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Abstract

The globin genes are archetypal tissue-specific genes that are silent in most tissues but for
late-stage erythroblasts upon terminal erythroid differentiation. The transcriptional activation
of the B-globin gene is under the control of proximal and distal regulatory elements located
on chromosome 11p15.4, including the B-globin locus control region (LCR). The
incorporation of selected LCR elements in lentiviral vectors encoding 3- and B-like globin
genes has enabled successful genetic treatment of the B-thalassemias and sickle cell
disease. However, recent occurrences of benign clonal expansions in thalassemic patients
and myelodysplastic syndrome in patients with sickle cell disease call attention to the non-
erythroid functions of these powerful vectors. Here we demonstrate that lentivirally encoded
LCR elements, in particular HS1 and HS2, can be activated in early hematopoietic cells
including hematopoietic stem cells and myeloid progenitors. This activity is position—
dependent and results in the transcriptional activation of a nearby reporter gene in these
progenitor cell populations. We further show that flanking a globin vector with an insulator
can effectively restrain this non-erythroid activity without impairing therapeutic globin
expression. Globin lentiviral vectors harboring powerful LCR HS elements may thus expose
to the risk of trans-activating cancer-related genes, which can be mitigated by a suitable

insulator.

Introduction

Current lentiviral vector-mediated 3-globin gene therapy is based on the premise that globin
vectors are erythroid-specific, i.e., active in maturing erythroblasts and silent in
hematopoietic stem and progenitor cells (HSPCs). The globin vectors currently in clinical

development for the genetic treatment of B-thalassemias and sickle cell disease encode
2
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either a - or y-globin gene or a mutated 3-globin gene and regulatory elements from the 13-
globin locus control regions (LCR), including HS2-HS3-HS4 or HS2-HS3. The 3-globin gene
by itself is a small gene, comprising 3 exons and two introns spanning 1606 base pairs in
close proximity to its promoter and a 3’ enhancer, in addition to an intragenic enhancer
embedded within the second intron.}? These elements alone confer erythroid-specific
expression, but at a low level, far insufficient to produce therapeutic 3-globin levels in mice
with deficient B-globin expression. In transgenic mice, physiological expression of the [3-
globin gene requires distal LCR elements, which comprise 4 essential segments, marked by
DNAsel hypersensitive sites (HS) numbered 1 through 4, spanning over 20Kb.?

To generate a genomically stable vector suitable for globin gene therapy, we
previously assembled a reduced configuration of the LCR, including segments
encompassing HS2, HS3 and HS4, together with B-globin gene proximal regulatory
elements, that together provided therapeutic levels of 3-globin expression in mice with (-
thalassemia.* These regulatory elements are considered to be erythroid-specific. But
several studies indicate that HS elements may adopt an open chromatin conformation in
early myeloid progenitor stages prior to erythroid commitment>2°, raising the concern that
globin vectors have the capacity to disrupt and trans-activate endogenous genes in early
progenitor cells, especially in the setting of semi-random integration afforded by retroviral
vectors. Moreover, there have been clinical reports of clonal expansions occurring in
patients treated with lentiviral vectors harboring LCR enhancer elements and a globin
transgene. The most notable was the consequence of a globin vector integration in the
proto-oncogene HMGAZ2, which led to a sustained clonal expansion as a result of vector
induced gene deregulation in myeloid progenitors.!' Although not yet fully explained

mechanistically, there have been reports of myelodysplasia in sickle cell disease patients
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treated with globin lentiviral vectors.? Benign clonal expansions developing years after cell
infusion were also recently observed in thalassemia patients.3

Altogether, these data point to the potential of powerful erythroid LCR elements to be
active in non-erythroid cells, raising the concern that globin vectors, albeit reaching their full
activity in maturing erythroblasts, have the capacity to disrupt and trans-activate
endogenous genes at earlier stages of hematopoiesis. We have therefore undertaken a
rigorous assessment of the erythroid specificity of LCR elements in a lentiviral vector

context, evaluating their functional activity in bone marrow chimeras.

Results
We designed a functional assay to stringently assess the enhancer activity of individual HS
elements in multiple cell types in bone marrow chimeras. We used a self-inactivating
lentiviral vector encoding a minimal B-globin promoter (CAAT and TATA boxes) to drive
expression of humanized Renilla Reniformis green fluorescent protein (hrGFP) linked to
different enhancer elements (Fig. 1A). The reporter vector itself barely provided any
detectable expression and was thus dependent on the cis-linked HS element (HS1-4) and a
permissive integration site to drive measurable hrGFP expression. To evaluate functional
profiles in hematopoietic cell populations throughout differentiation, we transduced bone
marrow cells from CD45.1/Ly5.1 C57BL/6 donor mice and transplanted them into lethally
irradiated CD45.2/Ly5.2 C57BL/6 recipient mice. After verifying engraftment two months
post-transplantation, we measured vector copy number (VCN) and transgene expression in
bone marrow cells (Fig. 1B, Fig. S1).

Our protocol consistently yielded high engraftment efficiency (91.2%+3.6%, Fig. 1C)

and comparable VCNs across different vectors (0.5-1.5 copies/cell, Fig. 1D). In the
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erythroid lineage, GFP expression markedly increases upon differentiation from
megakaryocyte erythroid progenitors (MEP), pre-colony-forming unit erythroid (PreCFU-E),
colony-forming unit erythroid (CFU-E) to Ter-119-expressing early-to-mature erythroid
lineage cells (EM-ELC) (Fig. 1E). Unlike HS3 and HS4, which showed as expected an
increased fraction of GFP+ cells in EM-ELC, HS1 and HS2 did not. These findings are
consistent with findings in single-copy transgenic mice that establish the sufficiency of
autonomous HS3 to drive erythroid globin expression* in contrast to HS2’s inability to do
so®®, while HS1 could only drive expression in conjunction with additional regulatory
elements but not a minimal promoteré, as we use here. Similar transgenic studies have not
been reported for HS4.

Unexpectedly, however, we found increased transgene activity in early hematopoietic
cells, including long term-HSC (LT-HSC), short term-HSC (ST-HSC) and multipotent
progenitors (MPP). Strikingly, this activity was most pronounced for HS1 and HS2, in the
following order HS1>HS2>HS3=HS4 (Fig. 1F). The level of GFP expression in these early
progenitors was greater for HS1 and HS2 than for HS3 and HS4 (Fig. 1G). HS1 and HS2
thus increased expression at a subset of integration sites, consistent with their dependence
on neighboring regulatory elements, a need met at some integration sites but not others.
HS3 and HS4 did not exhibit such cooperativity in early hematopoietic cells (Fig. 1F) but
displayed a higher probability of expression, i.e., lesser position dependence, upon erythroid
differentiation, corroborating studies in transgenic mice.'* HS3 and HS4 together increased
the probability and level of expression obtained with either site alone in erythroid cells (Fig.
1E,H), increasing expression in early progenitors albeit not exceeding the activity of HS1 or

HS2 (Fig. 1F,G).
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The contrasting transcriptional cooperativity of HS1 and HS2 relative to HS3 and
HS4 in early hematopoietic cell types remains to be explained. Analysis of the chromatin
accessibility of these elements in their chromosomal context of origin in human
hematopoietic stem and progenitor cells as well as mature blood cells'’, provided some
valuable insights. HS1 and HS2 were readily accessible in HSCs, in contrast to HS3 and
HS4 (Fig. 2, Fig. S2). All HSs were accessible in MEPs and erythroblasts, with the highest
accessibility reached at the erythroblast stage for HS3 and HS4. These findings thus are in
line with our data in mouse bone marrow chimeras that show the highest and most erythroid
specific expression with HS3 and HS4 (Fig. 1E,H), and the earliest, non-erythroid
expression with HS1 and HS2 (Fig. 1F,G).

Globin vectors in current clinical trials all incorporate either HS2/3/4 or HS2/3.1819 To
test whether a globin vector encoding HS2, HS3 and HS4 is transcriptionally active in non-
erythroid hematopoietic cells, we designed a TNS9*-derived vector expressing hrGFP in lieu
of the hemoglobin B chain by substituting globin exons 1-2 and intron 1 with the hrGFP
coding sequence (TNSOhrGFP, Fig. 3A). TNSO9hrGFP showed significant GFP expression
in early and myeloid progenitors (ST-HSC, MPP, Pre-GM and GMP), consistent with
findings in our functional enhancer assay in Fig. 1 (Fig. 3C). Transgene expression was
detected at low level in most non-erythroid bone marrow cell populations (Fig. 3C).

Given the increased probability of reporter expression afforded by HS1 and HS2 and
its dependence on a favorable chromosomal context at the integration site to activate pre-
erythroid transgene expression (Fig. 1), we hypothesized that the pre-erythroid expression
we observed could be diminished or abrogated by flanking the vector with an insulator
possessing enhancer-blocking activity. We therefore inserted the human Al insulator® into

the 3’ LTR of TNS9hrGFP, yielding TNS9hrGFP.A1 (Fig. 3A). The Al insulator is a short
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sequence with CTCF binding motifs identified by Liu et al. from a human genome scan for
high occupancy CTCF recognition sequences that displayed potent enhancer-blocking
activity in vitro and in vivo in a spontaneous tumor model where it reduced the risk of vector
induced genotoxicity.? These features, as well as its small size, informed our selection of
Al over previously described insulator sequences. Following reverse transcription and
integration, the insulator sequence effectively flanks the vector-encoded transcription unit.?
The insulated and non-insulated vectors were transduced into mice bone marrow cells to
guantify GFP expression across hematopoietic lineages in vivo. VCN measurements in
bone marrow cells were comparable for the two vectors in all mice, ranging between 0.7-1.5
copies per cell (Fig. 3B). Flanking by the Al element effectively mitigated non-specific
expression in all non-erythroid cell types (Fig. 3C-D). Importantly, the presence of Al
sequences did not adversely affect vector expression in the erythroid lineage (pre-CFU-E,
CFU-E and EM-ELC, Fig. 3E-F).

To evaluate whether incorporation of the Al insulator adversely affects vector titer
and globin expression, we introduced the Al sequence in the clinical vector TNS9.3.5513:22,
generating TNS9.3.55.A1 (Fig. 4A). Repeated lentiviral vector productions and titrations in
HeLa cells showed that the A1l was not detrimental for vector production or vector titers
(Fig. 4B). To further ascertain therapeutic globin expression, we compared the two vectors
in transplanted thalassemic mice (Fig. 4C). The vector copy number (VCN) of the two
vectors were very comparable and remained stable over time (Fig. 4D). Hemoglobin
expression normalized to VCN showed no significant difference between the two vectors
(Fig. 4E). Thus, flanking the globin transcription unit with the Al element maintained the
high level of expression in erythroid cells characteristic of the TNS9 vector and did not

adversely affect titer.
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Altogether, these findings establish that LV-encoded LCR HS elements, either alone
or in combination, are active in early hematopoietic cell types. Individually, HS1 and HS2
are the most leaky elements, displaying the greatest non-erythroid activity and driving the
most hrGFP expression in LT-HSC, ST-HSC and MPP populations. While our studies show
that the HS3/4 combination of HS elements directs substantial erythroid expression (Fig
1E,H), the expression level afforded by an HS3/4-encoding vector is still substantially less
than obtained from a vector additionally encoding HS2 (Fig. S3). Importantly, we show that
the incorporation of the Al insulator in a globin vector encoding HS2 together with HS3/4
attenuated non-erythroid specific expression in early progenitors while preserving high-level
erythroid-specific globin expression in two in vivo models and without compromising vector

titer.

Discussion
The successful treatment of beta-thalassemia with the TNS9 vector in mice* led to the
development of multiple variant globin vectors all including LCR elements to direct high-
level B-globin expression in erythroid cells.?® The number of individual LCR elements and
their exact boundaries vary between these vectors and accordingly confer different levels of
globin expression.*2428 Prior to their incorporation in therapeutic vectors, individual LCR
elements had been extensively characterized in transgenic mice or in yeast artificial
chromosomes. These studies delineated the contribution of LCR HS elements to regulate
globin gene expression? but did not assess their function in the context of lentiviral gene
transfer and hence did not directly inform the safety or efficacy of globin gene therapy.
Lentiviral vectors are known to preferentially integrate within genes®%3!, from where

transcriptionally active enhancer and promoter elements may perturb the expression of
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genes located nearby or even at considerable distance from the integration site.3? We
hypothesized that globin LCR HS elements may exert an enhancer function in context
dependent fashion and thus be activated in some non-erythroid hematopoietic
compartments. Our studies indeed uncovered expression of these lentiviral vectors outside
the erythroid lineage. As individual elements, HS1 and HS2 displayed the greatest non-
erythroid activity, increasing the probability of hrGFP expression in LT-HSC, ST-HSC and
MPP populations (Fig. 1F). These findings correlate with in vitro analyses showing that HS1
and HS2 at their natural locus are in an active chromatin configuration prior to erythroid
commitment®193(Fig. 2). Non-erythroid expression associated with HS2/3/4 was also
evident in a modified clinical vector expressing hrGFP instead of HBB (Fig. 3C).

HS1-4 encode overall similar transcription factor binding sites and yet differ in their
ontogenic DNAsel hypersensitivity34, their ATACseq peak formation across hematopoietic
cell types (Fig. 2) and their non-erythroid transcriptional activity (Fig. 1). It is noteworthy that
HS1 and HS2 both stand out in their early hematopoietic ATACseq peak formation at their
native location on chromosome 11 (Fig. 2) and are the two sites that promote the greatest
GFP expression in early hematopoietic cells (Fig. 1). It is also noteworthy that this
transcriptional activity revealed itself as a position-dependent increase in probability of
expression (Fig. 1F). We therefore conclude that these two sites, when bound by proteins
present in early hematopoietic progenitors such as AP1, SP1, LDB1, USF, Tall or GATAl
(but not requiring terminal erythroid differentiation factors such as NF-E2 or EKLF),
increase, in concert with nearby genomic elements, the likelihood that the neighboring
reporter gene will be expressed. The AP-1/NF-E2 tandem repeats at HS2 could be
responsible for recruiting RNA polymerase Il in non-erythroid cells independently of NF-E2

but acting through weaker AP1 binding.’® We speculate that topological interactions
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increase transcription by positioning the chromosomal region harboring the integrated HS
element in a chromatin hub or a topologically associated domain (TAD)3¢, a known function
of globin HS elements in erythroid cells. The dependence of ectopic HS activity on
complementary, cooperative regulatory elements adjacent to the integration site is
consistent with the position-dependence of reporter expression we observed in early
hematopoietic cell types.

This model is consistent with LCR assembly and migration of HS elements into a
transcription hub in maturing erythroblast®’° wherein chromatin reorganization precedes
transcription.** We did not find published studies addressing the function of ectopic HS
elements in non-erythroid cells, which is not essential for the study of physiologic globin
gene regulation but is critical for assessing the activity profile of HS elements in a
therapeutic strategy based on randomly or semi-randomly integrating vector systems. A
recent study suggests that HS2 plays a role in forming a TAD by interacting with
neighboring CTCF sites.*? In the natural beta-globin locus on human chromosome 11p15.4,
HS2 acts topologically to bring the beta-globin promoter and the LCR together in a TAD to
allow for transcription to occur. Considering prior studies that show accessibility of HS2 in
non-erythroid cell types'®, we propose that this topological function can promote gene
expression at permissive chromosomal locations wherever the HS2-bearing lentiviral vector
has integrated. Thus, in the context of a semi-randomly integrated lentiviral vector, HS2
could lead to the formation of a TAD in non-erythroid, early hematopoietic cells, increasing
the probability of expression of the nearby hrGFP transgene. Once in a TAD, adjacent
genes can be activated.®® This same mechanism may account for the transcriptional
activation of a nearby oncogene. Disruption of TAD boundaries can alter promoter-enhancer

interactions and allow new interactions to be established.4344
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This model also provides an explanation for the finding that flanking the vector with
the Al insulator abrogates non-erythroid expression, consistent with the enhancer-blocking
activity of that element, yet without reducing globin expression in erythroid cells, where the
HS elements incorporated in the vector are autonomously capable of driving high globin
expression. We hypothesized that the non-canonical enhancer function of HS1 and HS2,
which is context dependent, would be reduced in the presence of an insulator with
enhancer-blocking activity. Consistent with our hypothesis, we found that flanking our
transcription unit with the human enhancer-blocking element A12°4 markedly reduced non-
erythroid expression. However, Al did not reduce erythroid expression, suggesting that the
vector does not depend on cooperative interactions under conditions where HS elements
are arrayed and fully occupied by their cognate transcription factors. In transplanted mice,
we found that the insulated vector significantly reduced non-erythroid expression (Fig. 3C-
D) while expression in mature erythroid cells was unaffected (Fig. 3E-F). In addition,
incorporation of the Al insulator in a therapeutic globin vector was not detrimental to vector
titer and hemoglobin production in globin vector-treated thalassemic mice (Fig. 4B-E).

Several clinical reports have established or hinted that globin vectors may be
transcriptionally active in non-erythroid cells. The first was the occurrence of a major clonal
expansion in a thalassemia patient treated with the HPV569 vector (subsequently named
BB305 after removing the cHS4 insulator*®), which deregulated expression of the proto-
oncogene HMGAZ2 in an early myeloid progenitor, increasing its expression through a
combination of increased transcription and deregulated post-transcriptional deregulation.!!
HMGAZ2 overexpression was later shown to expand mouse lineage-negative bone marrow
HSCs.%’ In our clinical trial with TNS9.3.55, we observed the emergence of benign clonal

expansions years after cell infusion, some accounting for up to 17.5% of vector bearing cells

11
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and coinciding with vector integration near cancer-related genes.'* The most expanded
clones harbored a vector integration located in UBR2, which encodes an E3-ubiquitin ligase
known to be up-regulated in several cancers. This study also uncovered a cluster of
integrations into the STAT3 gene, which has also been associated with T cell expansions in
HIV patients.®® A recent update on the BB305 globin vector trial included a case of acute
myeloid leukemia occurring 5 years after globin gene therapy for sickle cell disease.
Integration site analysis uncovered the expansion of a clone accounting for up to 98.6% of
all integration sites, integrated in an intron of VAMP4.%° The globin vector was expressed at
low level in the leukemic blast cells, but VAMP4 expression was not found to be
increased.*®

This constellation of findings in murine models and patients treated with uninsulated
globin vectors warrants heightened scrutiny of clonal expansions in on-going clinical trials
for B-thalassemia and sickle cell disease. Our studies show that HS elements, HS1 and
HS2 especially, can be active in early hematopoietic cells preceding erythroid differentiation,
raising the concern that they may activate the expression of neighboring cancer-related
genes. Intriguingly, an insulator such as A1 may abate the non-erythroid activity of globin

vectors without compromising their therapeutic efficacy.

Materials and Methods

Lentiviral vector design and preparation. hrGFP minimal promoter vectors were
constructed by subcloning 137 base pairs (bp) of the human B-globin promoter into the
PLM18 vector expressing hrGFP. The enhancer elements assembled into these vectors are
in anti-sense orientation and consist of a 1072 bp HS1 fragment, 816 bp HS2 fragment

(SnaBlI-BstXl), a 1300 bp HS3 fragment (Hindlll-BamHI) and a 1069 bp HS4 fragment

12
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(BamHI-Banll). The 1072 bp fragment of HS1 was synthetized and cloned by Gibson
Assembly (Nucleotides 20900 — 21973, NCBI Accession number NG_000007).

TNS9.887.A1 is a derivative of TNS9* with the insertion of Al insulator® in the
3'LTR. TNS9hrGFP and TNS9hrGFP.A1 were obtained by substituting exons 1-2 and intron
1 with the hrGFP coding sequence.

Proviral particles were produced by transient triple transfection of the recombinant
vectors, pCMVARS8.9 packaging plasmid, pMD.G envelope plasmid and transfer plasmid
into 293T cells. A total of 5x10% 293T cells were seeded in 10-cm dishes 24 h prior to
transfection in DMEM with 10% fetal bovine serum, penicillin (100 1U/ml), and streptomycin
(100 pg/ml) in a 5% CO:2 incubator. A total of 20 ug of PEI-Pro (Polyethyleneimine,
Polyplus) and 20 ug of plasmid DNA was used for the transfection of one 10-cm dish: 3.5 ug
of the envelope plasmid pMD.G, 6.5 ug of packaging plasmid pCMVARS8.9 and 10 ug of
transfer vector plasmid. The medium (10 ml) was replaced after 14 to 16 h; the conditioned
medium was collected after another 24 h, cleared by low-speed centrifugation, and filtered
through 0.45-pym-pore-size cellulose acetate filters. The pseudo-typed virions were then
concentrated by ultracentrifugation, resuspended and frozen down in aliquots for

subsequent titration and cell transduction.

Mouse Hematopoietic stem cell transduction and transplantation. All animal protocols
were approved by the Memorial Sloan Kettering Cancer Center (MSKCC) Institutional
Animal Care and Use Committee. Relevant animal use guidelines and ethical regulations
were followed for all procedures. Donor bone marrow was flushed from the femurs of 8- to
16-week-old C57BL/6 (CD45.1, Jax) or Hbb™¥* male mice that had been injected

intraperitoneally (i.p.) 6 days earlier with 5-fluorouracil (5-FU, Pharmacia; 150 mg kg * body

13
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weight). Bone marrow cells were resuspended in serum-free X-VIVO10 medium (Lonza,
Basel, Switzerland), and supplemented with rmSCF (100ngml?, R&D Systems,
Minneapolis, MN, USA), rmTPO (100 ng mIt, R&D Systems, Minneapolis, MN, USA), B-
mercaptoethanol (55 uM; SigmaAldrich), L-glutamine (2 mM), pen/strep (101U mlt) and
cultured for 18 h in a 5% CO:2 incubator. Bone marrow cells were pelleted and resuspended
in serum-free medium containing concentrated lentiviral supernatant at a multiplicity of
infection (MOI) of 25 and supplemented with polybrene (10 ug ml?t), L-glutamine (2 mM),
pen/strep (100 IU mIt) and incubated for 8 h. Transduced bone marrow cells (5x10°) were
then i.v. injected into each of the irradiated female recipients to establish bone marrow
chimaeras. Recipient mice: 11- to 14-weeks-old C57BL/6 (CD45.2, Jax) or Hbb™* mice

were irradiated with 10.5 Gy (split dose 2x5.25 Gy) on the day of transplantation.

Post-transplant vector studies. For the assessment of hemoglobin levels, peripheral
blood was collected periodically starting 5-6 weeks after hematopoietic stem cell
transplantation. Blood samples were obtained by tail vein puncture. Total hemoglobin levels,
red cell counts, hematocrit levels, neutrophil counts, platelet counts, and reticulocyte counts
were measured on a blood cell count analyzer (H System, Bayer, Leverkusen, Germany).
Baseline anemia in Hbb"3* mice is 7.5-8.5 g/dL (Automated hemoglobin (Hb) quantification
using H System, Bayer, Leverkusen, Germany); Vector performance, i.e. protein output per
vector copy, is determined as the ratio of gain in hemoglobin expression (i.e. correction of
anemia), A4Hb g/dL, per vector copy number (VCN) measured in circulating blood cells.

For the assessment of transplant efficiency, peripheral blood was collected at 2
months post-transplant by tail vein puncture as above. Blood was lysed and flow cytometry

was performed using CD45.1 and CD45.2 antibodies to assess transplant efficiency. Mice

14
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were then euthanized according to MSKCC animal protocol to extract bones from the hind
limbs. To analyze the bone marrows for GFP expression in different cell populations, hind
limb bones were flushed to collect all bone marrow cell populations. The cells were lysed
and subjected to lineage cell depletion using the mouse lineage cell depletion kit (Miltenyi
Biotec) according to manufacturer's protocol after keeping 2.5x108 cells aside for
assessment of lineage committed cells. Flow cytometry was performed with the lineage
negative cells using antibodies for c-kit/CD-117, Sca-1/Ly-6A/E, CD16/32, CD150, CD105
and CD41 and with saved whole bone marrow for lineage committed cells using antibodies
for Ter-119, CD19, CD11b/Mac-1 and CD3e. Gating strategy was derived from Pronk et
al.>® The lineage positive cell fraction after lineage depletion was used to assess the vector

copy numbers (VCN).

VCN assay. To analyze the integrated VCN in mouse peripheral blood and bone marrow as
well as human erythroid cells, genomic DNA was isolated using the PureLink Genomic DNA
Mini  Kit (Invitrogen, Waltham, MA). The DNA was quantified using Nanodrop
spectrophotometer (ThermoFisher Scientific) and analyzed with multiplex real-time TagMan
PCR using the TagMan Universal PCR mastermix (Life Technologies, Carlsbad, CA) and
the following probes and primers: Gag-probe: (5’-acagccttctgatgtttctaacaggccagg-3’); Gag-
Forward primer: (5’-ggagctagaacgattcgcagtt-3’); Gag-Reverse primer: (5'-
gttgtagctgtcccagtatttgtc-3’);  Mouse-B-actin probe:  (5’-tacgagggctatgctctccctcacgce-3’);
Mouse-f-actin-Forward primer: (5’-tcacccacactgtgcccat-3’); Mouse-B-actin-Reverse primer:
(5’-agccaggtccagacgcag-3’); Human albumin- probe: (5’-tgctgaaacattcaccttccatgcagt-3’);

Human albumin-Forward primer: (5’tgaaacatacgttcccaaagagttt-3’); Human albumin-Reverse
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primer: (5'ctctccttctcagaaagtgtgcatat -3’). qPCR was run and analyzed using the

QuantStudio™ 7 Flex Real-Time PCR System and accompanying software.

Transduction and erythroid differentiation of human CD34+ cells. Granulocyte colony-
stimulating factor-mobilized blood derived mononuclear cells (MNCs) from a healthy human
volunteer were purchased from Key Biologicals, Memphis, TN, USA (institutional review
board-exempted). All blood samples were handled following the required ethical and safety
procedures. CD34+ cells were isolated from the MNCs using Clinimacs CD34 Microbeads
(Miltenyi Biotec) and frozen in FBS with 10% DMSO in liquid nitrogen for further use in all
experiments. The human CD34+ cells were thawed and cultured in serum-free X-VIVO10
media (Lonza, Basel, Switzerland) containing 100 ng/ml each of Human stem cell factor
(SCF, R&D Systems, Minneapolis, MN, USA), Human fms-related tyrosine kinase 3 ligand
(FIt3L, R&D Systems), human thrombopoietin (TPO, R&D Systems) and 20ng/ml Human
IL3 (hulL3, Peprotech, NJ, USA) at a density of 1x108/ml for 24hrs. After this pre-
stimulation, the next day, 1x10° cells were transduced with lentiviral vectors at MOI 20-30
by plating in fibronectin (RetroNectinTM; Takara, Shiga, Japan) coated non-tissue culture
treated 96-well plates and cultured in the same medium and density as day 0. 24hrs after
the first transduction, cells were re-transduced with lentiviral vectors by adding the same
amounts of viral vectors as on day 1 in the culture and cultured again for 24hrs. The next
day, transduced cells were differentiated into erythroid cells using MEM Eagle
(SigmaAldrich, St. Louis, MO, USA)-based erythroid differentiation with 30% fetal bovine
serum (FBS, Mediatech), 1U/ml erythropoietin (EPO, AMGEN, Thousand Oaks, CA, USA),
10ng/ml SCF, 1.0uM dexamethasone (VETone, Boise, ID, USA), 0.3mg/ml holotransferrin

(Sigma Aldrich, Saint Louis, MO, USA), and 0.1% bovine serum albumin (SigmaAldrich,
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Saint Louis, MO, USA) for 4 days by seeding at 0.5x10%/ml. After 4 days of differentiation,
fresh differential medium was added to adjust concentration to 0.5x108/ml and cultured for 4
more days. After 8 days of differentiation, the cells were fed fresh medium and
concentration adjusted to 1x108ml and cultured again for four days. After erythroid
differentiation, at day 15, GFP-positive percentages in erythroid cells and GFP intensity
(GFP MFI) in the GFP-positive fraction were evaluated by flow cytometry. 1x10° cells were

used for gDNA isolation and further VCN analysis.

Antibodies and staining for flow cytometry. All flow cytometry was performed on a BD
LSRII instrument. %GFP+ and GFP-MFI of the GFP+ cells was calculated using the FlowJo
software. Populations that had less than 5% GFP+ cells (non-normalized) were excluded
from MFI measurement (Fig. 1G,H and Fig. 3D). The following fluorochrome conjugated
antibodies were used. For mouse blood and bone marrow analysis- From BD Biosciences:
BV650 mouse anti-mouse CD45.1/Ly5.1 (clone A20); BUV395 hamster anti-mouse CD3e¢
(clone 145-2C11); PE rat anti-mouse CD19 (clone 1D3); APC-Cy7 rat anti-mouse Ter-119
(clone Ter-119); BUV395 rat anti-mouse c-kit/CD-117 (clone 2B8); PE-Cy7 rat anti-mouse
Sca-1/Ly-6A/E (clone D7); PE rat anti-mouse CD105 (clone MJ7/17); 7-AAD and Pl were
used as viability dyes; From Biolegend: BV421 rat anti-mouse CD150 (clone TC15-
12F12.2); From eBiosciences: APC rat anti-mouse CD16/CD32/FcyRIl/Il (clone 93); APC
mouse anti-mouse CD45.2/Ly5.2 (clone 104); Fc receptors were blocked using FcR
Blocking Reagent, mouse (Miltenyi Biotec). Other reagents: Brilliant buffer (BD

Biosciences), Red blood Cell lysis solution(10x) (Miltenyi Biotec).
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Titration assay for vector titration. All lentivector stocks used for transduction were
titrated on Hela cells. Serial dilutions of concentrated lentivector particles were used to
transduce 2x10° cells in a six-well plate in the presence of Polybrene (10 ug/ml). The cells
were kept in culture for no less than 15 days, harvested and genomic DNA was extracted,
guantified, and used for Vector Copy Number (VCN) quantification by TagMan PCR using
the TagMan Universal PCR mastermix (Life Technologies, Carlsbad, CA) and the probes
and primers as given under VCN assay. Transducing activity was expressed in transducing

units per ml (TU/ml).

Statistical analyses. All statistical analyses were performed using the Prism7 (GraphPad)
software. No statistical methods were used to predetermine sample size. Statistical
comparisons between two groups were determined by two-tailed parametric or
nonparametric (Mann—-Whitney U-test) t-tests for unpaired data. P values <0.05 were
considered statistically significant. The statistical test used for each figure is described in the

corresponding figure legend.

ATACseq data analysis. The raw ATACseq data was taken from Corces et al.!” and
analyzed. The RPM values for all tracks were normalized to compare across the different
cell types. The tracks were visualized using the Integrative genomics viewer (IGV) software
with the same range 0-10 for all tracks (Fig. 2). Raw FASTQ files were downloaded from
GEO (accession: GSE65360). Raw FASTQ reads were trimmed with Trimmomatic and
aligned to hgl9 using Bowtie2. Bam files were filtered based on map quality and PE
concordance; duplicated reads were removed and tn5 specific read shift was performed. To

call peaks, data were aggregated by cell type and peak calling was performed using
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MACS2 and filtered using ENCODE hg19 blacklist. Irreproducible discovery rate (IDR)
analysis was performed for all replicate pairs. Peaks with global IDR <0.05 were considered
as reproducible peaks. Bigwig files were generated from bam files using R packages

“rtracklayer” and “GenomicAlignments” and normalized to reads per million (RPM).
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Figure legends

Figure 1. Globin LCR HS elements direct transgene expression in non-erythroid
hematopoietic progenitor cells. A, The human B-globin cluster is shown at the top and
DNase I-hypersensitive sites are indicated by numbers. Lentiviral vector diagrams: P,
minimal B-globin promoter; hrGFP, humanized Renilla Reniformis GFP; HS1, HS2, HS3,
and HS4, Hypersensitive sites 1, 2, 3, and 4. B, Schematic representation of C57BL/6 mice
transplantation. Bone marrow derived CD45.1/Ly5.1 donor cells are transduced with
lentiviral vector and transplanted into lethally irradiated recipient CD45.2/Ly5.2 mice. See
methods for details. C, Engraftment efficiency in all recipient mice (from Fig.1 and Fig. 3); D,
Vector copy number (VCN) two months post-transplantation, n=4-6 mice/group. E,
Percentage of GFP+ cells normalized by VCN in erythroid lineage cells, MEP,
megakaryocyte erythroid progenitors; PreCFU-E, pre-colony-forming unit erythroid; CFU-E,
colony-forming unit erythroid; EM-ELC, Ter-119 expressing early to mature erythroid lineage
cells. F, Percentage of GFP+ cells normalized to VCN in hematopoietic progenitors, LT-
HSC, long term-HSC; ST-HSC, short term-HSC; MPP, multipotent progenitor. The gating
strategy is shown in Fig. S1. G, MFI of GFP+ cells in hematopoietic progenitor cells. H, MFI
of GFP+ cells in erythroid lineage cells. C-D, Data is presented as mean+SD; E-F, Data are
presented as mediantinterquartile range, n=4-6 mice/group and each dot represents a
mouse. G-H, Populations that had less than 5% GFP+ cells (non-normalized) were
excluded from MFI measurement. Statistics: *P<0.05, **P<0.01, **P<0.001, ****P<0.0001;

Mann-Whitney unpaired t-tests.
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Figure 2. LCR HS1 and HS2 show genomic accessibility in human progenitor cells. A
25 kb region centered on the LCR HSs is shown. ATACseq data (taken from Corces et
al.17) from one representative healthy human donor is shown for progenitor and mature cell
types across the hematopoietic lineage. The normalized signal intensity in reads per million
(RPM) is scaled to the same range for all tracks (0-10). Data from additional donors are
shown in Fig. S2. MPP, multipotent progenitor; CMP, multipotent common myeloid
progenitor; GMP, granulocyte-macrophage progenitor; MEP, megakaryocyte erythroid
progenitors; Ery, erythrocyte; Mono, Monocyte; LMPP, Ilymphoid-primed multipotent

progenitor; CLP, common lymphoid progenitor.

Figure 3. An enhancer-blocking insulator decreases pre-erythroid expression without
compromising terminal erythroid expression. A, Schematic of TNS9hrGFP and
TNSOhrGFP.A1 vector proviruses. Bp, B-globin promoter; IVS2, B-globin intervening
sequence 2; 3’E, B-globin 3’ enhancer; ALTR indicates a self-inactivating LTR. B, VCN two
months post-transplantation. C, Percentage of GFP+ cells in non-erythroid progenitors: LT-
HSC, ST-HSC, MPP, pre-GM, GMP, MkP and non-erythroid lineage committed cells: CD3+
T cells, CD19+ B lineage cells, CD11lb+ Myeloid cells. D, MFI of GFP+ cells in
hematopoietic progenitor cells. E, Percentage of GFP+ cells in erythroid lineage cells. F,
MFI of GFP+ cells in erythroid lineage cells. B-F, n=5-6 mice/group. D,F, Populations that
had less GFP+ cells than mock were excluded from MFI measurement. Data are presented
as mediantinterquartile range and each dot represents a mouse. Statistics: *P<0.05,
*P<0.01, ***P<0.001, ****P<0.0001; Mann-Whitney unpaired t-tests. pre-GM, pre-
granulocyte macrophage; GMP, Granulocyte-macrophage progenitor; MkP, Megakaryocyte
progenitor. Other abbreviations as in Fig. 1.
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Figure 4. Addition of insulator A1 to TNS9 allows for equivalent therapeutic globin
expression. A, lllustration of the TNS9.3.55 and TNS9.387.A1 proviruses of the (B-globin
expressing vectors tested. E1, E2, exons 1 and 2; IVS1, IVS2, Intervening Sequence 1 and
2; 3'E, 3’ enhancer; A, 370bp deletion in IVS2. B, Titration assay performed in HelLa cells.
Values are meants.d., n=33-37 experimental replicates. C, Schematic representation of
Thalassemic mice transplantation. Bone marrow derived donor cells are transduced with
lentivirus and transplanted into lethally irradiated recipient mice. See methods for details. D-
E, VCN and AHb in g/dl normalized by VCN in thalassemic mice transplanted with the
respective vectors depicted in A at 2, 5 and 9 months as indicated. Values are meants.d.,

n=5-11 mice per time point per vector.
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Figure 2
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Figure 3
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Cabriolu, Odak et al. show that ectopically integrated regulatory elements borne by globin
vectors are active in early hematopoietic progenitors, exposing to the risk of trans-activating
neighboring cancer-related genes. Incorporation of an insulator element can mitigate this
transcriptional activity in non-erythroid cells, without impairing therapeutic globin expression in

thalassemic mice.



