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HEMATOPOIESIS AND STEM CELLS
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Necker-EnfantsMalades Hospital, Assistance Publique-Hôpitaux de Paris, Paris, France; 12INSERMUMR 1163, Paris, France; 13College de France, Paris, France; and
14Great Ormond Street, Institute of Child Health, Molecular and Cellular Immunology, University College London, United Kingdom

KEY PO INT S

l In the context of
gene therapy, the
estimated number of
active, repopulating
HSPCs was correlated
with the number of
HSPCs per kilogram
infused.

l An analysis of human
HSPC clonal lineage
outputs highlighted
the presence of
myeloid-dominant,
lymphoid-dominant,
and balanced cell
subsets.

In gene therapy with human hematopoietic stem and progenitor cells (HSPCs), each gene-
corrected cell and its progeny are marked in a unique way by the integrating vector. This
feature enables lineages to be tracked by sampling blood cells and using DNA sequencing
to identify the vector integration sites. Here, we studied 5 cell lineages (granulocytes,
monocytes, T cells, B cells, and natural killer cells) in patients having undergone HSPC gene
therapy for Wiskott-Aldrich syndrome or b hemoglobinopathies. We found that the es-
timated minimum number of active, repopulating HSPCs (which ranged from 2000 to
50 000) was correlated with the number of HSPCs per kilogram infused. We sought to
quantify the lineage output and dynamics of gene-modified clones; this is usually
challenging because of sparse sampling of the various cell types during the analyti-
cal procedure, contamination during cell isolation, and different levels of vector
marking in the various lineages. We therefore measured the residual contamination and
corrected our statistical models accordingly to provide a rigorous analysis of the HSPC
lineage output. A cluster analysis of the HSPC lineage output highlighted the existence
of several stable, distinct differentiation programs, including myeloid-dominant,
lymphoid-dominant, and balanced cell subsets. Our study evidenced the heterogeneous

nature of the cell lineage output from HSPCs and provided methods for analyzing these complex data. (Blood.
2020;135(15):1219-1231)

Introduction
Hematopoietic stem cells (HSCs) are defined by their ability to
self-renew while producing daughter cells capable of differen-
tiation, and thus enabling the sustained production of all blood
cell lineages. Literature data from in vitro differentiation and
transplantation assays in murine models have suggested that
HSCs differentiate into multipotent progenitors, which in turn
give rise to early committed progenitors that progressively lose
their self-renewal ability. The early committed progenitors seg-
regate into commonmyeloid progenitors and common lymphoid
progenitors.1,2 However, this classical model has been challenged
by the identification of other self-renewing progenitors, including
lymphomyeloid-restricted progenitors (ie, cells having lost their

megakaryocyte and erythroid potential) and myeloid-restricted
progenitors (ie, cells having retained their long-term myeloid and
megakaryocyte potential).3-7 Cells may thus lose their multi-
potency while retaining the ability to self-renew and produce a
restricted number of lineages.8 The classical model has been
further challenged by the documented heterogeneity of murine
HSC self-renewal and reconstitution,9 and the identification of
stem cells that can give rise to cell populations with different
myeloid:lymphoid ratios.5,10,11 Most recently, the combination of
genetic barcoding and labeling methods with murine trans-
plantation studies has increased the accuracy of clonal tracking
and confirmed the existence of discrete HSC subsets12-16 and
multilineage/oligolineage HSC clones.17
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A clonal tracking study of lentiviral integration sites (ISs) in
macaques documented the existence of 3 groups of HSCs with
different myeloid and lymphoid potentials.18 In the same non-
human primate model, Dunbar’s group recently used a quantita-
tive barcoding approach to observe relatively stable, multipotent,
long-term, clonal HSC outputs, together with clones whose
output was biased toward myeloid or lymphoid lineages.19,20

Taken as a whole, the results of animal studies suggest that
long-lived clones can be subdivided into several functional
groups.

In humans, decades of therapeutic stem cell transplantation
have shown that long-term repopulating HSCs are part of the
CD341 subset or (according to some studies) the CD1331 cell
subset21 that comprise a mixture of hematopoietic stem and
progenitor cells (HSPCs). Xenotransplantation in immunodefi-
cient nonobese diabetic-severe combined immunodeficiency
gammaC2/2 mice can be used as a surrogate to distinguish
between committed progenitors on one hand and HSCs capable
of long-term engraftment on the other.22 Barcoding analyses of
human CD341 HSPCs engrafted in nonobese diabetic-severe
combined immunodeficiency gammaC2/2 mice also suggest
that the HSPC potential is heterogeneous in humans.23,24

However, the long-term repopulation capacity is limited by the
animal’s life span, and the interpretation of these data in mice is
complicated by a skewing of human cell differentiation toward
lymphoid lineages.

Human gene therapy based on the ex vivo transduction of
CD341 cells with an integrating vector provides an opportunity
to directly track stem cell activity in humans.25 Integration of the
therapeutic vector marks the genome at unique positions in each
cell, and this mark is transmitted to the cell’s progeny. Thus,
tracking ISs in fractionated blood cell lineages enables the clonal
tracking of stem cell progeny. Initial reports on gene therapy
trials for Wiskott-Aldrich syndrome (WAS) and metachromatic
leukodystrophy26,27 showed that lymphoid lineages, myeloid
lineages, and bone marrow (BM) CD341 cells shared ISs. Re-
cently, Biasco et al performed a more detailed analysis of clonal
dynamics in 4 patients from a WAS gene therapy trial by taking
advantage of marking with integrated vectors. Their data sug-
gested that reconstitution had occurred in 2 waves, with a
12-month interval between cell transplantation and the estab-
lishment of steady-state hematopoiesis.28,29 Hence, the myeloid
and lymphoid lineages appeared to have segregated relatively
late in development. This pioneering study provided the most
in-depth look to date of human hematopoiesis as revealed by IS
tracking in gene therapy patients.

To investigate human HSPC function in more detail, we applied
IS mapping to track HSPC dynamics in 6 patients from 2 gene
therapy trials in which lentiviral vectors had been used to in-
troduce copies of healthy genes. We extended Biasco et al’s
study by analyzing more than 1 disease, quantifying residual cell
contamination and differences in sampling between cell line-
ages, and generating a statistical model of the quantitative
clonal lineage output. It may be difficult to draw firm conclusions
about the biology of human hematopoietic cells when the
corrected cells may or may not have a selective advantage over
their noncorrected counterparts; hence, studies of patients with
different disorders are preferable. Here, we analyzed 4 patients
treated forWAS,30 1 patient treated for sickle cell disease (bS/bS),31

and 1 patient treated for b thalassemia (b0/bE).32 Peripheral blood
samples were fractionated into 5 blood cell lineages, and HSPC
dynamics and lineage outputs were tracked by using vector ISs
as markers.

Methods
Patients
Four patients with WAS were included in the present study and
have been described previously as part of a gene therapy trial.30

The patient designations used here are the same as in the earlier
publication. The 2 patients with b hemoglobinopathy (1 with
bS/bS sickle cell disease31 and 1 with b0/bE b thalassemia32) were
participating in the HGB205 clinical trial and were chosen be-
cause of their long follow-up period. Autologous HSPCs were
derived from BM or from mobilized peripheral blood (MPB;
Figure 1A) collected by apheresis after the administration of
granulocyte colony-stimulating factor and the CXCR4 antagonist
plerixafor.33 All patients received a myeloablative conditioning
regimen that promoted the engraftment of gene-corrected
HSPCs. Samples were obtained through gene therapy proto-
cols set up in the Biotherapy Clinical Investigation Center at
Necker Children’s Hospital (Paris, France). All gene therapy and
follow-up protocols were approved by the local institutional
review board (CPP Ile-de-France II, Paris, France; reference for
WAS: 2014-04-02-MS1; reference for b thalassemia and sickle
cell disease: 2013/35). The number of corrected HSPCs infused
was determined by multiplying the number of CD341 cells in-
fused in the patient by the vector copy number (VCN) measured
in CD341 cells (for VCN , 1).

Identification and quantification of ISs
Integration sites were amplified for sequencing and analyzed
using the INSPIIRED pipeline, as described previously.34 The
sites were isolated from each patient’s genomic DNA, using
nested ligation-mediated polymerase chain reaction (PCR) after
unbiased fragmentation (Covaris System). The samples were
tracked by dual indexing, cycling through variations of 96 linkers,
and error-correcting the barcodes. Sample and library concen-
trations were quantified using a KAPA SYBR FAST Universal
qPCR Kit, and libraries were pooled on the basis of the sample
measurements. Libraries were diluted or concentrated to 1 to
4 nMbefore theMiseq loading protocol. AMPure XP beads were
used to purify and concentrate the DNA. Sequenced reads were
aligned with the hg38 reference genome (.95% identity), using
BLAT (BLAST-like alignment tool v35). Integration sites marked
single clones whose clonal abundances were determined with
the SonicAbundance method; the length of the DNA fragments
flanking ISs is used to document independent isolations of in-
tegration events, and thus provides an estimate of the number
of cells associated with each unique IS.34-36 Multiple replicates
(4-20) of each sample were analyzed independently to reduce
founder effects during PCR, and the stochastic sampling. PCR
contamination during library preparation can be a source of
error. To suppress PCR crossover, each sheared DNA sample
was ligated to a unique linker. A dual barcoding strategy was
then used to filter out PCR crossovers.34 Tomonitor possible PCR
contamination, a total of 41 control samples of human DNA
lacking ISs were analyzed in parallel with the patient samples.
After sequence acquisition and analysis, 40 control samples did
not show any IS, and 1 sample showed 2 ISs. We concluded that
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Figure 1. HSPC lineage tracking in human gene therapy trials. (A) Characteristics of the gene therapy patients studied here. AUC, area under the curve; Bu, busulfan; corr.:
corrected; Flu, fludarabine; y: year; m: month. (B) Workflow for the IS clonal tracking analysis, from patient blood sample processing, IS library construction, and IS data
preparation to functional studies of the HSPCs.
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PCR contamination was not a significant confounder in our
analysis.

Full details of methods for other procedures are provided in the
supplemental Methods, available on the Blood Web site.

Results
Clonal tracking in patients after gene therapy with
integrating vectors
To determine the activity of vector-modified progenitor cells, we
analyzed 4 patients treated for WAS30 and 2 patients treated for
b hemoglobinopathies31,32 (Figure 1A; the patients’ reference
numbers are the same as in the primary publications). All had
successfully undergone gene therapy with integrating lentiviral
vectors. Autologous HSPCs were derived from either BM (WAS4,
WAS5, and the bS/bS patient) or MPB (WAS2, WAS7, and the
b0/bE patient; Figure 1A).

For each patient, 5 cell types were sorted from peripheral blood
samples: granulocytes, monocytes, T cells, B cells, and natural
killer (NK) cells (referred to as G, M, T, B, and K, respectively;
supplemental Figure 1). DNA from these samples was analyzed
to determine the IS distribution and their clonal abundance,
using the INSPIIREDpipeline and the sonicAbundancemethod.34-36

Each patient provided samples for at least 2 points, with the first
around 1 year after gene correction and the last at least 2 years
after gene correction (Figure 2). The patients showed gene
marking in all the blood cell lineages analyzed, as evidenced by
the VCN (supplemental Figure 2A).

At the latest time, the number of unique ISs detected per patient
ranged from 2941 (in the WAS5 patient) to 98 185 (in the patient
with b0/bE; supplemental Table 1). The number of ISs per cell
type varied (Figure 2) with the level of genemarking (ie, the VCN)
and the amount of DNA used to build the library (supplemental
Figure 2).

We observed high clonal diversity for ISs within the sampled cell
types, as measured by the Shannon diversity index37 (supple-
mental Figure 3). The diversity values increase with an increase in
the numbers of ISs or an increase in the evenness of distribution;
hence, a high degree of diversity reflects successful polyclonal
gene correction.

To gain an overview of the IS distributions, we first mapped the
sites relative to genomic features (supplemental Figure 4A) and
epigenetic marks (supplemental Figure 4B). In all 5 cell lineages,
the vector integrated preferentially within transcription units and
gene-rich regions and near marks associated with active tran-
scription, as expected for lentiviral vectors.38-40 There was no
obvious selection during hematopoietic reconstitution (ie, there
were no increases in integration frequency near particular an-
notated chromosomal features).

To check for clonal skewing caused by insertional mutagenesis,
we next looked for increased frequencies of clones harboring ISs
near specific genes. To this end, we compared pooled data from
the earliest point with pooled data from the last point (sup-
plemental Figure 4C). No obvious selective clonal outgrowth
was detected. Thus, if clonal skewing had taken place, it had
not strongly affected proliferation between the first and last
points. We did not observe an increase over time in the fre-
quency of integration near cancer-associated genes (supple-
mental Table 2).

Estimation of the minimum number of active HSPCs
capable of long-term engraftment
To estimate theminimum true population size of gene-corrected
and active HSPCs, we used the Chao1 estimator.41 The latter
provides an estimate of theminimum total number of unique ISs,
and thus the minimum total number of gene-corrected cells (see
the supplemental Methods for more details). We concentrated
on the latest point to estimate the populations of long-term
repopulating cells and granulocytes; because of their short life-
spans (1-5 days), these populations best reflect HSPC dynamics.42

The estimated minimum population of active, granulocyte-
generating HSPCs ranged from 1943 to 52444 (Figure 3A).

The estimatedminimum frequency of active, long-term engrafting
clones producing granulocytes ranged from 0.0007% to 0.01% of
the initial corrected CD341 cell population; this corresponded
to 7 to 98 repopulating HSPCs per 106 infused CD341 cells
(supplemental Figure 5). We observed a positive correlation
between the estimated number of active HSPCs in each patient
and the total number of corrected CD341 cells infused (data
not shown), but the highest correlation was detected with
the number of corrected CD341 cells per kilogram infused
(Figure 3B).
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Figure 2. Numbers of unique ISs in gene-corrected patients. The number of unique ISs for granulocytes, monocytes, B cells, NK cells, and T cells at various points (in months)
after gene therapy. Patients received HSPCs sourced from BM (circles) or MPB (squares).
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Analysis of highly active gene-modified clones
To model HSPC activity using IS data, one would ideally re-
construct each clone’s cell lineage output from the sequencing
data specified by the IS positions. However, the data generation
process involves several steps that add uncertainty to the esti-
mated population compositions. We therefore used statistical
techniques to model the total populations (Figure 1B; supple-
mental Methods).

Quantifying the ISs present in combinations of cell lineages
(Figure 4A; supplemental Figure 6A) revealed clones from all 5
lineages (493 for WAS4 at m48). However, a large proportion of
the clones was present at a low abundance in a single lineage
(eg, the 5267 clones detected in T cells only for WAS4 m48). To
assess the efficiency of our method for IS identification, we

compared the results from library technical replicates and cell
sorting biological replicates.19 We found that many IS were
present in a single replicate only, which highlights the challenge
posed by sparse sampling for this type of analysis (supplemental
Figures 7-9). Hence, in subsequent analyses, we focused on
highly active clones detected consistently at high levels in the
replicates. An assessment of the number of cells sampled showed
that clones comprising at least 6 cellswere shared at 97%between
replicates.

Analysis of well-sampled clones revealed a diversity of com-
positions: although most of the clones (n5 424 for WAS4 m48)
were detected in all 5 lineages, a significant number of clones
were detected in 2 or 1 lineages (n 5 83 in G and M; n 5 62 in
T for WAS4 m48; Figure 4B; supplemental Figure 6A). Impor-
tantly, we found that the detection of ISs in 4 or 5 cell lineages
is not sufficient to define a multipotent HSPC lineage out-
put, as there were sometimes large differences in abundance
between lineages (supplemental Figure 6B). Thus, a quanti-
tative investigation of cell lineages is required to discriminate
between a multipotent lineage output and a biased lineage
output.

A quantitative investigation should also take account of errors
introduced during cell sorting and interlineage differences in
sampling (as a result of varying levels of gene marking in each
lineage and varying amounts of cellular DNA available for IS
analysis; supplemental Figure 2). In our pipeline, we corrected
for both sources of error (supplemental Methods; supplemental
Table 4); this enabled us to model the cell lineage proportions
produced by the most active progenitors within a rigorous sta-
tistical framework.

Lineage bias among active HSPCs
In the following analysis, we focused on the corrected data for
4 patient/time combinations with the most active clones (WAS4,
WAS5, bS/bS, and b0/bE at m48, m55, m24, and m48, re-
spectively; Figure 5A). This corresponded to 331 to 1094 highly
active clones (corresponding to 8% to 12% of all the ISs for the
patients WAS4, WAS5, and bS/bS and 0.3% for the b0/bE pa-
tient). The clones contributed between 9% and 69% of the total
hematopoietic output (Figure 5B). We first evaluated lineage
bias by analyzing Pearson’s correlation coefficient for corrected
clonal abundances in pairs of cell types (supplemental Figure
10A). We observed the strongest correlations for granulocytes
vs monocytes (0.77 to 0.97), intermediate correlations for gran-
ulocytes vs B cells (0.31 to 0.62) and for T cells vs B cells (20.01 to
0.67), and the lowest correlations for T cells vs the other cell
lineages (20.011 to 0.47).

To investigate these differences further, we evaluated abun-
dance ratios and potential bias toward certain cell types (defined
as at least a 10-fold difference between a pair of cell types19). For
each pair of cell types, ISs can variously be assigned to balanced
clones (ie, bias 5 1) or clones with more than a 10-fold bias
toward one lineage or another (Figure 5C-D; supplemental
Figure 10B). We mostly detected balanced contributions for
granulocytes vs monocytes. However, our analysis of gran-
ulocytes vs T cells revealed that the majority of clones were
biased toward one cell type, and few clones had a balanced
contribution. The long half-life of lymphoid cells (relative to
granulocytes) might complicate the interpretation of this result
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by favoring the accumulation of a lymphoid-biased population.
However, an analysis of pooled data from the 4 available points
for WAS4 gave similar results (supplemental Figure 11), and thus
emphasized the heterogeneity of the HSPC lineage output.

Identification of distinct HSPC subsets
We next analyzed the human HSPC lineage output in the 5 cell
lineages for each highly active clone and estimated the line-
age potential. In an initial analysis, each IS was quantitatively
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mapped to 1 of the 31 reference cell type compositions con-
taining all combinations of 1, 2, 3, 4, or 5 cell types (supplemental
Figure 12). A Kullback-Leibler divergence analysis was used to
define the closest reference composition (supplemental Meth-
ods), and it revealed a broad variety of cell compositions, ranging
from unipotent clones to clones contributing to all 5 lineages.

We next looked for possible HSPC subtypes via unsupervised
K-means clustering of the data (supplemental Methods). Each
patient displayed 4 to 6 predominant clusters, each of which was
characterized by a specific lineage composition (potentially cor-
responding to a class of HSPC). Ternary plots showed the various
IS clones’ respective lineage outputs (Figure 6; supplemental
Figure 13). The lineage composition of each class is described by
the group’s centroid (supplemental Figure 14).

In all 4 patients, at least half of the active clones (52%-80%)
clustered within a group whose centroid composition was close
to GMBT, GBKT, or GMBK (in purple, Figure 6), as would be
expected for multipotent HSPCs. The analysis also revealed
another significant lymphoid-dominant group of clones in
3 patients (ie, leading almost exclusively to the production of
T cells), which appeared at the ternary plot’s T apex (in red in
Figure 6). This group accounted for 9% to 13% of the IS clones
and was detected in all patients other than the bS/bS individual
(in whom a BT group was detected instead). The next most
frequent group (accounting for 6% to 19% of IS clones in
3 patients) corresponded to myeloid-dominant clones, which
appeared at the ternary plot’s GM apex (in blue in Figure 6). In the
remaining groups of clones, we noted an NK group (in turquoise)
in 2 patients that accounted respectively for 2% and 20% of
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Figure 5. Clonal contributions to various hematopoietic cell types. (A) The number of highly active HSPC clones for each patient at last follow-up (unique ISs with at least
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the clones. Thus, the results of the K-means cluster analysis suggested
the coexistence of myeloid-dominant and lymphoid-dominant
(mostly T-dominant) HSPC subsets and more balanced, multi-
potent HSPC subsets in each patient. Further longitudinal
sampling will be required to determine whether the absence of a
myeloid-dominant subset (in WAS5) or a T-dominant subset (in
bS/bS) corresponds to interpatient heterogeneity or was a result
of the smaller number of clones analyzed (relative to WAS4).

To further characterize these distinct HSPC clones, we quantified
and compared their ability to produce granulocytes and T cells
(supplemental Figure 15). The granulocyte abundance was similar
in the myeloid-dominant group and multipotent groups (WAS4),
or was slightly lower in the myeloid-dominant group than in the
multipotent groups (bS/bS and b0/bE; supplemental Figure 15A).
The T-cell abundance was similar in the T-cell-dominant group
(WAS5) or was slightly higher in the T-cell-dominant group than in
the multipotent groups (supplemental Figure 15B). These results
suggest that multipotent and lineage bias clones produced their
progeny with a very similar level of efficiency.

Last, we developed a modeling approach and used it to assess
our clonal tracking pipeline’s limit of detection (supplemental

Figure 16A; supplemental Methods). We simulated the whole
blood population containing gene-marked cells (supplemental
Figure 16B) as either a homogeneous multipotent population
or a heterogeneous population containing 3 HSPC subsets
(60% multipotent HSPC, 20% myeloid-dominant HSPC, and
20% T-cell dominant HSPC), to which the errors having occurred
during sample processing were applied. The results of the
simulation indicated that consideration of all detected clones
(supplemental Figure 16C) can give rise to sparse sampling, and
thus the false detection of lineage-biased clones, as shown by
our lineage bias analysis of granulocytes vs T cells and our cluster
analysis. In this sampled population, it was not possible to
distinguish between the 2 HSPC configurations. In contrast,
highly abundant clones (supplemental Figure 16D) closely re-
semble the whole-blood population (supplemental Figure 16B)
in terms of both lineage bias and clustering. Concentrating on
highly abundant clones enables one to discriminate between
homogeneous and heterogeneous HSPC populations.

By combining an HSPC lineage output analysis with a simulation
approach, we were able to highlight the heterogeneity of human
HSPCs (ie, the coexistence of multipotent, myeloid-dominant,
and lymphoid-dominant HSPC subsets).
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Changes over time in HSPC subsets
To investigate changes over time in HSPC clones, we focused on
patient WAS4; 4 points were available, and m12 and m48 were
sufficiently well sampled (with good correlation between repli-
cates; supplemental Figure 9) to allow reliable cluster analysis. At
m12, 2652 highly abundant clones accounted for 56% of the total
cell count (supplemental Figure 17A-B). A cluster analysis revealed
the presence of multipotent, T-cell-dominant, and myeloid-
dominant clones (supplemental Figure 17C). An analysis of
clones present at m12 and m48 showed that the proportion of
multipotent clones did not changemarkedly over time (52%atm12
and 72% at m48; Figure 7A). The same was true of the myeloid-
dominant clones. In contrast, a large proportion of the T-lymphoid-
dominant clones present at m12 (96%, corresponding to 1035 IS)
were not present at m48 (Figure 7A), and might therefore corre-
spond to progenitors lacking the ability to self-renew.

We next sought to determine whether the lineage potential of
the various clonal subsets were stable over time by concentrating
on the fraction of clones shared betweenm12 andm48.We found
that the majority of multipotent clones at m12 (81% GMBK) were
multipotent at m48 (GBKT), and that the majority of myeloid-
dominant and T-cell-dominant clones at m12 were stable with
regard to their lineage output up tom48 (Figure 7B; supplemental
Figure 17D). The stability of these 3 main HSPC subsets was
further confirmed by exploring the changes in the most prevalent
clones over the 4 available points (Figure 7C). This analysis further
supported the existence of various HSPC subsets, as defined by
distinct lineage outputs with stable properties.

Discussion
In the present study, we exploited cell marking by vector inte-
gration during human gene therapy to analyze human HSPC
function. CD341 HSPCs were gene-corrected ex vivo and then
transplanted into patients; this enabled us to recover, sort, and
characterize vector-marked cells from peripheral blood cell
lineages. Our results highlighted the difficulties associated with
using this type of information to track stem cell activity: differential
sampling of cell lineages, sparse sampling of cell populations, and
the imperfect separation of cell fractions. We therefore modeled
each of these effects and reconstructed the initial cell populations.
One novel aspect of our study was the analysis of hematopoiesis
in 2 distinct pathophysiologic contexts, which helps to clarify pos-
sible sources of bias related to the selective advantage of the
gene-corrected cell populations. We were thus able to draw
several inferences about human HSPC function. Our results
suggested that in at least 2 distinct genetic diseases, human
hematopoiesis after gene therapy ismaintained by several distinct
HSPC subsets, rather than a single subset of multipotent HSPCs.

To infer human HSPC function under physiological conditions,
the various cell lineages should be uniformly marked during gene
therapy. This was the case for the b hemoglobinopathy patients,
whose gene-corrected cells did not have a selective advantage. In
patients with WAS, however, the VCN was higher in lymphoid
lineages than in myeloid lineages as a result of the selective
advantage of gene-corrected lymphoid cells; this finding is in line
with data from a murine model.43 Hence, this selective advantage
could lead to the false detection of lymphoid-biased clones in
patients with WAS. Our HSPC clonal tracking approach is novel

because by normalizing against the vector input, we corrected for
the imbalance in marking between cell types, and thus increase
the reliability of the analysis.

A focus on highly active clones enables the output lineages to be
quantified with more confidence, as it circumvents the issue of
sparse sampling. This advantage is further emphasized by the
results of our simulation, showing that data recovered from highly
active clones should closely parallel the true blood HSPC output
using our sampling scheme. However, our approach does not
address the question of lineage relationships in less abundant
clones. Our results also emphasize the value of analyzing later
points, as ISs detected more than 2 years after cell infusion are
thought to represent HSPCs capable of long-term repopulation.28

Our analysis of abundant long-termHSPCs suggested the existence
of several human HSPC subsets with distinct lineage outputs. We
detected multipotent HSPCs (GMBKT and GMBT clusters) ac-
counting for about two-thirds of the total number of clones in the
4 patients analyzed. We also observed myeloid-dominant clones
(accounting for an average of 14% of the clones) in 3 of 4 patients
studied here, and thus in the context of 2 different types of disease.
Lymphoid-dominant clones (T-cell-dominant clones, more specifi-
cally) accounted for more than 10% of the clones, even in the
absence of a selective advantage in patients with a b hemoglo-
binopathy. The restricted clones’ stability over time suggests that
they correspond to intrinsically defined HSPC subsets. However,
the true dynamics of the T-cell-dominant subset aremoredifficult to
assess, given the long half-life of T cells. Thus, our finding of biased
clonal output in humans mirrors the HSC heterogeneity reported
in mice.5,11 This conclusion is also supported by the long-term
results of 2 clinical trials showing that cells with a limited lineage
potential (T-cell-dominant and myeloid-dominant cells in both
trials) have long-term self-renewal and proliferation capacities.44

The existence of lymphoid-biased progenitors with self-renewal
capacity in humans has been previously suggested by a com-
prehensive IS study of peripheral clones and BMHSPC subsets in
another WAS gene therapy trial; independent ISs were detected
in multilymphoid progenitors and HSCs.29 By applying a
sonication-based IS analysis and error correction, our novel
pipeline enabled us to characterize the clonal lineage output
through a quantitativemeasure of HSPC clone size. This approach
confirmed the existence of myeloid-biased HSPCs in humans and
identified T-cell-dominant HSPC subsets for the first time. The
existence of the latter subsets agrees with the results of a study of
mixed chimerism after HSCT transplantation in patients with sickle
cell disease.45 The researchers demonstrated that T-cell chimerism
was not correlated with myeloid or B-cell chimerism, and that
donor engraftment was usually lower for T cells than for other
lineages. These results suggest that T-cell reconstitution might be
driven by an independent HSPC subset.45

However, one can question whether the heterogeneous lineage
output in fact reflects abnormal emergency hematopoiesis driven
by the transplantation conditioning regimen. A recent study
showed that in the absence of irradiation, HSC clones contributed
homogeneously to myeloid and B-cell lineages, whereas condi-
tioning resulted in lineage bias after transplantation.46 In contrast,
other studies of steady-state hematopoiesis have also suggested
the existence of distinct HSPC lineage outputs.14,15,47,48 Thus, on
the basis of the present work and reports fromother researchers, it
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appears that HSPC lineage output heterogeneity is a part of
normal hematopoiesis and is modulated by various intrinsic
and environmental factors.

Tracking ISs in gene therapy patients also allowed us to estimate
the total number of active HSPCs. Our estimate (from 2000 to
50 000 clones) was similar to the values of 2000 to 12 000 derived
from WAS and metachromatic leukodystrophy trials.26,27 This
estimate suggests that fewer than 0.01% of the total corrected
CD341 cells infused were active, repopulating clones; this is more
than 10 times lower than the frequency of potentially engrafting
clones estimated from phenotyping with known human HSC

markers (CD341CD382CD45RA2CD901CD49f1).22,49 The ex vivo
culture probably contribute to reduce the number of long-term
repopulating clones, and it is very likely that an additional frac-
tion of HSPC clones (perhaps 30% of the total) is quiescent
and thus cannot be detected.50,51 However, we cannot exclude
some remaining heterogeneity in the CD341CD382CD45RA2

CD901CD49f1 HSC population, and the results of other clonal
tracking approaches have also suggested that only a small
number of active HSPCs contribute to the homeostasis of human
hematopoiesis. In an analysis of the age-related change in the
X-chromosome inactivation ratio, the steady state number of
HSPC clones was estimated to be around 1200.52 More recently,
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HSPC clonal dynamics were reconstructed with high resolution by
tracking somatic mutations identified in BM HSPCs and in their
mature peripheral blood progeny; the number of active HSPCs in
a healthy donor was estimated to range from 50000 to 200000.53

This result is in line with the minimum estimate of 50000 clones in
ourb0/bE patient engraftedwith the highest cell dose (13.63 106

cells/kg). The comparison of gene therapy/transplantation set-
tings with human steady state hematopoiesis (using our present
approach and analysis of somatic mutations53,54) would be a
valuable way of further optimizing gene therapy protocols.

Our HSPC clonal tracking pipeline constitutes a robust platform
for comparing different trials and assessing the effect of various
factors on long-term hematopoietic reconstitution. In the present
study, the number of highly active clone was lower in the b0/bE
patient than in the other 3 patients; this might have been a result
of the high total number of clones detected or the distinct HSPC
source. In both autologous and allogeneic transplantation proto-
cols, cells sourced from MPB have largely replaced those sourced
from BM.55,56 Mobilization using granulocyte colony-stimulating
factor (either alone or combined with Plerixafor) increases the
CD341 stem cell content and accelerates the restoration of blood
cell counts,57 relative to BM-sourced HSPCs, perhaps as a result
of the larger number of progenitors. Many studies have shown
that MPB-sourced HSPCs (mobilized with granulocyte colony-
stimulating factor alone, plerixafor alone, or a combination of
the 2) and BM-sourced HSPCs display intrinsic differences in their
long-term multipotency and cell cycle characteristics.33,58,59 Fur-
ther longitudinal follow-up and the analysis of additional patients
will be needed to assess putative intrinsic differences in stem cell
sources and their effect on the long-term lineage output. Ex vivo
culture is another key parameter that might modify HSPC function
and lineage output.60-62 Recent research has suggested that HSPC
engineering might benefit from shorter culture times or the use of
compounds that stimulate HSPC self-renewal.63,64

In summary, the present study introduced a rigorous statistical
approach for tackling the technical challenges associated with
the use of IS data for HSPC tracking. Our results emphasized the
heterogeneity of human HSPCs. Looking ahead, the long-term
follow-up of gene therapy patients will facilitate the character-
ization of HSPC subset dynamics and the investigation of hema-
topoietic hierarchies in humans. Ultimately, this type of assessment
might help optimize the isolation and handling of HSPCs for
gene therapy and transplantation.
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barcoding reveals haematopoietic stem cell
fates realized in vivo. Nature. 2017;548(7668):
456-460.

18. Kim S, Kim N, Presson AP, et al. Dynamics of
HSPC repopulation in nonhuman primates
revealed by a decade-long clonal-tracking
study. Cell Stem Cell. 2014;14(4):473-485.

19. WuC, Li B, Lu R, et al. Clonal tracking of rhesus
macaque hematopoiesis highlights a distinct
lineage origin for natural killer cells. Cell Stem
Cell. 2014;14(4):486-499.

20. Koelle SJ, Espinoza DA, Wu C, et al.
Quantitative stability of hematopoietic stem
and progenitor cell clonal output in rhesus
macaques receiving transplants. Blood. 2017;
129(11):1448-1457.

21. Doulatov S, Notta F, Laurenti E, Dick JE.
Hematopoiesis: a human perspective. Cell
Stem Cell. 2012;10(2):120-136.

22. Notta F, Doulatov S, Laurenti E, Poeppl A,
Jurisica I, Dick JE. Isolation of single human

hematopoietic stem cells capable of long-
term multilineage engraftment. Science.
2011;333(6039):218-221.

23. Cheung AMS, Nguyen LV, Carles A, et al.
Analysis of the clonal growth and differenti-
ation dynamics of primitive barcoded human
cord blood cells in NSG mice. Blood. 2013;
122(18):3129-3137.

24. Knapp DJHF, Hammond CA, Hui T, et al.
Single-cell analysis identifies a CD331 subset
of human cord blood cells with high regen-
erative potential. Nat Cell Biol. 2018;20(6):
710-720.

25. Naldini L. Gene therapy returns to centre
stage. Nature. 2015;526(7573):351-360.

26. Biffi A, Montini E, Lorioli L, et al. Lentiviral
hematopoietic stem cell gene therapy bene-
fits metachromatic leukodystrophy. Science.
2013;341(6148):1233158.

27. Aiuti A, Biasco L, Scaramuzza S, et al. Lentiviral
hematopoietic stem cell gene therapy in
patients with Wiskott-Aldrich syndrome.
Science. 2013;341(6148):1233151.

28. Biasco L, Pellin D, Scala S, et al. In vivo tracking
of human hematopoiesis reveals patterns of
clonal dynamics during early and steady-state
reconstitution phases. Cell Stem Cell. 2016;
19(1):107-119.

29. Scala S, Basso-Ricci L, Dionisio F, et al.
Dynamics of genetically engineered hema-
topoietic stem and progenitor cells after au-
tologous transplantation in humans.Nat Med.
2018;24(11):1683-1690.

30. Hacein-Bey Abina S, Gaspar HB, Blondeau J,
et al. Outcomes following gene therapy in
patients with severe Wiskott-Aldrich syn-
drome. JAMA. 2015;313(15):1550-1563.

31. Ribeil J-A, Hacein-Bey-Abina S, Payen E, et al.
Gene therapy in a patient with sickle cell
disease. N Engl J Med. 2017;376(9):848-855.

32. Thompson AA, Walters MC, Kwiatkowski J,
et al. Gene therapy in patients with
transfusion-dependent b-thalassemia. N Engl
J Med. 2018;378(16):1479-1493.

33. Broxmeyer HE, Orschell CM, Clapp DW, et al.
Rapid mobilization of murine and human he-
matopoietic stem and progenitor cells with
AMD3100, a CXCR4 antagonist. J Exp Med.
2005;201(8):1307-1318.

34. Sherman E, Nobles C, Berry CC, et al.
INSPIIRED: a pipeline for quantitative analysis
of sites of new DNA integration in cellular
genomes. Mol Ther Methods Clin Dev. 2016;
4:39-49.

35. Berry CC, Nobles C, Six E, et al. INSPIIRED:
quantification and visualization tools for ana-
lyzing integration site distributions. Mol Ther
Methods Clin Dev. 2016;4:17-26.

36. Berry CC, Gillet NA, Melamed A, Gormley N,
Bangham CR, Bushman FD. Estimating
abundances of retroviral insertion sites from
DNA fragment length data. Bioinformatics.
2012;28(6):755-762.

37. Shannon CE. A mathematical theory of
communication. The Bell System Technical
Journal. 1948;27(3):379-423, 623–656.

38. Wang GP, Ciuffi A, Leipzig J, Berry CC,
Bushman FD. HIV integration site selection:

analysis by massively parallel pyrosequencing
reveals association with epigenetic modifica-
tions. Genome Res. 2007;17(8):1186-1194.
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