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Lamellar ichthyosis (LI) is a chronic disease, mostly caused by
mutations in the TGM1I gene, marked by impaired skin barrier
formation. No definitive therapies are available, and current
treatments aim at symptomatic relief. LI mouse models often
fail to faithfully replicate the clinical and histopathological fea-
tures of human skin conditions. To develop advanced thera-
peutic approaches, such as combined ex vivo cell and gene ther-
apy, we established a human cellular model of LI by efficient
CRISPR-Cas9-mediated gene ablation of the TGM1 gene in
human primary clonogenic keratinocytes. Gene-edited cells
showed complete absence of transglutaminase 1 (TG1) expres-
sion and recapitulated a hyperkeratotic phenotype with most of
the molecular hallmarks of LI in vitro. Using a self-inactivating
y-retroviral (SINy-RV) vector expressing transgenic TGM1
under the control of its own promoter, we tested an ex vivo
gene therapy approach and validate the model of LI as a plat-
form for pre-clinical evaluation studies. Gene-corrected
TGMI1-null keratinocytes displayed proper TG1 expression,
enzymatic activity, and cornified envelope formation and,
hence, restored proper epidermal architecture. Single-cell mul-
tiomics analysis demonstrated proviral integrations in holo-
clone-forming epidermal stem cells, which are crucial for
epidermal regeneration. This study serves as a proof of concept
for assessing the potential of this therapeutic approach in treat-
ing TGM1-dependent LI.

INTRODUCTION

Lamellar ichthyosis (LI) is one of the most common forms of auto-
somal recessive congenital ichthyoses (ARCIs), a heterogeneous
group of keratinization disorders mainly characterized by abnormal
skin scaling over the whole body."> Over 30% of LI is caused by mu-
tations in TGM1,>* the gene encoding transglutaminase 1 (TG1), a
90-kDa, membrane-bound, calcium-dependent enzyme that catalyzes
the formation of Ne-(y-glutamyl)lysine bonds between (and within)
proteins forming the cross-linked cornified cell envelopes (CEs) of the
epidermis.”® Loss of TG1 function results in an impaired epidermal
barrier, leading to transepidermal water loss and severe, often life-
threatening, dehydration, especially during the first weeks of life."”

LI is characterized by severe skin dryness, erythema, hyperkeratosis,
and massive scaling, highly impairing patients’ quality of life.*’

Affected individuals are often born with a “collodion membrane”
that sheds in the first week of life, leaving patients with a disfiguring
ichthyosis, characterized by coarse and dark-brown scales.”'’ LI is
commonly associated with ectropion and eclabium (reversal of the
eyelids and lips because of tension from the collodion membrane)
and scarring alopecia. Flexural surfaces and palms and soles are
frequently involved.>'' Depending on TGMI mutations, LI can range
from very mild to severe forms,'>'” with variable degrees of scaling,
hyperkeratosis, and erythema, all of which require different ap-
proaches and even personalized therapies.

Currently, treatments for most ARCIs are not tailored, and patients
lack definitive therapeutic options.'*'> Enzyme replacement therapy
(ERT) with nanoparticles and liposomes or non-integrating herpes
simplex virus aim at skin-topical delivery of human recombinant
TG1.'°"'® Non-viral gene transfer techniques have been also exploited
for TGM1 gene delivery in organotypic cultures from LI patients’ ker-
atinocytes with the adenovirus-enhanced, transferrin-receptor-medi-
ated transfection (AVET) system.'” However, AVET transfection did
not show the expected efficiency in primary keratinocytes, which
could be due to the presence of a stratum corneum or the absence
of a receptor for adenovirus entry.”” The epidermis is a highly renew-
ing tissue, and the administered proteins or the non-integrating viral
vectors have a temporary therapeutic effect, making repeated—
perhaps lifelong—applications necessary. Since most ichthyoses
(including TGMI-LI) are chronic life-long diseases, there is an urgent
need for safe, effective, and definitive therapies. The first ex vivo gene
therapy approach envisaged the delivery of the TGM1I gene into LI
patient cells using an amphotropic retroviral vector or direct injection
of naked DNA in a skin humanized mouse model.”' > It was shown
that, after TGMI-retrovirus transduction, the expression and activity
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Figure 1. Differentiation-related expression of EGFP
in HaCaT cells transduced with SINy-RVs

(A) Top: schematic of self-inactivating -y-retroviral vectors
(SINy-RVs) carrying the three different promoters that drive
the expression of the bicistronic gene encoding EGFP and
puromycin resistance. Bottom: graphic of the HaCaT dif-
ferentiation protocol. (B) K10 (left) and endogenous TGM1
(ED TGM1) (right) relative mRNA expression in non-trans-
duced (NT) and transduced (TGM1™) HaCaT cells, grown
in low calcium (t0) and high calcium for 1, 4, and 6 days.
GAPDH mRNA was used to normalize the RT-PCR. (C) RT-
gPCR quantification of the relative mRNA expression value
of EGFP. GAPDH mRNA was used to normalize the RT-
PCR (*p < 0.0001). (D) Western blot analysis of EGFP
expression in low-calcium (t0) and high-calcium culture
conditions for 4 or 6 days of cultivation. NT HaCaT cells
6 days after calcium addition are loaded as a reference
sample. t0: time zero.
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of TG1 was restored in keratinocytes of LI patients in vitro.*'
Although these data were relevant in showing the possibility of
phenotypic correction of LI, these strategies have never reached clin-
ical application.

Ex vivo combined cell and gene therapy has been successfully
exploited in other recessively inherited genodermatoses, such as junc-
tional and dystrophic epidermolysis bullosa.* " A functional copy of
the defective gene can be introduced into the genome of clonogenic
keratinocytes by means of replication-defective retroviral vectors.
Cultured transgenic keratinocytes can then be used to prepare
epidermal grafts able to permanently restore a functional
epidermis.”>*® Notably, the long-term epidermal restoration strictly
relies on the genetic modification of long-lived, self-renewing
epidermal stem cells, detected as holoclone-forming cells.***

Here we report a proof-of-concept study evaluating a combined
cell and gene therapy approach aimed at correcting TGM1 muta-
tions underlying LI. A 3D TGMI-defective human cellular model
was established and genetically corrected with a self-inactivating
y-retroviral (SINy-RV) vector expressing the TGM1 ¢cDNA under
the control of its own promoter. This study confirms the valuable
tool of the 3D human cellular model in replacing animal models
and avoiding the need for patient biopsies and demonstrated the
feasibility of a combined cell and gene therapy strategy for
TGMI-LI disease.

2

and function in distinct suprabasal epidermal
>62% the selection of the appropriate pro-

moter is a major step toward a successful gene
therapy. To this end, SINY-RV vectors expressing enhanced green
fluorescent protein (EGFP) under the control of three different pro-
moters were produced. These include a 637-bp human involucrin
minimal promoter (IVL™"), a 367-bp human TGM1 minimal pro-
moter (TGM1™™), and 2.2-kb human TGM1 full-length promoter
(TGM111 (Figure 1A, top). Such promoters were initially used to
transduce HaCaT cells, a spontaneously immortalized human kerati-

layers,

nocyte cell line expressing appropriate differentiation markers, a
widely used model to study the balance between keratinocyte prolif-
eration and differentiation upon changes in calcium concentra-
tion.>*! As detailed in materials and methods, transgenic HaCaT
cells were serially diluted to isolate a homogeneous EGFP™ cell pop-
ulation, which was then cultured in keratinocyte serum-free medium
(KSFM) in 0.03 mM calcium (Ca?*'°") for at least 3 weeks and then
switched to 2.8 mM calcium (Ca>™™8") to induce terminal differenti-
ation (Figure 1A, bottom). Vector copy number evaluation (VCN) of
transduced HaCaT clones was also performed (Figure S5). The
expression of epidermis-specific differentiation markers (K10 and
TGMI1) progressively increases in Ca*™™&" as compared to the basal
level (time 0 [t0]), confirming proper differentiation stimuli also after
transduction (Figure 1B). Ca®* differentiation-dependent EGFP
mRNA and protein expression were detected only with the
TGM1™" promoter (Figures 1C and 1D). Time-resolved promoter ac-
tivity was also investigated by live-cell imaging following Ca**™e"-
induced terminal differentiation (Figure S1). EGFP was expressed
in HaCaT cells transduced with TGM1™™ and IVL™" promoters

Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024



www.moleculartherapy.org

A ® Growing Confluent Over-confluent B Growing cultures  Over-confluent (o3 NT (K82)
& cultures
& - Y 3y Y 3d 7d 10d 14d
Keratinocytes transduction &
with SINy-RVs . > -——a. VL
. . - -
l N - ‘ e — — ‘ ED TG1
N e N — | K10
3d 7d 10d 14d (500) (2500)
. Clonogenicity 55% Clonogenicity 7%
Culture time PR p——
- - — Abortive colonies 5% Abortive colonies 87% i ‘ GAPDH
Keratinocytes differentiation
D TGM 14" promoter E 2.0
NT — *
3d 3d 7d 10d 14d ?
% Epidermis
© 15 %
] peRERl
-“ VL 029 Collagen matrix
4 E Fibroblasts
e £ o )

< 10 N

S S ——— | ED TG1 Z
€
o

o — e G— K10 G 05
|

e e EGFP

0T o
GAPDH EAEN NG

TGM1™' promoter

Figure 2. The TGM1™" promoter drives EGFP expression in primary differentiated human keratinocytes

(A) Schematic of the in vitro keratinocyte differentiation experimental design. (B) Representative colony-forming efficiency (CFE) of keratinocyte cultures in growing (left) (d7)
and over-confluent (right) culture conditions (d14). The number of cells per dish plated in the CFE condition is indicated in brackets. Colonies were stained with Rhodamine B
after 12 days of cultivation. (C) Western blot analysis of keratinocyte differentiation markers (IVL, endogenous TG 1, and K10) in growing (3-day), confluent (7- to 10-day), and
over-confluent (14-day) normal, healthy keratinocytes (K82). (D) Western blot analysis of keratinocyte differentiation markers (IVL, endogenous TG1, and K10) and EGFP in
growing (3-day), confluent (7- to 10-day), and over-confluent (14-day) K82 keratinocytes transduced with a SINy-RV carrying EGFP under the control of the TGM1™!
promoter. (E) Progressive (3- to 14-day) increase of EGFP mRNA during transgenic keratinocyte differentiation and stratification. GAPDH mRNA was used to normalize the
RT-gPCR (*p < 0.0001). (F) Representative immunofluorescence images of 7-um-thick cryosections of 3D SEs obtained with TGM1™" promoter-transduced keratinocytes,
showing the expression of differentiation markers (endogenous TG1 and LEKTI) in the upper layers of the epidermis and collagen XVIl and KRT14 as markers of the epidermal
basal layer (n = 3, pictures are representative of what was observed in at least three independent samples or replicates). The EGFP fluorescent signal is properly restricted to
the granular layer of the epidermis. White arrows indicate the presence of living fibroblasts inside the collagen matrix, expressing vimentin. A white dotted line marks the
epidermal-dermal junction. DAPI (blue) stains nuclei. Scale bars, 20 um. LEKTI, lympho-epithelial Kazal-type-related inhibitor; KRT14, cytokeratin 14; VIM, vimentin.

tion markers, such as suprabasal keratin 10 and involucrin
(Figure 20).%7

independently of calcium-induced terminal differentiation. In sharp
contrast, the TGM1™' promoter induced EGFP expression from

day 5 after switching to Ca>"™#" and progressively increased its activ-
y g prog y
full

ity during terminal differentiation, confirming that only the full pro-
moter is properly regulated by differentiation stimuli.

TGM1™!" promoter-driven expression of EGFP in primary human
keratinocytes

Under appropriate culture conditions, primary human clonogenic
keratinocytes give rise to colonies eventually generating cohesive
epidermal sheets resembling the epidermis, which are routinely
%33 Keratinocyte
confluence and initial stratification induce commitment to terminal
differentiation, as demonstrated by the decrease of keratinocyte clo-
nogenicity (Figures 2A and 2B)** and induction of early differentia-

used in clinical settings for regenerative medicine.

To investigate the ability of the TGM1™" promoter to properly drive
EGFP expression in primary human epidermal cells, keratinocytes
were transduced with the SINY-RV-EGFP vectors previously used
on HaCaT cells. The percentage of EGFP* colonies was approxi-
mately 60%. Transduced keratinocytes were exposed to 2 pg/mL pu-
romycin to purify a homogeneous population of EGFP* cells. VCN
evaluation of transduced keratinocytes was also performed (Fig-
ure S5). The proper activation of the TGM1™" promoter was evalu-
ated in growing, confluent, and over-confluent transgenic primary
cultures (Figures 2 and S2). As investigated previously in HaCaT
cells, primary human keratinocytes also displayed differences in the
expression of the reporter gene among the three different promoters
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Figure 3. Generation of the ATGM1 human cellular model

(A) TGM1 KO strategy design. gRNAT and gRNA2 target E2, while gRNAS targets E4 of the TGM7 gene. gRNA1 and gRNA2 differ in 1 nt (underlined), allowing targeting of
both alleles, exploiting the presence of a SNP in a wild-type strain (K81). gRNA sequences are enclosed in colored boxes, with the protospacer adjacent motif (PAM) shown in
bold. (B) PCR analysis on both edited exons performed on genomic DNA from wild-type keratinocytes (K81) and 4TGM1-nucleofected keratinocytes. Note the intensity
reduction of the bands at 608 bp and 780 bp in ATGM1 nucleofected keratinocytes. (C and D) RT-gPCR (C) and western blot analysis (D) show ablation of both TGM1 mRNA
(C, orange bars) and protein (D) in 4ATGM1 keratinocytes as compared to wild-type cells. (E) Relative TG1 enzymatic activity in growing (3-day) and over-confluent (14-day)
wild-type and 4TGM1 keratinocytes. n = 3 replicates, data are presented as mean + SD (*p < 0.0001).

following differentiation stimuli. As shown in Figures 2D and 2E,
transgenic keratinocytes transduced with the TGM1™' promoter
showed the expected progressive, density-dependent increase of
EGFP, mirroring the expression of endogenous TG1, hence confirm-
ing that only the activation of this promoter is finely controlled during
epidermal differentiation. EGFP" keratinocytes were then used to
generate three-dimensional skin-equivalent (SE) cultures. To this
end, transgenic keratinocytes were seeded onto a collagen matrix con-
taining living fibroblasts and cultured for 1 week in submerged cul-
ture and then for 3 weeks in an air-liquid interface, allowing them
to stratify and fully differentiate. Cultures were fixed and sectioned
to examine morphology, differentiation markers, as well as EGFP
protein expression in a biomimetic and physiological environment.
A fully developed epidermis was obtained (Figure 2F). Differentiation
markers, such as TG1 and LEKTI, were correctly localized and ex-
pressed in the upper layers of differentiated epidermis, while
KRT14 and collagen XVII were correctly restricted to the epidermal
basal layer (Figure 2F). EGFP fluorescence, visualized directly in sec-
tions, reflects the accumulation of EGFP signal only in the differenti-
ated compartment when keratinocytes are transduced with both the

4

TGM1™ and IVL™® promoters (Figures 2F, bottom right, and
S2C). Moreover, fibroblasts contained within the 3D SE clearly ex-
pressed vimentin, which indicates their viability, crucial for the main-
tenance of the 3D SE model.

These data demonstrate that retroviral vectors containing TGM1™"
promoter can drive the expression of a reporter gene to the upper
differentiated layers of the epidermis.

Generation of the ATGM1 human cellular model

To create a reliable cellular model able to recapitulate the LI pheno-
type, TGM1 was knocked out in primary keratinocyte cultures ob-
tained from healthy donors using the CRISPR-Cas9 system. Three
different CRISPR guide RNAs (gRNAs) were designed to target
both TGM1 alleles, exploiting the presence of a SNP in a wild-type
strain (K81) (Figure 3A). gRNAI and gRNA2 were designed to target
exon 2 (E2) of the TGM1 gene; these gRNAs differ for 1 nt close to the
protospacer adjacent motif (PAM) sequence, which makes them allele
specific. gRNA3 was designed to target exon 4 (E4). E2 and E4 were
chosen for their crucial role in determining the protein function.

Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024
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Indeed, E2 encodes for a unique TG1 N-terminal sequence that is
required for membrane anchoring, while E4 encodes for a part of
the catalytic core domain of the enzyme.”*°

Human primary keratinocytes were nucleofected with ribonucleopro-
tein (RNP) complexes containing the three different gRNA-Cas9
pairs. In both exons, the corresponding edited sequences were as-
sessed by PCR amplification of fragments spanning the target sites.
Specific primers, designed on target sites, clearly showed virtually
complete TGM1 ablation (Figure 3B). Moreover, PCR amplification
performed with primers spanning both the Cas9 target sites demon-
strated that the excision of the entire genomic region (1.7 kb) between
E2 and E4 is a high-frequency event (Figure S3A). Validation of effi-
cient TGM] ablation was obtained by TIDE analysis through Sanger
sequencing of E2 and E4, respectively, as compared to wild-type se-
quences. The overall editing efficiency, reaching 100%, is indicated
by the absence of non-edited sequences (point 0 of the graphs) and
the presence of a significant amount of insertions or deletions abolish-
ing the open reading frame and expression of TGM1 (Figure S3B).

TGM1 mRNA and TG1 protein expression, as well as TG1 enzymatic
activity, tested both in growing (3-day) and high-density, differenti-
ating (14-day) cultures, were undetectable in ATGM1 keratinocytes
as compared to wild-type keratinocytes (Figures 3C-3E). The
remarkable efficacy of TGM1 ablation achieved in bulk keratinocyte
culture avoided the selection of specific clones of the keratinocytes
treated with gRNA-Cas9 pairs.

Overall, these results demonstrate the feasibility and the high effi-
ciency of TGMI knockout in human keratinocytes using the
CRISPR-Cas9 system.

ATGM1 model for proof-of-concept therapy studies

ATGM1 epidermal cells were transduced with a SIN'y-RV vector con-
taining TGM1 cDNA under the control of the TGM1™" promoter
(SINY-RV-TGM1) (Figure S4A). Transgenic keratinocyte colonies
clearly demonstrated the correct expression of exogenous TGI,
closely resembling TG1 expression in normal keratinocyte colonies
(Figure 4A).

In order to determine exogeneous TGl in vitro enzymatic function, its
cross-linking activity was investigated in stratified keratinocytes cul-
tures. During epidermal keratinization, TG1 catalyzes the formation
of cross-linked cornified cell envelopes (CEs), which are chemically
resistant to ionic detergent and reducing agent, as described previ-
ously.” Since the cross-linking process is strictly related to the pres-
ence of TG1 in terminally differentiated keratinocytes, the absence of
a functional protein should result in failure to form CEs. Indeed, no
CEs were detected in 4TGM1 keratinocytes, while typical polyhedral
CEs were isolated both from normal and SINvy-RV-TGMI-trans-
duced keratinocytes (Figure 4B).

The ability to faithfully recapitulate the LI phenotype of the ATGM1
keratinocytes was assessed in 3D SE models. SE models were prepared

using normal, ATGM1, or SINy-RV-TGMI-transduced (transgenic)
keratinocytes. As shown in Figure 4C, top, TG1 protein expression in
both normal and transgenic keratinocytes was correctly restricted to
the granular layer with the typical pericellular distribution. Further-
more, the correct expression of exogenous TG1 in transgenic kerati-
nocytes was associated with full restoration of its enzymatic activity
(Figure 4C, bottom; red fluorescence indicates the in situ evaluation
of TGl enzymatic activity). Of note, ATGMI SE revealed an
epidermis characterized by a thickened stratum corneum (SC) pheno-
copying the human ichthyosis phenotype.'"*** In contrast, the
transgenic SE produced a normal SC virtually indistinguishable
from that observed in SE models generated by wild-type keratinocytes
(Figure 5).

The presence and spatial distribution of the TG1 substrates involucrin,
LEKTI and loricrin were also assessed (Figure 5). TGI substrates
showed a diffuse distribution in the ATGM1 SE model with abnormal
cytoplasmic staining, indicating the lack of protein cross-linking in the
upper layers of the epidermis, as typically occurs in LL**** In contrast,
in the transgenic SE, each TGI substrates is correctly localized at the
cellular periphery of the upper differentiated layers of the epidermis,
resembling the normal skin. The expression of K10, localized in the
suprabasal cell layers, remained unchanged in all conditions.

Finally, gene-corrected TGMI-null keratinocytes examined at
increased cell densities confirmed that exogenous TGl protein
expression is finely controlled during cell differentiation (Figure S4B),
as proven by the expression of the involucrin differentiation marker.

Altogether, these findings demonstrated the restoration of TGl
expression and function using an ex vivo gene therapy approach
mediated by a SINY-RV-TGMI vector in primary 4TGM1 keratino-
cytes, further corroborating the valuable established tool for testing
novel therapies for LI

Multiomics analysis of SINy-RV-TGM1-transduced

keratinocytes

In view of a potential future clinical application of TGMI-transduced
keratinocytes, it must be considered that long-term epidermal resto-
ration strictly relies on the genetic modification of long-lived, self-re-
newing epidermal stem cells, detected as holoclone-forming cells.”**
Since basal, clonogenic human keratinocytes, including stem cells, do
not express TGM1 mRNA, an assessment of exogenous TGM1
expression cannot be performed solely by single-cell RNA sequencing
(scRNA-seq) analysis. To this end, a single-keratinocyte multiomics
analysis was conducted on SINY-RV-TGMI-transduced cells. This
approach allowed for the simultaneous evaluation of provirus integra-
tion and transcriptome profiling within a single cell via scATAC-seq
and scRNA-seq, respectively.

As shown in Figure 6A, transgenic keratinocytes contain the previ-
ously defined five keratinocyte populations,*** three of which are clo-
nogenic (holoclone, meroclone, and paraclone), while the other two

identify terminally differentiated cells (TD1 and TD2). The holoclone
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Figure 4. SINy-RV-TGM1 rescues TG1 expression and activity in the ATGM1 human cellular model

(A) Representative images of TG1 immunofluorescence analysis of wild-type, 4TGM1, and SINy-RV-TGM1-transduced keratinocytes after 7-days cultivation. DAPI (blue)
stains nuclei. Scale bars, 50 um. (B) Optical micrographs of the isolated cornified cell envelopes in wild-type and SINy-RV-TGM1-transduced keratinocytes. Note that typical
envelopes were not detected in ATGM1 keratinocytes, and only a few cell fragments were observed. Scale bar, 20 um. (C) Immunostaining detection of TG1 protein (top,
green) and TG1 in situ enzymatic activity (bottom, red) in cryosections of collagen-based 3D SEs from wild-type, 4TGM1, or SINy-RV-TGM1-transduced keratinocytes. DAPI
(blue) stains nuclei. A white dotted line marks the epidermal-dermal junction. Scale bars, 50 um (n = 3, pictures are representative of what was observed in at least three

independent samples or replicates).

population, formed by epidermal stem cells, is defined by the tran-
scriptomic expression of a “holoclone signature™’ (Figure S6A).

We were able to detect TGMI-proviral integration within individual

cells by mapping scATAC-seq data of TGMI-transduced cells to a
custom human reference genome that includes the sequence of the

6

SINY-RV-TGM1 provirus. About 30% of total cells were found to
be positive for at least one exogenous TGM1I fragment (Figures 6B
and S6B), with the majority of them containing a unique proviral inte-
gration (Figures S6C and S5). Notably, a uniform distribution of
TGMI proviral integration is found across all five keratinocytes pop-
ulations (Figures 6B and S6B) without any clonal selection,

Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024
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Wild-type ATGM1 SINy-RV-TGM1

Figure 5. A”TGM1 3D SEs resembling LI skin hallmarks and architecture
Histological analysis (H&E) and immunostaining of TG1 substrates (involucrin, LEKTI, and loricrin) and keratin 10 on 3D SEs from wild-type, 4TGM71, or SINy-RV-TGM1-
transduced keratinocytes. DAPI (blue) stains nuclei. A dotted line marks the epidermal-dermal junction. Scale bars, 20 pm.
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Figure 6. Single-cell multiomics analysis reveals TGM1-transduced keratinocyte stem cells
(A) UMAP of scRNA-seq profiles in SINy-RV-TGM1-transduced keratinocytes. Keratinocytes were classified in five clonogenic and differentiated populations through label
transfer and mapping to a previously reported reference of human keratinocytes.“**** Dots represent individual cells, and the colors indicate the cell populations (holoclone [H]

in orange, meroclone [M] in light blue, paraclone [P] in gray, TD1 in light brown, and TD2

in brown). Feeder layer-derived fibroblasts and low-quality keratinocyte clusters (F1

and 6,7) are shown in light gray. The percentages of cells in each population are shown on the right. (B) UMAP showing SINy-RV-TGM1-positive cells containing at least one
provirus fragment (red). The color scale indicates the number of provirus fragments retrieved in each cell. Negative cells are shown in light gray. The percentages of positive

cells in each population are shown on the right.

demonstrating that the genetically corrected holoclones maintained
their ability to self-renew in vitro and produce progenitors that
replenish terminally differentiated keratinocytes.

These data clearly show that the proposed therapeutical strategy is
able to preserve and genetically correct the population of epidermal
stem cells, crucial for a possible ex vivo gene therapy approach aimed
at full epidermal restoration.

DISCUSSION

TGM1-deficient LI is a rare cornification disorder associated with se-
vere clinical complications that highly decrease the patient’s quality of
life.>*" There is no cure for LI, and the existing treatments only aim
at relieving the symptoms.”™*” Thus, there is a significant unmet
need for therapeutic strategies aimed at correcting the TGM1 defi-
ciency underlying LL***’

Currently, the most innovative therapeutical approaches (still
not commercially available), are based on ERT'*Y or in vivo
gene therapy'® (phase II clinical trial, KB105; ClinicalTrials.gov:
NCT05735158). Although these therapeutical strategies are quite
promising and technically feasible, they have a common drawback;
namely, they could likely have only a temporary beneficial effect.
Recently, an adenine base editing system has been proposed for the
correction of a TGMI pathogenic mutation in human embryos.*’
Even though the goal of permanently correcting point mutations is
admirable, it is important to consider the effectiveness of the process
and to evaluate any possible off-target RNA occurrences. Addition-
ally, the primary challenges associated with its clinical application
include the high cost of precision medicine and the application of

this technology to human embryos. This latter aspect is the subject
of constant debate.”’

While y-RV vectors, derived from the Moloney murine leukemia vi-
rus, are widely used in clinical trials for keratinocyte-based ex vivo
gene therapy,”””” they have the potential risk of insertional mutagen-
esis. To address this safety concern, SIN vectors lacking viral en-
hancers/promoters in their 3’ long terminal repeat have been devel-
oped.”*>® These vectors mitigate the risk of insertional mutagenesis
and provide the opportunity to utilize an internal, often tissue-specific
promoter to elicit controlled and physiological expression of the
target gene.”’ ¢

Combined ex vivo cell and gene therapy by means of cultured, autol-
ogous, transgenic keratinocytes can permanently restore a functional
epidermis, as already shown with other devastating skin genetic dis-
eases.”* >’ In fact, combined ex vivo cell and gene therapy of general-
ized intermediate LAMB3-junctional epidermolysis bullosa (JEB) has
proven to be life saving and able to permanently regenerate a fully
functional epidermis in three JEB patients (up to 18 years of follow-
up).”>**%7> But JEB is characterized by massive blisters and erosions
(hence, by open wounds), allowing easier preparation of the dermal
wound bed required for transplantation of the transgenic grafts. LI
patients face an additional challenge, as their thickened SC must be
surgically removed to expose the dermal layer. As a result, ex vivo
gene therapy for LI patients becomes more invasive as compared to
that for JEB patients. While it may initially seem daunting, ex vivo
gene therapy treatments may improve the overall quality of life for
LI patients affected by specific LI forms. For instance, localized

TGM1-dependent bathing suit ichthyosis,”*” which is characterized
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by a distribution of lesions especially on the trunk, could be addressed
first, providing an important proof of principle for the treatment of LI
lesions.

The limited availability of patients with rare diseases and ethical con-
cerns related to the need for tissue samples often hamper studies
aimed at the development of this type of advanced therapies.
Although LI murine models have been generated, TGM1™~'~ mice ex-
hibited an early lethality and poorly recapitulated the human pheno-
type."** Our studies were conducted using an in vitro human LI
model (i) allowing the cultivation of a fully differentiated human
epidermis (ii) able to recapitulate the LI phenotype starting from ker-
atinocytes obtained from surgical waste skin samples and (iii) allow-
ing in-depth studies on molecular, biochemical, and functional resto-
ration of TG1. More importantly, we provide evidence that long-lived
self-renewing stem cells have been targeted and genetically corrected,
thus maintaining the ability to permanently regenerate a functional
epidermis. Such an experimental approach can not only avoid or limit
animal experiments but, in the case of human skin diseases, also mini-
mize the significant differences that exist between human and murine
skin architecture and physiology. In fact, disease-resembling SEs
models using the knockout (KO) strategy have been produced for
other types of genodermatoses. For example, an effective cellular
model of Netherton syndrome was developed by disrupting
SPINKS5 through efficient CRISPR-Cas9-mediated gene ablation in
human primary keratinocytes.’> Both studies aim to develop surro-
gate models using human primary cells to investigate genodermatosis
diseases that efficiently replicate the phenotype and molecular hall-
marks of Netherton syndrome and TGM1I-LI, respectively.

However, to achieve clinical application, two additional steps are
required: (1) the development of a clinical-grade stable packaging
cell line, which will enable high-titer, large-scale production of
SINY-RVs, an essential step in transitioning from bench to bedside,
and (2) the validation of these findings using LI patient-derived cells
from multiple donors with diverse genetic backgrounds.

Taken together, these findings support the development of a human
model for LI and pave the way for the prospective implementation of
combined cell and gene therapy targeting at least specific forms of
TGM1-dependent LI.

MATERIALS AND METHODS

Human tissues

All human tissues were collected after obtaining informed consent
and in compliance with Italian regulations (Comitato Etico dell’Area
Vasta Emilia Nord, number 178/09 for healthy donor skin samples).

Primary human cell cultures

Human skin samples were obtained as anonymized surgical waste,
typically from abdominoplasty or mammoplasty. Briefly, skin bi-
opsies were minced and trypsinized (0.05% trypsin/0.01% EDTA)
at 37°C for 4 h. Cells were collected every 30 min, plated (2.5-
3 x 10*cm?) on lethally irradiated 3T3-J2 cells (2.4 X 10*/cm?),

and cultured in 5% CO, and a humidified atmosphere in keratinocyte
growth medium (KGM): DMEM and Ham’s F12 medium (3:1
mixture) containing fetal bovine serum (FBS) (10%), insulin
(5 ng/mL), adenine (0.18 mM), hydrocortisone (0.4 pg/mL), cholera
toxin (0.1 nM), triiodothyronine (liothyronine sodium) (2 nM), EGF
(10 ng/mL), glutamine (4 mM), and penicillin-streptomycin (50 U/
mL).** Subconfluent primary cultures were serially propagated as
described previously.* >’

3T3-J2 cell line

Mouse 3T3-J2 cells were a gift from Prof. Howard Green (Harvard
Medical School, Boston, MA, USA). Fibroblasts were cultivated in
DMEM supplemented with 10% gamma-irradiated donor adult
bovine serum, penicillin-streptomycin (50 IU/mL), and gluta-
mine (4 mM).

HaCaT cell line

HaCaT cells, a spontaneously immortalized human keratinocyte line,
were cultured in 5% CO, at 37°C in three different culture media as
needed. Standard culture medium contained DMEM supplemented
with 10% heat-inactivated FBS, glutamine (2 mM), and penicillin-
streptomycin (100 IU/mL). Low-calcium medium contained KSFM
(17005042, Thermo Fisher Scientific) supplemented with 0.03 mM
calcium chloride, 25 pg/mL bovine pituitary extract (BPE; Thermo
Fisher Scientific), 0.2 ng/mL of recombinant EGF (Thermo Fisher Sci-
entific), and penicillin-streptomycin (100 IU/mL). High-calcium me-
dium contained KSFM supplemented with 2.8 mM of calcium chlo-
ride, 25 pg/mL BPE, 0.2 ng/mL of recombinant EGF (Thermo
Fisher Scientific), and penicillin-streptomycin (100 IU/mL).

Plasmid constructs and retrovirus production

Genomic DNA from human primary keratinocytes (K81) was used as
template to generate (1i) TGM1™™, (2) IVL™™, and (3) TGM1™! by
PCR using high-fidelity Taq polymerase (LA Taq DNA Polymerase,
Takara). Specific primers were used to amplify the distal region
(—1.6 kb/—1.4 kb) (containing the AP1 and Sp1 binding sites) and
the proximal region (—90 bp/+67 bp) of the wild-type human
TGM1 prornoter,(’6 the distal region (—2.473 kb/—2.036 kb) and
the proximal region (—221 bp/+6 bp) of the wild-type human invo-
lucrin promoter,’” and the full-length (2.2 kb) human TGM1 pro-
moter. A list of PCR primers is shown in Table S1. The PCR frag-
ments were verified by Sanger sequencing and subsequently cloned
into SINY-RV HSCI1-GiP, a gift from James Ellis (Addgene plasmid
58254), deprived of the internal human EFlalpha promoter. The ob-
tained constructs carry one of the three different promoters guiding
the expression of a bicistronic cassette EGFP ires Puromycin. The
HSC1-GiP vector was used as control. A retroviral vector expressing
the full-length 2.9-kb TGM1 cDNA (GeneArt, Invitrogen) was con-
structed by cloning the TGMI cDNA under the control of the
TGM1 full promoter into the HSC1-GiP backbone.

Phoenix-AMPHO cells were cultured in DMEM supplemented with
10% heat-inactivated FBS, 1% glutamine, and 1% penicillin-strepto-
mycin antibiotics (Thermo Fisher Scientific). High-quality DNA of
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each transfer vector was used for the transient transfection of
Phoenix-AMPHO cells with branched high-performance polyethyle-
nimine PEI (Sigma), for retroviral production. Infectious retroviruses
were harvested 48 h post transfection, filtered through 0.45-pm
pore cellulose acetate filters, and concentrated by ultracentrifugation.
Primary keratinocytes or HaCaT cells were infected with the retro-
viral stock at various multiplicities of infection (MOIs) with
Vectofusin-1 (Miltenyi Biotec) or RetroNectin (Takara) addition.

Generation of genetically modified HaCaT cell cultures

HaCaT cells were transduced with SINy-RV-EGFP supernatants at
MOI 5 with RetroNectin recombinant human fibronectin fragment
solution (Takara; 20 pg/mL in DPBS [Gibco]) at 10 ug/cmz. Each
condition of SINY-RV-EGFP-transduced HaCaT cells was serially
diluted (1 cell/well) for positive clone isolation. After 7 days of culti-
vation, fluorescent positive clones were selected using an inverted
florescence microscope. EGFP™ clones were picked and expanded in
serial passages. Transduced HaCaT cells were cultured in low-calcium
conditions (0.03 mM Ca?*) for at least 3 weeks in order to induce a
basal-like state that is characteristic of undifferentiated cells. HaCaT
cells were then cultured in high-calcium conditions (2.8 mM Ca®")
to induce differentiation. Samples were harvested at t0 (low Ca®")
and 8 h, 24 h, 48 h, 4 days, and 6 days, after calcium addition.

Live-cell imaging of genetically modified HaCaT cell cultures
EGFP fluorescent emission of transduced HaCaT cells under differen-
tiation conditions was evaluated with a Cell Observer microscope
(Axio Observer Z1, 10X objective). Fluorescence and bright-field mi-
crographs of the samples were acquired every 24 h for 6 days. Non-
transduced HaCaT cells were used as a negative control.

Generation of genetically modified human primary keratinocytes
Sub-confluent keratinocytes mass cultures (K82) were treated
with 0.05% trypsin and 0.01% EDTA for 15-20 min at 37°C and
plated (3 x 10* cells/em®) onto lethally irradiated 3T3-J2 cells
(3 x 10 cells/cm®) in KGM without FBS or penicillin-streptomycin.
SINY-RV-EGFP viral supernatants were added separately at MOI 1.5
with Vectofusin-1 (Miltenyi Biotec). After 3 days of cultivation, cells
were collected and cultured in KGM on a regular 3T3-J2 feeder layer.
Keratinocytes were treated with 2 g/mL of puromycin (Sigma) for 72
h, enabling the selection of cells. The selected sub-confluent trans-
duced primary keratinocyte cultures were trypsinized and plated in
over-confluent conditions to induce differentiation. Samples were
feeder depleted and harvested at 3, 7, 10, and 14 days of culture.

3D SE culture preparation

3T3-J2 -populated collagen gels (final concentration of 5 mg/mL)
were prepared as reported previously®® and seeded with primary hu-
man keratinocytes (1 x 10° cells/scaffold) onto lethally irradiated
3T3-J2 cells (5 x 10* cells/scaffold) in KGM. After 6 days in sub-
merged culture, the medium was removed, and the collagen gels
were gently moved in Millicell cell culture (Merck). The 3D SE cul-
tures were further cultured for 20-24 days in the air-liquid interface
(ALI) condition to induce epidermal differentiation.
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RNA extraction, real-time qPCR, and droplet digital PCR

Total RNA was isolated from cultured cells using the PureLink RNA
Mini Kit (Thermo Fisher Scientific). cDNA was generated using the
SuperScript VILO ¢cDNA Synthesis Kit (Thermo Fisher Scientific).
Real-time qPCR analyses were carried out on triplicate samples of ret-
rotranscribed ¢cDNA with TagMan Universal PCR Master Mix
(Thermo Fisher Scientific) on a 7900H Real-Time PCR System
(Thermo Fisher Scientific).”” Expression levels are given relative to
human GAPDH. Data were analyzed using the 27" quantification
and visualized with Prism 8. Droplet digital PCR (ddPCR) was carried
out for VCN evaluation on genomic DNA isolated from cultured cells
using the QIAamp DNA Mini Kit (QIAGEN, 51304). Droplets were
generated using the QX200 Droplet Generator (Bio-Rad) according
to the manufacturer’s instructions. PCR amplifications were per-
formed in a thermal cycler and analyzed using a QX200 Droplet
Reader (Bio-Rad). VCN was absolutely quantified considering an
internal reference gene (VCN = 2). Data were analyzed using
QuantaSoft Analysis Pro software and visualized with Prism 8. For
both real-time qPCR and ddPCR, a list of TagMan probes (Thermo
Fisher Scientific) is provided in Table S2.

Western blotting

Samples of human primary keratinocytes destined for western blot
analysis were depleted of feeder layer in 20 mM cold PBS/EDTA. Cells
were lysed in 1x RIPA buffer (Sigma-Aldrich) supplemented with
phosphatase and protease inhibitor cocktail (Thermo Fisher Scienti-
fic). BCA kits (Pierce) were used to quantify the total protein amount.
Equivalent quantities of RIPA-solubilized proteins were resolved by
4%-12% NuPAGE BisTris gels or 10% NuPage Tris acetate gels
(Thermo Fisher Scientific) at 100 V for 2 h and transferred to
100 V at 4°C for 2 h on a nitrocellulose membrane (Millipore). Mem-
branes were treated with EveryBlot blocking buffer (Bio-Rad) for
5 min with agitation. Primary antibodies were diluted in blocking
buffer as indicated in Table S3 and added overnight at 4°C to the
membranes. Secondary antibodies were diluted in blocking buffer
as indicated in Table S3 and added to the corresponding membranes
for 1 h at room temperature. Signal was visualized with Clarity West-
ern ECL Substrate (Bio-Rad) using ChemiDoc (Bio-Rad). Bio-Rad’s
Image Lab software 6.0 was used for band densitometry. A gray back-
ground on the images was homogeneously added for graphical
purposes.

Immunofluorescence and H&E staining

For immunofluorescence analyses of in vitro-cultured keratinocytes,
cells were plated at 1,000/well onto glass coverslips and grown as
described previously. Cells were fixed with 3% paraformaldehyde
(PFA) for 10 min at room temperature, carefully washed with 1x
PBS, and permeabilized in 0.3% PBS/Triton for 15 min. Blocking
solution (5% FBS and 2% BSA in 0.1% PBS/Triton) was added
for 1 h at room temperature. Primary antibodies were diluted in
blocking solution as described in Table S3 and added to the samples
overnight at 4°C. Secondary antibodies were diluted in blocking so-
lution as described in Table S3 and added to the samples for 1 h at
room temperature. Cell nuclei were stained with DAPI. Dako
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mounting medium was used to mount coverslips. A Carl Zeiss
confocal microscope (LSM510meta) with a Carl Zeiss EC Plan-
Neofluar 40x/1.3 oil immersion objective was used to visualize fluo-
rescent signals.

For 3D human SE immunofluorescence, the 3D cultures were dehy-
drated in a sucrose gradient (0.9 M and 2 M) for 30 min at room tem-
perature, embedded in Killik-OCT Cryostat Embedding Medium
(Bio-Optica), and frozen. 7-um sections of embedded SE were ob-
tained with a histological cryomicrotome (Leica CM1850 UV).
Immunofluorescence was performed on 7-pum cryosections. In brief,
sections were fixed in 3% PFA or methanol, permeabilized for 15 min
with 0.3% PBS/Triton, and blocked for 30 min at 37°C with blocking
solution (5% BSA in PBS). The primary antibody, diluted in blocking
solution, was added to skin sections for 2 h at 37°C. Sections were
washed three times in wash solution (0.1% PBS/Triton) and incu-
bated with secondary antibody diluted in blocking solution for 1 h
at room temperature. Cell nuclei were stained with DAPI for 3 min
at room temperature. Glasses were then mounted with Dako
mounting medium, and fluorescent signals were monitored under a
Carl Zeiss confocal microscope LSM900 with a Carl Zeiss EC Plan-
Neofluar 40x/1.3 oil immersion objective. The antibodies used are
described in Table S3.

H&E staining was performed on 7-pm cryosections of 3D SEs (Harris
hematoxylin for 1 min, running tap water for 1 min, eosin Y 50% in
ethanol for 30 s, 95% ethanol for 1 min, 100% ethanol for 1 min, and
two rinses in fresh 100% ethanol for 1 min each). Color bright-field
images were taken with a Carl Zeiss microscope (Axio Imager M2)
with an EC Plan-Neofluar 40x/0.75 M27 air objective.

Colony-forming efficiency assay

Colony-forming efficiency was calculated at each passage from the in-
dicator dish stained with rhodamine B after 12 days of cultivation.
The percentages of clonogenic cells correspond to the number of col-
onies on the total amount of plated cells; the percentage of abortive
colonies was calculated as the number of abortive colonies among
the total number of colonies.

Generation of the A”TGM1 human cellular model

gRNA CRISPR guides (Invitrogen) were designed to target TGM1
E2 (gRNA1, 5-AAATGCGGCAGATGACGACT-3' and gRNA2,
5'-AAATGCGGCAGATGACGACG-3'), which differ in 1 nt (under-
lined), allowing targeting of both TGMI alleles, exploiting the pres-
ence of a SNP in a wild-type strain [K81], and TGM1 E4 (gRNA3,
5'-GGATGTAGATCTCATTGCGG-3'). gRNAs were checked for
the minimal off-target activity predicted by an online tool (http://
www.rgenome.net/cas-offinder/). gRNAs were mixed with the Cas9
protein (Alt-R S.p. Cas9 Nuclease V3, Integrated DNA Technologies
[IDT], 1081058) in a 0.3:0.3:0.3:1 ratio and incubated at room tem-
perature for 20 min, forming the RNP complex. 5 x 10° primary hu-
man keratinocytes (K81 strain) were resuspended in a final volume of
100 pL of primary cell nucleofection solution (P3 Primary Cell
4D-Nucleofector Kit, Lonza), mixed with the RNP complex solution

and 4 mM Cas9 electroporation enhancer (IDT), and nucleofected us-
ing a 4D-Nucleofector (Lonza).”’

Genomic analysis by sequence decomposition (TIDE) of the
ATGM1 human cellular model

Genomic DNA isolated from ATGM1 and non-treated keratinocytes
was used for the screening of the TGMI sequence through PCR
amplification. Two couples of primers (11-12 and 13-14; Table S2)
were used to investigate the genomic sequence flanking both edited
exons (e.g., E2 and E4, respectively). Moreover, PCR fragments span-
ning the Cas9 target sites were generated to evaluate the excision of
the entire genomic region of above 1.7 kb between E2 and E4 with
11-14 primers (Table S2). PCR products were analyzed in 1% agarose
gel. The molecular weight markers were the 100-bp DNA Ladder (In-
vitrogen) and 1-kb Plus DNA Ladder (Invitrogen). PCR amplicons
were subjected to conventional Sanger sequencing. The resulting
sequence trace files were uploaded on the TIDE web tool with the
gRNA sequence as input. Obtained data were visualized with Prism 8.

Isolation of cross-linked cornified cell envelopes

For envelope formation, human primary keratinocytes were seeded
onto a Millicell cell culture insert of 12-mm diameter with 0.4-pum
pore size (Merck) for 5 days in submerged culture and further
cultured for 20-24 days in the ALI condition to induce epidermal dif-
ferentiation. Thereafter, the insert was carefully removed with twee-
zers and submerged in a buffer solution consisting of 1 M Tris-HCI
(pH 8.0), 2% 2-mercaptoethanol, and 2% SDS.”” The suspension
was heated to 100°C for 10 min and vortex mixed for 10 min. Enve-
lope suspension was assessed by phase-contrast microscopy.

TG1 in situ enzymatic activity assay

TG1 in situ activity was performed on unfixed cryosections (7 um
thick) as described previously.”' The 3D SE cryosections (from
normal, 4ATGMI, or SINY-RV-TGMI-transduced keratinocytes)
were air dried for 10 min at room temperature and then blocked
with 1% BSA in PBS for 30 min at room temperature. Sections
were incubated in 100 mmol/L Tris-HCI (pH 7.4), 5 mmol/L CaCl,,
and 0.1 mmol/L Alexa Fluor 594 Cadaverine (A30678, Thermo Fisher
Scientific) for 90 min at room temperature. Cell nuclei were stained
with DAPI. Glasses were mounted with Dako mounting medium,
and fluorescent images were obtained using a Carl Zeiss confocal
microscope (LSM900) with a Carl Zeiss EC Plan-Neofluar 20x/0.50
M27 air objective.

TG1 in vitro enzymatic activity assay

The TG1 in vitro activity assay was performed with 50 pg of protein
extracts obtained from normal or 4ATGM]I keratinocytes in growing
(3-day) and over-confluent (14-day) conditions using the Transgluta-
minase Assay Kit (CS1070, Merck) according to the manufacturer’s
instructions. Briefly, 50 pg of protein extracts was added to each
well, and 2 milliunits/mL of transglutaminase enzyme from guinea
pig liver was used as a positive control. 50 pL of assay mixture was
added to each well, and the plate was incubated for 30 min at room
temperature. Streptavidin-peroxidase and TMB substrate were added
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to each well, and the absorption was read at 450 nm with a plate-
reading spectrophotometer (Glomax, Promega).

Encapsulation with the 10X Genomics chromium system and
bioinformatics analysis on single-cell multiome data (ATAC and
gene expression)

Fully confluent keratinocytes were detached, and cells were accurately
resuspended to obtain a single-cell suspension in PBS containing
0.04% BSA. About 8 x 10* cells of SINy-RV-TGMI-transduced ker-
atinocyte samples were subjected to nucleus isolation and DNA frag-
mentation according to the manufacturer’s instructions (CG000338
Rev F, 10X Genomics). About 15,000 nuclei were loaded into the
Chromium Next GEM Chip ] using the Single Cell Multiome
ATAC + Gene Expression Kit (10x Genomics). The sample was
pre-amplified and half-divided to generate the Illumina sequencing
ATAC and GEX libraries. Sequencing was performed on the
NovaSeq6000 SP platform following the 10x Genomics instructions
for read generation (150PE), reaching, on average, 67,000 reads per
cell for the GEX library and 213,000 reads per cell for the ATAC
library.

For the bioinformatics analysis, the Cell Ranger ARC pipeline
(v.2.0.2) was used to generate FASTQ files, to align reads to the refer-
ence transcriptome (GRCh38) for the GEX library or to the reference
genome (GRCh38) plus the exogenous SINY-RV-TGM1I (provirus
sequence) for the ATAC library, and to calculate unique molecular
identifier counts from the mapped reads. The feature-barcode matrix
was imported in R (v.4.2.2) and analyzed using the Seurat’” (v.4.3.0),
Signac”® (v.1.9.0), and popsicleR™ (v.0.2.1) R packages. Low-quality
cells were identified as outliers for both GEX and ATAC quality met-
rics and subsequently discarded. Doublets were identified and dis-
carded using scDblFinder”” (v.1.8.0). Cell cycle scores were assigned
to each remaining cell and regressed out before dimensionality
reduction with PCA on GEX data. Then, cells were clustered at low
resolution to discriminate major cell populations. Cells were classified
into holoclones, meroclones, paraclones, and terminally differenti-
ated cells using an annotated scRNA-seq dataset of human keratino-
cy‘(es“’44 as a reference and the FindTransferAnchors, TransferData,
and MapQuery functions in Seurat with default parameters. Clusters
representing fibroblasts were identified using the expression level of
VIM and COLIAI We assessed the quality of the assigned labels
monitoring the expression of known markers. Finally, to identify
transduced keratinocytes, we recovered, for each cell, the number of
fragments mapped to the provirus sequence from the “ATAC Per
Fragment Information” file generated by Cell Ranger ARC. Expres-
sion data are available in the Gene Expression Omnibus (GEO:
GSE268321).

Statistical analyses

GraphPad Prism v.8 was used for statistical analyses in the main and
supplemental figures. RT-qPCR data are presented as the mean + SD
of at least three independent experiments (n = 3). Significance was
calculated from ACt values with ANOVA. A value of p < 0.0001
was considered statistically significant.
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Replications

All experiments were replicated a number of times depending on the
experiment performed. For qualitative data, such as those obtained
from immunofluorescence, images are representative of what was
observed in at least three independent samples or replicates.

DATA AND CODE AVAILABILITY

All data generated or analyzed during this study are available from the
corresponding author upon reasonable request.
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