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ABSTRACT

A

lthough studies of mixed chimerism following hematopoietic stem
cell transplantation in patients with sickle cell disease (SCD) may provide insights into the engraftment needed to correct the disease and
into immunological reconstitution, an extensive multilineage analysis is lacking. We analyzed chimerism simultaneously in peripheral erythroid and
granulomonocytic precursors/progenitors, highly purified B and T lymphocytes, monocytes, granulocytes and red blood cells (RBC). Thirty-four
patients with mixed chimerism and ≥12 months of follow-up were included.
A selective advantage of donor RBC and their progenitors/precursors led to
full chimerism in mature RBC (despite partial engraftment of other lineages),
and resulted in the clinical control of the disease. Six patients with donor
chimerism <50% had hemolysis (reticulocytosis) and higher HbS than their
donor. Four of them had donor chimerism <30%, including a patient with
AA donor (hemoglobin >10 g/dL) and three with AS donors (hemoglobin
<10 g/dL). However, only one vaso-occlusive crisis occurred with 68.7%
HbS. Except in the patients with the lowest chimerism, the donor engraftment was lower for T cells than for the other lineages. In a context of mixed
chimerism after hematopoietic stem cell transplantation for SCD, myeloid
(rather than T cell) engraftment was the key efficacy criterion. Results show
that myeloid chimerism as low as 30% was sufficient to prevent a vasoocclusive crisis in transplants from an AA donor but not constantly from an
AS donor. However, the correction of hemolysis requires higher donor
chimerism levels (i.e. ≥50%) in both AA and AS recipients. In the future, this
group of patients may need a different therapeutic approach.
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Introduction
Sickle cell disease (SCD) is a severe, monogenic disease
associated with high mortality and morbidity rates.1
Together with β-thalassemia, SCD constitutes the
world’s most prevalent inherited disorder.2,3 Allogeneic
human leukocyte antigen (HLA)-matched hematopoietic
stem cell transplantation (HSCT) is the only curative
treatment. Non-transplanted patients with SCD have a
significantly shortened life expectancy, and experience
disease-related complications throughout their lives.4–6
With the aim of improving care for patients with SCD,
non-myeloablative, reduced-intensity conditioning regimens and haploidentical transplants are now being investigated.7–13 Furthermore, recent advances in gene therapy
offer new perspectives for the treatment of this serious
disease.14,15 However, the curative level of engraftment by
genetically modified cells has yet to be determined.
Following HSCT, SCD patients may develop mixed
chimerism (MC), i.e. the co-existence of host- and donorderived cells, which can nevertheless result in the clinical
control of the disease.16–21 MC is favored by the increasing
use of non-myeloablative reduced-intensity conditioning
regimens9–11 and high doses of antithymocyte globulin.22
The minimum level of donor chimerism required to
reverse the clinical symptoms of SCD is still subject to
debate.21,23 Some literature data show that a donor white
blood cell (WBC) percentage as low as 11% is enough to
provide clinically adequate disease control20 probably
because the healthy cells have a survival advantage over
SCD erythroid cells.24 This advantage is also observed in
beta-thalassemia.25,26 However, donor chimerism at different stages of hematopoietic differentiation/development
has yet to be analyzed in detail in a large cohort of SCD
patients. Furthermore, donor chimerism (typically quantified as the proportion of donor-derived total circulating
WBC) might be a poor indicator of the clinical outcome in
patients with MC.
We therefore decided to perform an extensive analysis
of donor chimerism in different cell lineage populations
among a cohort of SCD patients having a mixed
chimerism defined in the present study as host cells
>0.05% after a full myeloablative conditioning regimen
and then genoidentical HSCT. Our objective was to study
the hematopoietic reconstitution after HSCT in SCD
patients and determine the engraftment threshold for stable disease control. To this end, we performed a multilineage analysis of donor chimerism concomitantly in highly
purified peripheral blood myeloid and lymphoid lineages,
in erythroid and granulomonocytic progenitors/precursors, and mature RBC in a large cohort of SCD patients
with MC at last follow up.
Our present results may have implications not only for
allogeneic HSCT but also for gene therapy trials based on
the autologous transplantation of genetically modified
CD34+ cells.

Methods
Between May 1990 and December 2013, 119 patients with
SCD (registered at the Paris region’s Pediatric Reference Center
for SCD (Créteil, France)) underwent HLA-matched allogeneic
HSCT at various transplantation centers. These patients are part
of the French cohort previously published.4,22 Patients with symphaematologica | 2020; 105(5)

tomatic SCD (genotype: S/S or S/ 0) and an HLA-identical sibling
donor (hemoglobin [Hb] genotype: AA, AS, A/ 0 or A/D-Punjab)
underwent HSCT. The myeloablative conditioning regimen consisted of busulfan, cyclophosphamide (total dose: 200 mg/kg), and
rabbit anti-thymocyte globulin (total dose: 20 mg/kg). The total
dose of intravenous busulfan was adjusted to the recipient’s body
weight: 12.8 mg/kg for >34 kg, 15.2 mg/kg for 23-34 kg, 17.6
mg/kg for 16-23 kg, and 19.2 mg/kg for 9-16 kg.
The main inclusion criteria for the present study were the
development of MC for total WBC, at least 12 months of followup, and regular monitoring at the Reference Center. Post-HSCT
blood samples were collected as part of routine care at last follow
up. The patients’ medical records were analyzed retrospectively.

Sorting of hematopoietic subpopulations
Cells were stained with specific, directly labeled monoclonal
antibodies, according to the manufacturer’s instructions.
Chimerism was analyzed only when the population purity was
≥90%.

Clonogenic assay and DNA extraction
Erythroid burst-forming-units (BFU-E) and granulocytemacrophage colony-forming-units (CFU-GM) progenitors/precursors were grown in semisolid methylcellulose medium with
or without supplemented erythropoietin.

Hemoglobin fraction analysis
Values for Hb fractions HbS, HbF, and HbA were determined
by cation-exchange high-performance liquid chromatography
(HPLC).

Chimerism analysis in mature lymphoid and myeloid
populations and in progenitors/precursors
Chimerism was determined in sorted, mature myeloid and
lymphoid populations and concomitantly in BFU-E and CFUGM. Analysis was performed in the Molecular Hematology
Laboratory at Henri Mondor Hospital (Creteil, France).
Chimerism was first analyzed using quantitative real-time PCR
assays for indel genomic polymorphisms (KimerDx kit, GenDX,
Netherlands), using a method adapted from a previous publication27 and by PCR-STR when the level was above 10%. Mixed
chimerism was defined as a recipient cell percentage above
0.05%. Patients were divided into three groups according to the
level of donor chimerism. The 70% and 95% cutoffs were chosen on the basis of published data22 and according to the limit
usually employed in clinics, respectively. The donor chimerism
in peripheral mature RBC was obtained by calculating the postHSCT proportion of donor HbA.

Statistical analyses
Statistical analysis was performed with ad hoc routines implemented in R software (http://www.R-project.org). The data are presented as proportions for categorical data and as median,
interquartile range and range for quantitative data. Quantitative
variables were compared with the non-parametric Wilcoxon
tests and proportions with the Fisher’s exact tests or the chisquared tests, as appropriate. Correlations between continuous
variables were calculated using the non-parametric Spearman’s
rank correlation test. Wilcoxon signed-rank test for paired data
was used to compare donor chimerism levels in RBC relative to
BFU-E, CFU-GM and CD15+ cells. A P-value of 0.05 was considered statistically significant for all analyses. Two-sided tests
were used in all analyses. Please see the Online Supplementary
Materials and Methods for a more detailed description of the
methods used.
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A. Magnani et al.

Results
The study population and clinical outcomes
A total of 34 patients with MC and more than 12
months of follow-up at the Pediatric Reference Center
were included in the study and then divided into three
groups, according to the level of total WBC donor
chimerism at last follow-up: <70% (group 1, n=10), 7095% (group 2, n=14), and 95-99.95% (group 3, n=10). Six
of the patients in group 1 had a donor chimerism level
below 50% (Table 1 and Online Supplementary Table S1).
In the study population as a whole, the median (range)

age at transplant was 7.2 years (3.4-14.2); the median age
did not differ significantly when comparing the three
groups (8.1, 7 and 7.1 years in groups 1, 2 and 3, respectively; P=0.8). The median duration of post-HSCT followup was 54.5 months (12-155); no significant differences
were observed when comparing the three groups (58.5, 56
and 42 months in groups 1, 2 and 3, respectively; P=0.67).
The donor genotypes were as follows: n=13 for AA, n=19
for AS, n=1 for A/β0, and n=1 for A/D-Punjab donor. The
proportion of AS donors was similar in the three groups
(50% in groups 1 and 2, and 70% in group 3). Examples of
MC following HSCT with an AA or AS donor are shown

Table 1. Characteristics of the study population, and donor chimerism in cell subsets and progenitors/precursors.

Variable

Level

Age at HSCT (years)

median [iqr] (range)

Follow-up after HSCT
(months)
Donor Hb genotype

median [iqr] (range)

Donor HbS (%)

AA, A/β0 or A/D-Punjab
AS
median [iqr] (range)

Donor HbA (%)

median [iqr] (range)

Hb level at last follow-up
(g/dL)
Reticulocytes at last
follow-up (G/L)
HbA (%)

median [iqr] (range)
median [iqr] (range)

HbS (%)

median [iqr] (range)

HbF (%)

median [iqr] (range)

Chimerism analysis
Whole blood (%)

median [iqr] (range)

CD3+ (%)

median [iqr] (range)

CD19+ (%)

median [iqr] (range)

CD14+ (%)

median [iqr] (range)

CD15+ (%)

median [iqr] (range)

BFU-E (%)

median [iqr] (range)

CFU-GM (%)

median [iqr] (range)

RBC (%)

median [iqr] (range)

median [iqr] (range)

Group 2 (n=14)

Group 3 (n=10)

P

7.2 [5.8, 9.1]
8.1 [6.0, 10.5]
(3.4, 14.2)
(3.4, 12.5)
54.5 [37.2, 81.8] 58.5 [37.0, 122.5]
(12.0, 155.0)
(21.0, 155.0)
15 (44.1%)
5 (50.0%)
19 (55.9%)
5 (50.0%)
32.0 [0.0, 37.5]
16.6 [0.0, 38.5]
(0.0, 44.6)
(0.0, 44.6)
53.0 [51.7, 54.7] 54.0 [52.8, 55.4]
(46.9, 57.4)
(51.7, 57.4)
12.9 [11.5, 13.4] 10.8 [9.9, 13.1]
(8.4, 14.4)
(8.4, 14.2)
36.0 [30.0, 57.3] 135.0 [38.6, 209.5]
(16.5, 407.0)
(31.2, 407.0)
53.8 [49.2, 82.3] 66.2 [45.1, 79.8]
(24.0, 87.5)
(24.0, 84.5)
33.0 [0.0, 38.1]
20.6 [4.6, 45.1]
(0.0, 68.1)
(0.0, 68.1)
1.0 [0.0, 1.9]
1.2 [0.2, 1.8]
(0.0, 6.5)
(0.0, 4.4)

7.0 [6.0, 8.6]
(4.1, 12.5)
56.0 [46.8, 76.2]
(12.0, 91.0)
7 (50.0%)
7 (50.0%)
15.8 [0.0, 35.7]
(0.0, 39.8)
52.7 [49.2, 53.8]
(47.9, 54.8)
13.1 [12.8, 13.3]
(9.6, 14.4)
36.4 [27.8, 55.8]
(16.5, 161.0)
53.8 [49.0, 85.9]
(44.0, 87.5)
16.4 [0.0, 37.2]
(0.0, 41.2)
1.0 [1.0, 2.6]
(0.0, 6.5)

7.1 [5.0, 9.1]
(4.1, 14.2)
42.0 [36.2, 92.5]
(12.0, 127.0)
3 (30.0%)
7 (70.0%)
33.6 [7.9, 37.7]
(0.0, 38.7)
53.3 [52.2, 55.2]
(46.9, 57.3)
12.9 [11.9, 13.5]
(10.9, 13.7)
30.0 [24.8, 34.5]
(20.6, 55.0)
53.0 [50.1, 73.1]
(48.8, 84.0)
33.7 [8.1, 39.1]
(0.0, 40.3)
1.1 [0.0, 1.7]
(0.0, 5.5)

0.80

89.3 [60.0, 95.7]
(16.0, 99.8)
73.5 [58.8, 91.8]
(12.0, 99.9)
94.0 [56.0, 97.8]
(11.0, 99.9)
96.5 [52.5, 99.6]
(9.4, 100.0)
95.0 [64.0, 99.5]
(5.4, 100.0)
97.7 [65.5, 99.9]
(0.0, 100.0)
98.0 [64.0, 99.4]
(8.0, 99.9)
87.5 [82.7, 97.2]
(46.4, 104.1)

89.3 [85.3, 91.9]
(72.0, 93.4)
73.5 [70.5, 77.2]
(63.0, 88.5)
95.2 [88.2, 97.8]
(73.0, 98.7)
96.4 [94.6, 98.5]
(72.0, 99.9)
96.2 [92.5, 97.8]
(63.0, 99.9)
98.1 [94.5, 99.1]
(52.0, 99.9)
98.2 [89.8, 99.2]
(76.0, 99.9)
89.7 [86.1, 97.0]
(47.9, 101.5)

97.2 [96.3, 98.8]
(95.7, 99.8)
93.8 [92.6, 97.4]
(89.0, 99.9)
98.6 [96.9, 99.4]
(93.5, 99.9)
99.7 [99.5, 99.9]
(98.2, 100.0)
99.8 [99.7, 100.0]
(95.1, 100.0)
99.9 [99.9, 99.9]
(97.2, 100.0)
99.4 [99.1, 99.8]
(80.0, 99.9)
94.1 [84.9, 99.2]
(79.0, 104.1)

Total (n=34)

Group 1 (n=10)

37.0 [19.5, 56.0]
(16.0, 66.0)
41.8 [31.8, 45.5]
(12.0, 70.0)
36.5 [15.5, 49.8]
(11.0, 90.0)
33.5 [18.5, 56.8]
(9.4, 98.5)
24.5 [14.5, 51.2]
(5.4, 95.0)
39.0 [31.0, 61.0]
(0.0, 76.0)
38.5 [14.5, 46.5]
(8.0, 60.0)
81.6 [79.7, 84.5]
(46.4, 98.7)

0.67

0.69
0.62
0.46
0.19
0.0037
0.71
0.46
0.87

< 0,0001
< 0,0001
< 0,0001
0.00013
0.00022
< 0,0001
< 0,0001
0.039

HSCT : hematopoietic stem cell transplantation ; Hb: hemoglobin; BFU-E: erythroid burst forming units; CFU-GM: granulocyte-macrophage colony-forming-units; RBC: red blood
cells.
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in the Online Supplementary Figure S1.
Hemoglobin levels (overall median [range] concentration: 12.9 g/dL [8.4-14.4]) were generally stable and clinically satisfactory. Median Hb level was lower in group 1
(10.8 g/dL) than in group 2 (13.1 g/dL) or group 3 (12.9
g/dL), although the difference was not statistically significant (P=0.18). There was no difference in the mean Hb
level between the set of patients with an AS donor (median [range] 12.8 g/dL [8.4-14.3]) and the set with a non-AS
donor (median [range] 13.1 g/dL [9.6-14.4]) (P=0.61). A
reticulocyte count at last follow-up greater than 100x109/L
was observed in patients with WBC donor chimerism
<50%. However, this was associated with Hb levels <10
g/dL solely in patients with AS donor (see below).
The HbS fractions in patients after HSCT were similar
to those of the donors, with the exception of the six
patients with donor chimerism <50% (see below). With the
exception of patient #2 (who experienced a single vasoocclusive crisis (VOC) with confirmed liver involvement;
see below), no VOC were observed after transplantation.

Donor chimerism in mature myeloid and lymphoid
cells, and in granulomonocytic progenitors
The chimerism profiles of mature lymphoid/myeloid
lineages and of progenitors/precursors often differed from
those recorded for total WBC (Table 1 and Online
Supplementary Table S1). The levels of donor chimerism
were correlated for CD15+ versus CD14+ cells (rho=0.93,
P=0.002), CD15+ versus CD19+ cells (rho=0.66, P=0.076),
and CD14+ versus CD19+ cells (rho=0.69, P=0.028) but not
for CD15+ versus CD3+ cells (rho=-0.14, P=0.752), CD14+
versus CD3+ cells (rho=-0.18, P=0.632) or CD19+ versus
CD3+ cells (rho=0.44, P=0.199) (Figure 1). The donor
chimerism in CFU-GM correlated with that in CD15+ cells
(rho=0.8, P<0.001) (Online Supplementary Figure S2). We
limited our correlation analyses to group 1, in order to
avoid bias due to the higher overall levels of donor

chimerism in groups 2 and 3. Our analysis of chimerism in
mature blood lineages showed that T-cell chimerism was
independent of the other lineages.

The selective advantage of donor erythroid cells
In order to investigate the donor chimerism in peripheral RBC in patients with MC, we compared HbS fractions
in patients after HSCT and in their donors. Overall, there
was an excellent correlation between the HbS fraction in
patients after HSCT and the fraction in the donors
(rho=0.94, P<0.001) (Figure 2). The intra-class correlation
coefficient (95% confidence interval [CI]) between these
two variables was estimated to be 0.95 (0.81 – 0.99). In all
the patients other than the six with MC <50% (see below),
HbS levels were similar to those observed in the donors.
In order to investigate this putative selective advantage
over the course of erythroid development, we compared
donor chimerism among mature RBC, BFU-E, CFU-GM
and CD15+ cells (Figure 3). The CD15+ cell population was
chosen as a benchmark for bone marrow engraftment
because it lacks a selective advantage, is short-lived, and is
thus unlikely to accumulate over time. As expected, there
were no differences in myeloid lineage donor chimerism
between CD15+ cells and CFU-GM (P=0.313). Inversely
we observed a progressive enrichment in cells of donor
origin during the development of the erythroid lineage in
the periphery, with higher levels of donor chimerism in
peripheral RBC versus CFU-GM and in BFU-E versus CFUGM (P=0.016 and P=0.03, respectively). A median (IQR)
2.0-fold (1.4-2.5) increase between donor chimerism in
peripheral RBC versus BFU-E was observed, whereas, a
1.5-fold (1.2-2.2) increase was observed between BFU-E
and CFU-GM.
Taken as a whole, these results evidenced a lineage-specific, selective advantage in donor erythroid cells. Full
donor chimerism was achieved in peripheral RBC, independently of the level in other lineages. Interestingly, this

Figure 1. Correlation of donor chimerism levels (%) in CD15+ versus CD14+ versus CD19+ versus CD3+ cells
in sickle cell disease (SCD) patients with total white blood cell (WBC) chimerism <70% (patients from group
1). Rho: Spearman's rank correlation coefficient.

haematologica | 2020; 105(5)
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rho=0.94

selective advantage was observed not only in the peripheral compartment but also in erythroid progenitors/precursors.

Patients with WBC donor chimerism ≤50%

Six patients in group 1 (three with AA donors and three
with AS donors) presented with a total WBC donor
chimerism level ≤50% (median [range]: 20% [16-44%])
(Table 1, Online Supplementary Table S1). A unique
chimerism profile was observed, with higher levels of
donor chimerism in the CD3+ cells than in the other lineages unlike most of the included patients (Online
Supplementary Figure S3-4).
This subgroup of patients was characterized by younger
age at transplant (median [range]: 7.15 years [3.4-10.8]), a
longer post-HSCT follow-up period (median [range]: 68.5
months [33-153]), and lower Hb levels (median [range]:
10.1 g/dL [8.4-11.8]), when compared with the other
patients in group 1. As mentioned above, HbS levels in
these patients were higher than the corresponding donors
(Figure 2, Online Supplementary Table S1). For these six
patients, the reticulocyte count at last follow-up was
greater than 100x109/L; however, this was associated with
a Hb level <10 g/dL only in three with very low myeloid
chimerism (≤21%) and transplanted with AS donors
(patients #2, #8 and #9, Online Supplementary Table S1). In
these three cases, reticulocyte count was higher than
150x109/L and associated with an HbS >47.5%. The three
patients transplanted with an AS donor (patients #2, #8
and #9) presented a particularly low level of donor
myeloid chimerism (5.4%, 10% and 16%, respectively–
the lowest levels in the whole cohort) and highest HbS
levels (68.1%, 60.6% and 47.5%, respectively) (Online
1244

P-value <0.001

Figure 2. Correlation between HbS in
patients after hematopoietic stem
cell transplantation (HSCT) and in
donors, regardless of the donor’s
genotype, divided into group 1
(mixed chimerism [MC] <70%, red
dots), group 2 (MC 70-95%, green
dots) and group 3 (MC 95-99.5%,
blue dots). The line corresponds to
y=x. Rho: Spearman's rank correlation coefficient.

Supplementary Table S1). The three patients received donor
lymphocyte infusions (DLI); this treatment did not modify
the donor chimerism and was not associated with
graft-versus-host disease (GvHD) occurrence. Two of the
patients (#2 and #9) required sporadic RBC transfusions
between 24 and 43 months after HSCT. Neither of them
has required RBC transfusions since then. The three
patients developed hemolytic anemia (patients #2, #8 and
#9), but only one had a suspected VOC with liver involvement (patient #2; hepatic sequestration was confirmed by
a histological assessment). Before HSCT, patient #8 had
presented with severe, SCD-related cerebral vasculopathy
(bilateral stenosis of the cervical carotid arteries, and
aneurism of the internal carotid arteries); this condition
was stable after HSCT. Patients #8 and #9 are dizygotic
twins who received grafts from different sibling AS
donors (HbS fractions in the donors: 44.6% and 43.6%,
respectively) at 5 years of age in 2003 and at 4 years of age
in 2002, respectively. The level of donor chimerism fell
rapidly in both twins, and then stabilized at a value below
20% in the second year post-HSCT. The HbS fraction progressively rose to a value of 60.6% and 47.5% in patients
#8 and #9, respectively.
Interestingly, one patient (#6, with an AA donor) displayed a WBC donor chimerism level as low as 19% and
myeloid chimerism of 31% but had a total Hb level of 11.8
g/dL and an HbS percentage of 5.6%.
Our results showed that HbS levels were closely correlated with chimerism in the myeloid compartment. The
analyses of a subgroup of patients with low donor
chimerism suggested that a myeloid chimerism of 30% is
sufficient for preventing VOC in transplants from AA
donors but not constantly from AS donors; in contrast, the
haematologica | 2020; 105(5)
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P = 0.016

P = 0.03

P = 0.313

Figure 3. Donor chimerism (%) in peripheral red blood cells (RBC), erythroid burst forming units (BFU-E), CD15+ cells and granulocyte-macrophage colony-formingunits (CFU-GM) progenitors/precursors in patients with donor chimerism <70% (group 1), independently of the donor’s genotype. Each patient is represented by a
different symbol.

full correction of hemolytic anemia requires a higher level
of myeloid donor chimerism (i.e. >50%) - particularly in
patients with an AS donor.

Discussion
After HSCT, the majority of our patients with SCD will
develop mixed chimerism (as defined in the Methods section). This condition is associated with a sufficient level of
disease control, and represents an ideal setting for investigating (i) the reconstitution of the hematopoietic lineages
following HSCT, and (ii) the minimum level of correction
required to prevent the recurrence of clinical signs of SCD.
Chimerism analysis of total WBC is frequently used to
evaluate donor cell engraftment following HSCT.
However, in the context of MC, this tool does not provide
an exhaustive analysis of donor engraftment. The present
study is the first to have featured detailed, simultaneous
analyses of chimerism in several different mature myeloid
and lymphoid subpopulations, erythroid and myeloid progenitors/precursors, and peripheral RBC in a large cohort
of patients having undergone myeloablative conditioning.
When simultaneously analyzing the donor/recipient origin of different hematologic lineages, we observed a linear
correlation between CD15+/CD14+, CD15+/CD19+ and
CD14+/CD19+ cells; this was also observed in our gene
therapy trials (unpublished data). Chimerism of CD3+ cells
was not correlated with other cell populations. With the
haematologica | 2020; 105(5)

exception of the subgroup of patients with the lowest levels of recipient chimerism (including the three symptomatic patients), patients had a lower percentage of donor
cells in the CD3+ population than in the other lineages.
Hence, T-cell reconstitution appears to be independent of
the other lineages. An alternative explanation to this
observation is that a minimum level of T-cell chimerism
may be necessary for any myeloid chimerism, and/or that
particular T-cell subsets may be critical for myeloid
engraftment. Data available at the moment cannot formally confirm this hypothesis, however to our knowledge no
myeloid chimerism was observed with no T-cell engraftment. It is possible that especially for low levels of donor
chimerism a T-cell population could be necessary to allow
the engraftment of myeloid cells in the bone marrow.
This finding shows that whole blood chimerism analysis is not appropriate for evaluating engraftment - especially in patients with MC, and provides an insight into the
hematopoietic reconstitution after HSCT in these
patients.
One of the present study’s main objectives was to evaluate the minimum level of donor engraftment needed to
prevent the recurrence of clinical signs of SCD. Most
SCD-related morbidity is caused by altered RBC; hence,
we focused on changes in donor chimerism during erythroid development. Nearly all the patients displayed full
donor chimerism in peripheral RBC, despite variable
degrees of MC in other cell populations; this suggests that
donor RBC have a lineage-specific selective advantage in
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the recipient. In order to investigate this putative selective
advantage over the course of erythroid development, we
compared donor chimerism among compartments at different stages of development. Our results show that not
only the peripheral donor RBC have a selective advantage
related to the shortened lifetime of SCD RBC but also the
earlier erythroid progenitor/precursors. Despite the results
of studies suggesting that the selective advantage is
restricted to RBC in the periphery,23,28 our hypothesis has
already been proposed in small series of patients.17,20
Indeed, the selective advantage of donor erythroid progenitor/precursors could be due to the ineffective erythropoiesis in SCD, as shown by the loss of SCD erythroblasts
reported in patients with MC.24 Interestingly, in a SCD
patient with MC, the expression of the apoptotic regulator
Fas was significantly higher in recipient than in donor erythroblasts and RBC,29 suggesting that SCD “ineffective”
erythroid cells undergo apoptosis, while donor cells have
a survival advantage.
We further focused on a group of patients with low levels of donor chimerism (<70% for total WBC), and in particular on a subgroup of six patients who presented a
donor chimerism level ≤50%. Indeed, as reported in the
overall French cohort,22 donor chimerism values as low as
16%, 18% and 21% for total WBC were recorded; these
patients were the only ones to display high (>45%) HbS
levels, hemolytic anemia and (in one case) a hepatic VOC.
All three patients had an AS donor. These patients also
presented the lowest level of donor chimerism in CD15+
cells (5.4%, 10% and 16%), which was more closely correlated than WBC chimerism with the HbS level.
In contrast, patients with total WBC chimerism ≤50%
and AA donors had low HbS levels and no anemia,
although high reticulocyte counts were recorded. In the
study population as a whole, there were no significant
differences between patients with an AA donor and those
with an AS donor. However, when the level of donor
chimerism was low, having an AA donor was an advantage.
Three patients with the lowest levels of donor myeloid
chimerism received donor lymphocyte infusions during
follow up in order to stabilize donor cells engraftment. Of
note no modification in donor chimerism was observed
after infusion. The use of donor lymphocyte infusion in
this context is debated as the risks might exceed the benefits.
Although our results came from a small number of
patients, they show that individuals with a myeloid donor
chimerism level above 30% have stable, sufficient levels
of total Hb and no longer display the clinical signs of SCD
- regardless of the donor’s Hb genotype. In contrast, the
full correction of hemolytic anemia requires higher
myeloid donor chimerism levels (i.e. >50%) - particularly
for patients with an AS donor. A myeloid donor
chimerism level as low as 30% was sufficient to prevent
VOC in patients with AA donors but not constantly in
those with AS donors. For patients with very low degree
of myeloid donor engraftment, an AS graft is associated
with a higher risk of SCD symptoms.
By defining the level of correction needed to obtain
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clinical remission in SCD, the present study provides
important information for patients undergoing autologous transplantation of genetically modified hematopoietic stem cells (HSC). It is important to note that today’s
lentiviral-based gene addition strategies and genome-editing approaches aimed at reactivating the expression of
the anti-sickling fetal γ-globin at best generate a heterozygous phenotype in vitro; therapeutic hemoglobin accounts
for at most 60% of the total Hb types, e.g. in RBC derived
from HSC harboring multiple copies of the vector.30
Under these optimal conditions (i.e. generation of AS-like
HSC), our analyses of SCD patients with MC suggested
that an HSC genetic modification rate below 30% would
not be sufficient to ameliorate the SCD clinical phenotype, whereas a myeloid donor chimerism level ≥30%
would probably lead to clinical improvements.
Furthermore, our present results suggest that in order to
fully control hemolysis, this threshold should be raised to
>50%. Under suboptimal conditions (i.e. therapeutic Hb
<60%), we predict that a donor chimerism level largely
exceeding 30% would be required to correct the SCD
clinical phenotype.
Consistently, the initial clinical data from gene therapy
trials highlighted the absence of clinical benefit in
patients with SCD harboring 10-30% of transduced HSC
and low therapeutic Hb levels (i.e. 0.1-1.2 g/dL, which
probably accounts for <10% of the total Hb types [31]. In
contrast, clinical remission was observed in a SS patient
with a mean vector copy number per cell of ~2, >60% of
genetically modified HSC, and therapeutic Hb levels
accounting for ~50% of the total Hb.14
In conclusion, these findings show that the degree of
myeloid donor engraftment (rather than T cells) is a better
predictor of the disease control in these patients - as
shown by the inverse correlation between HbS levels and
the chimerism in the myeloid lineage. According to these
observations the whole blood chimerism could be appropriate for evaluating engraftment when donor chimerism
is higher than 50%, but it looks unsatisfactory for patients
developing lower donor chimerism; in this case a lineagespecific chimerism analysis should be preferred.
Our results provide a new insight into the selective
advantage of donor erythroid cells in SCD patients. In particular, we show that not only donor peripheral RBC but
also progenitors/precursors have a selective advantage
over the recipient cells. Lastly, our study provides important clues for future gene therapy trials, and suggests that
higher levels of gene correction will be needed to obtain
full disease control.
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