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Abstract

The commitment of hematopoietic stem cells (HSC) to myeloid, erythroid, and lymphoid
lineages is influenced by microenvironmental cues, and governed by cell-intrinsic and
epigenetic characteristics that are unique to the HSC population. To investigate the nature of
lineage commitment bias in human HSC, mitochondrial single cell (sc) ATAC-Sequencing (mt-
SCATAC-Seq) was used to identify somatic mutations in mitochondrial DNA to act as natural
genetic barcodes for tracking the ex vivo differentiation potential of HSC to mature cells. Clonal
lineages of human CD34" cells and their mature progeny were normally distributed across the
hematopoietic lineage tree without evidence of significant skewing. To investigate commitment
bias in vivo, mice were transplanted with limited numbers of long-term HSC (LT-HSC). Variation
in the ratio of myeloid and lymphoid cells between donors, although suggestive of a skewed
output, was not altered by increasing numbers of LT-HSC. These data suggest that the variation
in myeloid and lymphoid engraftment is a stochastic process dominated by the irradiated
recipient niche with minor contributions from the cell-intrinsic lineage bias of LT-HSC.



Introduction

Hematopoietic stem cells (HSC) are classically considered to have the capacity for
complete regeneration of the hematopoietic compartment. More recent analyses indicate
additional complexity and heterogeneity in the HSC compartment, with lineage-restricted or
lineage-biased HSC considered a feature of mammalian hematopoiesis.** A partial differential
equation model to study relationships between hematopoietic stem and progenitor cells (HSPC)
emphasize that myeloid bias cannot be accounted for solely by short-term HSC bias during
inflammation but rather involves a combination of HSC and progenitor cell biases.** Central to
the concept of lineage bias is an assumption that cells used for studying HSC commitment are
HSC and not multipotent progenitors or lineage-committed progenitors. Changes in
differentiation of cells downstream of the long-term HSC (LT-HSC) must also be evaluated
when considering the potential lineage bias of a LT-HSC. Functional validation of these
heterogeneous characteristics minimally requires demonstration of the capacity to transplant
single HSC to lethally-irradiated or hemoablated recipients.'®> Retrospective analysis of single
HSC cells injected into recipient mice and their progeny can validate the isolation procedure,
and support data obtained from protocols for prospective isolation of these rare bone marrow
cell populations. Next generation sequencing (NGS) and gene expression analyses have
identified differentially expressed genes modulated specifically within the LT-HSC population,
and enabled development of antibodies for purification and phenotypic analysis.'®**® However,
successful engraftment of mice with single HSC still remains challenging. Many studies aiming
to repopulate mice with HSC report variable reconstitution using inconsistent definitions of
engraftment including both survival and >0.1-1% repopulation in any lineage, suggesting that
some HSC isolation protocols result in the purification of lineage-restricted progenitor cells and
mature hematopoietic cells.

HSC tagging methodologies also provide a means to study the in vivo function of HSC.
Clonal relationships between HSPC and mature hematopoietic lineages have been explored
using inducible DNA “barcoding” methodologies during embryogenesis or postnatal life,
genetically modified mice expressing fluorescent markers within the HSC population or upon the
transplantation of virally-transduced barcoded single HSCs to lethally-irradiated or hemoablated
adult murine or non-human primate recipients.?>*® These methods have provided a wealth of
data supporting the role of hematopoietic progenitor cells in driving steady state hematopoiesis
and the apparent lineage bias of LT-HSC, but also strong counterarguments.?”*® HSPC
differentiation can also be tracked by mapping somatic mutations in the mitochondria, which act
as natural barcodes for cells.?® This modified SCATAC-seq method (mt-scATAC-seq) captures
both open nuclear chromatin and mitochondrial DNA sequence to identify somatic variants.

In this study, mt-scATAC-seq was used to exploit the somatic mutations in mitochondrial
DNA as natural barcodes and thus track the ex vivo differentiation of human CD34+ HSC.
Furthermore, mt-scATAC-seq was used to generate a data set allowing the comparison of
human CD34+ cells lineage differentiation in vitro with mouse LT-HSC differentiation in vivo. In
this, we found that clonal lineages of human CD34" cells and their mature progeny are normally
distributed across the hematopoietic lineage, and no evidence of significant skewing of



downstream cell types was observed. When single LT-HSC were transplanted into mice, we
found limited variation in the ratio of myeloid and lymphoid cells between donors. Therefore,
variation in myeloid and lymphoid engraftment is a stochastic process influenced by the
irradiated recipient niche and not cell-intrinsic differences in LT-HSC.

Methods

mtscATAC-seq library preparation

All donors provided written informed consent under protocols approved by an
Institutional Review Board, and procedures for CD34+ cell collection performed in accordance
with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.
mt-sScCATAC-seq libraries were generated by adapting the 10X Genomics protocol for single cell
ATAC seq, according to modifications made by Lareau et al*®. This modified protocol exploits a
fixation step and a modified permeabilization protocol to retain mitochondria in cells for
subsequent capture and library preparation (Figure 1A). Whole cells were retained following an
adapted protocol of 10X Genomics Single-cell ATAC-seq. Cells were fixed in 1% formaldehyde
and both digitonin and Tween 20 omitted in the lysis and wash buffers to generate a higher
retention of mitochondrial DNA fragments per single cell. Cells were washed twice in PBS and
centrifuged for 5 min at 400xg in 4°C. Samples were multiplexed by taking the same number of
cells per patient sample to get a total number of cells above 10° to account for cell loss.
Samples were incubated in lysis buffer for exactly 3 min on ice prior to washing. After
centrifugation of sample at 500xg for 5 min, the cell supernatant was discarded, and the cell
pellet was resuspended in 1X Diluted Nuclei buffer. Cells were processed according to the
Chromium Single Cell ATAC Solution user guide using the Chromium Next GEM Single Cell
ATAC Library Kit, Chromium Next GEM Single Cell ATAC Gel Bead Kit, Chromium Next GEM
Chip H Single Cell Kit, and Single Index Kit N Set A. Lastly, quality control (QC) tests were run
on each library prep using Agilent TapeStation High Sensitivity D1000 (Agilent) and Qubit
dsDNA HS Assay kit (Invitrogen) prior to sequencing.

Four-step method for murine LT-HSC purification and transplantation

All animal experiments complied with the regulatory standards of, and were approved
by, the Institutional Animal Care and Use Committee at Boston Children’s Hospital. To evaluate
long-term engraftment and differentiation of LT-HSC a four-step method for purification and
transplantation of LT-HSC was used. First, bone marrow was pooled from the femur and tibial
bones of 5-10 male and female 6-12 week old C57BL/6J mice (expressing CD45.2) and red
blood cells lysed. Lineage depletion was performed using magnetic columns (Miltenyi) with a
custom biotinylated lineage antibody cocktail (CD8a, CD4, CD11b, Grl, Terll9, B220;
BioLegend) with streptavidin magnetic beads (Miltenyi) [Step One]. Output cells were stained for
FACS sorting with Lineage, CD4, CD8a, CD34, CD48, CD150, CD117/cKit, Scal (BioLegend),
and Fluorogold (Sigma). Bone marrow was bulk sorted [Step Two] for Lineage Sca-1"cKit+
(CD34 LSK) on a BD FACS Aria ll. The output of the first sort was then plate sorted for 2, 10, or
100 LT-HSC (LSK CD150°CD48") into 96 well plates [Step Three]. Two LT-HSC were sorted
instead of targeting one LT-HSC to account for dead volume in the syringe during injection and



thereby eliminating avoidable failures of engraftment. Cells were then cultured for 12-18h in
DMEM/10%FBS supplemented with 100ng/mL mSCF/mIL-3/mIL-6 (BioLegend) at 37°C at 5%
CO, [Step Four]. The following day, cells were visualized on a microscope before
transplantation. LT-HSC were mixed with 2x10°> whole bone marrow from C57BL/6J CD45.1
wild type mice and injected retro-orbitally into lethally irradiated (2 x 550R) recipient mice
(CD45.1/CD45.2).

Results
mt-scATAC-seq defines clonal lineages in human CD34+ cells

To study differentiation of primary human CD34" cells to committed myeloid and
erythroid cells, CD34" cells from two healthy donors were cultured for 72h in the presence of
recombinant human SCF/IL-3/IL-6/FIt3L/G-CSF/GM-CSF. Donor CD34" cells were multiplexed
for single cell capture and library preparation before (input) or after culture (Table S1, see
Methods). Cells from an additional six healthy donors were analyzed to increase the power to
delineate lineage relationships before and after cell culture. Using scATAC-seq, mitochondrial
DNA somatic variants were identified and further used to generate clone-specific “natural”
barcodes. These mitochondrial barcodes are inherited in clonal hierarchies to define clonality of
CD34" stem cells and their progeny. In parallel, the lower-coverage reads in nuclear open-
chromatin regions were used for assigning cell lineages by assessing differential peaks in gene
regulatory regions. Together these techniques allowed the fate tracking of human CD34"
HSPCs to assess their lineage potential at a single-cell level.

The modified scCATAC-seq protocol adds a fixation step and an adapted permeabilization
step designed to retain mitochondria (MT) in cells for subsequent capture and library
preparation.?’ This method achieved uniform coverage across the MT genome and greater than
30-50x coverage in a minimum of 1000 cells (Figure 1A-B) of the MT genome, which was
suitable for variant calling and cellular “barcoding”. First, low-quality cells and MT alleles with
low coverage and base-quality were filtered. Then additional variants were excluded using the
Mitochondrial Genome Analysis Toolkit (MGATK), which removes variants with a low correlation
of allelic reads across strands and a low variance-mean ratio (Figure S1A-B, see Methods).?’ To
de-multiplex each donor across conditions, the Vireo algorithm was applied on germline MT
variants (Figures S1C-E, see Methods). The donor predicted variant allele-frequency
(heteroplasmy) revealed 29 variants of high mean VAF (mean >0.7 in donor, <0.1 in others),
highlighting many donor-specific variants that were primarily transition mutations (Figure 1C).
Performance was assessed by varying the number of donors and calculating Vireo's likelihood
score, the evidence lower bound. The “elbow rule” confirmed that the true number of donors
was the inflection point in which performance gain was reduced when additional possible donors
were added to the model (Figure S1D). These data demonstrate that mt-scATAC-Seq can be
used to identify mitochondrial variants across the entire mitochondrial genome and to
demultiplex mixed samples.



Single CD34" cells generate clonal populations of variable size identified by
mitochondrial variants

Clone assignment is critical to track the fate of CD34" stem cells at the single cell level.
Somatic MT variants were used to facilitate clone assignment in cultures of human CD34" cells
(Figure 2A, Figure S1A), using a community-based k-nearest neighbors (KNN) clustering
algorithm on heteroplasmy across single-cells (Figure S2).2° After removing clones with fewer
than 5 cells, 26-50 clones per donor were detected per capture (Table S1). Clone size was
variable between donors, with clone size in the input sample correlating with the clone size after
72h culture (Figure 3A,B). Clones were identified based on combinations of unique MT variants
(Figure 3D,E). Examination of the cumulative fraction of donor cells based on the percentage of
total clones, ordered by size, indicated that the larger clones did not dominate the pool in these
healthy donors (Figure 3C). Clone assignment was based on heteroplasmy (fraction of reads
with the variant) rather than binary variant calls because the MT genome is heteroplasmic.
Indeed, cells in clones were distinguished across a range of heteroplasmy (Figure 2A, 3E).
Some variants were shared across clones, such as variant 5581G (Figure 3D,E), and these are
predicted to have arisen from a common ancestral stem cell.

Different variant-calling and clone-detection workflows were then compared and we
observed a high concordance of cell-pair clonal-relationships across parameters (see Methods).
For example, we varied the number of neighbors (k) in the KNN algorithm and noticed a high
concordance of clonal assignment with higher values of k. A lower performance was noted
when the number of nearest neighbors in the KNN algorithm was low, as it resulted in larger,
more sparse clusters, leading to lower consistency in clones detected when running the
algorithm on a subsample of the population (Figure S2). While clonal detection using nucleotide
barcoding is sensitive to the number of cells sampled and read depth, these smaller clones may
represent a low fraction of total hematopoiesis.?®*’ Taken together, these data demonstrate that
mt-scATAC-Seq can be used to identify clonal lineages in human CD34" cells using
mitochondrial variants acting as natural barcodes. Additionally, the proliferative potential of
CD34" cells in ex vivo culture conditions is not related to the size of the clone within the CD34"
pool (Figure 3B,C).

mt-scATAC-seq identifies lineage commitment of CD34" cells in culture

After successfully mapping the clonal lineage of human CD34" cells using the
mitochondrial open-chromatin reads captured by mt-scATAC-seq, the nuclear genomic open-
chromatin reads captured from the same experiments were then used to identify active genomic
loci for determining cell lineage. Coupling MT and nuclear chromatin reads enabled the
differentiation potential of each clonal population of CD34" cells to be mapped. Nuclear open-
chromatin reads were processed using conventional sSCATAC-Seq tools, enabling dimensionality
reduction and cell clustering. Quality control of experiments showed a comparable number of
detected peaks across experiments (Figure S5A-C). Data from input CD34" cells and cultured
CD34" cells were embedded and clustered using uniform manifold approximation and projection
(UMAP) and Louvain clustering. Twelve populations were identified using analysis of gene
activity scores in exonic and promoter regions critical for each cell lineage (Figure 4A, Methods).



As peaks were also found in intergenic and other non-coding regions (Figure S5D), transcription
factor motifs were also identified in open-chromatin peaks using ChromVar.* The gene activity
scores of many lineage markers were differentially regulated between clusters supporting the
differentiation of the human CD34" cells to unique blood cell lineages, and also supporting the
lineage-fate relationship of each cluster of these ex vivo cultured CD34" human HSPCs (Figure
S4). Transcription factor activity scores also supported the assignment of clusters towards the
erythroid (GATAL1-TAL1) and myeloid (SPI1 and CEBPE) lineages (Figure S4D). To improve the
resolution of the lineage assignment by gene activity and transcription factor activity, cells were
integrated from all samples (Figure S4). Subsequent analysis showed a higher resolution of
clusters including two clusters in the neutrophil developmental lineage (Figure S4B). These data
support the dual use of mt-scATAC-Seq for assigning clonal lineages with mitochondrial natural
barcodes as well as nuclear accessible chromatin read signatures for assigning cell lineages.

Lineage bias of human CD34" cells using mt-scATAC-seq

The differentiation of CD34" cells into diverse lineages in these assays indicated that an
assessment of lineage bias could be performed on these clonal populations. When overlaying
cells from clonal lineages and quantitatively analyzing their distribution, lineage-restricted cells
were clustered with negligible evidence of lineage bias (Figure 4B,C, 5A-C, SF3E). To test if
clones were biased to specific HSPC clusters, a hypergeometric test was applied, which
detected few clone-cluster pairs with evidence of bias (Figure 4C, 5A-C). The clones D1-12, D2-
11, D2-17, and D2-22 were overrepresented in lymphoid, granulocytes, and HSPC clusters
(Benjamini-Hochberg adjusted p-value < 0.1, see Methods); however, these contained fewer
cells overall. Furthermore, the lymphoid lineage cells were not found in the ex vivo differentiated
condition (Figures 6 & S4). The lineage bias was also examined after pooling data from all
donors using the normalized entropy metric (see Methods). Using this algorithm, if a clone is
biased to one clone, it will display a lower entropy. Analysis of clones revealed little variability in
clone entropy with smaller clones correlating with lower entropy (Figure S3F). These data
suggest that stochastic changes in lineage commitment are involved, rather than biased
differentiation of LT-HSC.

To further define the relationship between clone size, cell type, and lineage bias
potential in a CD34" clonal lineage, the lineage proportions in each clone were compared
across cell types. This was also measured across all donors using an entropy measurement in
each lineage and converting the clonal counts into probability distributions for each lineage. The
lineage proportions in each clone varied widely across cell type (Figures 4-5 and S3). In
contrast, the variation across clones within each lineage was smaller within each lineage
compared to between the lineages (Figure 5C, S3F). While most clones showed no skewing
across clusters, it was also necessary to determine if the resolution of clone detection
influenced these data. To do this, individual MT variant barcodes across the HSPC clusters
were examined and no significant biases across the lineage clusters in donor 1 and donor 2
were found (Figure 4B-C, 5A-C). Together, these data suggest that detectable HSPC clones
have multi-potent capacity contributing to hematopoiesis in humans without substantial lineage
bias.



To validate the results of mt-scATAC-seq, flow cytometry of CD34" cell cultures was
performed in parallel. Dimensionality reduction and automated clustering were performed on
human CD34" cells prior to culture and after 72h of culture using antibodies specific to human
HSPC markers CD34/CD117 (c-Kit), lymphoid lineage markers CD3/CD19/CD56, granulocyte
lineage markers CD66b/FceRIa/Siglec8, monocyte lineage markers CD14/CD16/CD86/CD11c,
and additional developmental and maturation markers CD45/CD10/CD101/CD11b/HLA-DR.
Analysis of these flow cytometry data using dimensionality reduction identified 13 clusters
including 4 HSPC subsets, 1 granulocyte-like cluster, 1 classical monocyte cluster, 1 non-
classical monocyte cluster, 1 pre-B cluster, 1 DC cluster, 1 additional CD34" cluster and 3
CD34 clusters (Figure 6A, B). Consistent with mt-scATAC-seq, the pre-B and DC clusters were
no longer represented in the cell population after 72h of culture, suggesting that these two
populations may be contaminants of CD34" cell sorting and undergo cell death in the ex vivo
culture. The frequency of these clusters identified by mt-scATAC-seq and flow cytometry are
consistent, supporting the validity of the mt-scATAC-seq approach and the capacity of the
CD34" cells to differentiate into diverse cell types in presence of SCF/IL-3/IL-6/FIt3L/G-
CSF/GM-CSF (Figure 6C). These flow cytometry data support the ex vivo mt-scCATAC-Seq
mitochondrial barcoding system to study short-term differentiation of human CD34" cells to
lineage-committed cells.

Assessing lineage bias in differentiation of single mouse HSC in vivo

To compare the differentiation of clonal human CD34" HSC, as assessed by mt-
SCATAC-seq, and mouse LT-HSC, a four-step method for mouse LT-HSC purification and
transplantation was optimized and used to evaluate long-term engraftment and differentiation of
single LT-HSC (Figure 7A). To confirm that the phenotype of single cells was consistent with
HSC, reconstitution in primary and secondary lethally-irradiated recipients was examined by
multicolor flow cytometry panels that allowed for the identification of donor white blood cells
(CD45.2) from recipient (CD45.1/CD45.2) and support (CD45.1) cells (Figure S7). The
conditions used to isolate HSC yielded >1% engraftment of 12/18 recipient mice 4 months
following transplant with a single HSC, and 100% of recipient mice transplanted with 10 HSC or
100 HSC (Figure 7B-D). Changes in developmental-related reconstitution and ratios of myeloid
and lymphoid cells was evident between 1 month and 4 months post reconstitution (Figure 7B)
and also between blood, bone marrow, and spleen (Figure 7C). Flow cytometric analysis of
donor myeloid and lymphoid populations in bone marrow, spleen, and blood, and across time in
the peripheral blood, indicated that single LT-HSC were capable of high efficiency long-term
multi-lineage repopulation (Figure 7D-F). These data demonstrate that this sorting strategy
results in high efficiency engraftment and reconstitution of the hematopoietic system.

When compared to wild-type steady state (not transplanted) mice, flow cytometric
analysis of hematopoietic tissues from irradiated single cell HSC recipient animals revealed
substantial variability in reconstitution of cells from the myeloid and lymphoid lineage, pointing to
potential lineage bias of LT-HSC used for reconstitution (Figure 7D). However, this variability in
lineage reconstitution was also evident when 10 or 100 HSC were used to reconstitute animals



(Figure 7E-F). In these latter cases, any bias would be predicted to be masked by the average
response of the larger numbers of LT-HSC population in these animals. Taken together, the
variable reconstitution in the myeloid and lymphoid lineage suggests that other factors, such as
the inflammatory milieu and the hematopoietic niche of the lethally-irradiated host, must also
contribute substantially to the behavior of donor LT-HSC.

Discussion

Lineage-bias in the hematopoietic stem cell pool has been widely investigated in vivo but
relies on a number of key assumptions: (1) the donor cell populations of HSC are pure and not
comprising any multi-potent progenitors or lineage-committed progenitors; (2) in vivo barcoding
and other labeling methodologies are labeling hematopoietic stem cells with high efficiency; (3)
that variation in the repopulation of myeloid and lymphoid cells in recipient animals reconstituted
with single HSC is not influenced by irradiated host cells or support bone marrow donor cells
such as Th1l cells, Foxp3+ regulatory T cells and NK cells; (4) that skewed differentiation is not
a consequence of pressures exerted on multipotent progenitors and/or lineage-committed
progenitors; (5) that transplantation of typically >50 HSC can be relied on to investigate the cell-
intrinsic lineage-bias of individual hematopoietic stem cells; (6) that the dynamic changes in
ratio of myeloid:lymphoid:erythroid following transplantation are acknowledged; and (7) that
dwindling proportions of donor hematopoietic cells over time is consistent with the
behavior/function of HSC at steady state.***

In this study, significant variation in the ratio of myeloid:lymphoid cells in mice
reconstituted with a single HSC is demonstrated. This could be interpreted as evidence of
lineage-bias in donor HSC; however, the myeloid:lymphoid ratio in mice reconstituted with 10
HSC shows similar variation in the myeloid:lymphoid ratio. Critically, mice fully reconstituted
using 100 HSC is not equivalent to steady state, or mice reconstituted with 1 HSC or 10 HSC. If
lineage bias exists between HSC, then the variation in overall myeloid:lymphoid ratio should
reduce with increasing numbers of donor HSC as the average output of lineage-biased HSC
approaches that of mice reconstituted with whole bone marrow or compared to mice at steady
state. However, a reduction in the variation of myeloid:lymphoid ratio was not observed in mice
receiving 10 HSC despite an increase in successful engraftment and efficiency of reconstitution
in these experiments. These findings suggest that environmental and inflammatory stimuli in the
irradiated host are dominant factors that alter the differentiation of multipotent progenitors and
lineage-restricted hematopoietic progenitor cells, while arguing for a more modest role of
lineage bias in hematopoietic stem cells capable of reconstituting mouse hematopoiesis. These
findings are consistent with recent fate mapping studies from fetal liver cells which conclude that
the expansion potential of HSC is not pre-determined but rather influenced by the niche.?’
Similarly, human gene therapy studies also concluded that HSC distributed their clonal progeny
without lineage bias.”® These data also support mathematical population dynamic modeling of
myeloid-biased HSPC during inflammation.**

The methodology also provides an opportunity to enhance the study of mouse and
human HSC ex vivo and in vivo. With improved, standardized, and concurrently validated,



methods for HSC isolation and HSC lineage tracing, the study of genetic and biochemical
regulators of HSC proliferation and differentiation can be explored using diverse methodology
including clonal culture assays, single cell transcriptomics and epigenomics, and in vivo
differentiation and function*. The effects of cytokines and microbial products on gene
expression, cell function, and donor cell engraftment can also be explored with higher resolution
and confidence. Barcoding and transplantation techniques provide excellent clone-detection
methods; however, the cellular and immune response to these editing techniques can introduce
confounding effects that require consideration in experimental and therapeutic design®®, a factor
that is avoided using naturally occurring mitochondrial DNA barcodes.?****® The rapid
advances in novel conditioning regimens and genetically-modified recipient mice with an
enhanced capacity for engraftment demands improvements in reproducible methods for the
isolation of pure HSC populations.**** Comparison of the engraftment efficiency of single HSC
in lethally-irradiated mice and in non-hemoablative murine models is also needed. Perhaps
most relevant for the field of hematopoiesis would be a unified approach with unambiguous
functional definitions and not simply molecular definitions when reporting the outcome of
experiments that investigate hematopoietic stem cells and hematopoietic progenitor cells.
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Figure Legends

Figure 1. mt-scATAC-seq defines clonal lineages in mobilized human CD34+ cells. (A)
Coverage across mitochondrial (MT) genome in single-cells across sequencing experiments.
Black line is the mean at each position (B) Number of mitochondrial (MT) positions covered
across a range of cells and coverage thresholds across batches. (C) Mutation type for donor-
specific variants. Transitions and transversions detected in donor 1 (left) and 2 (right). Donor-
specific variants defined as having greater than 0.8 variant allele frequency (VAF) in over 90%
of donor-assigned cells.

Figure 2. Mitochondrial heteroplasmy in detected clones. Distribution of somatic
mitochondrial barcodes (y-axis) across detected clones (x-axis) in Donor 1. Each variant is
labelled as position followed by the alternative variant. Each boxplot is the heteroplasmy
distribution of that allele in all cells within that clone.

Figure 3. Single CD34+ stem cells expand into clones of variable sizes identified by
mitochondrial variants. (A) Number of cells in each clone. (B) Scatterplot of number of cells
across input and cultured cells. Pearson correlation r and p-value shown. (C) Cumulative
distribution of the number of cells captured with increasing number of clones, sorted by largest
to smallest, across both donors. Each donor line colored by the conditions used. (D) Barcodes
detected in representative clones. The percent of cells with the barcode in the clone (blue) and
outside of the clone (orange) are shown for the top distinguishing barcodes for each clone. (E)
Average heteroplasmy of each variant in each clone. Max cut-off at 0.2. Variant types shown for
each variant and number of cells for each clone.

Figure 4. mt-scATAC-seq reveals minimum lineage-bias in the ex vivo differentiation of
human CD34+ cells. (A) Uniform manifold approximation and projection (UMAP) of cells in both
input and culture colored by cluster. Left: Both conditions; middle: input; right: after 72 hour
culture. (B) Mitochondrial (MT) variants across UMAP for selected variants in donor 1. (C)
Lineage fates of cells in input. Cells in representative clone in each donor embedded in UMAP.

Figure 5. Tracking individual clonal differentiation of human CD34+ cells by mt-scATAC-
seq. (A) Raw cell counts in each clone, colored by lineage cluster. (B) Percent of hematopoietic
cell type clusters across each clone for donors. Color legend is same as in (A). (C) Percent of
lineage in a clone, across all clones for donor 1 and donor 2.

Figure 6. Flow cytometry identifies variable cell lineages in human CD34+ stem cell
steady-state and in ex vivo culture. (A) UMAP combined with FlowSOM clustering identifies
13 cell clusters based on MFI (median fluorescence intensity) expression of CD45, HLA-DR,
CD34, Siglec8, CD16, FceRla, CD101, CD66b, CD86, CD11b, CD3, CD19, CD56, CD14,
CD11c, CD117, CD10. (B) Heatmap shows MFI expression levels of indicated markers in each
cell cluster. (C) Bar graphs show the proportion of each cluster in each donor before and after
72h culture.



Figure 7. LT-HSC reconstitution varies by recipient, tissue, and time post-engraftment.
(A) Four-step method for purification and transplantation of long-term hematopoietic stem cell
(LT-HSC) to evaluate long-term engraftment and differentiation. Step 1. Bone marrow from 5-
10 CD45.2 wild type mice was pooled and lineage depletion was performed using magnetic
columns with a custom lineage antibody cocktail. Output cells were stained for flow cytometry
sorting. Step 2. CD34- Lineage-Sca+Kit+ (CD34- LSK) cells were bulk sorted. Step 3: LT-HSC
(LSK CD150+CD48-) were plate sorted into 96 well plates. Step 4: Cells were cultured for 12-18
hours in complete media supplemented with mCSF/mIL-3/mIL-6. LT-HSC were mixed with
whole bone marrow from CD45.1 wild type mice and injected into lethally-irradiated recipient
mice. (B) Reconstitution of peripheral blood at 1 and 4 months post-transplant of lethally-
irradiated mice with 1.5, 10, or 100 LT-HSC. (C) Reconstitution of peripheral blood, bone
marrow, and spleen at 4 months post-transplant of lethally-irradiated mice with 1.5 or 10 LT-
HSC. (D) Reconstitution of peripheral blood, bone marrow, and spleen at 4 months post-
transplant of lethally-irradiated mice with 1.5, 10, or 100 LT-HSC. Individual mice shown. *12/18
mice engraft with greater than 1% donor LT-HSC-derived cells in myeloid and lymphoid
compartments in the bone marrow. (E-F) Comparison of the lineage reconstitution in the
peripheral blood of successfully-engrafted lethally-irradiated mice receiving 1.5, 10, or 100 LT-
HSC compared to non-irradiated wild-type mice at steady state. Data is represented as the
frequency (E) or percent engraftment (F) when compared to non-irradiated wild-type mice at
steady state.
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Supplemental Methods
Human primary CD34+ cells

Cryopreserved CD34" hematopoietic stem and progenitor cells were obtained from Gilead
(Donors 1-4, Donors A-D for FACS sorting) or StemCell Technologies (Donors 5-8). Adult donors
gave informed consent for the collection of CD34+ cells. Samples, where applicable, were
cultured for 72h in DMEM/10%FBS/10%CO. and a cytokine culture consisting of 100 ng/mL
recombinant human SCF/IL-3/IL-6/FIt3L/G-CSF/GM-CSF. The CD34" samples were de-identified
and processed in both the mt-scATAC-seq library preparation and FACS sorting.

Processing of mt-scATAC-seq sequencing fragments

Processing of mt-scATAC-seq reads was performed as previously reported®. The
cellranger-atac count command from cellranger v6.1.1 was used to generate bam, peak genomic
regions and peak-fragment count files. The hg38 reference genome was modified by hard-
masking nuclear regions that align to the MT genome with single bp errors® (regions taken from
https://qithub.com/caleblareau/mitoblacklist/tree/master/combinedBlacklist). Reads were
trimmed to remove the adapter and primer sequences, and then aligned using BWA-MEM*°.
Open-chromatin peaks were detected, and cell barcodes were filtered. For peak-calling, reads
were aggregated across all cells to boost signal, and a global threshold was applied to select
candidate regions above background genomic noise. This was done by fitting negative-binomial
distributions to estimate background and peak likelihood in the candidate regions. Local-maxima
peaks within this region were then found and a local threshold was applied, generating peaks of
various sizes. For cell-calling, potential barcode multiplets were collapsed by masking the minor
barcode, and barcodes were removed using a threshold for fraction of fragments in the peak using
a mixture model of two negative binomial distributions to capture the signal and noise, with an
odds ratio threshold of 100000.

Variant calling in the MT genome

Cells were filtered with less than 200 bp in the MT genome and fragment duplicates
removed. Positions were removed with less than ten cells with at least 50x coverage, and with
less than 10 cells having 5x coverage of a putative variant at that position. Additionally, cells
required an average Phred base quality score (BQ) of over 20 at the putative variant. MGATK
filters removed variants with low strand concordance and low variance-mean ratio for each variant
across all cells in a sample. The thresholds used were the same as previously reported®®, with
concordance of 0.65 and log 10 variance-mean ratio of -2.

Separating multiplexed donor cells

To separate donors from the same sequencing run, the algorithm Vireo®' was used, which
is a variational Bayesian inference algorithm that reconstructs each donor's allele frequency



profile (the donor’s mean allele frequency is the latent variable) and assigns a probability of each
cell to that donor. Any cell with less than 0.9 probability to be assigned to a clone was removed.
The algorithm also assigns a ‘doublet’ probability for each cell, which is the likelihood of the cell
being part of multiple donors versus one. Cells with more than 0.1 probability of a doublet were
also removed. To ensure the donors called were correct, the number of donors in Vireo +/- 2 from
the true number of donors was examined. The model's reconstruction likelihood score, the
evidence lower bound (ELBO), used in variational autoencoders, is saved for each donor
parameter, and the ‘elbow rule’ is then used, which finds the error’s inflection point upon
increasing the number of donors. Donor specific homozygous variants were calculated as having
a mean allele frequency greater than 0.9. In all our cases, the true number of donors is where the
elbow occurs.

Clonal detection using MT barcodes

After computationally separating the donors, the single-cell variant allele frequency was
calculated for high-coverage positions to reduce spurious clone-calling, and then MGATK was
performed providing a new set of called variants for each donor. To detect cells of the same clone,
the k-nearest-neighbors Leiden-based community detection algorithm was used®. The resolution
parameter was set to 30, after assessing values of 30-50, and the cosine distance cutoff of the
algorithm was set to 3.5. To measure consistency across workflows, cell pairs were examined to
determine if they were either assigned to the same clone in both methods, assigned different
clones in both, or assigned the same clone in one method but not the other (negative samples).
We compared the fraction of the cell pairs that overlapped with each other (Figure S28). In Figure
S2B, cell population was subsampled, and an adjusted normalized mutual information score was
calculated between the cell-clone assignment in the sampled clone composition and the full
sample detected clones.

To calculate the percentage of cells with the barcode in a clone and outside a clone in
Figure 2D, variants were binarized with a minimum of 2 reads and an allele frequency of 0.001.
The top 3 variants with the highest positive difference in percentage between clones and non-
clones was chosen. For Figure 2E, complete-linkage using cosine similarity was used, setting
allele frequency of >0.2 to 0.2 to improve visibility. Barcodes with an average of less than 0.01 in
each clone were removed. In Figure 2A, the distribution of each barcode was plotted across cells
in each clone using a boxenplot with default parameters in seaborn v0.11.2, which is a modified
form of a boxplot that better represents the distribution for large data
(https://github.com/heike/stat590f).

Processing single-cell nuclear open-chromatin regions

To examine the peaks detected using the nuclear open-chromatin reads in each cell, the
Signac (V1.4) protocol was used to integrate conditions, preprocess, and binarize the cells, run



latent-semantic indexing (LSI), followed by UMAP dimensionality reduction, and KNN Louvain
clustering to assign cluster labels®. Integration was done by comparing input and cultured cells
or by integrating all sequencing runs.

To examine open-chromatin regions and aggregate data across experimental runs, the
detected peaks were merged by expanding the peaks with overlap across runs. Peaks < 20 bp
and >10,000 bp were removed and fragment counts were re-computed. A Signac model was used
to remove regions with < 10 cells, and cells with < 200 features. Additionally, data were filtered by
keeping peaks with: a) = 10 and < 15,000 fragments; and b) 215% of the nucleotides in reads
found in the peak was also covered in the peak (since a read can span the peak region and
outside the region). Cells were also retained: a) with a nucleosome signal of 24 (i.e. the ratio of
mononucleosomal to nucleosome-free fragments per cell); b) with a TSS enrichment of = 0.2 (as
defined previously); and c) with a ratio of reads aligned to blacklist regions over reads aligned to
peaks < 0.05.

Peaks were binarized and a term frequency—inverse document frequency (TF-IDF) was
assessed followed by SVD, which combined is the latent-semantic indexing method. UMAP was
then run on dimensions 2-50, as the first factor correlates with depth. After this, runs were
integrated using FindintegrationAnchors of the Seurat package using the Isi transformed data®.
After integration, UMAP on dimensions 2 to 30 of the integrated Isi components was utilized, then
clustered using FindNeighbors and FindClusters with the SLM algorithm3*.

Annotating cell clusters using lineage markers

Cells were annotated by taking known lineage markers of both gene activity and TF activity
and overlaying the density of the feature across the UMAP embedding. Gene activity scores for
each gene was calculated by summing the number of peaks found in a gene and 2 kb upstream.
Feature counts for each cell are divided by the total counts for that cell, multiplied by the median
gene activity in that cell, and then natural log transformed to obtain an activity score. TF activity
was calculated using the chromVAR extension in Signac, which estimates activity based on the
number of TF motifs detected in a cell’s open-chromatin peaks®®. Manual annotation was
performed on the clusters using both the gene and TF activity in known markers.

Hypergeometric test to measure lineage bias in clones

To detect clonal bias towards a specific lineage, a hypergeometric cumulative distribution
test was used for each clone-cluster pair, and p-values were adjusted using the Benjamini-
Hochberg method to control the false discovery rate. A significance threshold of 0.1 was used,
but to account for clone and cluster sizes affecting the test, a non-parametric null distribution was
created in which the cluster labels for each cell were shuffled 1000 times and the p-values for
each clone-cluster pair computed. The p-values in each simulation were used as a background
distribution, and empirical p-values were calculated for each clone-cluster pair, a significance of
p=0.1 was used in reporting significance values.



Clone and lineage entropy measures

To measure the lineage-bias across clones in Figure S3F, a normalized entropy metric
was used. The ‘HSPC’ lineage clusters were removed, and the frequency of each cell type was
assessed in each clone, and then used as the probability distribution. The standard entropy
measure was calculated using entropy from the SciPy v1.7.3 stats package®®, and was normalized
to a value between 0 and 1 by dividing by the natural log of the number of clones.

Flow-cytometry for human CD34" cell cultures

Human: flow-cytometry was done for four healthy CD34+ donors, and culturing was done
as mentioned above. Staining was performed in FACS buffer (D-PBS + 1% human serum + 0.1%
sodium azide + 2mM EDTA) on ice. Cells were filtered through sterile 70 ym cell strainers to
obtain a single cell suspension. Prior to staining, human Fc receptors blocking reagent
(Biolegend) was added for 15 min. Staining was performed for 30 minutes in a final volume of
100ul. Cells acquired using a LSR Fortessa (BD Biosciences). All flow cytometry analysis
performed on live cells. The markers used for dimensionality reduction in were HLA-DR, CD117,
CD11c, CD11b, CD34, CD10, CD45, CD86, FceRla, CD16, CD14, CD66b, CD101, Siglec8, CD3,
CD19, CD56.

Code availability

All code used for data processing and analysis for this study has been deposited here,
where it will be made publicly available upon acceptance of this work:

https://github.com/LewisLabUCSD/Mito Trace
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Figure S1. Pipeline and de-multiplexing in mt-scATAC-Seq experiments. (A) NGS processing, donor de-multiplex-
ing and clone detection workflow. (B) MGATK algorithm used to call variants in the MT genome. Each point is a variant,
and variants colored red pass the variance-mean ratio (VMR) and strand concordance thresholds. Left panel: input
cells; rlg.htdpanelz 72 h culture. (C) Donor mean allele frequency. (D) The number of clusters (tl.e. the number of donors)
was varied and the Vireo likelihood score, the evidence lower bound (ELBO), was calculated. The “elbow rule” was
then used to confirm that the true number of donors (n=2) was the inflection point in which performance gain was
reduced when additional possible donors were added to the model.
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Figure S3. Minimum lineage-bias in human CD34+ HSPC clones across all donors. (A) Distribution
of cells across all donors (n=8) and conditions on UMAP, colored by annotated cluster labels (B-D)
Proportion of cells across HSPC clusters in each cell population studied, both input CD34+ cells and in
cells cultured for 72h. (E) Raw cell counts (upper) and percent (lower) of immune lineage clusters in
each clone for donor 2 before (input) and after 72 h culture. (F) Normalized entropy of lineage fate in
each clone after 72h culture, sorted by rank within each donor.
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Figure S7. Differentiation of donor, support, and recipient cells in murine transplant experiments. Identification of
donor hematopoietic cells (CD45.2) from recipient (CD45.1) and support (CD45.1/CD45.2) cells by flow cytometry to
allow for appropriate quantification of donor LT-HSC transplant reconstitution lineage contribution, myeloid (e.g. CD11b),

B cell (e.g. B220), T cell (e.g. CD4 and CD8).



Table S1. Clone characteristics in CD34+ cells from human donors

Number of cells in clone

Number of nuclear peaks

Number of cells in clone

(fraction of donor)

Donor

Donor 1
Donor 2
Donor 3
Donor 4
Donor 5
Donor 6
Donor 7
Donor 8

Number of
clones
36
26
34
27
33
35
41
50

mean +/- std

101.61 +/- 79.23
100.85 +/- 70.69
38.62 +/- 24.36
76.11 +/- 48.80
63.39 +/- 74.85
56.63 +/- 52.50
30.68 +/- 40.60
35.58 +/- 39.73

median | max

73
97.5
41
62
26
40
10
23

429
317
91
247
264
193
213
180

mean +/- std

5612.50 +/- 355.74
5405.59 +/- 531.32
3095.06 +/- 644.63
3216.47 +/- 366.80
3016.17 +/- 517.84
3324.59 +/- 492.69
3029.99 +/- 567.27
2401.89 +/- 573.19

median max

5611
5389
3020
3154
3042
3352
2948
2281

6406
7457
5184
3892
3895
4498
4437
3902

mean +/- std | median

0.03 +/- 0.02
0.04 +/- 0.03
0.03 +/- 0.02
0.04 +/- 0.02
0.03 +/- 0.04
0.03 +/- 0.03
0.02 +/- 0.03
0.02 +/- 0.02

0.02
0.04
0.03
0.03
0.01
0.02
0.01
0.01

max

0.12
0.12
0.07
0.12
0.13
0.1
0.17
0.1
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