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LONG - TERM HEALTH EFFECTS OF CURATIVE THERAPY FOR SICKLE CELL DISEASE

     Long - term health out comes fol low ing cura tive 
ther a pies for sickle cell dis ease 
     Rohini   Chakravarthy  and  Debra L.   Friedman  
 Department of Pediatrics, Division of Pediatric Hematology / Oncology, Vanderbilt University Medical Center, Nashville, TN 

   Treatment options for patients with sickle cell dis ease (SCD) con tinue to rap idly expand and evolve. The goal of ther a pies 
such as an allo ge neic hema to poi etic stem cell trans plant (HSCT), gene ther apy, and gene editing is to cure rather than 
con trol SCD. The ben e fi ts of these ther a pies must be accom pa nied by min i miz ing long - term adverse health out comes 
from SCD and its treat ment. SCD can have adverse effects on a vari ety of organ sys tems, includ ing the heart, lung, kid-
ney, and repro duc tive sys tem, lead ing to high dis ease bur den, mor bid ity, and pre ma ture mor tal ity in both pedi at ric and 
adult patients. While cura tive ther a pies are being increas ingly used, there remains a pau city of data on the long - term 
health out comes asso ci ated with these treat ments in chil dren and adults with SCD. There are data avail  able regard ing 
the effects of HSCT performed largely for malig nant dis eases, from which data on SCD out comes may be extrap o lated. 
However, given the sig nifi   cant dif fer ences between these 2 pop u la tions of patients who undergo HSCT, such extrap o-
la tion is impre cise at best. Furthermore, there are cur rently no published data on long - term health out comes fol low ing 
gene ther apy for SCD due to cur rent short fol low - up times. We sum ma rize the lim ited data reported on health out comes 
fol low ing HSCT for SCD and empha size the need for more research within this area.  

   LEARNING OBJECTIVES 
    •  Describe the var i ous cura tive ther a pies avail  able for patients with sickle cell dis ease 
   •  Summarize the cur rent lit er a ture on late effects of an allo ge neic hema to poi etic stem cell trans plant for sickle cell 

dis ease 
   •  Understand the need for con tin ued research on long - term health out comes of cura tive treat ments for sickle cell 

dis ease  

  CLINICAL CASE 
  A 15 - year - old boy with sickle cell dis ease (SCD) pres ents 
with his par ents to your stem cell trans plant clinic as a 
refer ral from his pri mary hema tol o gist to dis cuss cura-
tive ther apy for his SCD. Despite ini ti at ing treat ment with 
hydroxy urea at a young age, he has expe ri enced numer-
ous dis ease - related com pli ca tions. He requires chronic 
trans fu sions due to a his tory of cere bral infarc tions and 
has had numer ous admis sions for acute chest syn drome, 
vaso - occlu sive epi sodes requir ing chronic opi oids and 
sev eral hos pi tal i za tions, mod er ate per sis tent asthma, and 
delayed puberty. 

 You per form a com plete eval u a tion, includ ing phys i cal 
exam i na tion, lab o ra tory tests, and imag ing. The patient 
is found to have severe organ tox ic ity related to his SCD, 
includ ing pro tein uria, with an echo car dio gram reveal-
ing an ele vated tri cus pid regurgitant jet veloc ity (TRJV) 

of 2.7   m / s and obstruc tive lung dis ease with pul mo nary 
func tion tests (PFTs) show ing a predicted per cent forced 
expi ra tory vol ume in 1 sec ond (FEV 1 ) of 65 % . You deter-
mine that he is a can di date for cura tive ther apy and dis-
cuss var i ous treat ment options.  

 Introduction 
 SCD is a severe inherited dis or der of red blood cells resulting 
from a sin gle nucle o tide change in the  β  - glo bin gene lead-
ing to rigid red blood cells with impaired oxy gen - car ry ing 
capac ity. 1  Approximately 100 000 indi vid u als in the United 
States are affected by SCD, and about 1 in 365 chil dren 
born of Afri can descent is diag nosed with SCD. 2  Although 
fi rst described in the lit er a ture in 1910, the path o phys i  ol-
ogy of SCD was not under stood until sev eral decades later. 
Early detec tion, med i ca tions such as hydroxy urea, and a 
mul ti dis ci plin ary approach to care have rev o lu tion ized the 
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man age ment of SCD. Over the past sev eral years, new agents 
such as L-glu ta mine, voxelotor, and crizanlizumab have allowed 
for expanded options for dis ease con trol (Figure 1). Despite this, 
indi vid u als with SCD can expe ri ence a vari ety of com pli ca tions, 
includ ing pain; car dio vas cu lar, pul mo nary, and renal dis ease; 
stroke; cog ni tive defects; and repro duc tive dys func tion. While 
mor tal ity in chil dren with SCD has decreased over the years,3 
adults, par tic u larly those with organ dys func tion, con tinue to 
have decreased sur vival rates.4 Furthermore, the high bur den of 
this dis ease leads to decreased qual ity of life and neg a tive psy-
cho so cial impacts in chil dren and adults.5

Allogeneic hema to poi etic stem cell trans plant (HSCT), gene 
ther apy, and gene editing are also now avail  able and the only 
proven cura tive options for SCD. HSCT, first suc cess fully per-
formed for SCD in 1984,6 replaces the stem cells in a patient 
with healthy donor stem cells that pro duce nor mal hemo glo-
bin. Gene ther apy, first performed in a patient with SCD in 2017,7 
intro duces a gene that replaces sick led hemo glo bin with nor mal 
hemo glo bin. There are 4 types of gene ther apy, includ ing gene 
addi tion, gene editing, gene silenc ing, and gene cor rec tion.8 
Clinical tri als have been essen tial in con tinu ing to advance the 
safety and effi cacy of gene ther apy and editing.9 Determining 
the appro pri ate treat ment option for a patient is a com plex deci-
sion and highly indi vid u al ized. Certain dis ease-related com pli ca-
tions may make cura tive ther apy more advan ta geous (Figure 2). 
While these ther a pies have been suc cess ful in cur ing patients, 
they are accom pa nied by risks and long-term effects. There are 
some data on late effects fol low ing HSCT; how ever, most are in 
rela tion to trans plant for malig nant dis eases and extrap o lated 
to SCD. At this time, given the recent suc cess of gene ther apy 
and lim ited patients with min i mal fol low-up time, there are no 
published data on long-term health out comes for gene ther apy, 
so we pres ent only the data fol low ing allo ge neic HSCT. There is 
a crit i cal need for more spe cific data on long-term out comes fol-
low ing all  cura tive ther a pies spe cifi  cally for SCD given that these 
ther apy options are being more com monly employed.

CLINICAL CASE (Con tin ued)
After discussing var i ous options, you rec om mend an allo ge neic 
HSCT. Human leu ko cyte anti gen (HLA) typ ing is performed on 
all  fam ily mem bers, and an unre lated donor search is also ini-
ti ated. The patient’s mother is found to be a haploidentical 

match and deemed the best suit able donor. The patient and 
fam ily ask you about the long-term effects of HSCT. Below we 
sum ma rize the data avail  able.

Cardiovascular dis ease
An ele vated TRJV, pul mo nary and sys temic hyper ten sion, and 
sys tolic and dia stolic dys func tion are well-established car-
diac com pli ca tions of SCD. In this sec tion, we focus on the 
poten tial long-term impli ca tions of HSCT on car diac func tion 
in pedi at ric and adult patients. In a mul ti cen ter pro spec-
tive study of 19 pedi at ric patients aged 2 to 20 years who 
received myeloablative con di tion ing prior to a haploidentical 
HSCT, all  patients had sta ble left ven tric u lar short en ing frac-
tion (SF) at a median of 2 years posttransplant.10 However, in 
a larger mul ti cen ter ret ro spec tive study eval u at ing 174 pedi-
at ric patients who received most com monly a myeloablative 
con di tion ing reg i men prior to HSCT, 5 patients had wors en-
ing ejec tion frac tion and 4 had wors en ing SF at approx i ma-
tely 4 years post-HSCT.11 A study of 16 patients who received 
either a myeloablative or reduced inten sity con di tion ing reg-
i men with a median fol low-up time of 8.6 years showed a 
sig nifi  cant decrease in the SF for all  patients com bined from 
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Figure 1. Evolution of discovery and treatment options for sickle cell disease.
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Figure 2. Treatment options for sickle cell disease.
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41% to 37.5%. However, when eval u at ing the 3 patients who 
received a reduced inten sity con di tion ing reg i men, there 
was no change in the SF.12 Adults who undergo a nonmye-
loablative con di tion ing reg i men may have improve ment in 
their heart func tion. In a sin gle-cen ter study of 12 indi vid u als 
aged 16 to 60 years who received a nonmyeloablative HLA-
matched sib ling HSCT, patients had a decrease in left atrial 
diam e ter posttransplant at 1-year fol low-up.13 A slightly larger 
study of 44 adults who received a nonmyeloablative con di-
tion ing prior to a matched sib ling or haploidentical HSCT 
showed improve ments in car diac size, func tion, and dia stolic 
fill ing param e ters through 1-year fol low-up.14

These data sug gest that the effects of HSCT on car diac func-
tion vary across study pop u la tions, but these data are based on 
lim ited sam ple sizes and var i able fol low-up times. Overall, more 
pro spec tive mul ti cen ter stud ies in both pedi at ric and adult 
patients are nec es sary to bet ter under stand car dio vas cu lar tra-
jec tory post-HSCT.

Pulmonary dis ease
Pulmonary func tion impair ment is a known com pli ca tion of SCD. 
Overall, the lim ited lit er a ture sug gests that while FEV1 is a marker 
of early mor tal ity in adults, the impact on mor tal ity has not been 
con firmed in chil dren.15 In a mul ti cen ter ret ro spec tive study of 
174 pedi at ric patients who received mostly myeloablative con di-
tion ing prior to HSCT, regard less of whether patients did or did 
not have lung dis ease prior to trans plant, there was no sig nifi -
cant change in pul mo nary func tion posttransplant at a median 
of 3.2 years’ fol low-up time.11 Similarly, in a mul ti cen ter study of  
7 pedi at ric patients aged 6 to 18 years who received a reduced 
inten sity con di tion ing reg i men, there was no sig nifi  cant change 
in lung func tion pre- and posttransplant with var i able fol low-up 
time.16 In the larg est study of 355 pedi at ric patients who most 
com monly received a myeloablative con di tion ing reg i men 
with an unre lated donor trans plant, there was a 2% inci dence 
of pul mo nary abnor mal i ties at a median of 4.2 years fol low ing 
trans plant.17 Adults may have some improve ment in pul mo nary 
func tion post-HSCT, with 1 study of 12 patients show ing improve-
ment in FEV1 and forced vital capacity from base line after nonmy-
eloablative con di tion ing at 1-year fol low-up.13 A larger study of 122 
adult patients showed sta ble PFTs with a decrease in the over all 
pro por tion of severe lung dis ease at ~4-year fol low-up.18

It is impor tant to under stand that the devel op ment of 
graft-vs-host dis ease (GVHD), par tic u larly chronic GVHD, can 
be asso ci ated with other posttransplant lung dis ease and can 
com pli cate the under stand ing of pul mo nary abnor mal i ties in 
HSCT sur vi vors.

Overall, the lim ited lit er a ture sug gests that while FEV1 is a 
marker of early mor tal ity in adults, it does not yet appear to be 
appli ca ble in chil dren. Very lim ited data sug gest that FEV1 may 
remain sta ble in chil dren receiv ing reduced inten sity or mye-
loablative con di tion ing,16 and adults may see some improve-
ment. More pro spec tive mul ti cen ter stud ies in both chil dren and 
adults are nec es sary to deter mine the course of pul mo nary func-
tion fol low ing cura tive ther a pies.

Renal dis ease
Chronic kid ney dis ease (CKD) is com mon in adults with SCD and 
is a known risk fac tor for early mor tal ity.19 However, lit tle is known 

about the effects of cura tive ther a pies on renal func tion. One 
study of 355 pedi at ric patients treated with mostly myeloabla-
tive con di tion ing reg i mens prior to HSCT for SCD dem on strated 
7 of 355 patients devel oped sickle cell nephrop a thy at a median 
fol low-up time of 4.2 years.17 Additional stud ies have shown that 
pedi at ric patients who receive a reduced inten sity con di tion-
ing reg i men may have sta ble or slightly improved renal func-
tion post-HSCT.16,20 There is also some evi dence to sug gest that 
hyperfiltration, often an early sign of renal dys func tion in chil-
dren, may decrease fol low ing a nonmyeloablative trans plant.21 In 
a sin gle-cen ter study of pedi at ric patients who under went HSCT, 
36 of whom for a hemo glo bin op a thy, 17.1% of patients devel oped 
CKD and empha sized the need for close mon i tor ing of renal 
func tion.22 In an adult cohort of patients who under went either a 
myeloablative or nonmyeloablative trans plant, the base line inci-
dence of CKD prior to trans plant was 6% and ranged from 1% to 
11% posttransplant.23 This sug gests that HSCT in patients with 
SCD may not increase the risk of renal dis ease.

Prospectively col lected mul ti cen ter data on renal func tion 
in both pedi at ric and adult patients remain a gap in cur rent 
lit er a ture.

Reproductive func tion
Reproductive dys func tion is a well-established com pli ca tion 
of SCD; how ever, HSCT can also lead to com pli ca tions related 
to repro duc tive health, par tic u larly fol low ing a myeloablative 
con di tion ing reg i men.24 Despite advance ments in stem cell 
trans plant ther a peu tic approaches, con di tion ing reg i mens con-
tain gonadotoxic med i ca tions that lead to an increased risk  
of impaired fer til ity. A mul ti cen ter trial of 14 pedi at ric females 
who under went an HLA-matched HSCT for SCD revealed that  
8 of 14 had evi dence of pre ma ture ovar ian insuf fi ciency and only 
4 of 14 had nor mal estro gen lev els. However, 2 females did have 
suc cess ful preg nan cies 13 and 14 years fol low ing HSCT, respec-
tively. Thirteen pedi at ric males were also eval u ated, with 4 of 
13 hav ing low luteinizing hor mone/fol li cle-stim u lat ing hor mone 
lev els and 10 of 13 hav ing low tes tos ter one lev els.25

All patients should be coun seled on the risk of impaired fer-
til ity prior to under go ing HSCT. Fertility pres er va tion options 
such as sperm bank ing and oocyte/embryo cryo pres er va tion 
are avail  able for puber tal males and women. Options for pre pu-
ber tal boys and girls are much more chal leng ing. Certain cen ters 
offer ovar ian and tes tic u lar tis sue pres er va tion, some of which 
remains exper i men tal.26

Once again, ded i cated research to under stand ing fer til ity fol-
low ing cura tive ther a pies for SCD is nec es sary in order to be 
 able to guide treat ment and coun sel patients.

CLINICAL CASE (Con tin ued)
The patient undergoes a haploidentical HSCT with a reduced 
inten sity con di tion ing reg i men with thymoglobulin, fludar-
abine, cyclo phos pha mide, thio tepa, and 200 cGy total body 
irra di a tion. GVHD pro phy laxis includes posttransplant cyclo-
phos pha mide, sirolimus, and mycophenolate mofetil. Sperm 
bank ing was offered; how ever, the fam ily declined given lack 
of insur ance assis tance. His course is com pli cated by bac ter-
emia but engrafts appro pri ately and is discharged on day +35. 
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One-year PFTs show sta ble FEV1 of 66%, and echo car dio gram 
reveals a decrease in TRJV to 2.5 m/s with nor mal car diac func-
tion (ejec tion frac tion/fractional shortening). He con tin ues to 
have pro tein uria but sta ble cre a tine clear ance.

Surveillance
There remains a lack of con sen sus on long-term fol low-up 
sur veil lance guide lines fol low ing HSCT for SCD. The Chil-
dren’s Oncology Group, National Marrow Donor Program, 
and expert opin ion have sug ges tions for mon i tor ing fol low-
ing HSCT that may include a small pro por tion of patients 
with SCD27-29 (Table 1). The Second Pediatric Blood and Mar-
row Transplant International Consensus Conference on Late 

Effects after Pediatric HCT pro vided sug ges tions spe cific for 
hemo glo bin op a thies includ ing SCD and thal as se mia30 (Table 
1). In 2022, Fitzhugh et al31 extrap o lated data on sur veil lance 
fol low ing HSCT for hema to logic malig nan cies to pro vide 
sug ges tions for guide lines fol low ing HSCT for SCD. Impor-
tantly, all  of these guide lines are based on lim ited data, and 
there are cur rently no sur veil lance guide lines fol low ing gene 
ther apy. Despite lim ited evi dence, patients are encour aged 
to receive fol low-up care by a team expe ri enced in HSCT 
sur vi vor ship and SCD. Furthermore, rel e vant sub spe cial ists 
should be involved in the care of these indi vid u als as nec-
es sary given their complexities. It is imper a tive to ded i cate 
research efforts to long-term health out comes to allow for 
more evi dence-based, con sen sus guide lines.

Table 1. Various sur veil lance guide lines fol low ing hema to poi etic stem cell trans plant

Organ sys tem Late effects Children’s 
Oncology Group27

National Marrow 
Donor Program28 Bhatia et al29 SCD spe cific  

con sor tium30 Fitzhugh et al31

Cardiovascular Elevated TRJV, 
pul mo nary and 
sys temic HTN, 
sys tolic/dia stolic 
dys func tion, 
dyslipidemia,  
car diac iron  
over load,  
myo car dial strain

Yearly BP; lip ids 
every 2 years; 
echo every 1-5 
years

Regular mon i tor-
ing of risk fac tors 
and com pli ca-
tions but no  
spe cific time 
frame

Yearly BP; 
lip ids every 2 
years; echo 
every 1-5 years

Yearly BP and echo; 
lip ids every 5 years

Yearly BP and echo; 
lip ids every 1-2 years; 
car diac MRI mon i tor ing 
in those with car diac iron 
over load before HSCT; 
car di  ol ogy/pulmonology 
con sult for those with 
severe car diac dis ease

Pulmonary Decreased  
pul mo nary  
func tion

PFTs at 1-year 
post-HSCT

PFTs at 6 mo, 12 
mo, yearly

PFTs at 1-year 
post- HSCT

PFTs at 3, 6, and 12 
mo and then yearly 
for 2 years; yearly 
PFTs for those with 
early com pro mise or 
chronic GVHD until off 
immu no sup pres sive 
med i ca tions; echo 
with eval u a tion of TRJV 
at 1 year; pul mo nary 
arte rial pres sure if TRJV 
>3 m/s to con firm pul-
mo nary HTN

PFTs at 3, 6, and 12 mo 
post-HSCT, then yearly; 
less fre quent stud ies 
for patients who are 
not symp tom atic, are 
free of GVHD, and have 
sta ble PFTs; pul mo nary 
con sul ta tion for those 
with new or wors en ing 
abnor mal PFTs

Renal Hyperfiltration, 
pro tein uria, 
acute/chronic 
renal dis ease, 
sickle cell 
nephrop a thy

Renal func tion for 
1 year; yearly UA 
and BP

BP and renal 
func tion tests 
at 6 mo, 1 year, 
yearly

Renal func-
tion at 1 year; 
yearly UA and 
BP

Monitor until off  
neph ro toxic ther apy 
and yearly for 2 years; 
UA for blood/pro tein  
at 1 year. 
Microalbuminuria  
test ing yearly for  
2 years; yearly BP

Monitor renal func tion 
until off neph ro toxic 
ther apy and then yearly; 
less fre quent test ing 
for patients with sta ble 
elec tro lytes and renal 
func tion; yearly UA and 
BP; renal con sul ta tion 
for patients with renal 
dys func tion

Reproductive Impaired fer til ity, 
infer til ity, delayed 
puberty, sex ual 
dys func tion

Tanner every  
6 months;  
tes tos ter one by 
age 14; age-
appro pri ate 
sperm anal y sis; 
LH, FSH, estra diol 
by age 13

1 year and yearly 
there af ter

Hormone 
lev els with-
out spec i fied 
inter val

Yearly phys i cal  
exam i na tion and 
Tanner stag ing; tes-
tos ter one, LH, and 
FSH in males ≥11 years, 
yearly for  
2 years; age- 
appro pri ate sperm 
anal y sis; LH, FSH, AMH, 
and estra diol in female 
patients ≥11 years, at  
1 and 2 years post-
HSCT

—

AMH, anti-Mullerian hor mone; BP, blood pres sure; echo, echo car dio gram; FSH, fol li cle-stim u lat ing hor mone; HTN, hyper ten sion; LH, luteinizing  
hor mone; MRI, mag netic res o nance imag ing; UA, uri nal y sis.
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Conclusion
Overall, cura tive ther a pies for SCD have transformed the course 
of the dis ease, but they are not with out risks. Pursuing cura tive 
treat ment should be deci sion that is made care fully with the 
guid ance of highly trained pro vid ers and tak ing into con sid-
er ation an indi vid ual patient’s cur rent risk fac tors and dis ease 
bur den. Our under stand ing of long-term effects of cura tive ther-
a pies in patients with SCD remains lim ited in both adults and 
chil dren and is fur ther lim ited to allo ge neic HSCT. It is essen tial 
that there are con tin ued efforts to study this area to be  able to 
edu cate patients and fam i lies and guide pro vid ers in their clin-
i cal care.
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