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Abstract

Children with sickle cell disease (SCD) are at high-risk of progressive, chronic pulmonary 

and cardiac dysfunction. In this prospective multicenter Phase II trial of myeloimmunoablative 

conditioning followed by haploidentical stem cell transplantation in children with high-risk SCD, 

19 patients, 2.0–21.0 years of age, were enrolled with one or more of the following: history of 1) 

overt stroke; 2) silent stroke; 3) elevated transcranial Doppler velocity; 4) multiple vaso-occlusive 

crises; and/or 5) two or more acute chest syndromes and received haploidentical transplants 

from 18 parental donors. Cardiac and pulmonary centralized cores were established. Pulmonary 

function results were expressed as percent of the median of healthy reference cohorts, matched 

for age, sex, height and race At 2 years, pulmonary functions including forced expiratory volume 

(FEV), FEV1/ forced vital capacity (FVC), total lung capacity (TLC), diffusing capacity of lung 

for carbon monoxide (DLCO) were stable to improved compared to baseline values. Importantly, 

specific airway conductance was significantly improved at 2 years (p < 0.004). Left ventricular 

systolic function (fractional shortening) and tricuspid regurgitant velocity were stable at 2 years. 

These results demonstrate that haploidentical stem cell transplantation can stabilize or improve 

cardiopulmonary function in patients with SCD.

Introduction

Sickle cell disease (SCD) is an autosomal recessive genetic disorder, characterized by 

repetitive vaso-occlusive crises, resulting in chronic organ dysfunction including progressive 

pulmonary hypertension, chronic lung disease and cardiac failure that predispose patients 

with severe disease to a shortened lifespan (median age 45 years) [1–11]. Thus, pulmonary 

and cardiac complications currently account for over 45% of all the causes of mortality in 

adults with SCD who have not undergone allogeneic stem cell transplantation (AlloSCT) 

[2]. Each year, over 300,000 babies worldwide are born with SCD. SCD is now recognized 

by the United Nations and World Health Organization as a global health problem [12–14].

Patients with SCD often have abnormal pulmonary function [15–17]. While studies have 

confirmed reduced lung function compared to healthy age-matched controls, most are either 

within the normal range or low normal in the pediatric age group [18]. In children, an 

obstructive pattern is most often seen [7, 19, 20]. In adults a restrictive pattern is more likely 

to emerge [21], often with a reduced diffusing capacity for carbon monoxide (DLCO) [22]. 

However, restrictive defects can be overestimated and obstructive defects underestimated if 

based on spirometry alone [23, 24].

Reduced pulmonary function in some subjects following AlloSCT is well established, 

presumably due to cryptogenic organizing pneumonia or bronchiolitis obliterans syndrome 

(BOS) [25, 26]. In one study, the incidence of BOS was 5.5% and its prevalence was 

15% among patients with chronic graft-versus-host disease (CGVHD) [27, 28]. One study 

demonstrated a rapid decline in pulmonary function forced expiratory volume (FEV1) during 

the six months before the diagnosis of BOS, with a lower FEV1 (% predicted) at diagnosis 

associated with poor survival [29].
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The cardiovascular pathophysiology of SCD involves intravascular hemolysis, vascular 

occlusion with resultant ischemia, and chronic anemia, which contribute to the development 

of pulmonary hypertension, left ventricular (LV) diastolic dysfunction, dysrhythmias, and 

an increased risk of death [3]. SCD is associated with a 26% prevalence of pulmonary 

hypertension even in the pediatric age group [30]. While human leukocyte antigen (HLA) 

matched sibling donor AlloSCT is currently the best chance of cure for these patients, 

it itself has been associated with the development of congestive heart failure as well as 

subclinical systolic cardiac dysfunction [31]. Although cardiac biomarkers such as troponin 

and B-type natriuretic peptide are elevated following AlloSCT, they are not associated with 

long-term systolic function changes [32, 33].

The current long-term cure for patients with high-risk SCD with the best outcomes is a 

HLA matched sibling donor AlloSCT [34, 35]. We and others have demonstrated ≥90% 

event-free survival following both myeloablative and reduced toxicity conditioning and HLA 

sibling matched AlloSCT [36–44]. Unfortunately, it is estimated that there is only a one in 

six (16%) chance of finding a HLA matched sibling donor for a child with high-risk SCD 

who doesn’t also have homozygous SCD within any given family in the United States [45]. 

Despite this low probability, there has been a dramatic increase in AlloSCT over the past 

decade in part due to the use of alternative donor sources including HLA matched unrelated 

adult donors (URD), unrelated cord blood donors (UCB) and familial haploidentical donors 

[46]. Unfortunately, utilizing URD and UCB donors have been limited by a paucity of 

unrelated matched donors in the unrelated donor registries and an unacceptable rate of graft 

failure following UCB transplantation and CGVHD following URD AlloSCT as reported by 

our group and others [47–51]. We previously reported the success of CD34+ enrichment and 

mononuclear cell addback (2 × 105 CD34/kg) following URD transplantation in children 

and adolescents [52]. We therefore investigated in a prospective multicenter Phase II study 

of the safety and efficacy of a novel method of myeloimmunoablative conditioning (MIAC) 

and haploidentical stem cell transplantation (HISCT) in children and adolescents with high

risk SCD. We previously reported the main outcome results of this study and now focus on 

and report the long-term pulmonary and cardiac effects following this innovative therapeutic 

approach [53].

Patients and methods

Patients aged ≥2.0 and ≤20.99 years of age that were homozygous for hemoglobin S with 

one or more high-risk features, adequate organ function and without an HLA matched 

unaffected sibling donor were eligible and enrolled from September 2012 to September 

2017, as we have previously reported [53]. The protocol was approved at each institutional 

review board, informed consent was obtained and assent was obtained if clinically 

applicable and the study was registered at ClinicalTrials.gov NCT01461837. HLA typing 

at intermediate resolution for Class I (HLA A & B) and high resolution for Class II (DRB1) 

was performed on the patient and parental donor as we have previously described [38, 50, 

52]. Stem cells from familial (parental) donors were mobilized with filgrastim (15 mcg/kg/

day) divided twice a day (bid) x eight doses for four days prior to peripheral blood stem 

cell collection, and a CD34+ enrichment was performed utilizing the CliniMACS CD34+ 

reagent system generously supplied by Miltenyi Biotec, Bergisch Gladbach, Germany, 
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and cryopreserved prior to conditioning as we have previously described [53, 54]. MIAC 

consisted of hydroxyurea and azathioprine from day −59 to day −11 (as an outpatient) and 

fludarabine day −17 -to −13, busulfan day −12 to −9; thiotepa day −8, cyclophosphamide on 

days −7 to −4, rabbit anti-thymocyte globulin day −5 to −2, and total lymphocyte radiation 

on day −2 (as an inpatient), as we have previously described (Supplementary Fig. 1) [53]. 

Acute graft-versus-host disease (AGVHD) prophylaxis only consisted of tacrolimus and 

supportive care and infection prophylaxis were as we have previously described [38, 50, 52, 

53].

Pulmonary function

Pulmonary function tests (PFTs) were performed at baseline prior to transplant, and 

approximately every year thereafter. All studies were performed in the clinical pulmonary 

function laboratories at each site, using their own equipment with their own chosen 

reference values. All pulmonary function laboratories adhered to American Thoracic 

Society Guidelines in performing their own PFTs [55–57]. Results were expressed as a 

percent of the median of healthy reference cohorts, matched for age, sex, height, and race 

[58, 59]. All subjects underwent spirometry, measurement of lung volumes and specific 

airway conductance, estimated with body plethysmography [57], and DLCO, corrected for 

hemoglobin [60]. Spirometry was repeated after an inhaled bronchodilator in all subjects. 

At one center (New York Medical College), additional studies were performed, including 

post-bronchodilator plethmosgraphy, estimation of respiratory system mechanics obtained 

with forced oscillation [61] and Lung Clearance Index (LCI) obtained with inert nitrogen 

washout [62]. An LCI greater than 7.2, >2 standard deviations above the normal mean, was 

considered abnormal [63]. A 12% increase in FEV1 and a 55% increase in a specific airway 

conductance (sGaw) after an inhaled bronchodilator were considered significant [64, 65]. 

The pulmonary function core was based at the Maria Fareri Children’s Hospital and was 

directed by Allen J. Dozor, MD.

Cardiac function and tricuspid regurgitant jet (TRJ) velocity

Patients underwent noninvasive cardiac evaluations prior to transplant, Day +30, +100, 

1 year, and 2 years after AlloSCT. Transthoracic echocardiograms were performed using 

Acuson Sequoia Ultrasound Systems (Siemens Medical Solutions, Malvern, PA) or the 

Philips IE33 ultrasound system (Philips Medical Systems, Bothell, WA) or equivalent with 

appropriate transducer selection based on body size and image quality. Complete standard 

views and measurements were obtained based on American Society of Echocardiography 

standards. Pulmonary artery pressure was assessed based on methods of Pashankar et al 

[66]. Tricuspid regurgitation velocity (TRV) measurements were attempted from multiple 

views (apical four chamber, parasternal short axis, parasternal long axis) to obtain the 

optimal flow signals by pulsed wave or continuous Doppler, averaging 5 successive cardiac 

cycles. The right ventricular to right atrial systolic pressure gradient was calculated using the 

modified Bernoulli equation: 4 x the square of the maximum velocity. The mean right atrial 

pressure was assumed to be 5 mm Hg, and this value was added to the above calculated 

right ventricular systolic peak pressure to derive the estimated pulmonary artery systolic 

pressure. Pulmonary diastolic pressure was also estimated from the Bernoulli equation by 

measuring the end diastolic velocity of the pulmonary insufficiency jet and adding that 
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again to the estimated 5 mm Hg right ventricular end diastolic pressure. The threshold 

for diagnosing pulmonary hypertension was defined as a peak TRV of at least 2.5 m/sec, 

which equals an estimated pulmonary artery systolic pressure of at least 30 mm Hg. By 

convention, mild pulmonary hypertension was defined as a TRV of 2.5 to 2.9 m/sec (which 

is a pulmonary artery systolic pressure of 30 to 39 mm Hg), and moderate pulmonary 

hypertension was assumed when the peak TRV was equal to or greater than 3 m/sec 

(pulmonary artery systolic pressure of at least 40 mm Hg). If the TRV was less than 

2.5 m/sec or not measurable, the patient was assumed to have normal pulmonary artery 

pressures. The Pulmonary Hypertension Core was based at Maria Fareri Children’s Hospital 

and was directed by Deborah Friedman, MD. Participant flow and testing diagram is noted 

in Supplementary Fig. 2.

Statistical analysis

Descriptive statistics were calculated for patient measured parameters at each time point 

(Baseline, 1 year post, 2 years post, 4 years post). Repeated measures analysis of variance 

analysis was used to assess parameter differences between time points followed by 

Bonferroni post hoc calculation when the p values were significant (<0.05). The Prism 

8 statistical program (GraphPad v. 8.4.3, San Diego, CA) was used for all statistical 

determinations. Data were analyzed from start of study to October 2020.

Results

There were 19 patients from 18 parental donors that proceeded to HISCT. There were 

no major protocol deviations. Age, gender, HLA match, primary risk factor, CD34 × 

106/kg infused, days to ANC and platelet reconstitution, busulfan steady state concentration, 

maximal Grade II-IV AGVHD and extensive CGVHD, 1 year whole blood donor and red 

blood cell chimerism and viral studies are summarized in Table 1. The mean±standard 

error of mean (SEM) age of the parental donors was 41.3±1.8 (30–55) years of age with 

a gender ratio female/male (F/M) (15/3) with a CD34 recovery of 66.0±3.4% (39.7–96), 

T cell depletion (mean±SEM CD3/kg) 4.8±0.1 (4.0–6.0) logs, mean±SEM viability of 

96.3±0.7% (86.3–99.8) and the mean±SEM enriched PBSC infusion was 10.94±0.4×106 

CD34/kg with mononuclear cell addback (2×105 CD3/kg) as we have previously described 

[53, 54]. The median time to ANC and platelet engraftment was 9 and 19 days, respectively, 

cumulative incidence of Grade II-IV AGVHD and extensive CGVHD was 6.2% and 6.7%, 

respectively and probability of 1-year event free survival/overall survival was 90% (95% CI, 

64.1–97.3%) as we have previously described [53]. The median follow-up is now 2064 days 

(59–2985) and the average inpatient stay was 8 weeks.

Pulmonary function

PFTs are reported in 17 subjects at baseline, in 13 subjects 1 year after HISCT, in 11 after 

2 years. Standard PFTs are outlined in Table 2. At baseline, spirometry and lung volumes 

were in the normal range. Seven subjects (41.2%) had an FEV1 <80% of predicted value, 

3 (17.6%) had an FEV1/FVC <0.80 and 2 (11.8%) had a TLC <80% of predicted. Mean 

DLCO, corrected for hemoglobin was 76.8±15/4% of predicted and 11 (64.7) subjects had 

a baseline DLCO <80 of predicted. Means sGaw was 69.4±20.9% of predicted and 10 
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(71.74%) subjects had a sGaw <80% of predicted. Mean % changes in FEV1 and sGaw after 

albuterol were 3.9±5.4 and 67.6±27.7, respectively. One subject demonstrated ≥12% change 

in FEV1 and 12 of 13 (92%) demonstrated >55% change in sGaw with albuterol.

There were significant improvements in sGaw at 2 years post HISCT (p < 0.004) (Fig. 1). 

There were no significant changes over time in the proportion of subjects with an FEV1 < 

80% predicted, FEV1/FVC <0.80, or DLCO <80% of predicted. The proportion with a TLC 

<80% predicted was 11.8% at baseline, 53.8% at 1 year (p = 0.02), and 45.5% at 2 years 

post-HISCT (p = 0.004). The proportion of subjects with sGaw <80% predicted was 71.4% 

at baseline, 50% at 1 year, (p = 0.422), and 20% at 2 years, (p = 0.036). Forced oscillatory 

mechanics and LCI, performed in a subset of patients at one center (New York Medical 

College) are shown in Table 3. All results remained within the normal range and stable at 

all-time points with no significant changes from baseline. LCI was greater than 7.2 in 41.7% 

of subjects at baseline, 30% at 1 year, and 25% at 2 years post HISCT.

Cardiac and TRJ

Echocardiographic data were centrally available for review in 17 patients at baseline, 

16 patients at 1-year post HISCT and 15 patients 2 years after HISCT. We analyzed 

echocardiographic data looking specifically at cardiac systolic function, volumes, and 

measures of pulmonary hypertension (Table 4). None of the patients had pathologic 

pulmonary hypertension at baseline, and none developed post HISCT as determined by TRJ 

velocity (Fig. 2). The LV systolic function as measured by fractional shortening was normal 

at baseline and values remained stable and normal post HISCT vs baseline. The hematocrit 

was low as expected at baseline and increased to normal after the HISCT. LV dimensions did 

correlate with body surface area (BSA) throughout the study as expected.

Discussion

Despite the utilization of myeloimmunoablative therapy prior to HISCT in children and 

adolescents with high-risk SCD, we report stable to improved pulmonary function, cardiac 

function and cardiac TRJ velocity. Importantly, we also demonstrated for the first time a 

significant improvement in specific pulmonary conductance and return into a normal range 

post HISCT (sGaw). Furthermore, no patient developed signs of pulmonary hypertension as 

measured by TRJ velocity post HISCT.

Though patients had pulmonary function within the normal range prior to HISCT, there 

was evidence for a mild obstructive defect and/or reduced diffusing capacity in a significant 

proportion. Only 2 subjects (11.8%) had a restrictive defect at baseline. These results 

are consistent that younger patients with SCD are less likely to be restricted and more 

likely to be obstructed [7, 15–18, 20]. There was essentially no change in FEV1 with 

albuterol, though almost all subjects studied with post-bronchodilator plethysmography 

had a significant increase in sGaw [64, 65]. This is consistent with a number of studies 

suggesting that changes in sGaw may be a more sensitive marker of bronchodilator 

responsiveness than change in FEV1 in patients with SCD [67, 68]. The proportion with 

obstructive defects as assessed with spirometry did not change, though the proportion with 

abnormal sGaw decreased. The proportion with a reduced diffusing capacity did not change, 
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but the proportion with restriction (TLC, % predicted), appeared to have increased, likely 

related to myeloablative conditioning therapy.

At one center, additional pulmonary function tests were obtained, including post

bronchodilator plethysmography, impulse oscillometry, and LCI. Impulse oscillometry 

appears to be more sensitive than spirometry in detecting small airways disease [61]. LCI 

appears to be sensitive to unevenness of gas mixing in the lungs [69, 70], and 41.7% of 

our subjects had an elevated LCI. There were no significant changes in these measures over 

time in this study, but interpretation of the results is hampered by limited reference values in 

healthy age and race-matched populations.

Pulmonary hypertension occurs in 10% of patients with SCD [66]. There are multiple 

mechanisms by which this may occur such as hemolysis, hypoxia, thromboembolism, as 

well as abnormal nitric oxide signaling or indirectly from LV hypertrophy and dysfunction. 

Those patients with evidence of pulmonary hypertension have a markedly higher risk of 

death [71]. Therefore it is prudent to routinely screen patients for progressive elevations in 

pulmonary artery pressure. TRV has been shown to be predictive of pulmonary hypertension 

and mortality and is elevated in 21% of children and 30% of adults [72]. In this study of 

pediatric patients, there were no patients who had evidence of pulmonary hypertension at 

the start of the study. In the natural history of the disease we would expect that some might 

develop it, however, we did not observe this.

SCD can lead to a high cumulative incidence of cardiac abnormalities in children that 

progresses with age [73]. In a study of sickle cell patients, these abnormalities were greatest 

for LV size and mass, but were lowest for gross systolic function measures such as LV 

fractional shortening, and for TRV. The initial abnormalities may portend the more relevant 

changes in function parameters and measures of pulmonary hypertension that occur later. 

LV diastolic dysfunction is also common in patients with SCD and may be related to the 

ventricular dilation, chronic anemia, or the concentric hypertrophy as a response to relative 

systemic hypertension [71]. In addition, while iron overload is a significant concern in 

transfusion-dependent anemias and has been shown to cause worsening cardiac dysfunction 

especially those with thalassemia. SCD patients receiving chronic transfusions may not 

demonstrate significant cardiac iron loading irrespective of ferritin trends, liver iron content, 

or erythropoiesis suppression [74].

AlloSCT has been shown to be successful in SCD and eliminating chronic vaso-occlusive 

endothelial induced end organ damage and thereby the progression of cardiopulmonary 

dysfunction. However, AlloSCT can be associated with progressive cardiovascular 

complications in the long term [33]. In fact, cardiovascular disease is a leading cause of 

non-relapse morbidity and mortality in AlloSCT survivors of malignancies [75]. These 

patients have a two to four-fold greater risk of cardiovascular related mortality [75]. It has 

been demonstrated that long term survivors of pediatric AlloSCT have systolic dysfunction 

at rates up to 26% [76]. We were able to demonstrate overall stable cardiac function in SCD 

patients through the course of AlloSCT up to two years post-transplant. However, one of the 

challenges is the crudeness of routine echocardiographic measurements for systolic function 

such as ejection fraction and shortening fraction. However, speckle tracking and global 
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longitudinal strain have demonstrated an ability to detect subclinical changes in ventricular 

dysfunction. Through this method, one study demonstrated abnormal baseline longitudinal 

and radial strain that returned to normal by 1 year after AlloSCT and remained stable 

at 2 years after AlloSCT. This may demonstrate an ability to detect subclinical changes 

in systolic function prior to routine echocardiographic measures. In the same study, LV 

mass index decreased from baseline to 2 years post-transplant, implying improved cardiac 

hypertrophy [76].

Conclusion

In summary, children with high-risk SCD following MIAC and HISCT had stable or 

improved pulmonary and cardiac function at 2 years versus baseline. Longer follow-up 

of this cohort is ongoing to determine the durability of these findings. Although this study 

did not detect any significant changes in overall normal systolic function or pulmonary 

artery pressure estimated with routine echocardiograms, future studies may benefit from 

more sensitive techniques such as diastolic function measurements, LV longitudinal strain, 

or alternative imaging such as MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Specific conductance (% predicted) before and after myeloimmunoablative conditioning 
and haploidentical stem cell transplantation (HISCT).
All means expressed as ± standard deviation (SD).
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Fig. 2. Tricuspid regurgitation gradient before and after myeloimmunoablative conditioning and 
haploidentical stem cell transplantation (HISCT).
All means expressed as ± standard deviation (SD).
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Table 4

Cardiac fractional shortening and left ventricular end-diastolic volume

Day 0 Day 30 Day 100 Day 365 Day 730

FS% 35.2±2.9 % 36.4±5.4% 37.6±3.8% 36.6±3.7% 35.4±3.6%

LVEDV 4.74±0.47 cm 4.59±0.41 cm 4.39±0.6 cm 4.30±0.45 cm 4.35±0.46 cm

Abbreviations: FS fractional shortening, LVEDV left ventricular end-diastolic volume.

Mean values ± standard deviation given for each time point (p = NS).
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