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TO THE EDITOR:

Sickle cell disease (SCD) and thalassemia are the commonest forms of inherited
anemia, affecting around 300,000 births per annum world-wide. They result in
progressive end organ damage mainly due to recurrent vasoocclusive crises (in SCD)
and iron overload. Allogeneic hemopoietic stem cell transplantation (HSCT) has been
the only curative option but generally is only suitable for a minority of young patients
with severe disease due to the transplant-related mortality’-3. Recently, it has become
possible to use gene therapy and genome editing to modify HSCs ex-vivo for
autologous transplantation. Gene therapy approaches are based on using lentiviral
vectors to insert exogenous copies of beta globin (HBB)* or to upregulate gamma
globin (HBG) production®. Several genome editing strategies have been developed
including induction of fetal hemoglobin®; reduction of alpha globin expression’ and

correction of the HBB gene in situ using homology directed repair®.



A number of lines of evidence suggest that hemopoietic stem/progenitor cell (HSPC)
function might be perturbed in SCD and thalassemia. SCD is an inflammatory
condition®, which results in chronic leukocytosis, particularly neutrophilia and
monocytosis and this chronic inflammatory state may perturb HSPC function'®'". SCD
is also associated with persistently elevated plasma erythropoietin (Epo)'? and
transferrin receptor’ levels. Murine models show that high levels of Epo reprogram
the transcriptome of HSPCs, supporting the development of committed erythroid
progenitors™. This results in an erythroid lineage bias during differentiation and a
decreased myeloid output. Interestingly, murine models also show that the increased

reactive oxygen species in SCD perturb haemopoietic stem cell function™®.

To create a platform for these advanced cellular therapies, we set out to perform an
in-depth characterization of the cellular and molecular composition of the CD34+

hemopoietic stem and progenitor cell (HSPC) in children with SCD and thalassemia.

Results and Discussion

CD34+ cells were MACS-purified (Miltenyi Biotech) from pre-transplant bone marrow
harvests from five children with homozygous SCD (SCD1-5); three children with
transfusion-dependent beta-thalassemia major (BT1-3) and four healthy controls (see
supplemental Table 1 for clinical details). Adult bone marrow was used as the control
because the majority of data supporting the use of CD34 for hemopoietic stem cell
dosing in transplantation is derived from adult patients'®'”. Further FACS sorted
CD34+ cells were analyzed using a combination of single cell RNA sequencing
(scRNA-seq) on the Chromium platform (10X Genomics), multiparameter flow

cytometry and colony-forming assays (supplemental Methods).

Analysis of scRNAseq data using Seurat'® and AUcell'® (see supplemental Table 2 for

QC data) showed a marked expansion of CD34+ B-lymphoid progenitors (Figure 1A&B)



in all 8 children with hemoglobinopathies compared to controls (supplemental Figures
1-6). Cells identified as B-lymphoid progenitors were enriched for expression of
lymphoid genes?*?' including CD79A, CD79B, VPREB1, VPREB3 and EBF1
(supplemental Table 3, AUC 0.25 was used for all samples). As predicted, patients
with SCD appear to show an increased proportion of cells with an erythroid gene
expression program although this did not reach statistical significance (Figure 1B;
supplemental Table 3) (Control: 7.86%, Thalassemia: 6.97% and SCD: 9.67%). No
expansion of erythroid gene expressing cells was seen in children with thalassemia
consistent with adherence to a rigorous regular transfusion protocol designed to
suppress endogenous erythropoiesis in these patients (Figure 1A&B, supplemental

Figure 1-5).

Trajectory analysis was performed using an in-house R package?’, which allowed the
expanded lymphoid progenitors to be subclassified into early B progenitors?,
expressing high levels of IL7R and IGHM, and late CD24 expressing B progenitors
(supplemental Figure 5 and supplemental Tables 1-3). These data were corroborated
using multiparameter flow-cytometry, which showed significant increases in the
frequency of CD34+CD10+CD19+ cells in these patients (Figure 1C&D; supplemental
Figures 7-8; supplemental Table 4). In some of the children (e.g. BT2, SCD2) over 65%
of all CD34+ cells were CD19+CD10+CD34+ B-progenitors (Figure 1C&D). There was
significant variation between patients, which did not clearly correlate with age,
genotype or clinical factors (Supplemental Figure 6B, Supplemental Table 1). Previous
studies show that children have higher numbers of CD10+CD19+ B cells in the bone
marrow compared to adults but this rarely exceeds 20% of all cells?®, however, there
are no systematic studies regarding the proportion of CD34+ B-progenitor cells in
children. Our hypothesis is that a proinflammatory state in the children with
hemoglobinopathies leads to these changes but it is possible that it relates to

transfusion related alloimmunization or it may be an age related phenomenon.



scRNAseq analysis also suggested a relative reduction in the frequency of multipotent
HSPC within the CD34+ compartment in all the children with thalassemia and SCD
(Supplemental Figure 1&7-9). We carried out flow cytometric analysis, which
confirmed a significant reduction in the proportion of CD38low\- cells as a proportion
of total CD34+ cells in hemoglobinopathy patients compared to controls (Figure 2A&B;
supplemental Figure 8). The proportion of HSC (Lin-CD10-CD34+CD38low\-CD45RA-
CD90+) and MPP (Lin-CD10-CD34+CD38low\-CD45RA-CD90-) in the CD34+
compartment was also reduced in the hemoglobinopathy patients (Figure 2B) raising
the possibility that such patients had a reduced frequency of editable long-term

multipotent HSPC.

Despite this, when CD34+CD10+ lymphoid progenitors were excluded from the
analysis by gating on the Lin-CD10-CD34+ compartment, the proportion of CD38low\-
cells in the population was higher in SCD patients?* (median 19.4+6%) compared to
controls (9.7+0.55%) and thalassemia (7.7+1.9%) (supplemental Figure 8B). Flow
cytometric analysis of the Lin-CD10-CD34+CD38+ myeloid progenitor compartment
showed no significant differences in GMP, although CMP and MEP were slightly
decreased in the patients (supplemental Figure 8C&E). Colony-forming assays from
sorted progenitor populations showed no significant differences between the patients
and controls (supplemental Figure 9B), suggesting no functional differences between

the progenitor populations.

The majority of gene editing and gene therapy pre-clinical and clinical trials use total
CD34+ cells to determine cell dose for transplantation. The massively expanded B-
progenitor compartment in the bone marrow of children with hemoglobinopathies will

significantly underestimate the proportion of editable long-term multipotent HSPC in



autologous bone marrow samples. Consequently, we went on to investigate alternative
strategies for quantifying HSPC in these patients. First, we confirmed that the majority
of CD34+ B-lymphoid progenitor cells were excluded by CD10 or CD19 included
lineage cocktail (Figure 1B; supplemental Figure 8A). This was confirmed by paired
Chromium 10x analysis of lin-CD34+ cells with unselected CD34+ cells from control

sample (supplemental Figure 9A).

Our scRNA-seq data showed that CD133 (PROM1), a well-defined alternative to CD34
for quantification of HSPCs?', is expressed by very few B-progenitors (supplemental
Figure 10A&B). Addition of CD133 improved the reliability of flow cytometric
measurement of HSC frequency. Gating on CD133+ cells removed CD34+ lymphoid
progenitors and corrected the proportion of HSCs as quantified by CD133+Lin-CD10-
CD34+CD38low\-CD45RA-CD90+ such that it was similar in both patients and controls

(Figure 2C).

Our data show that the majority children with SCD and beta thalassemia major have a
marked increase in the proportion of B-progenitor cells, which do not have long-term
repopulating capacity as measured by xenograft assays?. As a result, an apparent
rather than absolute reduction of HSC is observed in the CD34+ compartment. CD34
is therefore a potentially unreliable marker as a surrogate for HSC frequency in these
patients. Data from gene therapy studies suggests that patients with
hemoglobinopathies are often slow to engraft following transplantation with a gene
therapy product. In the first patient treated with lentiviral vector mediated beta globin
therapy, neutrophil engraftment occurred on day +38* and subsequent patients have
also been slow to achieve neutrophil engraftment (median 22 days (range 17-29)'C.
We hypothesize that this may be in part due to the large numbers of CD34+ B-lymphoid
cells causing the number of HSCs to be overestimated for a given dose of CD34+

cells/kg.



In conclusion, we have shown that, compared to healthy adults, a high percentage of
CD34+ cells in bone marrow harvests taken from children with sickle cell disease and
thalassemia are B lymphoid progenitor cells. This reduces the proportion of other stem
and progenitor populations within the CD34 compartment, making it unreliable to use
CD34 alone as a biomarker for quantifying HSCs in these patients. This could
potentially be circumvented at least partially either by the use of lineage depletion or
the addition of CD133 to exclude B progenitor cells. Further work is required to
delineate the mechanisms behind this phenomenon, particularly since there are limited
studies defining how the CD34+ stem and progenitor compartment changes with age.
This finding has important implications for transplantation, gene therapy and genome

editing for these diseases.
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Figure Legends

Figure 1. Marked expansion of lymphoid-primed progenitors in the bone marrow
CD34+ cells of children with sickle cell diseases and thalassemia.

A) Dimensionality reduction using t-Distributed Stochastic Neighbour Embedding (t-
SNE) on pooled data from four controls (n=29,086), three Thalassemia (n=11,034) and
five SCD patients (n=11,776) cells identified distinct cell populations while preserving
inter-cluster relationships. Cell type was annotated based on the expression of
reported marker genes using AUcell (see supplemental Table 3). B) Components of
cell types identified in single-cell sequencing data: Lymphoid Progenitors,
Megakaryocyte/Erythroid Progenitors, Granulocyte/Monocyte Progenitors and
Hematopoietic Stem/Progenitor Cells. C) Quantification of B progenitor cells by flow
cytometry in normal donors and patients (SCD in red and Thalassemia in blue). D)
Multiparameter flow cytometry plots showing the expansion of CD10+CD19+ cells in

CD34+ cells derived from the bone marrow of patients with SCD and thalassemia.

Figure 2. CD34-based HSPC estimation overestimate the HSC quantity in
patients. A) Flow plots show gating of Lin-CD10-CD34+cD38low\-CD45RA-
CD90+HSCs from a normal donor and a child with sickle cell disease. B) The
proportion of phenotypic Lin-CD10-CD34+CD38low\-CD45RA-CD90+ HSCs in total
CD34+ cells was reduced in patients (Supplemental Figure 3B&D). This may be
partially explained by the fact that she was the oldest and only post pubertal subject.
C) The proportion of phenotypic Lin-CD10-CD34+CD133+CD38low\-CD45RA-
CD90+HSCs in total CD133+ cells were not significantly different between patients

and controls.
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