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The human T cell leukemia virus type 1 (HTLV-1) is a patho-
genic retrovirus that persists as a provirus in the genome of
infected cells and can lead to adult T cell leukemia (ATL).World-
wide, more than 10 million people are infected and approxi-
mately 5% of these individuals will developATL, a highly aggres-
sive cancer that is currently incurable. In the last years, genome
editing tools have emerged as promising antiviral agents. In this
proof-of-concept study, we use substrate-linked directed evolu-
tion (SLiDE) to engineer Cre-derived site-specific recombinases
to excise the HTLV-1 proviral genome from infected cells. We
identified a conserved loxP-like sequence (loxHTLV) present
in the long terminal repeats of the majority of virus isolates. Af-
ter 181 cycles of SLiDE, we isolated a designer-recombinase
(designated RecHTLV), which efficiently recombines the
loxHTLV sequence in bacteria and human cells with high spec-
ificity. Expression of RecHTLV in human Jurkat T cells resulted
in antiviral activity when challenged with an HTLV-1 infection.
Moreover, expression of RecHTLV in chronically infected SP
cells led to the excision of HTLV-1 proviral DNA. Our data
suggest that recombinase-mediated excision of the HTLV-1 pro-
virus represents a promising approach to reduce proviral load in
HTLV-1-infected individuals, potentially preventing the devel-
opment of HTLV-1-associated diseases.

INTRODUCTION
Retroviral infections remain a challenge for modern medicine, mainly
because there are still no effective therapies to cure them. The perma-
nent integration of the proviral DNA into the host cell genome results
in lifelong infection. For this reason, from the over 37 million human
immunodeficiency virus (HIV)-infected people worldwide, the ones
with access to therapy are dependent on lifelong drug treatments
that suppress the virus but cannot cure the patients from the infection
(UNAIDS 2021 estimates). A promising approach to solve this
problem is the use of programmable DNA nucleases to compromise
the virus. While some nuclease strategies aim to target the viral entry
receptors of host cells,1–5 others focus on directly disrupting the ge-
netic material of the virus.6–8 The use of designer-nucleases to treat
HIV-1 infections has been possible because the integrated proviral
DNA serves as a targetable substrate for genome scissors such as
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zinc finger nucleases (ZFNs), transcription activator-like effector nu-
cleases (TALENs), or CRISPR-Cas9.6–10 However, nucleases induce
double-strand breaks and rely on the cellular DNA repair machinery,
which processes them in an unpredictable manner. Indeed, the use of
nucleases to target viral sequences leads to the rapid formation of resis-
tant clones, potentially compromising the utility of this approach.11–14

Another class of genome editing tools, namely site-specific recombi-
nases (SSRs), circumvent this problem, as they do not rely on host
DNA repair mechanisms and edit DNA in a seamless manner.15 How-
ever, adapting SSRs to recombine custom-chosen sequences poses
challenges. Nevertheless, directed evolutionmethods have proven use-
ful to redirect the specificity of recombinases to recognize new target
sequences.16–18 In fact, designer-recombinases have been developed
as powerful tools for the removal of the HIV-1 provirus, with high
efficiency and precision.19–21 Importantly, these designer-recombi-
nases have demonstrated their anti-retroviral activity without the
emergence of resistant clones in humanized mouse models, indicating
that they have considerable therapeutic potential.19,20

Targeting infections using genome editing tools is not limited to the
HIV virus and similar approaches could potentially be utilized for treat-
ing other human retroviral infections.HumanTcell leukemia virus type
1 (HTLV-1) is a human-pathogenic retrovirus that causes an aggressive
neoplasia, of adult T cell leukemia (ATL), in about 5% of carriers.22–24

Furthermore, in a smaller percentage of infected individuals, an inflam-
matory neurological disease called HTLV-1-associated myelopathy/
tropical spastic paraparesis (HAM/TSP) is observed.25 Approximately
10 million people are infected with HTLV-1 around the world with a
high percentage of them in endemic areas that include, among others,
Japan, Central Australia, South America, the Caribbean, and Sub-
Saharan Africa.24,26 The lack of effective therapies for ATL and
HAM/TSP denote the need for new treatment approaches. Viral
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Directed evolution of RecHTLV

(A) Alignment of the loxHTLV (RecHTLV) target sequence

to loxP (Cre), loxLTR (Tre), and loxBTR (Brec1).

Mismatches to the loxP sequence are marked in red

and asymmetries within the sequences are underlined.

The spacers are shown in gray. (B) Scheme of the

RecHTLV evolution process. The activity of the

recombinase libraries from the first and last cycle in

each subsite are shown as images of the agarose gels,

where the upper bands correspond to the non-

recombined plasmids and are illustrated with two

triangles. The smaller faster migrating bands indicate

recombined plasmids (shown here as one triangle). The

number of evolution cycles performed in each subsite is

marked between the two agarose gels. The triangles

below indicate the reduction of L-arabinose (L-ara)

levels during evolution for each target site.
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transmission occurs mostly through cell-to cell spread at tight cell con-
tacts or via cellular protrusions (reviewed in Gross and Thoma-
Kress27,28 and Sarkis et al.27,28). However, viral amplification occurs
mainly by clonal expansion, although infectious spread persists during
chronic infection.29 Thus, HTLV-1 has a remarkably stable genome,
and there is little sequence variation between individuals and even
within cells of an infected person.30,31Nevertheless, defective proviruses
are present not only in patients but also in asymptomatic HTLV-1 car-
riers.32 The HTLV-1 proviral genome is approximately 9 kb and it is
flanked by 50 and 30 long terminal repeats (LTRs) that are identical in
sequence.33 The genetic sequence stability of the virus and the fact
that the provirus integrates in the genome of infected cells make
HTLV-1 a suitable candidate for treatment with gene editing tools.
Indeed, different groups have already attempted the disruption of the
virus using nucleases: Tanaka et al. used zinc finger nucleases to disrupt
the LTR promoter and Nakagawa et al. used CRISPR-Cas9 to target the
Hbz gene, which led to a reduction in cell proliferation in three different
ATL cell lines.34,35 However, with the use of nucleases it is likely that, as
for HIV-1, resistant HTLV-1 clones will emerge. Here, we use directed
molecular evolution to develop a Cre-based designer-recombinase able
to recognize loxHTLV, a highly conserved sequence present in the LTRs
of HTLV-1. Our results provide proof of concept that evolved recombi-
nases can be generated to precisely excise theHTLV-1provirus from in-
fected cells.

RESULTS
Target site selection

The target sites for Cre-like recombinases typically consist of an 8 bp
spacer sequence flanked by 13 bp inverted repeats, which can harbor
Mo
some positions of asymmetry.15,20,21 To identify
a suitable recombinase target site, we applied
the SeLOX algorithm36 to a collection of 949
LTR sequences deposited in the HTLV-1
Molecular Epidemiology Database.37 From
these data, we identified the most conserved
34-mers, restricting the results to sequences
present in at least 80% of all the deposited LTRs. After discarding se-
quences containing mononucleotide repeats of five identical bases or
more, we obtained a set of eight candidate target sites. To avoid
possible unwanted recombination on human off-target sites, we
searched for all occurrences of sequences resembling the candidate
target sites (reference assembly GRCh38 from December 2013).
We allowed up to two mismatches per half-site and disregarded
mismatches in the 8 bp spacer regions. As a result, we discarded
five candidates with potential off-target risk. To select the most suit-
able of the three remaining target sites, we compared sequences of
their half-sites with target sites of previously evolved recombinase li-
braries.16,20,21,38,39 We nominated the target site with the lowest num-
ber of mismatches against one of the previous target sites and named
it loxHTLV (Figure 1A). The final target site is found at nucleotide
positions from 317 to 350, and from 8,597 to 8,630 (GenBank entry
AB513134.1). loxHTLV is highly conserved and found without mis-
matches in 86% of the sequences from the HTLV-1 Molecular Epide-
miology Database (Figure S1A). Because loxHTLV is located in the
LTR sequences of HTLV-1, flanking the genome of the retrovirus,
recombination of these sites would result in the excision of the com-
plete proviral coding sequences from infected cells (Figure S1B).

Directed evolution of HTLV-1 targeting recombinases

To develop a designer-recombinase able to recombine the loxHTLV
site, we performed substrate-linked directed evolution (SLiDE) (ma-
terials and methods).16,20,38,39 SLiDE is performed in E. coli and links
the excision activity of recombinases to the plasmid that encodes
them. In each evolution cycle, the recombinases that successfully
excise the target site were selected and amplified by PCR thus
lecular Therapy Vol. 31 No 7 July 2023 2267

http://www.moleculartherapy.org


A

B

Figure 2. Screening for an active and specific

HTLV-1 recombinase

(A) Overview of the process for the selection of clones. In

the upper part, a scheme of the construct used for

expression of the library is shown: expression of the re-

combinase fused to a nuclear localization signal (NLS-

Rec) is regulated by a tetracycline-inducible promoter

(TRE3G), which is bound by Tet-On 3G (Tet-On

advanced transactivator protein) upon doxycycline

treatment; bicistronic expression of Tet-On 3G and a

GFP cassette is driven by an elongation factor 1 alpha

(EF1a) promoter and separated by a self-cleaving 2A

peptide (P2A). The lower part shows the process

followed for selection of candidate clones: the

recombinase library was cloned into a lentiviral vector

and, after lentivirus production, HeLa cells were infected

with the recombinase-containing lentiviral particles. After

7 days of expression, the recombinases were extracted

by PCR and cloned in the pEVO bacterial plasmid for

sequencing and evaluation of activity on loxHTLV.

Furthermore, the clones were tested in the cell

culture for activity on the loxHTLV target site. (B) Top:

agarose gels for the plasmid activity assay showing

recombination efficiency of Cre, Brec1, and RecHTLV

on their respective target sites in bacteria. The

performed test digest results in a smaller fragment for

recombined (one triangle) and a larger fragment for non-

recombined plasmids (two triangles). The recombinases

were tested at 0, 1, 10, 50, 100, and 200 mg/mL

L-arabinose as shown above. Quantification of

recombination is shown below the gels as a fraction of

1 (1 fully recombined, 0 not recombined). Bottom: line

graph showing the quantification of recombination at

the different levels of arabinose for Cre, Brec1, and

RecHTLV. Parts of the figure were created with

BioRender.com.

Molecular Therapy
introducing variability in the library. Amplified recombinases were
then inserted back into the evolution plasmid (pEVO) to allow suc-
cessive adaptation (Figure S1C).

In total, we performed 181 evolution cycles via 7 subsites to obtain a
library able to efficiently recombine the loxHTLV sequence at low re-
combinase expression levels, indicating that clones with high activity
had been selected during SLiDE (Figures 1B, S1C, and S1D).

Selection of RecHTLV recombinase clone

To enrich for recombinases that do not have adverse effects when ex-
pressed in mammalian cells, the final library was inserted into a len-
2268 Molecular Therapy Vol. 31 No 7 July 2023
tiviral vector that allowed the expression of the
recombinases from a tetracycline-inducible
promoter (Figure 2A). Following infection of
HeLa cells at low multiplicity of infection to
ensure that most cells express a single recombi-
nase clone, the library was expressed by the
addition of doxycycline to the medium for
7 days, ensuring that expression of the recombinase was well tolerated
in the cells (Figure 2A).39 The coding sequences of well-tolerated
recombinases were then PCR amplified from genomic DNA and in-
serted into the pEVO vector to evaluate recombination activity in
E. coli. Recombinase expression was induced by the addition of
10 mg/mL L-arabinose and the excision activity was tested for 96
clones using a PCR assay (Figure S2A; materials and methods).
From the 96 clones, 44 showed recombination activity as indicated
by the appearance of the recombination-specific band. Sanger
sequencing of the clones revealed that some of them shared the
same sequence (data not shown). Therefore, we selected the 29 unique
active clones for further evaluation in mammalian cell culture. The
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selected recombinases were inserted into a mammalian expression
vector and separately co-transfected into HeLa cells together with a
fluorescent reporter plasmid to evaluate their activity on the
loxHTLV site in mammalian cells (Figure S2B). The clone G9, here-
after referred to as RecHTLV, showed the highest activity in this assay
and was hence selected for further evaluation as a candidate HTLV-1
recombinase (Figure S2B). To confirm that the initial screen for toler-
ability in HeLa cells was successful, we inserted the RecHTLV coding
sequence into the tetracycline-inducible lentiviral system described
above in which the expression of the recombinases is driven by a
tetracycline-inducible promoter and generated HeLa-derived cell
lines (Figure 2A). Because these vectors also express GFP, transduced
cells can be followed over time. Upon the continuous addition of
100 ng/mL of doxycycline in the medium we observed that the per-
centage of GFP+ cells dropped only mildly for the cell lines expressing
RecHTLV, similar to the GFP-only control (Figure S2C). These re-
sults confirmed the success of the initial screen and that RecHTLV
does not affect cellular growth in this system. Therefore, RecHTLV
is a well-tolerated candidate HTLV-1 recombinase.

Mutations acquired during evolution

To get an insight into the mutations that were acquired during evolu-
tion, we deep sequenced the final evolution library using PacBio long-
read sequencing technology. We observed that through evolution, the
library had acquired dominating mutations in 35 residues compared
with Cre (L5Q, V7L, N10S, P12S, P15L, V23A, K25Q, D29V, M30T,
R34H, S38P, K57E, Y77H, A84T, K86N, Q90K, G93A, Q94E, M97T,
S108G, K122R, I166V, A175S, K244R, N245Y, A248V, A249V,
R259H, L261M, E262Q, E266G, T268A, P307A, N317T, I320S) (Fig-
ure S3A). As described previously, many of these mutations are resi-
dues that have direct contact or proximity to the target site DNA,
indicating a putative function of these residues in modulating the
selectivity toward the new target site (Figure S3A).16,20,21 We next
sequenced the selected RecHTLV clone using Sanger sequencing
and observed that it differs from Cre in 46 residues (N3K, V7L,
N10D, P12S, P15L, V16A, A18V, V23A, S38P, K43E, K57E, L58S,
Y77H, A84T, K86N, I88V, Q90K, G93A, Q94E, M97T, S108G,
S114T, K122R, Q144R, Q156L, I166V, A175S, T206A, S226T,
V227A, K244R, N245Y, A248V, A249V, P250S, Q255R, R259H,
L261M, E262Q, E266G, A267T, T268A, M299L, P307A, N317R,
I320S). This is the highest number of changes observed in a Cre-
derived recombinase to date, possibly due to the marked differences
of loxHTLV when compared with loxP.

RecHTLV contains most of the mutations that emerged through the
library evolution (Figures S3A and S3B), including mutations previ-
ously seen in other Cre-based designer-recombinases (Y77H,
S108G, I166V, A175S, I320S), indicating a possible general role of
these residues in protein stability.20,40 We also observed that
RecHTLV has several changes in the first 20 amino acids (positions
3, 7, 10, 12, 15, 16, and 18). The role of the N terminus of Cre has
been debated because wild-type Cre can efficiently recombine loxP
even when the first 20 amino acids are removed, but it has recently
been reported that for evolved Cre-type recombinases these amino
acid changes contribute to the stability of the protein.41–43 Hence,
the amino acid changes in the first 20 residues might also contribute
to the protein stability of RecHTLV.

One of the hotspots of mutations for RecHTLV is in helix D, particu-
larly at residues on positions 84–94, which have been shown in Cre to
be important for recognizing the nucleotide positions close to the loxP
spacer (Figure S3B). Interestingly, some of these changes were previ-
ously seen in the Brec1 recombinase.20 Nonetheless most of the muta-
tions acquired are unique to RecHTLV possibly conferring specificity
to the nucleotide changes in loxHTLV differing from the loxBTR
target site (Figure S3B). Another mutation hotspot occurs in helix J,
which makes direct contact with the major groove of the DNA, and
has been shown to be involved in recognition of the nucleotide posi-
tions 8, 9, 10–25, 26, and 27 of the target site (Figure S3B).44–46 The
loxHTLV target sequence is very different at these nucleotide positions
when compared with loxP or other lox-like targets and we consistently
observe unique changes in this region of the protein, including resi-
dues 261 and 267, which were nevermutated in any other designer-re-
combinase investigated thus far (Figure S3B).20,21,38,39

Taken together, these data provide additional insight into the
recognition of evolved recombinases to their target site, possibly
contributing to efforts for a more rational engineering of Cre-based
recombinases toward novel target sites.47–49

RecHTLV specifically recombines loxHTLV in E. coli

To characterize RecHTLV in more detail, we tested its recombination
activity at different expression levels in E. coli. The pEVO vector al-
lows for testing the activity of recombinase clones in bacteria at
different expression levels by modulating the concentration of
L-arabinose added to the growth medium. We expressed RecHTLV
using 0, 1, 10, 50, 100, and 200 mg/mL of L-arabinose and loaded
the isolated plasmid DNA after digestion with diagnostic restriction
enzymes on agarose gels. As expected, we observed an increase of in-
tensity of the band specific for the recombined form of the plasmid,
indicating that the loxHTLV target sites were recombined in an
L-arabinose dose-dependent fashion (Figure 2B). We compared the
recombination activity of Cre on loxP and recombination of loxBTR
by Brec1, a recombinase with potent antiretroviral activity in HIV-1-
infected cells (Figure 2B).20 We found that at low levels of expression
(0, 1 mg/mL of L-arabinose) Cre recombined loxP proficiently,
whereas Brec1 and RecHTLV had less than 10% recombination activ-
ity on their respective target sites at this level of induction. However,
when expressed at higher levels, RecHTLV efficiently recombined the
loxHTLV sites (>80% recombination), displaying similar activity as
Brec1 on loxBTR. The difference in activity can be explained by
different factors including DNA-binding affinity or protein stability.
Overall, RecHTLV shows slightly lower activity compared with Cre
on loxP, but similar recombination activity to Brec1 on loxBTR.

RecHTLV recombines loxHTLV efficiently in HeLa cells

To test the activity of RecHTLV inmammalian cells, we constructed a
mammalian reporter vector in which a three SV40 poly(A) cassette
Molecular Therapy Vol. 31 No 7 July 2023 2269
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Figure 3. Activity of RecHTLV in human cells in

transient reporter assay

(A) Schematic representation of the reporter and expres-

sion constructs used for assessing RecHTLV activity in

HeLa cells. The reporter construct pCAGGS-lox-pA-lox-

mCherry consists of 3 poly(A) (pA) sequences flanked by

two loxHTLV sites which prevent the expression of

mCherry driven by a CAG promoter. Expression of

mCherry is only possible upon recombination of the

loxHTLV sites. The IRES (internal ribosomal entry site)

bicistronic expression construct allows simultaneous

expression of the recombinase fused to a nuclear

localization signal (NLS-Rec) and a GFP cassette driven

by a CMV promoter. (B) Representative images showing

the fluorescence-based recombination reporter assay.

HeLa cells were co-transfected with the indicated

recombinase and the reporter construct. Only upon the

expression of RecHTLV we observed expression of

mCherry. Scale bars, 200 mm. (C) Left: representative

dot plots obtained by flow cytometry of HeLa cells

transfected with the loxHTLV reporter construct and Cre

or RecHTLV expression constructs. On the right side,

quantification of the recombination efficiency measured

as the ratio of mCherry+ cells and frequency of

transfected cells (GFP+). The bar shows the mean ± SD

of five independent experiments (***p < 0.001, unpaired

two-sided t test).
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was flanked by two loxHTLV sites preventing the expression of the
mCherry gene located downstream. Upon recombination of the
loxHTLV sites, the poly(A) cassette is excised allowing the expression
of mCherry driven by the CAG promoter (Figure 3A). To express the
recombinases (RecHTLV or Cre as control), we used a plasmid that
drives the expression from a cytomegalovirus (CMV) promoter and
contained an IRES sequence, allowing linked expression of GFP
and therefore enabling to control for transfection efficiencies of
the plasmids (Figure 3A). When both plasmids were co-transfected
in HeLa cells, we observed mCherry-positive cells only when
RecHTLV was co-transfected with the reporter, whereas no
mCherry-positive cells were detected in the Cre-transfected cells
(Figures 3B, 3C, and S4).

RecHTLV recombines loxHTLV in a genomic context

To test whether RecHTLV can recombine the loxHTLV sequence in a
genomic context, we generated a HeLa reporter cell line where two
loxHTLV target sites flank a puromycin cassette followed by an
2270 Molecular Therapy Vol. 31 No 7 July 2023
out-of-frame mCherry cassette. Upon recombi-
nation, the puromycin cassette is excised, allow-
ing for the expression of mCherry driven by a
spleen focus-forming virus promoter (Fig-
ure 4A). To express the recombinases, we tran-
siently transfected a pIRES vector driving
expression of the recombinase in addition to
GFP to be able to track the transfection effi-
ciency. Forty-eight hours post transfection
we detected over 40% mCherry-positive cells transfected with
RecHTLV (Figure 4B), signifying that RecHTLV can recombine the
loxHTLV sequences in a genomic context. Importantly, expression
of Cre recombinase in this reporter cell line did not lead to appre-
ciable numbers of mCherry-positive cells (Figure 4B). To confirm
the correct excision of the puromycin cassette, we extracted genomic
DNA from the transfected cells. PCR assays with primers that flank
the loxHTLV sites produced a band pattern consistent with the cor-
rect excision via the loxHTLV sites (Figure 4C). Furthermore,
sequencing of the PCR band confirmed the exact nucleotide sequence
expected from recombinase-mediated excision (Figure 4D). We
conclude that RecHTLV is active in human cells and efficiently ex-
cises sequences flanked by two loxHTLV sites from the genome.

Experimental detection of potential off-target sites

To investigate the specificity of RecHTLV, we bioinformatically
screened the human genome for potential off-target sites based on
sequence similarity to loxHTLV. The three most closely related sites
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Figure 4. RecHTLV recombines loxHTLV in a

genomic reporter in HeLa cells

(A) Schematic representation of the reporter cell line and

expression constructs used for assessing RecHTLV

activity in HeLa cells in a genomic context. The reporter

construct consists of a puromycin cassette flanked by

two loxHTLV sites that prevent the expression of

mCherry driven by a spleen focus-forming virus (SFFV)

promoter. Expression of mCherry is only possible upon

recombination of the loxHTLV sites. In the bicistronic

recombinase expression construct, the IRES (internal

ribosomal entry site) allows simultaneous expression of

the recombinase fused to a nuclear localization signal

(NLS-Rec) and a GFP cassette driven by a CMV

promoter. (B) Left: representative dot plots obtained by

flow cytometry of the loxHTLV reporter cells transfected

with Cre or RecHTLV expression constructs. On the

right side, quantification of the recombination efficiency

measured as the ratio of mCherry+ cells and the total

transfected cells (GFP+). The bar shows the mean ± SD

of three independent experiments (****p < 0.0001; ns,

not significant, unpaired two-sided t test). (C) PCR

performed on genomic DNA from transfected loxHTLV

HeLa reporter cells. Left: schematic representation of

the PCR where primers F and R are located in the

flanking regions outside loxHTLV. The expected

amplification product is 1.2 kb for non-recombined and

560 bp for the recombined reporter. Right: agarose gel

of the PCR products from genomic DNA extracted from

different samples: lane 1, HeLa cells; lane 2–4, reporter

HeLa cells transfected with the indicated construct; lane

5, water control. The upper band on the gel shows

unrecombined reporter (two triangles) while the lower

one shows recombination (one triangle). (D)

Chromatogram of the Sanger sequencing from the

recombined PCR band shown in (C) from the

RecHTLV-treated sample.
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(Figure 5A) with five and six mismatches in the half-site sequences to
the loxHTLV sequence, respectively, were tested experimentally in
bacteria. We observed no detectable recombination on these three pu-
tative off-target sites, even at high recombinase expression levels,
indicating that RecHTLV is rather specific and does not recombine
human target sites with the closest sequence similarity to loxHTLV
(Figure 5A).

To experimentally identify putative RecHTLV off-targets in human
cells with an unbiased approach, we used a chromatin immunopre-
cipitation followed by sequencing assay (ChIP-seq).39 To this aim,
we fused RecHTLV to GFP and stably expressed the fusion protein
in HeLa cells. We used a well-established anti-GFP antibody for the
immunoprecipitation of the recombinase to enrich for genomic se-
Mo
quences bound by RecHTLV.39,50–53 After
immunoprecipitation, the DNA fragments
were deep sequenced using Illumina NGS
sequencing. We identified 112 putative binding
sites in the genome from which, based on the piled up reads when
comparing the control and test samples, we selected 10 peaks for
experimental testing in bacteria (Figure S5A). To investigate if
the bound sequences can be recombined by RecHTLV, we inserted
the 92 bp sequence found around the peak summit twice into the
pEVO vector carrying RecHTLV as an excision substrate (Figure 5B).
After induction of recombinase expression, 9 out of 10 constructs did
not show any recombination-specific band (Figure 5C), confirming
the high specificity of RecHTLV and validating that sequences bound
by a designer-recombinase are not necessarily recombination sub-
strates.39 However, one of the tested sites, namely peak 7 (Figure 5C),
displayed a weak signal of the band expected from a recombination
product. To find the exact 34 bp sequence that is recombined by
RecHTLV, we split the 92 bp into three areas, called left, middle,
lecular Therapy Vol. 31 No 7 July 2023 2271
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Figure 5. Off-target analysis of RecHTLV

(A) Top: alignment of the loxHTLV target sequence to the in-silico-predicted off-target sites: 1, 2, and 3. Off-target site 3 is asymmetric and is therefore shown as 3.1 and 3.2 in

the alignment. Mismatches to the loxHTLV sequence are marked in red and spacers are shown in gray. Bottom: agarose gel showing the recombination activity of RecHTLV

at 50 mg/mL L-arabinose for the on-target sequence (loxHTLV) and the three predicted off-targets in bacteria. Off-target sites 1 and 2 were inserted twice as excision

(legend continued on next page)
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and right, and inserted these sequences into the pEVO twice as exci-
sion substrates. We also tested in the same manner the sequence with
the highest similarity to loxHTLV (lox-peak7) (Figures 5D and S5B).
We observed that only the lox-peak7 sequence showed the recombi-
nation-specific band, thereby identifying exactly the 34 bp that are
recognized by RecHTLV in the genomic context (Figure 5D). Despite
being a potential off-target, the lox-peak7 sequence occurs only one
time in the human genome.54 Hence, deleterious recombination
events involving this sequence are highly unlikely and, because the
spacer sequence differs from the spacer of loxHTLV, recombination
between these two sites is implausible. This result demonstrates
that RecHTLV has high specificity and that the ChIP-seq method is
suitable for experimentally identifying putative genomic off-target
sites of designer-recombinases.

RecHTLV recombines loxHTLV in the context of the full HTLV-1

LTR sequence

To test whether RecHTLV is able to recombine the loxHTLV se-
quences in the context of the full-length HTLV-1 LTR, we used the
plasmid pHpX, which contains two full-size LTR sequences of
HTLV-1 flanking the Tax protein coding sequence (Figure S6A).55

For expression of recombinases, we constructed a lentiviral plasmid
in which the recombinase coding sequences are under control of
the elongation factor-1 alpha (EF1a) promoter. Both plasmids were
co-transfected into HEK293T or Jurkat T cell lines. For both cell lines
we observed that the expression of the Tax protein was significantly
reduced only when transfected with the plasmid expressing
RecHTLV (Figures S6B and S6C), but not for the empty vector con-
trol (Puro, missing recombinase cassette) or Cre-transfected cells,
indicating RecHTLV-mediated excision of the Tax expression
cassette from the plasmid. To elucidate if the recombinases are also
functional in the context of a full-length HTLV-1 proviral construct,
we performed transient assays using a plasmid (X1MT) containing
the entire genome of HTLV-1.56 Co-transfection together with the re-
combinase-expressing plasmids (Figure 6A) revealed that expression
of Gag (detected with a Gag p19 antibody) was significantly reduced
in the presence of RecHTLV compared with the empty vector (Puro)
or Cre controls (Figure 6B). As an additional control, we performed
the same assay using the HTLV-1 packaging plasmid pCMV-
HT1M.57 In this case, expression of the viral proteins is driven by a
CMV promoter while the 50 LTR has been partially deleted, therefore
lacking the loxHTLV site (Figure 6A). In contrast to the full-length
proviral sequence, we observed for the 50 LTR truncated provirus
that expression of Gag was not reduced when RecHTLV was co-ex-
pressed, implying that RecHTLV-mediated reduction of Gag expres-
substrates in the pEVO vector, whereas off-target site 3 consists of the 3.1 and the 3.2

recombination efficiency is shown. The upper unrecombined band is indicated with two t

the plasmids used for testing the selected peaks from the ChIP-seq experiment in bacter

in the pEVO vector as excision substrates. (C) Bacterial plasmid-based for RecHTLV ac

tested at 200 mg/mL of L-arabinose. Quantification of the recombination is shown belo

sequence. Top: sequence of the 92 bp tested in the plasmid assay with the indicated sub

test digest assay showing the recombination efficiencies of the different parts of peak

Quantification of the recombination is shown below each lane. The upper unrecombine
sion worked through recombination of the loxHTLV target sites (Fig-
ure 6C). We conclude that RecHTLV can recombine loxHTLV in the
context of the full-length HTLV-1 genome.

RecHTLV expression reduces HTLV-1 infection of Jurkat T cells

Next, we wanted to test if the expression of RecHTLV could reduce
HTLV-1 infection in Jurkat T cells. To this end, we generated Jurkat
cell lines that continuously express RecHTLV under control of the
EF1a promoter, as well as control lines expressing Cre. Because
HTLV-1 infection is dependent on close cell-cell contacts and hardly
occurs from free viral particles,58–61 we co-cultured the recombinase-
expressing Jurkat T cell lines with the chronically infected C91-PL cell
line, which can produce infective viral particles (Figure S7A).60,62,63

To be able to differentiate Jurkat from C91-PL cells, we stained the
Jurkat cell lines with 7-amino-4-chlormethylcumarin (CMAC) blue
dye prior to co-culture (Figures 7A and 7B).64 As a marker of produc-
tive infection, we measured intracellular Tax protein expression by
flow cytometry 5 days post co-culture. As a positive control, we
applied the compound Raltegravir, which has been shown to inhibit
HTLV-1 integrase activity and therefore blocks de novo infection of
cells.65 As expected, Raltegravir reduced Tax levels of Jurkat T cells
compared with the DMSO solvent control (Figures 7C and S7B), pre-
sumably because the drug prevented HTLV-1 integration into the Ju-
rkat cell genome. Importantly, we observed a similar reduction of Tax
expression in RecHTLV-expressing Jurkat T cells, while this reduc-
tion was not observed for cells expressing Cre (Figures 7B and 7C).
These results indicate that expression of RecHTLV reduces stable
integration of HTLV-1 in Jurkat T cells.

RecHTLV expression excises the integrated HTLV-1 provirus

from infected cells

Finally, we tested if RecHTLV can excise the HTLV-1 provirus from a
cell line isolated from an ATL patient. We used the chronically in-
fected SP patient-derived cell line that has been shown to harbor
four proviruses with known HTLV-1 integration sites, including
two proviruses containing full-length LTRs.66 We first verified that
our SP cells harbor these integrated proviruses, on chromosome 6
and 20, and that both contained the loxHTLV sequences in their
respective LTRs (Figure S7C). We then transduced the SP cell line
with a lentivirus that constitutively expresses the RecHTLV recombi-
nase (SIN LV RecHTLV) or GFP as a negative control (SIN LV GFP)
(Figure 8A). At day 9 or 10 after infection, we extracted genomic
DNA from the infected cells and performed PCR reactions with
primers flanking the integration site (Figures 8B and 8C). Consistent
with the excision of the provirus, we could detect the genomic scar for
sequences inserted as excision substrates. Below each lane, quantification of the

riangles and the recombined band with one triangle. (B) Schematic representation of

ia. From the selected peaks, 92 bp around the summit of the peak were cloned twice

tivity assay of the 10 peaks selected from the ChIP-seq binding sites. All peaks were

w each lane. (D) Dissecting peak 7 to find the RecHTLV recombinase recognition

divisions tested: “left”, “middle”, “right” “lox”. Bottom: agarose gel from the bacterial

7. Only the lox-peak7 sequence shows recombination at 200 mg/mL L-arabinose.

d band is indicated with two triangles and the recombined band with one triangle.
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both loci, as we obtained PCR bands of the expected size only in the
cells expressing the RecHTLV recombinase (Figure 8D). Sequencing
of the DNA fragments indeed confirmed the exact and precise
removal of the provirus from these loci (Figure 8D). Hence,
RecHTLV is capable of excising the HTLV-1 provirus from patient-
derived cells.

DISCUSSION
Up until today, HTLV-1 is an incurable infectious disease. However,
the proviral integration in the host genome and the stability of viral
sequences in infected cells make HTLV-1 a suitable target for gene ed-
iting tools. In this study, we developed a recombinase-based approach
for removing the HTLV-1 provirus from infected cells. The RecHTLV
recombinase is able to target and efficiently excise a sequence present
in the HTLV-1 LTRs in bacteria and human cells. Sequencing of
genomic DNA isolated from cells treated with RecHTLV revealed
that the editing was successful and precise. Remarkably, RecHTLV
harbors 46 mutations in its amino acid sequence when compared
with Cre, likely due to the disparity between the loxHTLV target
sequence and loxP, which demonstrates the flexibility to use
designer-recombinases to target sequences, even when they only
have remote similarity to the original loxP sequence.

To investigate potential side effects of RecHTLV, we employed an in-
silico-based and an experimental-based off-target analysis. We could
not detect activity of RecHTLV on the predicted potential off-target
sequences, nominated based on sequence similarity to the loxHTLV
target site. Furthermore, using an experimental unbiased approach,
we showed that ChIP-seq can be used to find unspecific binding sites
in the genome, with a sensitivity that allowed us to detect an off-target
site showing less than 10% of recombination activity. Fortunately, this
potential off-target sequence, lox-peak7, occurs in the genome only
once, which alleviates the threat of undesired editing. Furthermore,
recombination events between lox-peak7 and loxHTLV are highly
unlikely since identical spacer sequences are required for recombina-
tion and the spacer sequences of lox-peak7 and loxHTLV are
different.15 Nevertheless, to bring RecHTLV further toward potential
therapy, additional efforts should be employed to ensure that the risk
of off-target editing is brought down to a minimum.18,49,67 An exten-
sive analysis of the identified peaks from the ChIP-seq experiment
combined with whole-genome sequencing of treated cells may pro-
vide a broader overview of potential off-target sequences.39 If
required, various approaches for enhancing specificity of evolved re-
combinases have been already described.20,39,67
Figure 6. RecHTLV recombines loxHTLV in a viral context

(A) Scheme of the recombinase expression vector and the HTLV-1 proviral expression

length LTRs while pCMV-HT1M has only one truncated 50 LTR, therefore lacking one

cleaving 2A peptide (P2A) allows simultaneous expression of the recombinase fused to

driven by an EF1a. (B and C) Left: detection of Gag p55/p19 protein and FLAG-tagg

expression constructs Puro (control), Cre, and RecHTLV together with proviral expressi

indicate densitometric analysis of Gag (p55 + p19) protein, normalized to Hsp 90. Marked

to technical reasons. Right: densitometric analysis of Gag protein normalized to Hsp90.

ns, not significant, unpaired two-sided t test using the logarithm of the normalized valu
To study the efficacy of recombinases in the context of HTLV-1, rele-
vant cell line models are required. While it has been shown that
HTLV-1 naturally infected T cells contain mostly a single integrated
provirus, many cell lines used in the field harbor several copies of the
provirus, accumulated due to de novo superinfection during passaging
and culture, such as the extensively used MT-2 cell line.68,69 Further-
more, some of these copies are often truncated, thus obstructing the
study of the virus as the biology no longer mirrors the situation of the
cells in an infected individual. We found that RecHTLV excises
HTLV-1 from the chronically infected SP cell line, which has been
shown to contain four proviruses, including two proviruses containing
full-length LTRs.66 However, for future studies, cellular models or ani-
mal models with higher resemblance to an infected patient should be
systematically compared to analyze the effect of RecHTLV treatment
on the expression ofHTLV-1 viral proteins and evaluate its potential ef-
fect on cell proliferation and tumor development. For this aim, one
could use some of the well-described cell lines in the field such as TL-
oM1 or ED,70,71 which harbor only one copy of the HTLV-1 provirus,
orworkwith primarymaterial derived from infected patients anddeter-
mine provirus sequence and integration site.32 Interestingly, the
loxHTLV sequence is fully conserved in the LTRs of simian T cell leu-
kemia virus (STLV-1), a retrovirus that causes similar pathologies in
monkeys as HTLV-1 in humans and can be used as a model for
ATL.72 Hence, it would be interesting to study the effects of
RecHTLV on STLV-1 biology in naturally infected non-human
primates, such as baboons or chimpanzees.73

Previous attempts at gene editing in HTLV-1 have focused on disrupt-
ing the expression of viral proteins, either by using zinc finger nucleases
to target the LTR and thus disrupt its promoter function, or directly by
using CRISPR-Cas9 on the viral Hbz gene.34,35 While the obtained re-
sults were impressive, the editing capacity of nucleases relies on the
repair machinery of the treated cell. Therefore, the resulting sequence
is unpredictable and escape mutants are likely to emerge, as has been
documented for targeting HIV-1 with nucleases.11–14 Tanaka et al.
aimed to target both LTRs and consequently remove the provirus of
the infected cell using a similar approach to ours. While the efficiency
of editingwas high, theyobserved thatmost of the edited cells had indels
in the LTRs.34 Therefore, also here, the appearance of indels after treat-
ment could be detrimental since the edited virus could still be functional
and therefore resistant to further treatment. In contrast, designer-re-
combinases offer predictability at nucleotide precision making them
an excellent tool for excising the provirus from infected cells. Thus,
RecHTLV could be used to reduce proviral load and improve the
plasmids pCS-HTLV-X1MT and pCMV-HT1M. pCS-HTLV-X1MT contains two full-

loxHTLV target site. In the bicistronic recombinase expression construct, the self-

a 3xFLAG peptide and a nuclear localization signal (NLS-Rec) and a GFP cassette

ed recombinases 72 h after transient transfection of 293T cells with recombinase

on plasmids (pCS-HTLV-X1MT, pCMV-HT1M). Hsp 90 served as control. Numbers

with red arrows are the expected sizes of p55 and p19 products. Blots were cut due

The bar shows the mean ± SD of three to four independent experiments (*p < 0.05;

es).
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Figure 7. RecHTLV expression reduces HTLV-1 infection of Jurkat T cells

(A) Schematic representation of the experimental work: chronically HTLV-1-infected C91-PL donor cells were co-cultured for 5 days with CMAC-Blue pre-stained Jurkat

acceptor T cells, which constitutively express the RecHTLV recombinase or Cre as a control. Infected Jurkat T cells were detected by intracellular FACS staining of Tax

protein. (B) Representative dot plots obtained by flow cytometry showing the gating strategy for co-culture of Jurkat acceptor cells (CMAC+) and C91-PL donor cells (CMAC–

). The two populations are discriminated based on the CMAC staining and Tax expression is further detected in the distinct cell populations. (C) Quantification of the frequency

(legend continued on next page)

Molecular Therapy

2276 Molecular Therapy Vol. 31 No 7 July 2023



www.moleculartherapy.org
prognosis of HTLV-1 carriers with a latent infection, as high proviral
load is associated with the development of HTLV-1-associated diseases
such as HAM/TSP and ATL.74–76 However, the effectiveness of
RecHTLVmight be limited in patients already suffering fromATL since
the HTLV-1 50 LTR is frequently deleted or hypermethylated in
ATL,77,78 which could hinder the accessibility of RecHTLV to the
loxHTLV target sites.

Taken together, our data show that designer-recombinases are a
promising tool to reverse HTLV-1 infections in human cells.

MATERIALS AND METHODS
All PCR primers used in this study are listed in Table S1.

Plasmids

The evolution plasmids pEVO-loxHTLV and all the pEVO-loxHTLV
subsite plasmids, and the pEVO-lox containing the loxHTLV off-
target sites, were generated using the Cold Fusion Cloning Kit (Sys-
tem Biosciences). The inserts were PCR amplified using the pEVO as
a template and primers containing the new lox sites as an overhang
(primers 3–18, 29–34). The backbone was prepared by digesting the
pEVO vector with BglII restriction enzyme (NEB). The cold fusion
reaction was performed following the manufacturer’s protocol.

The pCAGGS-lox-pA-lox-mCherry reporter plasmidused for the study
of the activity of RecHTLV in HeLa cells was generated from the plas-
mids described by Lansing et al. (2020) and Lansing et al. (2022), orig-
inally derived from pCAG-loxPSTOPloxP-ZsGreen, a gift from Pawel
Pelczar (Addgene plasmid no. 51269; http://n2t.net/addgene:51269;
RRID:Addgene_51269).79 The target sites were introduced by PCR
with overhang primers (primers 23–24) and were inserted in the
pCAGGS reporter using SalI and EcoRI restriction digestion cloning.

The expression vector pIRES-NLS-eGFP was generated from the pIR-
ESneo-Cre Vector as described by Lansing et al. (2020). The recom-
binases were inserted in the pIRES expression plasmid by restriction
digest using XbaI and BsrGI.

The SVFF-loxHTLV-puro-mCherry reporter lentivirus plasmid
(pLenti-loxHTLV-reporter) was generated from the bicistronic
tagBFP/eGFP reporter obtained from D. Sürün80 and inserted in
the plentiCRISPR v.2 lentiviral backbone, a gift from Feng Zhang
(Addgene plasmid no. 52961; http://n2t.net/addgene:52961; RRI-
D:Addgene_52961).81 In brief, the eGFP was exchanged with an
mCherry cassette using AgeI and XhoI (NEB). A puromycin cassette
was flanked by the loxHTLV sites by PCR amplification using primers
27 and 28 and inserted by golden gate cloning with BsmBI.

The pLentiX-inducible system was constructed as described by Lans-
ing et al. (2022), a DNA fragment for TRE3G-EF1a-Tet-ON 3G-P2A-
of Tax+ cell in Jurkat (CMAC+) acceptor cells. Left: integrase inhibitor Raltegravir com

RecHTLV. For statistical analysis, the fraction of C91-PL Tax+ cells in the co-culture

***p < 0.001; linear mixed model followed by a t test). Parts of the figure were created
eGFP was inserted into the lentiviral backbone of the plentiSAMv2, a
gift from Feng Zhang (Addgene plasmid no. 75112; http://n2t.net/
addgene:75112; RRID:Addgene_75112)82 using NheI and KpnI re-
striction enzymes (NEB). Recombinases were inserted in the pLentiX
with restriction enzyme digestion and ligation using the BsrGI-HF
and XbaI enzymes (NEB). For the ChIP-seq experiment, the pLentiX
was further modified to fuse the recombinases to eGFP. In brief, the
GFP cassette was exchanged for a puromycin cassette using HpaI re-
striction digest. Furthermore, the GFP cassette was inserted down-
stream of the XbaI restriction site. The recombinases were PCR
amplified with a reverse primer which removes the stop codon
from the coding sequence of the recombinases and cloned using
BsrGI and XbaI.

The pLenti-EF1a-P2A-Puro was derived from the pLentiX vector by
exchanging the TRE3G promoter with a minimal EF1a promoter us-
ing NheI and AscI. Furthermore, the Tet-On-3G coding sequence and
the additional EF1a promoter was removed using XbaI and AgeI re-
striction enzymes. The resultant plasmid pLenti-EF1a-P2A-Puro al-
lows the cloning of recombinases using BsrGI and XbaI restriction
digest cloning.

The coding sequence of RecHTLV was codon optimized for mamma-
lian expression and synthesized as a fragment by Twist Bioscience
(South San Francisco, CA). The codon-optimized RecHTLV was
then cloned by digestion with BsrGI and XbaI restriction enzymes
to the vectors used for viral experiments (pLenti-EF1a-P2A-Puro).

Furthermore, the following plasmids were used for transient transfec-
tion experiments: pcDNA3.1 (Life Technologies); the Tax-1 wild-type
expression vector pHpX-Tax55; the full-lengthHTLV-1 proviral clone
pCS-HTLV-X1MT56; the HTLV-1 packaging vector pCMV-HT1M
harboring a deletion in the 50 LTR, expressing all HTLV-1 gene prod-
ucts under the control of a CMV promoter.57

For delivery of RecHTLV in SP cells, an HIV-1-derived replication-
incompetent lentiviral vector (SIN LV RecHTLV) was constructed
that provides high safety levels due to a split packaging system and
self-inactivating (SIN) vector design.83 The gene sequence encoding
for RecHTLV and a P2A peptide puromycin resistance gene expres-
sion cassette was placed under the control of an EF1a promotor. For
this purpose, the following sequences with homologous overhangs
were amplified by PCR: the coding RecHTLV sequence with primers
63/64 from pLentiX-EF1a-flag-NLS-G9co-P2A-puro (insert 1); P2A
puromycin resistance gene cassette with primers 65/66 from plasmid
1555 (insert 2); lentiviral plasmid backbone with primers 67/68 from
plasmid 1539. For the lentiviral GFP control vector, insert 1 was re-
placed by GFP. GFP coding sequence was amplified using primers
69/70 from plasmid 1455 and primers 71/72 were used for the lenti-
viral vector backbone. The construction was carried out using the
pared with the solvent control DMSO; Right: Jurkat cells expressing either Cre or

was considered. Error bars show 95% confidence intervals (n = 8; **p < 0.01,

with BioRender.com.

Molecular Therapy Vol. 31 No 7 July 2023 2277

http://n2t.net/addgene:51269
http://n2t.net/addgene:52961
http://n2t.net/addgene:75112
http://n2t.net/addgene:75112
http://BioRender.com
http://www.moleculartherapy.org


A

B

C

D

(legend on next page)

Molecular Therapy

2278 Molecular Therapy Vol. 31 No 7 July 2023



www.moleculartherapy.org
NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs)
according to the manufacturer’s instructions.

Generation of recombinase libraries and evolution strategy

The initial library was generated by shuffling previously generated
Cre-derived libraries. Substrate-linked protein evolution was per-
formed as described previously16,20,21,38,39 by cloning the library of re-
combinases into the pEVO vector with the corresponding target sites
(starting from the subsites to the final target site).

XL1 blue cells were transformed with the pEVO libraries and grown
in 100 mL LB medium containing chloramphenicol (25 mg/mL) and
the expression of the library was induced overnight by the addition of
arabinose in the system. After 14–16 h, 10 mL of the culture was used
for extraction of the plasmids using the GeneJET Plasmid Miniprep
Kit. Plasmid DNA (500 ng) was digested using NdeI and AvrII
(NEB) restriction enzymes and 25 ng of the digested DNA was
used as template for PCR to amplify the active recombinases in the
library. The PCR was performed using MyTaq polymerase (Bioline),
which introduces mutations due to its lack of proof-reading activity
(primers 1–2). The PCR product was digested with XbaI and BsrGI
and the recombinase band (�1 kb) was extracted from an agarose
gel. The new insert was then cloned to the pEVO backbone starting
therefore a new cycle of evolution.

Every fifth cycle of evolution, shuffling was performed. To this end,
25 ng of the NdeI and AvrII digestedminiprep containing the recombi-
nase library was PCR amplified using Herculase II Fusion Polymerase
(Agilent) (primers 1–2). The PCR product was purified and sonicated
using Covaris M220 to obtain fragments of about 200–300 bp (50 W
peak incident power, 200 cycles/s, 150 s treatment time, and 20%
duty factor). The fragments were reassembled by PCR, using the soni-
cated fragments as a template. This PCRwas followed by a second reas-
sembly PCR where the full-length recombinase was amplified using
Herculase II Fusion polymerase (primers 19–20). The PCRwas purified
using the ISOLATE II PCR and Gel Kit (Bioline) following the manu-
facturer’s protocol and the elute was digested using XbaI and BsrGI-
HF (NEB) and after gel purification the digested product was used as
an insert for ligation into the pEVO plasmid to continue evolution.

Test digest for assessing the activity of libraries/recombinases

Toassess the activity of the libraries during evolution, 500ngof themin-
iprep DNA plasmid from the induced cultures was digested with XbaI
Figure 8. RecHTLV expression excises the integrated HTLV-1 provirus from in

(A) Schematic representation of the used lentiviral expression constructs SIN LV RecHT

HTLV-1 specific recombinase fused to nuclear localization signal (NLS-Rec) or GFP, follo

(B) Experimental workflow: the HTLV-1-infected SP cell line was transduced with lentivira

and a PCR was performed followed by Sanger sequencing to confirm the correct exci

genome of the SP cells. The black arrows indicate the position of the primers used, whic

by RecHTLV, the proviral genome will be excised leaving a “genomic scar” consisting of

with primers as indicated in (B) for the proviruses in chromosomes 6 and 20. Marked w

indicates multiplicity of infection of the recombinase or GFP constructs and d indicates

Sanger sequencing results from the genomic scar on chromosomes 6 and 20 following

reads, which confirm the correct excision product. Parts of the figure were created wit
and BsrGI-HF restriction enzymes (NEB) and 250 ng of the digestion
was run in a 0.8% agarose gel stained with RedSafe (Intron Biotech-
nology). The samedigestionwas performed to test individual clones, us-
ing 500 ng of plasmid DNA extracted from 5 mL of induced culture.

Quantification of recombination from agarose gel

Recombination efficiency was quantified by the ratio of the non-re-
combined and the recombined band from the test digest of the
pEVO plasmid. The gel images were obtained using an Infinity
VX2-3026 transilluminator and the Infinity Capt software (Vilber)
and the band intensities were calculated using the GelAnalyzer 19.1
(www.gelanalyzer.com) software by Istvan Lazar, Jr., PhD, and Istvan
Lazar, Sr., PhD, CSc.

Deep sequencing of the recombinase libraries

To prepare the loxHTLV library for deep sequencing, 500 ng of the
pEVO plasmid from the last cycle of evolution was digested with
the restriction enzymes NdeI and AvrII (NEB) to select the active var-
iants in the library. The digestion was further desalted with an MF-
membrane and transformed into XL1-Blue E. coli competent cells
(Agilent). The bacterial culture was grown for 14–16 h in 100 mL
LB containing 25 mg/mL of chloramphenicol. The plasmid DNA
was extracted using the GeneJet Plasmid Miniprep Kit (Thermo
Fisher Scientific) following the manufacturer’s protocol. From this
plasmid DNA, 5 mg was digested with BsrGI-HF and XbaI (NEB) re-
striction enzymes and the 1,041 bp containing the recombinase li-
brary was enriched by twice binding of the pEVO backbone to the
custom SPRI beads.84 The supernatant was cleaned with Ampure
XP beads (Beckman Coulter) and the resulting DNA was quantified
using a Qubit HS assay Kit on a Qubit 2.0 Fluorometer (Thermo
Fisher Scientific) and sequenced by the CRTD Deep sequencing facil-
ity with a Sequel System 6.0 using the Pacbio HiFi method. Circular
consensus sequencing data were generated with PacBio’s ccs v.3.4.1
and filtered to only keep sequences of length 1,034–1,200 bp with a
minimum predicted accuracy of 99.997% (Phred score of �25).
The data were converted to FASTA using SAMtools 1.11 and the cod-
ing sequences of the recombinases translated to amino acids using the
protein2dna:bestfit alignment model of exonerate v.2.3.0. Further-
more, the sequences were filtered to guarantee that all start with a
methionine and are 344 amino acids long with grep, sed, and awk.
Further processing and analysis of the sequencing data were per-
formed in R (v.4.1.0) using the dplyr, Sequence tools (https://
github.com/ltschmitt/SequenceTools) and ggplot2 packages.
fected cells

LV and SIN LV GFP. The EF1a promoter drives the expression of the RecHTLV, the

wed by a P2A peptide, which allows the expression of a puromycin resistance gene.

l vectors expressing RecHTLV or GFP. After 9–10 days, genomic DNAwas extracted

sion of the HTLV-1 provirus. (C) Scheme of the HTLV-1 provirus integrated into the

h bind in the genomic DNA of the host cell. Upon recombination on the loxHTLV sites

one LTR sequence. (D) Left: PCR on genomic DNA of recombinase-treated SP cells

ith red arrows are the PCR products, which indicate excision of proviral DNA. MOI

the days post transduction. Right: representation of the sequencing strategy and

RecHTLV expression. The red arrows indicate the extent of the Sanger sequencing

h BioRender.com.
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Cell culture

HeLa Kyoto (MPI-CBG, Dresden) cell lines were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (Gibco) with 10% fetal
bovine serum and 1% penicillin/streptomycin (Pen/Strep) (Thermo
Fisher Scientific) at 37�C with 5% CO2 in a humidified incubator.
HEK293T cells were kept in DMEM (Gibco, Life Technologies,
Darmstadt, Germany) containing 10% fetal calf serum (FCS) (Capri-
corn Scientific, Ebsdorfergrund, Germany), L-glutamine (0.35 g/L),
and Pen/Strep (0.12 g/L each). The CD4+ T cell line Jurkat85 was culti-
vated in RPMI 1640 (45%; Gibco, Life Technologies) and Panserin
401 medium (45%; PAN-Biotech, Aidenbach, Germany), supple-
mented with 10% FCS, L-glutamine, and Pen/Strep. The HTLV-1
in-vitro-transformed CD4+ T cell line C91-PL86 was cultured in
RPMI 1640, containing 10% FCS, L-glutamine, and Pen/Strep. To
confer puromycin resistance, C91-PL cells were transduced with
pLenti-EF1a-P2A-Puro empty vector as described before87 and sub-
sequently cultivated in C91-PL medium containing 1 mg/mL
puromycin.

HTLV-1-infected cells (SP) (NIH AIDS Reagent Program, no. 3059)
were cultured using RPMI 1640 (Lonza) containing 2.0 mM
L-glutamine (PAN Biotech), 100 U/mL penicillin/100 mg/mL strep-
tomycin (Merck), 10% FBS (PAN Biotech), and 250 U/mL human
IL-2 (Biomol) at 37�C with 5% CO2 in a humidified incubator.

Screen in HeLa cells for tolerated recombinases

The final library was cloned in the pLentiX vector and the reporter
loxHTLV cells were infected with the lentiviral particles containing
the recombinases. Cells were transduced with a low multiplicity of
infection to ensure that only one recombinase integrated in each
cell. Expression of the library was induced during 7 days using
50 ng/mL doxycycline. The GFP+ cells were then sorted by flow
cytometry and expanded for 5 days and then sorted again for
GFP+mCherry+ to retrieve the active recombinases from the li-
brary. Approximately 3,500 cells were sorted in the second sorting
round.

PCR to screen for active clones

Genomic DNA from the pooled sorted cells was extracted using the
QIAamp DNA Blood Kit following the manufacturer’s protocol. Re-
combinases were then retrieved by PCR using the high-fidelity Her-
culase II Phusion DNA polymerase (Agilent) (primers 21–22) and
the PCR product was cloned into the pEVO and the bacterial trans-
formation was plated on a chloramphenicol plate. The next day, 96
colonies were picked into a deep-well 96-well plate and grown over-
night using chloramphenicol LB containing 10 mg/mL L-arabinose. A
colony PCR was performed using as a template 1 mL of the overnight
culture and MyTaq polymerase (Bioline) (primers 82–84). The PCR
products were loaded in a 2% agarose gel for analysis.

Cell culture plasmid transfection assays

The plasmid assay in cell culture to test the on-target activity of the
recombinases was performed as follows: 15,000 HeLa cells/well
were seeded in a 96-well plate. The next day, 100 ng of reporter
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plasmid and 150 ng of the pIRES expression plasmid were transfected
using lipofectamine 2000 (0.3 mL per well). Forty-eight hours after
transfection the cells well analyzed in a MacsQuant VYB (Miltenyi).
After single-cell gating, recombination efficiency was calculated by
dividing the percentage of double-positive cells (mCherry+GFP+)
by the frequency of all GFP+ cells.

The test in the genomic reporter cells was performed as follows:
100,000 cells per well were seeded in a 24-well plate and transfected
with 500 ng of pIRES expression plasmid using 1 mL of lipofectamine
per well. Forty-eight hours post transfection half of the cells
were analyzed for the expression of mCherry and GFP using a
MacsQuant VYF flow cytometer (Miltenyi). Due to a low percentage
of mCherry+ cells derived from the reporter cell line, only recombi-
nase-expressing cells (GFP+) were considered to calculate recombi-
nation efficiency. The other half of the cells were used for genomic
DNA extraction using the QIAamp DNA Blood Mini Kit (QIAGEN)
following the manufacturer’s protocol. Genomic DNA (100 ng) was
used as a template for PCR to detect recombination of the reporter
(primers 25–26).

For other transfections using HEK293T cells, 24 h before transfection,
5 � 105 293T cells were seeded in 6-well plates. Transfection was
conferred using GeneJuice transfection reagent (Merck Millipore,
Darmstadt, Germany) according to themanufacturer’s protocol using
a total amount of 2 mg DNA at a 1:1 ratio of the plasmids used.

Jurkat T cells were transfected as described previously,88 with minor
modifications. In brief, 5 � 106 cells were electroporated with the
Gene Pulser X Electroporation System (Bio-Rad) at 290 V and
1,500 mF, using a total amount of 50 mg DNA (30 mg pLenti-EF1a-
P2A-Puro and 20 mg pHpX-Tax).

Lentivirus production

The lentiviral transfer plasmids were co-transfected using standard
polyethylenimine transfection with the lentiviral gag/pol packaging
plasmid (psPAX2, Addgene no. 12260) and the envelope plasmid
VSV-G (pMD2.G, Addgene no. 12259) in a molar ratio of 3:1:1 in
HEK293T cells. Forty-eight hours after transfection, the supernatant
containing the viral particles was harvested and filtered (0.45 mm
pore-size PVDF membrane filter, Millipore). The supernatants were
either used directly to infect the desired target cells or stored at
�80�C for later usage.

VSV-g pseudotyped lentiviral particles for transduction of SP cells
were produced by transient cotransfection of HEK293T cells with
the lentiviral plasmid and the respective packaging plasmids83 using
TransitLT-1 as a transfection reagent according to the manufacturer’s
protocol (Mirus Bio LLC). At 72 h post transfection, viral superna-
tants were collected and passed through 0.2 mm pore size filters to
ensure removal of any viral aggregates. The viral supernatant was
concentrated by ultracentrifugation through a 20% sucrose cushion
and resuspended in RPMI medium. For the determination of the titer
(IU/mL) HEK293T cells were transduced with various volumes of
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vector and, after 72 h, the genomic DNAwas isolated and the titer was
determined by ddPCR using primers 73, 74, and 75, and primers spe-
cific for the housekeeping gene ribonuclease P/MRP subunit P30
(RPP30) (PrimePCR ddPCR copy number assay: RPP30, Human,
Bio-Rad). The supernatants were stored at �80�C for later usage.

Transduction and infection of cell lines

HeLa Kyoto cells or Jurkat cells were transduced with lentiviral par-
ticles generated from the corresponding lentiviral vectors. For the
constructs containing a puromycin cassette, 72 h after transduction
cells were selected with 2 mg/mL puromycin for 7 days.

SP and HEK293T cells were transduced with various amounts of
vector in the presence of 5 mg/mL protamine sulfate (Merck) and spi-
noculated at 450� g for 10 min at ambient temperature. After spino-
culation cells were cultivated at 37�C and 5%CO2 until further use. SP
cells were selected with 0.25 to 1 mg/mL puromycin for 7 days.

Toxicity assay

HeLa-derived cell lines were transduced to �46% RecHTLV and
�89% empty control with a transgene expressing GFP and tetracy-
cline-inducible recombinase system were cultured in tetracycline-
free medium (Capricorn Scientific, FBS-TET-12A). A total of
15,000 cells/well were seeded in a flat-bottomed 96-well plate and
continuously induced for 3, 6, or 9 days with 100 ng/mL of doxycy-
cline. The percentage of GFP expressing cells was measured by flow
cytometry using a MacsQuant VYB.

ChIP-seq and qPCR validation

The ChIP-seq experiment was performed using RecHTLV,
RecHTLV-H289L (catalytic mutant), and another clone (E5 and
E5-H289L). Recombinases were fused with eGFP and cloned in a
modified version of the tetracycline-inducible pLentiX vector. HeLa
cells were infected with the lentivirus and selected with 2 mg/mL of
puromycin 72 h after transduction for 7 days. Cells were grown in
10-cm dishes and the expression of the fused recombinases with
GFP was induced for 24 h with 100 ng/mL of doxycycline. Cells
were inspected under the microscope for expression of nuclear GFP
to confirm that the construct works. Cells were crosslinked with 1%
formaldehyde for 10 min and chromatin extraction and shearing
were performed using the truChIP Chromatin Shearing Kit (Covaris)
following the manufacturer’s protocol for high cell number. Chro-
matin was sheared using a Covaris M220 sonicator. As input sample,
for further qPCR validation, 1% of the sheared chromatin was sepa-
rated and the rest of the sample was used for immunoprecipitation.
The recombinase-protein fusion was immunoprecipitated using a
goat GFP antibody (MPI-CBG antibody facility) and Protein G Se-
pharose beads (Protein G Sepharose 4 Fast Flow, GE Healthcare).
Complexes were washed 1� with low salt immune complex wash
buffer, 1� high salt wash buffer, 1� LiCl wash buffer, and 1� TE
buffer and eluted with elution buffer (1% SDS, 0.1 M NaHCO3).
Eluted samples and the input samples were treated with RNAse,
reverse crosslinked, and further purified using the ISOLATE II PCR
and Gel Kit (Bioline). The eluted DNA was sent to the CRTD Deep
Sequencing Facility for library preparation and Illumina sequencing.
Libraries for Illumina were prepared using the NEBNext Ultra DNA
Library Prep Kit for Illumina from 17 to 75 ng of ChIP DNA with 15
PCR amplification cycles and size selection using AMPure XP beads,
and paired-end sequencing was performed on an Illumina HiSeq
2000. Sequencing reads were aligned to the GRCh38.p12 human
genome assembly using STAR aligner89 using ChIP-seq analysis pa-
rameters. Peak calling was performed with Genrich (https://github.
com/jsh58/Genrich) using the ENCODE blacklist (v.2).90 All manip-
ulations and comparisons of genomic intervals were performed using
BEDTools91 and visualizations of pile-up reads were generated with
the UCSC Genome Browser92,93 directly from BAM files sorted by
samtools command line tool.94

Recombination assay of ChIP-seq-selected peaks in bacteria

Ten peaks were selected for further recombination testing in bacteria
in a plasmid-based assay. A total of 92 bp around the summit of the
peaks was cloned twice in a modified version of the pEVO vector us-
ing BglII and PciI restriction sites (primers 35–62). The RecHTLV re-
combinase was cloned in the pEVO using BsrGI and XbaI restriction
sites. After transformation in XL1blue E. coli the expression of the re-
combinase was induced using a concentration of 200 mg/mL
L-arabinose. Plasmid extraction was performed and recombination
was analyzed using test digestion (see above).

Western blot

Transfected cells were resuspended at the indicated time points after
transfection (48 or 72 h) in lysis buffer (150 mM NaCl, 10 mM Tris-
HCl [pH 7.0], 10 mM EDTA, 1% Triton X-100, 2 mM DTT, protease
inhibitors leupeptin and aprotinin [20 mg/mL each] and 1 mM phe-
nylmethylsulfonyl fluoride), subjected to repeated freeze-and-thaw
cycles between �196�C (liquid nitrogen) and 30�C and additionally
sonicated three times for 20 s. Equal amounts of proteins (40 mg)
were boiled for 5min at 95�C in sodium dodecyl sulfate (SDS) loading
dye (10 mM Tris-HCl [pH 6.8], 10% glycerine, 2% SDS, 0.1% bromo-
phenol blue, 5% b-mercaptoethanol). SDS-PAGE and immunoblot
using Immobilon-FL PVDF (Merck Millipore, Billerica, MA) or
nitrocellulose transfer membranes (Whatmann, Protran, Whatmann,
Dassel, Germany) were performed using standard protocols. Proteins
were detected with the following primary antibodies: mouse anti-Tax
(derived from the hybridoma cell line 168B17-46-34, provided by B.
Langton through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH),95 mouse monoclonal anti-HTLV-1
gag p19 (TP-7, ZeptoMetrix), mouse monoclonal anti-FLAG (M2,
Sigma), mouse monoclonal anti-Hsp90 a/b (F-8, Santa Cruz Biotech-
nology), mouse monoclonal anti-GAPDH (sc-47724, Santa Cruz
Biotechnology), and mouse monoclonal anti-a-tubulin (T9026,
Sigma). Secondary antibodies were anti-mouse Alexa Fluor 647
(Life Technologies) or anti-mouse conjugated with horseradish
peroxidase (GE Healthcare, Little Chalfont, UK). Fluorescence or
chemiluminescence signals were detected using the Advanced
Fluorescence Imager camera (ChemoStar, Intas Science Imaging,
Göttingen, Germany). Densitometric analysis was performed with
the advanced image data analyzer (AIDA) (v.4.22.034, Raytest
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Isotopenmessgeräte, Straubenhardt, Germany) to compare Tax or
Gag expression levels, respectively.

Co-culture assay between chronically infected C91-PL-Puro

donor cells and pre-stained Jurkat-pLenti-EF1a acceptor cells

C91-PL-Puro cells (1 � 106) were co-cultured with 1 � 106 Jurkat-
pLenti-EF1a T cells for 5 days in a 1:1 mixture of C91-PL and Jurkat
medium containing puromycin to maintain recombinase expression
in Jurkat-pLenti-EF1a T cells. Co-cultures were split twice, at 24
and 72 h after the onset of the experiment, at a 1:2 ratio. Jurkat-
pLenti-EF1a T cells have been pre-stained with the live cell dye
CellTracker Blue CMAC (Thermo Fisher Scientific) as described
earlier.64 As a control, pre-stained Jurkat-pLenti-EF1a T cells were
pre-incubated with 10 mM of the integrase inhibitor Raltegravir for
24 h before initiating the co-culture. Raltegravir was replenished
whenever fresh medium was added to the co-culture to keep a final
concentration of 10 mM. Analogously, Jurkat-pLenti-EF1a T cells
were treated with DMSO as solvent control. Cells were stained using
mouse anti-Tax95 and anti-mouse Alexa Fluor 647-conjugated sec-
ondary antibodies (Life Technologies). In brief, cells were permeabi-
lized with 0.3% Triton X-100, dispensed in FACS buffer (PBS/1%
FCS/2 mM EDTA), for 10 min at room temperature. Staining with
primary and secondary antibodies, diluted in FACS buffer, was
conferred for 45 min at 37�C with three washing steps in between.
Co-cultures were analyzed using the BD LSR II flow cytometer
(BD Biosciences, San Jose, CA) and cells were discriminated by
CMAC staining (Jurkat-pLenti-EF1a: CMAC-positive; C91-PL-
Puro: CMAC-negative) and their different size (FSC/SSC). The per-
centage of Tax-positive cells within the Tax+ C91-PL donor and
the CMAC-positive cells (Jurkat-pLenti-EF1a T cells) was examined
to measure productive infection. For statistical analysis the coeffi-
cients were estimated by a linear mixed model followed by a t
test using Satterthwaites’s method, provided by the lmerTest
package for R.96 To measure background Tax+-stained cells in non-
infected control, Tax+ Jurkat-pLenti-EF1a-Cre and Jurkat-pLenti-
EF1a-RecHTLV were quantified (Figure S7B).

Verification of the HTLV-1 integration sites in SP cells

To verify the integration sites on chromosomes 6 and 20 and to
demonstrate the integrity of the LTR of the proviruses in the SP cells
published in Meissner et al.,66 the sequence regions were amplified
with the following primers and verified by sanger sequencing using
the same primers. For the verification of the integration on chromo-
some 6, primers 85/86 were used for the amplification of the 5ʹ LTR
and primers 87/88 for the 3ʹ LTR. For the integration on chromosome
20, primers 89/90 were used for the 5ʹ LTR and primers 91/82 for the
3ʹ LTR.

Detection of the genomic scar in SP cells

Genomic DNA from cells transduced with RecHTLV or GFP control
vector was isolated 9 or 10 days after transduction and the genomic
scar was detected by PCR using the following primers. Primers 76
and 77 were used to detect the scar on chromosome 6. For detection
of the scar on chromosome 20, primers 78/79 or 80/81 were used. The
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primers were designed to not be able to amplify the genomic site in
the absence of the HTLV-1 provirus (one of the primers from each
primer pair always binds partially to the LTR and partially to the
genomic DNA sequence). The PCR fragment was visualized by
agarose gel electrophoresis and verified by Sanger sequencing using
the same primers.
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