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Key Points

• Results based on our
allogeneic model suggest
genetic strategies aimed at
correcting at least 20% of
HSCs are necessary to
reverse SCD.

• A minority of donor myeloid
cells is adequate because of
the vast differences in RBC
survival between donor and
recipient.

Novel curative therapies using genetic transfer of normal globin-producing genes

into autologous hematopoietic stem cells (HSCs) are in clinical trials for patients with

sickle cell disease (SCD). The percentage of transferred globin necessary to cure SCD is

currently not known. In the setting of allogeneic nonmyeloablative HSC transplants

(HSCTs), stable mixed chimerism is sufficient to reverse the disease. We regularly

monitored 67 patients after HSCT. After initially robust engraftment, 3 of these patients

experienced declining donor myeloid chimerism (DMC) levels with eventual return of

disease. From this we discovered that 20% DMC is necessary to reverse the sickle

phenotype. We subsequently developed a mathematical model to test the hypothesis

that the percentage of DMCnecessary is determined solely by differences betweendonor

and recipient red blood cell (RBC) survival times. In ourmodel, the required 20%DMCcan

be entirely explained by the large differences between donor and recipient RBC survival

times.Ourmodel predicts that the requisiteDMCand thereforenecessary level of transferred

globin is lowest inpatientswith thehighest reticulocytecountsandconcomitantlyshortened

RBC lifespans. (Blood. 2017;130(17):1946-1948)

Introduction

Hematopoietic stem cell (HSC) transplant (HSCT) is the only curative
option for patients with sickle cell disease (SCD). HLA-matched
sibling HSCT has become increasingly successful, and haploidentical
approaches are being explored to increase the donor pool. We and
others have shown that stable mixed chimerism is sufficient to reverse
the sickle phenotype without graft-versus-host disease.1-5 Kean and
colleagues showed in a murine SCDmodel that relatively low levels of
donor white blood cell (WBC) chimerism (3%-18%) were associated
with higher red blood cell (RBC) chimerism (84%-95%).6 Further-
more, 100% donor peripheral-blood RBC chimerism was necessary
to achieve hematopoietic cure. Another murine study showed that
26%WBC chimerism improved organ pathology and RBC lifespan.7

Advances have been made in gene therapy such that clinical trials
are now under way for the first time in patients with SCD. The question
of what percentage of donor chimerism is necessary to cure SCD is
critical in identifying the target percentage of the transferred globin
gene needed to reverse SCD. Amurine study in which various ratios of
bone marrow from SCD mice were transplanted into normal mice
showed that donor myeloid chimerism (DMC) levels exceeding
25% were associated with.90% normal hemoglobin, but 70% DMC
was necessary to correct the anemia.8On the other hand, 1 human study
suggested that a whole-blood WBC donor chimerism level as low as
11% was sufficient to render patients free of SCD3; we note, however,
that lineage-specific chimerism was not performed. A more recent

study showed that 5% whole-blood WBC donor chimerism was
associated with severe anemia and a sickle hemoglobin (HbS) of
60.8% (donor, 39.6%),9 therefore not sufficient to reverse the sickle
phenotype. We have previously demonstrated that peripheral-blood
DMC linearly reflects the HSC compartment.10 The observation that
1 patient with 40% to 50% donor WBC chimerism had 97% to
100% donor RBC chimerism, whereas another with 25% to 30% donor
WBC chimerism had only up to 69%RBC chimerism, suggests that the
relationship between donor HSC chimerism and RBC chimerism is
nonlinear.11 In this brief report, we characterize this relationship
mathematically and determine the percentage of DMC necessary to
reverse the sickle phenotype in patients who underwent HSCT.

Study design

All patients with SCD transplanted at the National Institutes of Health between
2003 and 2015 were included in the analysis (clinicaltrials.gov identifiers
NCT00061568, NCT02105766, and NCT00977691). All protocols were
approved by the National Heart, Lung, and Blood Institute Institutional Review
Board, and all patients signed informed consent. Patients who underwent HLA-
matched sibling HSCT received alemtuzumab, 300 cGy total-body irradiation,
and sirolimus. Patients who received haploidentical HSCT were treated with
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alemtuzumab, 400 cGy total-body irradiation, and a dose escalation of cy-
clophosphamide (0-100 mg/kg on days 3 and/or 4 posttransplant).12

We subsequently developed amathematicalmodel to test the hypothesis that
the percentage of necessary DMC to reverse SCD is determined solely by the
differences betweendonor and recipientRBChalf-lives.Wemodel the dynamics
of hematopoietic cells in 2 compartments, early myeloid progenitor and mature
erythroid, separately for donor and recipient cells. The model assumes first-
order kinetics for erythropoiesis and RBC senescence/destruction. The kinetic
constants of donor and recipient cells in the immature compartments (before
globin gene expression) are assumed to be identical, whereas the kinetic
constants of the mature compartments are assumed to be different. Data from
patients at specified milestone dates were used to characterize the kinetic
constants via nonlinear regression. Themathematical details of themodel aswell
as the specifics of the nonlinear regression are presented in the supplemental
Methods (available on the BloodWeb site). Our model predicts that the fraction
ofmature donorRBCs in the periphery (fM) is a function of progenitor chimerism
(fP) and donor and recipient mean erythrocyte lifetimes (t

D and tR, respectively):

and that the fraction of HbS, fHbS is given by

where is the innate fraction of hemoglobin A in the donor.

Results and discussion

In protocols testing both HLA-matched sibling and haploidentical
nonmyeloablative HSCT, 67 SCD patients were transplanted followed
bymonitoring of myeloid (CD14/15) and lymphoid (CD3) chimerism,
hemoglobin and HbS levels, and symptoms every 6 to 12 months.
Three were identified who, despite robust initial engraftment, ex-
perienced declining DMC levels over prolonged follow-up, eventually
associated with return of SCD. The patients’ ages were 24, 27, and 31
years; 2weremen (see supplementalTable1). Indications for transplant
were recurrent painful crises in 1, moyamoya syndrome in 1, and

end-stage renal disease requiring hemodialysis, cardiomyopathy, and
recurrent painful crises in 1 patient. One patient underwent HLA-
matched sibling; 2 haploidentical HSCT patients enrolled in the second
cohort of the study received 50 mg/kg cyclophosphamide on day 3
posttransplant. All 3 patients’ donors had sickle cell trait with HbS
ranging from 36% to 40%. No patients received donor lymphocyte
infusions or stem cell boosts during the period of follow-up, and the
patients did not experience sepsis or viral reactivation peritransplant.
The patients initially achieved nearly 100% DMC; however, their
chimerism levels slowly decreased over time (Figure 1). As long as
meanDMCwas.20%,meanpercentage ofHbS remainedbelow50%
(similar to their sickle cell trait donors) and the patients stayed free of
SCD-related symptoms. However, mean DMC at 2, 3, 4, and 5 years
posttransplant fell below 20%; they were 18%, 12%, 11%, and 10%,
with corresponding mean percentage of HbS levels of 52.5%, 51.6%,
57.8%, and 64.2%. At these levels of HbS percentages, 2 patients had
return of their recurrent painful crises, and the third patient with
moyamoya syndromedeveloped severe anemia requiring reinitiationof
chronic transfusion therapy.

Roberts and colleagues found, using a mathematical model in mice
and humans, that a donor WBC chimerism as small as 13% was
sufficient to cure thalassemia due to differences in donor and recipient
RBC survival and ineffective erythropoiesis.13 Ineffective hematopoi-
esis is less significant inSCD;however, greatly shortenedRBC lifespan
occurs.14-17 A study recently reported, using a mathematical model
utilizingdifferences inRBCsurvival betweendonors and recipients in a
murine SCDmodel, that 16.2%non-SHSCswould lead to amixture of
50% non-S RBCs in the periphery.18 They further predicted that in
humans, 25% altered HSCs could result in about 65% nonsickling
RBCs.

From our nonlinear regression to posttransplant data from our
patients, we calculated an erythrocyte lifetime of 6.22 days (95%
confidence interval, 1.22-29.21 days). Although we did not directly
measure RBC lifetimes, we identified 4 patients with SCD in the
literature in whom reticulocyte percentages ranged from 9.0% to
21.0% and corresponding RBC half-lives determined by radioactive
sodium chromate were 1 to 11 days.19 We assumed that in erythro-
poietic homeostasis, RBC lifetime must be proportional to the inverse
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Figure 1. Percentage of DMC, measured HbS, and predicted HbS (Pred HbS)

over time in 3 subjects with SCD who underwent allogeneic HSCT and ex-

perienced falling DMC.
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Figure 2. Fraction of HbS in 3 hypothetical homozygous sickle cell disease

(HbSS) patients from a sickle cell trait donor for 3 different HbSS mean

erythrocyte lifetimes.
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of the reticulocyte fraction; we confirmed this relationship using data
from these patients with a good coefficient of determination (R2 5
0.91). Therefore,we reasoned that (at stable hemoglobin concentration)
the reticulocyte fraction is a good proxy for RBC lifetime.

Figure 1 depicts a comparison between the measured and our
model-predicted HbS fractions in our 3 patients transplanted using the
kinetic parameters obtained via nonlinear regression. As observed in
our 3 patients, ourmodel predicts thatDMCof at least 20% is necessary
to reverse the sickle phenotype. Figure 2 shows that the fraction of
peripheral-donor RBCs is very sensitive to RBC lifetimes: the shorter
the RBC lifetime, the lower the percentage of DMC necessary to
achieve an equivalent fraction of peripheral-donor RBCs. For example,
if the recipient RBC lifetime is 6 days, 20% DMCwould be necessary
for expression of donor-type hemoglobin in our model.Whereas, if the
recipient RBC lifetime is 1 day, 4% DMC would be sufficient to
achieve donor-type hemoglobin (Figure 2).

We have shown for the first time how HbS levels and sickle
phenotype are affected by percentage of DMC levels over time. Our
model predicts that genetic strategies aimed at SCD must in general
achieve correction levels of at least 20% to reverse the sickle
phenotype. It should be noted, however, that the model might have
limitations for broader application beyond nonmyeloablative
allogeneic HSCT for SCD. Next, the mechanism explaining why a
minority of donor myeloid cells is adequate is due solely to the vast
differences in RBC survival between donor and recipient cells.
Lastly, recipient RBC survival is lowest in patients with the highest
reticulocyte counts, suggesting that gene therapy may be most
efficacious in subjects with high reticulocyte percentages as our
model predicts that lower levels of correction would be sufficient in
this setting.
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