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INTRODUCTION

ABSTRACT
Umbilical cord blood (UCB) provides an alternative source of hematopoietic stem cells (HSCs) for allogeneic trans-
plantation. Administration of sufficient donor HSCs is critical to restore recipient hematopoiesis and to maintain
long-term polyclonal blood formation. However, due to lack of unique markers, the frequency of HSCs among UCB
CD34" cells is the subject of ongoing debate, urging for reproducible strategies for their counting. Here, we used cel-
lular barcoding to determine the frequency and clonal dynamics of human UCB HSCs and to determine how data
analysis methods affect these parameters. We transplanted lentivirally barcoded CD34" cells from 20 UCB donors
into Nod/Scid/IL2Ry '~ (NSG) mice (n=30). Twelve recipients (of 8 UCB donors) engrafted with >1% GFP" cells,
allowing for clonal analysis by multiplexed barcode deep sequencing. Using multiple definitions of clonal diversity
and strategies for data filtering, we demonstrate that differences in data analysis can change clonal counts by several
orders of magnitude and propose methods to improve their consistency. Using these methods, we show that the fre-
quency of NSG-repopulating cells was low (median ~1 HSC/10* CD34" UCB cells) and could vary up to 10-fold
between donors. Clonal patterns in blood became increasingly consistent over time, likely reflecting initial output of
transient progenitors, followed by long-term HSCs with stable hierarchies. The majority of long-term clones dis-
played multilineage output, yet clones with lymphoid- or myeloid-biased output were also observed. Altogether,
this study uncovers substantial interdonor and analysis-induced variability in the frequency of UCB CD34" clones
that contribute to post-transplant hematopoiesis. As clone tracing is increasingly relevant, we urge for universal and
transparent methods to count HSC clones during normal aging and upon transplantation.

© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.

population is highly heterogeneous, with few cells fulfilling

Human umbilical cord blood (UCB) is an established source
of hematopoietic stem cells (HSCs) for allogeneic transplanta-
tion of patients with a variety of diseases |1]. Compared with
other stem cell sources, UCB has the advantages of being read-
ily available and permitting a higher degree of donor-recipient
mismatch [1]. However, its main disadvantage is the limited
number of cells that can be obtained from a single UCB unit,
which may contribute to an increased risk of nonengraftment,
delayed hematopoietic recovery, and immune reconstitution
[2-5]. Accordingly, HSC content, currently measured as CD34"
cells/kg recipient, is a major criterion used to select the opti-
mal UCB unit for transplantation. However, the CD34"
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the (functional) definition of a “true” HSC [6-8]. Accordingly,
the frequency of HSCs among the CD34" cell population may
vary between different UCB donors, thereby potentially
explaining the occurrence of graft failure in patients trans-
planted with seemingly adequate CD34" HSC doses. Finally, as
(age-related) reduction in the number of HSC clones is associ-
ated with various adverse health effects, administration of suf-
ficient HSCs may be favorable in the long term as well [9-11].
Altogether, to improve the use of UCB in experimental and
clinical transplants, insight into the frequency of HSCs among
UCB CD34" cells, their clonal contribution to post-transplant
hematopoiesis, and the potential variability in these parame-
ters between individual UCB donors is urgently needed.

Due to lack of unambiguous phenotypic markers, stringent
definition of an HSC relies on its capacity to self-renew and to
produce robust multilineage progeny. Various experimental
methods have been employed, using limiting-dilution trans-
plantation [12], viral integration sites [13,14], genetic barcodes
[15,16], fluorescent markers [17-19], CRISPR-Cas9 genome

1083-8791/© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.
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editing [20], or Cre-loxP recombination [21] to trace the clonal
outgrowth of HSCs in unperturbed hematopoiesis or in autolo-
gous, syngeneic, or xenogeneic recipients. Using cellular barco-
des to count and trace murine LSK48 150" hematopoietic
stem and progenitor cells (HSPCs) in murine recipients, we
previously demonstrated that only a minor fraction of this
highly purified population produces clonal offspring and that
their quantitative output and lineage commitment are stable
over time [15,22]. Similar results have been obtained by other
groups, using transplantation of barcoded murine HSPCs in
syngeneic recipients [23,24], autologous transplantation of
genome-edited HSPCs in nonhuman primates [25,26], or fluo-
rescent markers to trace native hematopoiesis in zebrafish
[17]. Regardless of the exact species or experimental model,
these studies unequivocally demonstrate that long-term
hematopoiesis is maintained by a rare population of cells, with
stable multilineage reconstitution over time.

In marked contrast, data on the frequency and lineage com-
mitment of transplanted human HSCs remain scarce and con-
troversial. On one hand, gene therapy studies estimate that 1
in 10° to 10° gene-corrected CD34* HSPCs has the potential to
engraft long term and that their lineage commitment is stable
for several years after transplantation [14,27]. On the other
hand, in vivo lineage tracing studies suggest a considerably
higher HSC frequency, indicating that 0.2% of barcoded human
CD34" UCB cells produce multilineage progeny upon xeno-
transplantation in mice, with variable lineage commitment
and with the majority of clones only present at a single time
point [16]. In addition to obvious differences in the nature of
the recipient (human versus murine) and in the employed
method to identify and trace HSC clones, this discrepancy
could also be due to differences in analytical methods to assess
HSC frequency. Besides, as these studies used autologous
transplantation [13,14,28] or pooled CD34" cells from =100
donors [16], the interdonor heterogeneity in HSC frequency
and lineage commitment remain unknown yet are highly rele-
vant for optimization of HSC transplantation (HSCT) and donor
selection protocols.

Here, we have exploited quantitative, high-throughput bar-
coding technology to characterize the frequency and lineage
commitment of CD34" cells from 8 individual human UCB
donors and to quantify the potential impact of interdonor and
analytical variability on these parameters. We show that the
frequency of Nod-SCID-IL2Ry / (NSG)-repopulating cells and
their lineage contributions differ substantially between human
UCB donors, stressing the importance of accurate quantifica-
tion of graft HSC content. Moreover, we demonstrate that esti-
mates of HSC clone numbers in the same sample can vary
several orders of magnitude, depending on the used method of
analysis, and we provide guidelines to select the optimal ana-
lytical method. Altogether, our findings partially explain some
of the discrepancies in HSC frequency in previous studies and
urge for uniform and transparent data analysis methods to
count HSC clones during normal aging and upon transplanta-
tion.

METHODS
Data-Sharing Statement

We adhere to the recent consensus of the StemCellMathLab for utility
and reproducibility of clonal tracking studies [29]. Accordingly, data tables
containing all raw barcode data included in this study are publicly available
through the online repository (Supplementary Table S1).

Barcode Library
The barcode library used for the current studies was described in detail pre-
viously [30,31]. Briefly, we cloned synthetic random barcode sequences with 2

similar backbones, AGGNNNACNNNGTNNNCGNNNTANNNCANNNTGNNNGAC
or GAANNNACNNNGTNNNCGNNNTANNNCANNNTAAGGACG, in the modified
pGIPZ lentiviral vector and collected over 800 individual DNA-preps and Escher-
ichia coli stocks [30,31]. These preps were then pooled at equimolar concentra-
tions to generate the 800-barcode libraries used to transduce target cells, with
conventional lentiviral transduction protocols with p 8.91 cytomegalovirus and
Vesicular stomatitis virus G-protein viral plasmids [32].

Cord Blood CD34" Cell Isolation, Transduction, and Xenotransplantation

UCB was collected from 20 individual donors, directly after uncompli-
cated vaginal delivery, using citrate phosphate dextrose-containing collec-
tion bags (MacoPharma, Utrecht, Netherlands), according to procedures
approved by the Medical Ethical Committee of the University of Groningen.
CD34" HSPCs were isolated within 24 hours after birth by Ficoll gradient cen-
trifugation (Sigma Aldrich, Zwijndrecht, Netherlands) and subsequent posi-
tive selection using CD34-magnetic beads (Miltenyi, Leiden, Netherlands).
Two types of culture medium were used to maintain UCB-derived CD34"
HSPCs throughout the transduction procedure: StemSpan supplemented
with recombinant human thrombopoietin (recombinant human thrombo-
poietin (rhTPO), 100 ng/mL; Preprotech, London, UK), stem cell factor (100
ng/mL; R&D Systems, Minneapolis, MN) and FLT3-ligand (100 ng/mL; R&D
Systems, UCB donors 1 to 3), or StemSpan supplemented with recombinant
human Stem Cell Factor (10 ng/mL), rhTPO (20 ng/mL), Insulin-like growth
factor-2 (20 ng/mL; R&D Systems), and recombinant human fibroblast
growth factor (10 ng/mL; Preprotech, UCB donors 4 to 20). The type of
medium did not have a significant impact on the kinetics of engraftment or
on the number of HSC clones (data not shown). UCB CD34" HSPCs were trans-
duced with the lentiviral barcode library for 24 hours in vitro, after which the
cells were washed and cultured for another 24 hours. After a total duration of
48 hours, cells were counted using trypan blue, and transduction efficiency
was assessed by flow cytometry for green fluorescent protein (GFP). Cells
were subsequently transplanted in bulk in sublethally irradiated NSG mice
(n=30, 1 to 2 Gy) with a minimum dose of 1.0 x 10> CD34*GFP"* cells/recipi-
ent.

Detection of Human Blood Cells in Murine Xenografts

Human chimerism and lineage differentiation were monitored in mouse
blood at selected time points after transplantation and in bone marrow and
spleen at sacrifice. Single-cell suspensions were prepared as described previ-
ously [15,30]. Differential blood counts were performed on a Medonic CA620
Hematology Analyzer (Boule Medical AB, Spanga, Sweden). Flow cytometry
was used to identify human B cells (hCD45"hCD19"), T cells (hCD45"hCD3"),
and granulocytes (FSC/SSC high, hCD45'hCD16") and the presence of the bar-
cade vector (GFP"). Engraftment for each lineage was defined as > 1% fluoro-
phore-positive cells among total live peripheral blood mononuclear cells
[32]. Lineage-sorted cell fractions were obtained using a MoFlo flow cytome-
ter (Beckman Coulter, Woerden, Netherlands), employing the same markers
as for flow cytometry.

DNA Isolation and Barcode Sequencing

Genomic DNA was isolated from unsorted cells and sorted cell popula-
tions (Supplementary Table S1) using the DNeasy Blood&Tissue Kit (Qiagen,
Venlo, Netherlands), according to the manufacturer’s instructions. For sam-
ples with low cell numbers (blood), the DNA micro kit was used (Qiagen).
Barcode sequences were amplified in a 35-cycle PCR reaction using primers
for the flanking EGFP (forward) and WPRE (reverse) sites and sequenced in
multiplex format on an I[llumina HiSEQ 2500 Platform (BaseClear, Leiden,
Netherlands), as described previously [30,31].

Data Analysis

Barcode sequence extraction, noise filtering, and data processing were
performed as previously described [30,31]. Briefly, all unique sequences were
first collapsed with the script provided on Github (https://github.com/erikz
wart/collapse-multiplex-barcodes). Subsequently, unique sequences were
demultiplexed by primer tag and split among experiments. Barcode sequen-
ces were extracted using custom scripts searching for the barcode backbone
motif. Highly similar barcodes were merged using a Hamming distance
threshold of =1. The resulting list of barcode reads per sample was grouped
in tables per experiment. All these tables are available in the supplementary
files. Consistency in barcode patterns was expressed as Spearman correlation.
Differences between groups were calculated using the Mann-Whitney U test
for non-normally distributed variables (eg, consistency in barcode patterns
over time) or the Student ttest for normally distributed variables. Paired
measurements (eg, the number of barcodes in blood versus bone marrow)
were compared using the Wilcoxon signed rank test.
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Definitions and Calculation of Barcode Diversity

We used and compared different parameters to assess the diversity of the
retrieved barcodes. The first and most simple is nominal count, being the
number of different barcodes in a given sample.

Second, the Shannon count (Sh count) is derived from population dynam-
ics and takes into account both the number of barcodes as well as their rela-
tive abundance. The Shannon count for a given sample is determined by first
calculating the Shannon index (H):

H = > pin(p)
i=i

where s is the total number of observed barcodes in a given sample, and p is
the proportion of reads belonging to the ith barcode in the sample. The Shan-
non index is subsequently converted to the Shannon count:

H
Sheoum = €

When all barcodes in a sample are equally distributed, the nominal count and
Shannon count are equal, whereas skewed barcode distributions will result in
a lower Shannon count (also minimizing its sensitivity to PCR noise) [31].

Third, we calculated several commonly used predictors of population
diversity: the abundance-based coverage estimate, the Chao2 estimator, and
the Goods completeness coefficient [33,34]. These parameters generally pre-
dict total population diversity based on the number of distinct measurements
in a given sample, correcting for a certain degree of unseen diversity. For
example, the Chao estimators are commonly used in ecology and sporadically
in gene therapy studies, when it is assumed that only a fraction of the total
body “true” clonal diversity is captured in a (blood/bone marrow) sample
[34-36]. Chaol is calculated as

F1
51 = Snbs t 21_[_-2

where S, is the number of species/barcodes, F; is the number of singletons,
and F; is the number of doubletons. Because read frequencies cannot be inter-
preted in terms of single or double detection of species, we used the Chao2
index, which is conceptually similar to Chao1 but defines single- and double-
tons as species/barcodes present only in 1 or 2 samples. All other predictors
were defined and calculated using the python scikit-diversity-alpha package
(http://scikit-bio.org/docs/0.5.1/generated/skbio.diversity.alpha.html).

RESULTS
Barcoded Human Cord Blood CD34" Cells Produce
Multilineage Progeny in Murine Xenografts

We set out to quantify the frequency of HSCs and their line-
age contribution among different UCB donors. CD34" cells from
20 individual UCB donors were subjected to lentiviral barcoding
and transplanted into a total of 30 NSG mice, at a minimum
dose of 1.0 x 10° CD34'GFP" cells/recipient (Figure 1A, Table 1).
In total, 29 recipients engrafted, defined as >1% human CD45"
cells in peripheral blood, at a median interval of 6 weeks (range,
4 to 36) after transplant (Figure 1B-C, Table 1). Of these, 12
recipients (of 8 UCB donors) had sufficient GFP* cells for barcode
analysis (Table 1). The kinetics of engraftment varied between
leukocyte subtypes: B cells were the most abundant and first to
appear at a median time of 10 weeks after transplant (range,
4 to 36), followed by T cells (10 weeks; range, 8 to 42) and mye-
loid cells (10 weeks; range, 9 to 42; Figure 1D). Ten (34%) mice
did not have any human T cell engraftment and 13 (45%) did
not have granulocyte engraftment. The interval until human
cell engraftment tended to shorten with increasing CD34" cell
dose, yet this was not significant (Spearman p = -0.25, P =.20;
Figure 1E).

Definitions of Clonal Diversity Affect Several Orders of
Magnitude on the Number of Retrieved Clones

Previous studies aimed at counting HSC clones used differ-
ent definitions of clonal diversity, barcode libraries of varying
(knownfunknown) sizes, and various analytical methods for
data filtering and barcode retrieval [16,17,27,29,36]. To reli-
ably quantify the number of clones in our data, we first
assessed the impact of these analytical differences on the num-
ber of retrieved HSPCs.

We observed that the log2-transformed barcode distribu-
tions in the barcode library (Figure 2A) and in UCB CD34" cells
before transplantation (Figure 2B) were close to normal,
reflecting the presence of multiple clones without clonal selec-
tion. In contrast, barcode distributions in samples from UCB
xenografts showed skewed/bimodal barcode distribution,
with a few high-frequency barcodes and many low-frequency
reads (representative example in Figure 2C). The first category,
high-frequency barcodes, likely contains true clones that sur-
vived evolutionary selection, whereas the low-frequency reads
will reflect small clones as well as sequencing artifacts. To
assess the impact of this distribution on clonal counts, we cal-
culated the number of barcodes in each xenograft, using differ-
ent definitions of clonal diversity and different thresholds for
data filtering. Using nominal counts and unfiltered sequencing
results, we found a median of 235 barcodes per xenograft,
which were reduced several-fold when data were filtered
using increasingly stringent criteria (Figure 2D). In marked
contrast, the Shannon count, which incorporates both the
number of unique barcodes and their relative abundance, pro-
vided a 10-fold lower barcode number, which remained stable
across data filtering steps (Figure 2E). To reconcile this appar-
ent paradox, we calculated the clonal diversity in all experi-
ments using different filtering thresholds and estimates of
clonal diversity and compared the results with the size of the
800-barcode library (Supplementary Figure S6 and Figure 2F).
Theoretically, the cumulative number of barcodes in any
experiment should rise asymptotically with repetitive sam-
pling and cannot exceed the size of the library. As expected,
the nominal barcode count was always equal to the (arbitrarily
defined) filtering threshold (ie, when the top 200 barcodes are
filtered, the nominal barcode count is 200). Remarkably, the
abundance-based coverage estimate and Chao2 estimators,
which predict clonal diversity based on the observed number
of barcodes and a certain degree of unseen diversity, reported
clonal diversities that were several-fold higher, grew steadily
(instead of asymptotically) upon repetitive sampling, and
exceeded the size of the library several-fold, likely reflecting
their sensitivity to noise. In contrast, the Shannon count
reported barcode frequencies that were several-fold lower,
remained below the library threshold, and stayed stable
throughout data-filtering steps, reflecting its ability to reliably
detect major barcode clones. Altogether, this shows that defi-
nitions of clonal diversity and thresholds for data filtering can
affect clone counts by several-folds magnitude, with the Shan-
non count being the most consistent and least sensitive to
sequencing noise and thus the preferred method. Overall,
these findings demonstrate that detailed description of the
used data-filtering protocols and methods for clone counting
is crucial to assess and compare clonal counts within and
across studies.

Interdonor Variability in HSPC Frequency among Cord Blood
CD34" Cells

We subsequently used the preferred barcode method to
determine the frequency of HSPCs among UCB CD34" cells.
Hereto, we longitudinally traced the barcode patterns in blood
and bone marrow of GFP* engrafted mice (n=12 recipients of
8 donors) for up to 10 months after transplantation (Table 1).
GFP levels in bone marrow varied between recipients and
were unrelated to administered cell dose or to pretransplant
transduction efficiency (Supplementary Figure S2). Analysis of
barcode patterns in longitudinally obtained blood samples
identified tens to hundreds of barcodes at each individual time
point (Figure 3A,B). Early after transplantation, clone numbers
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Figure 1. Engraftment and multilineage differentiation of human UCB CD34" cells in murine xenografts. (A) Experimental design. Human cord blood CD34" cells from
20 individual donors were isolated by positive selection using CD34 magnetic beads, followed by lentiviral cellular barcode transduction as previously described [30].
Transduction efficiency was determined by flow cytometry, after which cells were transplanted into sublethally irradiated NSG mice (n=30) at a minimum dose of
1 x 10° GEP" cells per recipient. Human chimerism and lineage differentiation were monitored by flow cytometry in blood throughout the experiment and in blood,
bone marrow, and spleen at termination. Unsorted samples and lineage-sorted cell populations were subjected to barcode PCR, deep sequencing, and data processing
as described previously [30,31]. (B) Frequency of human CD45" cells (of total live peripheral blood mononuclear cells [PBMCs]) in the peripheral blood of mice over
time. Connected dots represent 1 xenograft. Colors are used to depict mice engrafted with sufficient GFP* cells for clone tracking using barcode analysis, as described
in Figures 2 to 4. (C) Lineage commitment of human HSCs in bone marrow of murine xenografts. Each bar represents 1 mouse. Asterisks depict mice with sufficient
GFP" cells for barcode analysis. (D) Time to engraftment of human CD45" cells, human B cells (CD45/CD19"), human T cells (CD45°/CD3"), and human granulocytes
(CD45*CD16"). Engraftment was defined as levels above 1% of live PBMCs, which is the threshold for detection by flow cytometry. Each dot represents 1 xenograft.
Colored dots represent xenografts with GFP* engraftment and correspond to the data in panel C. (E) Time to human CD45" cell engraftment as a function of trans-
planted CD34" cell dose. B, B cells; T, T cells; G, granulocytes; O, other, defined as CD45*CD19 CD3 CD16.

were more variable and generally stabilized within 16 to 20
weeks after transplantation (Figure 3B). At sacrifice, we
observed a median of 12.7 (range, 4 to 167; Shannon count)
clones in blood and 15.0 (range, 2 to 43) in bone marrow. The
numbers of clones in blood and bone marrow of individual

recipients were highly similar and correlated with barcoded
CD34" cell dose (Figure 3C). Relating the number of retrieved
barcodes to the administered GFP*CD34" cell dose, we found
that a median of 0.007% (range, 0.002% to 0.056%) of CD34"
cells produced long-term clonal progeny in our model and
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Table 1
Overview of Cord Blood Samples
Donor Barcoding Total Cell Dose/ GFP* Cell Dose/ No. of Mice No. of Mice No. of Mice with Lineage
Efficiency (%) Mouse (10°%) Mouse (10°) Transplanted Engrafted (=1% GFP* Engraftment Engraftment (=1%
hCD45) (>1% GFP") of hCD45%)
1 40 0.38 0.15 2 2 2 B, T,G
2 18 .50 0.10 3 3 3 B, T,G
3 30 37 0.11 2 2 2 B,G
6 10 14 0.13 1 1 0 B
8 14 1.00 0.14 1 1 1* B,G
9 11 1.36 0.15 1 1 0 B, T,G
10 7 2.89 0.23 1 1 1 B, T,G
11 8 2.86 0.22 1 1 1" B, T,G
12 18 1.00 0.18 2 2 1" B.T.G
13 21 0.86 0.18 1 1 0 B
14 12 2.07 0.26 1 1 0 B, T,G
15 18 1.00 0.18 1 1 1 B,G
16 13 210 0.27 2 2 0 B, T,G
17 21 95 0.20 2 1 0 B, T,G
18 16 1.70 0.27 2 2 0 B.T,.G
19 53 0.59 031 1 1 0 B.T,.G
20 25 0.80 0.20 2 2 0 B,G
21 65 0.35 0.23 1 1 1 B, T,G
22 81 0.21 017 1 1 1 B,G
23 29 1.05 0.30 2 2 1 B, T,G
Overall, 12 mice (from 8 different donors) provided enough material for reliable barcode deep sequencing. These mice are depicted in bold.
* In total, =1% GFP-positive cells in bone marrow but insufficient barcode retrieval by deep sequencing.
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Figure 2. Impact of data analysis methods on quantification of HSPC clone numbers. (A-C) Histograms depicting barcode distribution in (A) the barcode library before
target cell transduction, (B) transduced CD34" cells before transplantation, and (C) a representative example of an in vivo sample from a barcoded CD34* UCB xenograft.
(D) Impact of data filtering on the number of retrieved HSPC clones, assessed by nominal counts. Each dot represents bone marrow of an individual UCB xenograft, and
colors correspond to colors in Figure 1. (E) HSPC clone numbers in the same data set as panel D but now using the Shannon count to quantify clonal diversity. (F) Esti-
mated barcode frequencies, using different data-filtering thresholds and estimators of diversity (for more detailed information, see Supplementary Figure S1).
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that clonogenic cell frequency could vary up to 10-fold
between UCB donors (Figure 3D). Notably, a higher number of
clones was not significantly associated with faster donor
engraftment but did correlate with increased levels of human
GFP'CD45" cells in bone marrow at sacrifice (p=0.68, P=.02;
Supplementary Figure S3). These data indicate that the NSG-
repopulating cell frequency in an enriched population of
CD34" UCB cells is very low and can vary up to several-fold
between donors. Moreover, they suggest that early donor
engraftment and long-term hematopoiesis may be mediated
by distinct HSPC clones.

Initial Engraftment Is Supported by Transient Clones and
Followed by Long-Term HSPCs with Stable Clonal Output

To further characterize the engraftment dynamics of indi-
vidual HSPC clones, we compared clonal patterns at multiple
time intervals (Figure 4). Early after transplantation, we found
a relatively high number of HSPC clones in blood, many of
which were small in size and transient (representative pat-
terns in Figure 4A,B, quantification in Supplementary Figure
S4). The short-term presence of these early clones was
reflected by a relatively low Spearman correlation between
barcode patterns in sequentially obtained blood samples at
early time points (Figure 4C,D). In contrast, at later time points,
the number of contributing HSPC clones became smaller and
their contribution more consistent, reflected by higher Spear-
man correlations between barcode patterns at sequential time
points (Figure 4C-E). Interestingly, the majority of HSPC clones
contributing to long-term blood formation were already

present (usually as a minor clone) at the earliest time point,
yet gradually grew to become dominant over time (Figure 4F
and Supplementary Figure S4B). Altogether, these data demon-
strate that hematopoiesis is supported by a relatively high
number of transient clones early after transplant, followed by
long-term hematopoiesis by a limited number of HSPCs with
stable clonal output.

Most Long-Term HSPC Clones Have Multilineage Potential

To assess the lineage contribution of these long-term HSPC
clones, we compared barcode patterns between sorted human
cell populations from bone marrow of xenografts with robust
polyclonal multilineage engraftment (C21, (22, (23;
Figure 1C). Although B cells were the most abundant human
cell type in the majority of xenografts, which is a known fea-
ture of the NSG model [16], we were able to isolate sufficient
numbers of granulocytes and T cells for barcode analysis. The
majority of HSPC clones had multilineage potential: of the top
50 most abundant barcodes in each recipient, a median of 72%
(range, 32% to 100%) was found in all lineages, with varying
abundance (Figure 5). Multipotent barcode clones were gener-
ally larger than lineage-restricted clones (Supplementary
Figure S5), which may reflect a biological feature of multipo-
tent clones and/or a detection issue for minor barcodes in
smaller samples. Altogether, these data demonstrate that the
majority of major long-term NSG-repopulating UCB CD34"
cells have multilineage potential, yet clones with uni- or bili-
neage potential were also present.
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DISCUSSION

HSCT is the only routinely used stem cell therapy in
humans, which is used in over 30.000 patients annually [37].
Its success relies critically on administration of sufficient num-
bers of HSCs, which may be a limiting factor, especially when
UCB donors are used. Very little is known about the frequency
of functional long-term repopulating HSCs in UCB and how
these clones behave over time. Here, we used cellular barcodes
to quantitatively trace the clonal behavior of CD34" HSPCs
from individual UCB donors upon transplantation in murine
xenografts. We demonstrate that only ~0.007% of CD34" cells
enriched from UCB establishes long-term progeny in murine
xenografts and that this frequency can vary several-fold
between different donors. Moreover, we found that quantifi-
cation of clone frequencies is largely dependent on the used
definitions of clonal diversity and on the analytical methods
for their quantification. Altogether, our findings suggest that
functional analyses and/or additional HSC markers are
needed to optimize UCB donor selection protocols. In addi-
tion, as clone-tracing studies are increasingly used to under-
stand age-related clonal hematopoiesis and the evolution of
malignancy and relapse, it is of crucial importance to develop

transparent and uniform methods for HSC counting to recon-
cile their results.

Assessment of HSC Frequency in Human Cell Populations

In contrast to mice, in which phenotypic markers allow for
the isolation and enumeration of HSCs to near purity [6], evi-
dence regarding the phenotype and frequency of human HSCs
remains controversial. Using a functional definition of HSCs
and an unbiased, quantitative lineage-tracing method, we
demonstrate that 0.007% of UCB CD34" produces multilineage
progeny in NSG mice. Our estimates are consistent with
human gene therapy studies, which demonstrate that 0.001%
to 0.01% of gene-corrected CD34" cells has the potential to
engraft long term [14,28,38]. In marked contrast, a previous
barcoding study, which used pooled UCB CD34" cells from
=100 donors, reported HSC frequencies several-fold higher
[16]. This discrepancy may be due to the in vitro methods for
lentiviral transduction, the use of single versus multiple
donors, and/or differences in the transplantation procedure
[39]. In particular, in contrast to this previous study [39], we
did not add any CD34 competitor cells to our transplants.
Although this has the advantage of preventing experimental
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variation due to differences in donor immunity between UCB
units, the lack of donor T cells may have compromised the abil-
ity of the donor HSCs to engraft the recipient’s marrow. In
future, cotransplantation experiments, in which barcoded
HSCs are administered together with purified CD34-negative
cell populations, will be of interest to elucidate the impact of
each of these populations on HSC engraftment. Moreover, in
addition to these experimental differences, the analytical
methods for barcode retrieval and clone counting differ
markedly between these studies and have a significant impact
on estimates on clonal diversity, as elaborated below.

Short-Term Progenitors Are Followed by Long-Term
Multilineage HSCs

Our data are in line with previous clonal tracking studies,
identifying 2 phases of post-transplant hematopoietic recon-
stitution [14,15,24,25,40]. The first phase is characterized by
clonal instability/succession and likely reflects the output of
committed progenitor cells, which may be more abundant and
proliferative, yet lack the capacity to long-term self-renew.
Over time, these clones are replaced by long-term multipotent
HSCs, which produce stable clonal offspring for several months
after transplantation. Retrospectively, we were able to detect
many of these long-term clones at minor frequencies at early
time points, confirming their relative quiescence compared
with short-lived progenitors. The majority of long-term clones
produced all blood lineages, yet clones with uni- or bilineage
contribution were also found. Accordingly, the absence of
granulocyte or T cell engraftment in some recipients may be
due to lack of true multilineage HSCs in the graft, which may
be at limiting dilution. Insight into the fundamental properties
of each of these progenitor cell populations is of great interest,
biologically as well as for therapeutic purposes. Can we
identify phenotypic or functional markers that discriminate

long-term HSCs from transient progenitors? What are the
mechanisms that guide HSC self-renewal and differentiation?
How does transplantation affect HSC mutagenesis, clonal fit-
ness, and age-related clonal hematopoiesis? In future, inte-
grated approaches, combining genetic lineage tracing with
single-cell transcriptomics [41], will provide detailed charac-
terization of the developmental and functional properties of
single human HSCs. This will contribute to better understand-
ing of human HSC biology and may identify novel targets for
increasing the number of HSCs and/or improve their long-
term contribution to hematopoiesis.

Impact of Data Analysis Methods on the Number of Retrieved
Clones

The large variation in reported HSPC frequencies in our study
and in other clonal tracing studies in mice and men [6,8,14-16]
triggered us to investigate the impact of data analysis on the
number of retrieved clones. Using multiple parameters of clonal
diversity on the same (filtered and unfiltered) data sets, we
demonstrate that methodologic differences can cause a several-
fold difference in the number of reported clones. Of all used
parameters for clonal diversity, the Shannon count was the most
reproducible and the least sensitive to (arbitrary) data-filtering
decisions. However, most current studies, in both mice and
humans, report nominal counts, either/not with correction for
unseen diversity [14,16,35,36,42]. Depending on the robustness
of the barcode signal and methods of data filtering, these studies
may dramatically overestimate true clonal diversity. Accord-
ingly, detailed information on sample preparation and data
processing (eg, transplantation parameters, barcode calling,
thresholds for noise filtering, estimators for clonal diversity) is
essential for independent data interpretation, yet this is often
difficult to find. To enhance reproducibility and cross-study
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comparisons, guidelines for uniform and transparent reporting
of data analysis decisions have been published recently [29].

To Search the Unknown: The Impact of Library Size

One factor that can greatly facilitate the reliability of bar-
code retrieval and noise filtering is to use a library of known
complexity. Using our 800-barcode library of known content,
we were able to assess commonly used strategies for data fil-
tering and to validate the reliability of the retrieved barcodes.
Importantly, we demonstrated that any overestimation of the
library size greatly increases the number of false-positive bar-
code calls, with diversity estimates sometimes exceeding the
size of the library by several-fold. Knowledge of the size of the
library can thus improve data filtering significantly. However,
especially for larger libraries, quantifying its exact size is not
trivial, as this often relies on sequencing (part of) the library,
which is subject to the same technical artifacts as described
above. Here, we provide an alternative, more error-proof
method of library size prediction. Using the cumulative num-
ber of unique barcodes in sequentially added samples, we
observed an asymptotic increase in overall barcode diversity,
which ultimately approached the size of the library. Therefore,
multiple samples and/or repeated sequencing of the same
samples may allow for more accurate estimation of the library
size and improved data-filtering methods.

This study provides the first quantitative assessment of
interdonor variation in clonogenic cell frequencies among
CD34" cells from different UCB donors. Our findings may (in
part) explain the occurrence of nonengraftment in HSCT recip-
ients transplanted with adequate CD34" cell doses. Notably, as
we only assessed a limited number of donors, true interdonor
variability in UCB HSC frequency, as well as its consequences
for clinical/experimental transplants, may be even larger.
However, we realize that the lentiviral transduction and xeno-
graft model may significantly affect our assessments on HSC
frequency and function. In the future, innovative methods that
allow for the tracing of unmanipulated HSCs in human recipi-
ents [43-45] will be needed to validate our findings. Ulti-
mately, these studies will provide unprecedented insights into
the clonal behavior of single human HSCs, which may allow
for novel strategies to optimize their use in clinical HSCT and
gene therapy protocols.
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