
or position 9086–9719). All nucleotide positions referred to in the
manuscript utilize the HXB2 position numbers as described by LANL.

Sequence Diversity

The sequence diversity in this study was determined by a summation
of Shannon entropy over a 20-bp window. The sequence diversity was
defined as follows:

�
X20

i= 1

X

j

pi;j � log2pi;j

where i = nucleotide position from 1 to 20 within the 20-bp window;
j = nucleotide identity, [A, C, G, T]; p = nucleotide probability (e.g.,
p10,A represent the probability of A at 10th bp in a given 20-bp win-
dow). The range of the sequence diversity is [0,40]. A window with 40
means every base at every position is random. A diversity of 0 means
every sequence in this window has converged to one variant.
Potential gRNA Identification and Predominant Sequence

Selection

All 20-bp HIV-1 sequences followed by NGG sequence (PAM of
SpCas9) were collected as potential gRNAs from both strands of
24,831 HIV-1 subtype B LTR sequences in the LANL database. The
first 20 bp was considered as the spacer of given gRNAs. The fre-
quency of identical 20-bp sequence to a 20-bp spacer across 24,831
LTR sequences was calculated. This frequency represented a guaran-
teed lower bound of the percentage of sequence variants recognized
by a given gRNA. The predominant, high frequency gRNAs with
more than 1% of screened sequences (248.31) were selected for sub-
sequent analysis.

Performance of gRNA:target Scoring Matrices and Cutoff

Determination

Haeussler et al.66 collected 154 off-target sequences that were exper-
imentally observed by 26 unique gRNAs from 8 off-target studies to
demonstrate the prediction accuracy of different prediction tools.
This set of CRISPR-induced cleavage sites was used as our true pos-
itive observations. The list of 25,892 putative off-target sequences
generated by CRISPOR in Haeussler and colleagues’66 study was
used as our true negative observations. To properly compare the pre-
diction accuracy of these two matrices, we filtered the datasets by the
following criteria: (1) off-target sequences with more than 4 mis-
matches were excluded since the MIT design tool only allows a search
depth of four mismatches. (2) The off-target sequences identified by
gRNA Tsai_VEGFA_site2 and Tsai_HEK293_sgRNA4 were dropped
since they both have high GC content, which gave rise to irregular off-
target landscape that accounted for more than 43% of true positive
off-target observations. (3) gRNAs with identical sequences and cor-
responding off-target sites were eliminated to avoid the bias of accu-
racy evaluation. The true positive and true negative subsets were used
for the calculation of false-positive rates (FPRs) and false negative
rates (FNRs) on incremental cutoff of MIT or CFD matrices. The
calculation of FPR and FNR and resulting plot of ROC curve was con-
ducted by python module scikit-learn. The cutoff that determined
whether a gRNA:target pair would induce CRISPR-mediated cleavage
was identified by a precision rate plot. The input data for cutoff deter-
mination was a subset of detected CRISPR-mediated cleavage events
using CIRCLE-seq.80 CIRCLE-seq was used to test the identical set of
10 gRNAs that were included in CRISPOR. In brief, CIRCLE-seq is a
technique detecting CRISPR-mediated cleavage events in a cell-free
environment by adding pre-complexed gRNA/SpCas9 recombinant
with purified target DNA in test tube. The precision rate at a given
CFD cutoff between 0 and 1 was defined as the number of CIR-
CLE-seq detected gRNA:target pair with CFD score larger than
testing CFD cutoff over number of CRISPR predicted gRNA:target
pair with CFD score larger than testing CFD cutoff.

PVC and Predicted Off-Target Counts (POCs) of gRNAs

The HIV-1 sequence variants in LANL database that were fully over-
lapped with testing gRNA were used for the calculation of PVC. The
CFD score of each gRNA:variant pair was calculated. The percentage
of overlapped sequence variants that had CFD score larger than CFD
cutoff (0.569) were defined as PVC. The potential off-target sites were
first extracted from human genome (hg19) using cas-offinder.81 Any
20-bp that possessed four mismatches or less against the comparing
gRNA were collected for the CFD score calculation. Any off-target
site that had CFD score larger than the CFD cutoff (0.569) were
counted as POCs.
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Sequence Logo Generation and Binding Likelihood Calculation

Sequence logo was generated by python package weblogo (v2.8).74

The PSSM of p105 was collected from JASPAR database
(MA0105.3), including 5,112 chromosomal locations.71,72 The bind-
ing likelihood between each HIV sequence variant or each reported
p105/p50 binding site in the human genome (MA0105.3) was then
calculated for log-odd score using motif.pssm function in the Bio-
Python package. Log-odd score is the odd ratio between input
sequence motif and background sequence frequency. The higher
log-odd score using p105 PSSM indicates more similar motif to the
p105 PSSM, which in turn suggested a higher binding likelihood to
the p105. The default of uniformed background frequency was used
in this analysis. A 65-bp human sequence centered by each of re-
ported p105 binding sites in MA0105.3 was extracted from human
genome (hg19). The best CFD score between tested gRNA (either
gNFKB0 or gNFKB1) and 65-bp human sequence fragment was
calculated for the estimation of the gRNA binding likelihood on hu-
man NF-kB binding sites. The CFD score between tested gRNA and
intended target sites in HIV-1 LTR (position 354–373 for gNFKB0
and position 344–363 for gNFKB1) was calculated for the estimation
of the gRNA binding likelihood on HIV NF-kB binding sites.

Cell Culture

HEK293T (American Type Culture Collection [ATCC], Manassas,
VA, USA) TZM-bl, and HeLa cells (AIDS Reagent Program, Division
of AIDS, NIAID, NIH, Bethesda, MD, USA) were cultured in DMEM
with 10% heat-inactivated FBS (v/v) with 100 mg/mL of penicillin and
100 mg/mL of streptomycin. J-Lat 10.6 cell line was obtained from the
NIH AIDS reagent bank and cultured in RPMI-1640 with 10% heat-
inactivated FBS with 100 mg/mL of penicillin and 100 mg/mL of
streptomycin.

Plasmids and gRNA Cloning for GUIDE-Seq

The gRNA expression vector phH1-gRNA (Addgene plasmid
#53186) and Cas9 expression vector (catalog number #41815)
were obtained from Addgene. gRNA cloning was performed as
previously described with some modifications.82 Briefly, 20 bp for-
ward and reverse gRNA oligonucleotides were synthesized by In-
tegrated DNA Technologies (IDT) with appropriate overhangs to
be cloned into the specific gRNA backbone desired. After anneal-
ing, the gRNA was then phosphorylated for 1 h in a 37�C water
bath followed by heat inactivation for 20 min at 65�C. gRNA oli-
gonucleotides were run on a 1% agarose gel to determine their
concentration for calculating the insert:vector molar ratio. gRNA
expression vectors were cut with BbsI for 1 h followed by heat
inactivation for 20 min at 65�C. In order to prevent the plasmid
from ligation without the insert, the expression vector was dephos-
phorylated with shrimp alkaline phosphatase, incubated for
30 min at 37�C and heat-inactivated for 15 min at 65�C. A 10:1
insert to vector molar ratio was used for ligation of the insert
into cut, dephosphorylated vector, for 2 h at room temperature fol-
lowed by transformation of 5 mL of the ligation mix into DH5alpha
bacteria and grown overnight. Single bacterial clones were picked
and grown for plasmid minipreps (QIAGEN) and sequence confir-
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mation of the gRNA inserts. M13 Reverse was used for mu6, hU6,
7SK, and H1 gRNA expression plasmid sequence confirmation of
insert. Clones with the gRNA insert were maxipreped (QIAGEN)
and used for transfections.

Transfection and Stimulation of HeLa Cells for GUIDE-Seq

HeLa cells were stimulated with panobinostat (50 nM) or co-trans-
fected with the previously cloned pcDNA3.1+/hygro plasmid encod-
ing the 86 amino acid TatIIIB protein (accession number,
AAB59870)83,84 for 24 h after 24 h seeding. Cas9 expression vector
hCas9 (1.5 mg, Addgene plasmid #41815) and 0.5 mg of gRNA expres-
sion vector phH1-gRNA (Addgene plasmid #53186) were co-trans-
fected with 3 mg of oligonucleotide (as known as “linker”) ordered
from IDT for 48 h before genomic DNA purification. The linker
was a 34-bp sequence that was designed to be distinct from human
genome. The composition of the linker was 50-G*T*TTAATTG
AGTTGTCATATGTTAATAACGGT*A*T-30 where * indicates a
phosphorothioate linkage instead of phosphodiester bond. The
genomic DNA were then extracted from the treated culture and sub-
sequent library preparation was performed as published by Tsai
et al.75 in the publication of the GUIDE-seq technique with a few
modifications. One of the main modifications was to generate a
read library compatible with both MiSeq and NextSeq platforms by
using GSP_F (50- GTCTCGTGGGCTCGGAGATGTGTATAAGAG
ACAGGTTTAATTGAGTTGTCATATGTTAATAAC-30) and GSP_
R (50- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGA
TACCGTTATTAACATATGACAACTCAAT-30) primers at PCR1/
PCR2 steps in replace of Nuclease_off_+_GSP1/2 and Nuclea-
se_off_�_GSP1/2 primers, respectively. The linker-based PCR
amplification was sequenced by Illumina NextSeq 550. The output
of index sequences required for GUIDE-seq analysis was generated
by bcl2fastq and reverse complemented due to the opposite
sequencing direction for indexing reads between MiSeq and NextSeq.
The linker-inserted chromosomal positions were then identified
by GUIDE-seq analysis pipeline (https://github.com/aryeelab/
guideseq). In brief, at least one of each linker-to-human sequence
read had to be captured by two GSP primers and two independent
linker insertion events from different orientation to be considered a
potential CRISPR-mediated cleavage event. This process is designed
to exclude the false-positive events at random DSB sites. The break-
point of linker-to-human sequence was designated as the CRISPR-
mediated cleavage site based on the majority rule since the random
insertion/deletion introduced by endogenous NHEJ repair system
in the cells causes a shift of the linker-to-human position. The adja-
cent sequences at both ends of the linker were joined and matched
to the sequences of treated gRNA. All gRNA:target pairs with less
than 7 mismatches were considered as valid CRISPR-mediated cleav-
age events.

Plasmids and Cloning of gRNA/Cas9 Expression Vectors for

Transfections and Transductions

The lentiviral transfer vector pL-CRISPR.SFFV.tRFP was obtained
from Addgene (Plasmid #57826), a gift from Dr. Ebert.85 Sets of oli-
gonucleotides with 50-CACC and 30-ACCC overhangs (Table S3)
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were synthesized from Integrated DNA Technologies (Coralville, IA,
USA). The double-stranded oligonucleotides were prepared and
cloned into pL-CRISPR.SFFV.tRFP using Esp3I (isoschizomer of
BsmBI, NEB) by conducting the cloning protocol previously
described (https://media.addgene.org/data/plasmids/57/57826/57826-
attachment_n4-jQ6ZzmxPM.pdf), which produced the co-expression
vector of sgRNA and SpCas9-P2A-TagRFP for transient transfection
(Figures 5 and 6) or lentiviral transduction (Figure 7).85 The NL4-
3DEnv plasmid that contains a replication-defective molecular clone
was acquired from the NIH AIDS reagent bank (catalog number:
11100).

Transfection of HEK293T Cells for HIV-1 Transcriptional

Inactivation Assay

Lipofectamine 3000 was used for the transfection of sgRNA/SpCas9
co-expression plasmid and NL4-3DEnv plasmid as previously
described by the manufacturer (Invitrogen). HEK293T cells were
seeded in a 12-well plate with 1.5� 105 cells per well. Cells were trans-
fected with 1 mg of sgRNA/SpCas9/RFP co-expression plasmid 24 h
post-seeding. The molecular clone NL4-3DEnv (HIV-1 GFP; 1 mg)
was transfected into HEK293T cells 24 h after the transfection of
sgRNA/SpCas9. For experiments with co-transfection of sgRNA/
SpCas9 and NL4-3DEnv 6 � 104 cells were seeded in a 24-well plate
and 24 h post-seeding NL4-3DEnv (750 ng) and sgRNA/SpCas9
(250 ng) were added in a 3:1 ratio. In these studies (Figures 5A–5D
and 6, measurements were performed 48 h after last transfection us-
ing flow cytometry as described below.

Transfection and Stimulation of TZM-bl Cells for b-gal Assay

TZM-bl cells have an integrated LTR that drives b-gal. Cells were
seeded at 20,000 cells per well in a 96-well flat bottom plate. 24 h
post-seeding, cells were transfected with a 10:1 ratio of Cas9/gRNA
plasmid to NL4-3DEnv plasmid using Lipofectamine 3000, as
described by the manufacturer. A total of 100 ng of plasmid DNA
was used. 48 h post transfection, cells were processed for b-gal expres-
sion using the Galacto-Star One-Step b-gal Reporter Gene Assay Sys-
tem as described by the manufacturer (Thermo). Briefly, cell culture
supernatant was aspirated and the supplied lysis buffer (30 mL per
well) was added to cell monolayers. Lysis buffer was allowed to sit
on cells for 10 min on an orbital shaker. During that time substrate
was added to the supplied diluent at a 1:50 dilution factor (100 mL
of substrate/diluent solution per well). 10 mL of cell lysate was added
to the 100 mL of substrate/diluent solution. Cells were then incubated
at room temperature in the dark for 60 min. After the 60-min incu-
bation chemiluminescence was read on a GlowMax 96 dual injector
plate reader.

Lentivirus Preparation and Production

The gRNA/SpCas9 co-expression plasmid described above was pack-
aged into a lentiviral vector by co-transfecting with HIV-1 gag, pol,
rev, and tat expressing vector psPAX2 (Addgene plasmid #12260, a
gift from Didier Trono) and vesicular stomatitis virus Env glycopro-
tein (VSV-G) expressing vector pMD2.G (Addgene plasmid #12259;
http://n2t.net, addgene:12260, 19300443) into HEK293T cells.
sgRNA/SpCas9 co-expression plasmid (20 mg), VSV-G (8 mg), and
psPAX2 (12 mg) were mixed and co-transfected into HEK293T cells
with calcium phosphate as transfection reagent after 24 h of 2.5 �
106 HEK293T cell culture seeded in 100 mMdish in DMEM complete
medium. HBS (1X) was added to themixed plasmids to bring the total
volume to 500 mL in the same tube. CaCl2 (2.5 M, 30 mL) was added
into the mixture and incubated for 20 min at room temperature. The
incubated mixture was then added to 100 mM dish for transfection
for 8 h followed by a fresh media change. Supernatant was collected
at 24 and 48 h post media change with clarification achieved by
centrifugation at 1,000 � g for 5 min. The supernatant obtained
from this procedure was passed through a 0.45 mm filter. The virus
was concentrated further with the Lenti-X concentrator solution as
previously described by the manufacturer (Takara).
Titer of Fluorescent Virus Production

A fluorescent titration protocol was adapted from the procedure pre-
viously described by the manufacturer (Addgene). Briefly, HEK293T
cells were seeded in a 6-well plate at 75,000 cells per well. 24 h post-
seeding 10-fold serial dilutions of virus were made for each Cas9/
gRNA LV. Cell media was aspirated and 1mL of virus-containingme-
dia was added dropwise to the cells. 24 h after transduction, media
were changed and cells were allowed to grow for another 24 h. 48 h
after transduction, cells were trypsinized and flow cytometry was per-
formed as previously described.
Transduction of J-Lat 10.6 Cells

J-Lat 10.6 cells were seeded in a 96-well v-bottom plate at 25,000 cells
per well in 100 mL. 4 h post seeding cells were transduced with LV. An
MOI of 1 was used for each LV. Polybrene (8 mg/mL) was added to LV
before addition of LV to cells. Cells were then spinoculated using the
following parameters; 1,000 � g for 60 min at 30�C. After the spino-
culation, cells were incubated as a pellet overnight. After the overnight
incubation cells were transferred to a 24-well plate. 48 h post
transduction, cells were checked for RFP expression by fluorescent
microscopy. On the same day, cells were split in half and seeded
into a 12-well plate. 48 h later, cells FBS spiked with 1 mL of media.
24 h later, cells were spun down and resuspended in fresh media. 24 h
before running flow cytometry, J-Lat cells were stimulated with either
PMA and Ionomycin (Sigma) or TNF-a. PMA was used at 50 ng/mL
and Ionomycin was used at a 1 mM concentration. TNF-a was used at
20 ng/mL.
Flow Cytometry for HEK293T and J-Lat10.6 Cells

HEK293T cells were trypsinized 48 h after the last transfection. J-Lat
10.6 cells were collected 24 h after stimulation. Harvested cells were
placed into fluorescence-activated cell sorting (FACS) tubes with
1 mL of warmed DMEM. All spin steps were performed at 500 � g
for 3 min. Cells were stained with 1 mL of a live/dead stain (Aqua,
Thermo Fisher) for 20 min. Cells were then washed twice with
FACS wash buffer, 96% PBS, 3% heat-inactivated FBS, and 1% 1 M
HEPES. Cells were then fixed with 1% paraformaldehyde for
15 min. Cells were collected by centrifugation after fixation and
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resuspended in FACS wash buffer. All flow samples were run for
50,000–100,000 events on a BD LSR Fortessa.

Data and Source Code Availability

All bioinformatic analysis was conducted in python. The CRSeek py-
thon module was used to calculate PVC and off-target cleavage sites
adapting cas-offinder.50 The analyses and figures can be reproduced
using the python notebook.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.omtn.2020.07.016.
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