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WHAT IS NEW IN CLASSICAL BONE MARROW FAILURE SYNDROMES? (FOCUS ON MANAGEMENT)

    Genetics of severe con gen i tal neutropenia 
as a gate way to per son al ized ther apy 
      Jean   Donadieu  1  and  Christine   Bellann é  - Chantelot  2
1 Centre de R é f é rence des Neutrop é nies Chroniques, Registre National des Neutrop é nies Cong é nitales, Service d ’ H é mato - oncologie P é diatrique, 
H ô pital Armand - Trousseau, Assistance Publique H ô pitaux de Paris, Paris, France; and  2 Sorbonne Universit é , D é partement de G é n é tique M é dicale, 
H ô pital Piti é  – Salp ê tri è re, Assistance Publique H ô pitaux de Paris, Paris, France 

   Severe con gen i tal neutropenias (SCNs) are rare dis eases, and to date about 30 sub types have been described according 
to their genetic causes. Standard care aims to pre vent infec tions and limit the risk of leu ke mic trans for ma tion;  how ever, 
sev eral sub types may have addi tional organ dys func tion(s), requir ing spe cial ized care. Granulocyte col ony -  stim u lat ing 
fac tor and hema to poi etic stem cell trans plan ta tion are now the bed rock of stan dard care. Better under stand ing of SCN 
mech a nisms now offers the pos si bil ity of adapted ther apy for some enti ties. An inhib i tor of sodium glu cose cotransporter, 
an anti di a betic drug, may atten u ate gly co gen stor age dis ease type Ib and glu cose - 6 - phos pha tase cat a lytic sub unit 3 
neutropenias by clear ing 1,5 - anhydroglucitol, the pre cur sor of the phos phate ester respon si ble for these SCNs. Chemo-
kine recep tor CXCR4 inhib i tors con trib ute to revers ing the leu ko cyte defect in warts, hypoglobulinemia, infec tions, and 
myelokathexis syn drome. All these new approaches use oral drugs, which nota bly improve qual ity of life. Additionally, 
improved research into clonal evo lu tion has high lighted some ways to poten tially pre vent leu ke mia, such as stim u lat ing 
somatic genetic res cue, a phys i o log i cal pro cess that might limit the risk of leu ke mic trans for ma tion.  

   LEARNING OBJEC TIVES 
    •  Identify in the clin i cal pre sen ta tion of a patient with neutropenia the key fea tures suggesting a pos si ble genetic 

cause 
   •  Realize that in G6PC3 neutropenia and in GSDIB, glifl ozine may be con sid ered an alter na tive to stan dard care with 

GCSF and / or HSCT 
   •  Learn that in CXCR4 WHIM syn drome, CXCR4 inhib i tors offer a ther a peu tic approach  

  Introduction 
 Interest in severe con gen i tal neutropenias (SCNs) was 
height ened by the avail abil ity of a new ther a peu tic agent, 
granulocyte col ony - stim u lat ing fac tor (GCSF), at the begin-
ning of the 1990s. 1  It is an under state ment to say that GCSF 
dra mat i cally transformed hema tol ogy med i cal prac tice. 
Even though GCSF is mainly indi cated for che mo ther apy - 
induced neutropenia, it has also focused light on the 
extremely rare group of dis eases called SCNs. GCSF mar-
ket ing was asso ci ated with a rec om men da tion by health 
author i ties to develop patient reg is tries, pri mar ily to assess 
its poten tial leu ke mic risk. Incidentally, reg is try stud ies 
have pro vided valu able evi dence not only to dem on strate 
the effi  cacy of GCSF but also to show that high doses 
induce clonal hema to poi e sis, lead ing to myelodysplasia or 
acute leu ke mia. 2,3  We now know that this risk can be lim ited 
by hema to poi etic stem cell trans plan ta tion (HSCT) early 

dur ing SCN evo lu tion. 4  But even if HSCT can con trol the 
risk of myelodysplastic syn drome and even if GCSF remains 
effec tive through out a patient ’ s life time, daily GCSF use 
engen ders qual ity - of - life lim i ta tions, explaining poor com-
pli ance and thus, only par tial effi  cacy, with sequelae, 
per sis tent symp toms, and some times life -  threat en ing 
infec tions. 5  Such lim i ta tions are strong moti va tions to fi nd 
new ther a peu tic approaches. And genetic ana ly ses have 
opened the gate to poten tial novel agents. 

 SCN genet ics: accu rate and quick diag noses for 
bet ter clas si fi  ca tion and more ther a peu tic options 
 Since 1993, while reg is tries were being pro gres sively cre-
ated, genetic tech nol o gies have advanced dra mat i cally, and 
about 30 dis tinct SCN genetic enti ties have been described 
( Table 1 ). 6  Above all , genet ics pro vi des a reli able para-
m e ter to clas sify a patient ’ s dis ease. Initially, deter min ing 
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a cul prit gene derived from the labo ri ous col lec tion of  bio log i cal 
mate rial from phe no typ i cally well-defined patients. Elas-
tase, neu tro phil expressed (ELANE) was the first gene iden ti-
fied,7 followed by the Shwachman-Bodian-Diamond syn drome 
(SBDS) gene.8 But once the med i cal com mu nity had access to 
more pow er ful genetic tools, such as targeted next gen er a tion 
sequenc ing and whole-exome sequenc ing, it became pos si-
ble to study simul ta neously the same panel of genes involved 
in this group of dis eases regard less of the patient’s phe no type. 
This pow er ful approach broke the lines sep a rat ing clas sic phe-
no types.9 Some enti ties may share symp toms attrib ut  able to 
dif fer ent genes, while very dif fer ent clin i cal man i fes ta tions can 
be caused by the same genetic muta tion(s). As a con se quence, 
the term “SCN” is not com pletely accu rate, and per haps call ing 
these enti ties genetic neutropenias would be more appro pri ate. 
Notably, genetic neutropenias (GNs) are not always severe, and 
the adjec tive “severe” is not jus ti fied by many patients’ clin i cal 
sta tus. Now, obvi ously, genetic exper tise is the key to diag no sis. 
Although blood tests have become rou tine exam i na tions, phy-
si cians must jus tify genetic test ing, as it is widely accepted for 
only a restricted num ber of set tings.

Indeed, pop u la tion study results have shown that neutropenia 
is very com mon. Depending on geo graphic ori gin, neutropenia is 
detected in 1% (Cau ca sians) to 10% (those with Afri can ori gins) of 
peo ple, while GN prev a lence is less than 1 in 10 000.10,11 This sit u a-
tion explains why a clin i cal algo rithm makes it pos si ble to restrict 
genetic test ing to suspected cases in an attempt to limit patient 
anx i ety and avoid waste of med i cal resources. One algo rithm, 
very easy to use, was reported for pedi at ric neutropenia, and its 
score can even be com puted dur ing a short phone call to spec ify 
the patient’s char ac ter is tics. A rapid deci sion of whether or not 
to launch genetic research can then be made by cal cu lat ing the 
score of the indi vid ual algo rithm ele ments (Figure 1).12

From genetic diag no sis to ther a peu tic  
approaches: 3 sit u a tions
But once a genetic diag no sis is fully deter mined, how can this 
infor ma tion change the nat u ral his tory of a patient’s dis ease? 
Here we develop 3 sit u a tions (4 dis eases) in which genetic infor-
ma tion, based on a large amount of basic sci en tific research, 
deci phers the molec u lar con se quences of a genetic defect and 
leads to a spe cific, per son al ized ther a peu tic approach not yet at 
the same stage of devel op ment.

Inhibitor of sodium glu cose cotransporter to treat G6PC3 
and GSDIB SCNs
Glucose-6-phos pha tase cat a lytic sub unit 3 (G6PC3) and gly co-
gen stor age dis ease type Ib (GSDIB) neutropenias are caused by 
a defect in the glu cose-6-phos pha tase (G6Pase) enzyme.13,14 For 
years, the mech a nism of neutropenia in those enti ties remained 
unclear. The main enigma was the lack of a direct role of G6Pase, 
which is com posed of sev eral units (ie, the endo plas mic retic u-
lum (ER)/cyto sol trans porter in GSDIB and the cat a lytic sub unit 
3 in G6PC3 GNs) in the neu tro phils’ met a bolic machin ery. Even if 
a genetic defect was clearly documented, a key was miss ing to 
under stand these 2 dis eases because G6Pase did not appear to 
be respon si ble for a direct defect in the neu tro phil-energy path-
way. This mys tery was solved when the role of 1,5- anhydroglucitol 
phos phate was iden ti fied, and the 2 defect pro teins involved 
in GSDIB and in G6PC3 GN were shown to play an impor tant 
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role in the removal of a toxic metab o lite, 1,5-anhydroglucitol-6- 
phos phate (1,5AG6P), in neu tro phils.15 1,5AG6P is pro duced by 
phos phor y la tion of 1,5-anhydroglucitol (1,5AG), a glu cose ana-
logue derived from food and normally pres ent in the plasma. As 
1,5AG6P is an inhib i tor of hexo ki nase, the enzyme that allows glu-
cose metab o lism by gly col y sis, it has to be destroyed as soon as it 
is formed. This is the func tion of G6PC3, an enzyme related to the 
clas si cal G6Pase but that has only lit tle G6Pase activ ity. The trans-
port of 1,5AG6P from the cyto sol to the lumen of the ER is car ried 
out by the glu cose-6-phos phate trans porter encoded by SLC37A4, 
the gene mutated in GSDIB. The cyto solic accu mu la tion of 1,5AG6P 
due to muta tions in G6PC3 or in SLC37A4 leads to the inhi bi tion 
of gly col y sis. This mech a nism explains neu tro phil dys func tion 
and apo pto sis in GSDIB and G6PC3-defi ciency GNs.15 That find ing 
had poten tial clin i cal impact, as it opened the way to reverse the 
clin i cal man i fes ta tions of neutropenia and neu tro phil dys func tion 
in GSDIB and G6PC3-defi cient patients. Indeed, pre scribed off- 
label, inhib i tors of sodium glu cose cotransporter (eg, empagli-
flozin or dapagliflozin) that are rou tinely used clin i cally as  
anti di a betic drugs to treat type 2 dia be tes inhibit renal glu-
cose uptake, cause gly cos uria, block renal 1,5AG reabsorption, 
and lower plasma glu cose (to the renal glu cose thresh old) and 
1,5AG con cen tra tions. Empagliflozin was also shown to decrease 
intra cel lu lar 1,5AG6P in G6PC3-defi cient mice and nor mal ize their 
abso lute neu tro phil counts.15 That find ing has now been con-
firmed in humans16: the clin i cal use of inhibitors of sodium-glucose 
linked transporter type 2 did not inter fere with patients’ glu cose 
lev els (which, in this con text, are low or nor mal) but increased 

1,5AG clear ance and allowed mye loid mat u ra tion and func tion. 
For the first 4 reported cases,16 all  with GSDIB, empagliflozin, dur-
ing short-term fol low-up of less than 1 year, dem on strated both 
dimin ished 1,5AG and that GCSF sup port could be dra mat i cally 
lowered or even with drawn while infec tious events were con-
trolled.17 Additional cases with lon ger fol low-up have con firmed 
those obser va tions and offer a cheaper approach and much more 
effi cient man age ment of both GSDIB and G6PC3 GNs.18,19

CXCR4 inhib i tors and WHIM syn drome
Warts, hypoglobulinemia, infec tions, and myelokathexis 
(WHIM) syn drome is a very rare GN caused by a muta tion 
of the CXCR4 chemokine recep tor. In 1964, Zuelzer and Krill 
described an excep tional con gen i tal neutropenia asso ci ated 
with bone mar row (BM) hyper pla sia of mature neu tro phils: 
myelokathexis.20 In 1990, Wetzler pro posed the acro nym 
WHIM, reflecting the man i fes ta tions of human pap il lo ma vi rus 
(HPV)-induced warts, hypogammaglobulinemia, and bac te rial 
infec tions together with myelokathexis. WHIM syn drome is 
char ac ter ized by het ero ge neous dis ease man i fes ta tions that 
include severe infec tious epi sodes, HPV-asso ci ated warts, 
pan leu ko pe nia, and hypogammaglobulinemia.21,22 Its clin i-
cal onset and com pli ca tions are more var i able than orig i nally 
suspected. Neutropenia is asso ci ated with lymphopenia and 
monocytopenia, which are almost always observed in patients 
suf fer ing from this dis or der; HPV infec tions are extremely com-
mon. WHIM syn drome is a poten tially fatal dis ease mostly 
because of immune-sys tem alter ations and HPV infec tions.21,22

Figure 1. A quick algorithm to identify potential genetic neutropenia.
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Genetic ana ly ses of WHIM syn drome patients iden ti fied inher-
ited het ero zy gous auto so mal dom i nant muta tions in the CXCR4 
gene encoding the recep tor of the CXC α-chemokine (CXCL12),23 
which reg u lates hema to poi e sis and the periph eral traf fick ing of 
neu tro phil and lym pho cyte sub sets. CXCR4 was first stud ied for 
its role as a human immu no de fi ciency virus coreceptor. The func-
tional con se quences of the var i ants are dra matic, as they con fer 
a CXCR4 gain of func tion respon si ble for the WHIM syn drome–
asso ci ated pan leu ko pe nia. Current WHIM syn drome ther a pies 
are intra ve nous immu no glob u lin and GCSF injec tions and anti bi-
otic pro phy laxis.24 Those treat ments may limit the severe infec-
tions affect ing patients, but they fail to con trol poten tially lethal 
HPV or myco bac te rial infec tions. Since the genetic find ings 
showed CXCR4 gain of func tion, agents inhibiting CXCR4 func-
tion appear prom is ing. Those treat ments, ini tially devel oped to 
con trol HIV infec tion, were obvi ously aban doned but were later 
shown to pos si bly act as a stem cell mobilizer.

Indeed, the AMD3100 com pound was pat ented under the 
name Plerixafor to mobi lize auto graft stem cells. Successfully 
tested on a very lim ited num ber of WHIM syn drome patients, 
that drug effi ciently mobi lized granulocytes, lym pho cytes, 
and mono cytes,25,26 and even con trolled HPV infec tions, in 3 
patients.27 Plerixafor devel op ment was not pur sued, but another 
com pound, mavorixafor, was devel oped by another com pany. 
After phase 1 and phase 2 stud ies,28 that lat ter mol e cule is now 
being eval u ated in a phase 3 dou ble-blind ran dom ized trial; its 
results are expected by the end of 2022. The find ings of the phase 
2 study on mavorixafor showed that neu tro phil and, in gen eral, 
all  leu ko cyte defects were corrected by this oral drug, with the 
added advan tage of lim it ing HPV infec tions.28 Notably, because 
CXCR4/CXCL12 inter acts strongly with the GCSF-3 recep tor 
(CSF3R) axis early dur ing myelopoiesis, inhibiting CXCR4 enables 
neu tro phil mobi li za tion via a path way other than GCSF. And now 
an oral com pound may become avail  able to avoid neutropenia 
in other chronic sub types as well as post che mo ther apy.

Somatic genetic res cue: clonal hema to poi e sis is not always 
bad news
In addi tion to a high risk of infec tions, almost all  GNs carry an 
ele vated risk of leu ke mic trans for ma tion, for which the per cent-
age depends on the gene involved. The tra jec tory from the 
naive germ line at birth to leu ke mia is a mul ti step muta tional 
pro cess. The high fre quency of clonal evo lu tion can be viewed 
as pre ma ture aging of clonal hema to poi e sis, but clonal archi tec-
ture is strongly depen dent on the germline var i ant on which it 
devel ops: clonal hema to poi e sis dif fers mark edly in ELANE neu-
tropenia, Shwachman-Diamond syn drome (SDS), and GATA2 
syn drome.29-31

SDS, a reces sive mul ti sys tem dis or der char ac ter ized by exo-
crine pan creas defi ciency, mild neutropenia, and var i ous other 
organ dys func tions, is caused by com pound het ero zy gous 
muta tions of the SBDS gene and offers an ini tial insight into the 
pos si ble role of somatic genetic res cue to pre vent leu ke mic 
trans for ma tion.32 The SBDS pro tein is an essen tial cofac tor for 
elon ga tion fac tor-1. Biallelic SBDS muta tions impair the release 
of antiassociation, eukaryotic trans la tion-ini ti a tion fac tor-6 (EIF6) 
from the 60S ribo somal unit. The cell tries to escape that block-
age in dif fer ent ways. One quite del e te ri ous method that directly 
involves the leu ke mic out come is the over stim u la tion of the TP53 
path way,33 induced by ribo somal stress.34 The involve ment of 

TP53 muta tions in SDS has been documented sev eral times dur-
ing SDS patients’ life times. During the “chronic phase,” the TP53 
clone fre quently has a low var i ant-allele fre quency, and at myel-
odysplastic syn drome onset, the TP53 var i ant-allele fre quency 
is high, typ i cally with biallelic var i ants.30,35 But it is not the sole 
muta tional event observed dur ing the course of SDS. The sec ond 
fre quent molec u lar event con cerns the EIF6 var i ant.30 The occur-
rence of such a molec u lar event was suggested by a com mon 
cyto ge netic find ing in SDS patients’ BM: the del20q clone, which 
har bors EIF6. But other molec u lar events (eg, point muta tions, 
recip ro cal chro mo somal trans lo ca tion) limit EIF6 con cen tra tion 
or EIF6 bind ing to the 60S sub unit and reverse the ribo some-
assem bly and pro tein-syn the sis defects.36 Such mech a nisms 
sug gest that EIF6 inhi bi tion might con sti tute a valu able strat egy 
to com pen sate for the SBDS defect and rep re sents a prom is ing 
ther a peu tic strat egy for SDS.36,37

CLINICAL CASE
The patient is an Algerian-born male, issued from a con san guin-
e ous fam ily, who has pre vi ously been reported in a case series 
(as patient 5643).38 He was first seen in our unit at the age of  
7 years, when he had already expe ri enced about 12 dis tinct 
severe infec tious epi sodes, includ ing bac te rial men in gi tis and 
3 types of pneu mo ni tis since birth in addi tion to recur rent oral 
infec tions. He failed to thrive and had chronic diar rhea. Mor-
phologically, he had a nar row tho rax and thin skin with a promi-
nent super fi cial venous net work on the limbs and the abdo men. 
Echocardiography detected aor tic insuf fi ciency, with out hemo-
dy namic con se quences. Initial blood tests showed pro found 
neutropenia (abso lute neu tro phil count, 240/mm3), with mild 
ane mia (hemo glo bin, 9.8 g/dL) and a nor mal plate let count. 
His first BM cytol ogy did not reveal any sig nifi  cant abnor mal i-
ties, with a mye loid to nucle ated ery throid cell ratio of 5:1 and 
no mat u ra tion arrest. At that time, the sole diag nos tic genetic 
test avail  able was for ELANE, and no such var i ants were iden ti-
fied. His chronic diar rhea was dif fi cult to ana lyze because of the 
pres ence of ste at or rhea and a fat-sol u ble-vita min defi ciency but 
showed no documented exo crine pan creas defi ciency. GCSF (5-
7 µg/kg/d) was pre scribed, along with pan cre atic enzyme and 
nutri tional sup port. The patient returned to Algeria and con tin-
ued to be treated between there and France. Repeated blood 
counts showed recur rent throm bo cy to pe nia. Endoscopy of the 
diges tive tract at 10 years old found inflam ma tion; inflam ma tory 
bowel dis ease was diag nosed and treated with ste roids. This sit-
u a tion, with recur rent infec tions and dif fi culty obtaining GCSF, 
resulted in sev eral infec tions, includ ing a colonic abscess and 
a colonic fis tula neces si tat ing a hemicolectomy that incurred 
major sur gi cal com pli ca tions. Although a molec u lar diag no-
sis of SBDS muta tion was sought when he was 10 years old, it 
excluded a path o genic var i ant; G6CP3-defi cient neutropenia 
was finally diag nosed when he was 15 years old as the dis ease 
had just been iden ti fied by Sanger sequenc ing.13

After devel op ing a gut fis tula at 18 years of age, he returned 
to France. A pre scrip tion of anti–tumor necro sis fac tor α (TNF-
α) for about 5 years, com bined with long-term GCSF, main-
tained a lim ited qual ity of life, as his dis ease affected his abil ity 
to go to school and later work. At the age of 23 years, he was 
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pre scribed dapagliflozin at the ini tial dose of 0.2 mg/kg in 
addi tion to his long-term ther apy. Figure 2 shows his neu tro-
phil, plate let, and blood 1,5AG evo lu tions over time. He ini-
tially received GCSF (9 µg/kg) 3 times per week in con junc tion 
with anti-TNF-α. Because of a par tial neu tro phil count and 
1.5AG-clear ance responses, the dapagliflozin dose was pro-
gres sively increased up to 0.9 mg/kg/d. Oral dapagliflozin 
has been con tin ued since then (he is now 25 years old) for 
a total of 16 months. Notably, after 6 months the anti-TNF-α 
was with drawn, and the inflam ma tory bowel dis ease did not 
recur. An attempt to stop GCSF was com pli cated by an oral 

infec tion; how ever, it has now been tapered down to 3 µg/kg 
twice weekly.

Conclusion
The stan dard care of GNs is based on GCSF and HSCT. Driven 
by the exten sive devel op ment of genetic back ground ana ly-
ses of such enti ties, bet ter under stand ing of the mech a nisms at 
work now offers some pos si bil i ties of adapted ther apy. ISGTL2, 
an anti di a betic drug, may par tially reverse GSDIB and G6PC3 
GNs by clear ing 1,5AG, which is respon si ble for the asso ci ated  

Figure 2. A visual summary of the medical history of a patient with G6PC3 neutropenia treated by gliflozine.
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neutropenia. CXCR4 inhib i tors con trib ute to revers ing the leu-
ko cyte defect in WHIM syn drome. Concerning the leu ke mic 
trans for ma tion risk, bet ter under stand ing of the clonal evo lu-
tion raises the pos si bil ity of pre vent ing leu ke mia by stim u lat ing 
somatic genetic res cue, a phys i o log i cal pro cess that might limit 
the risk of such pro gres sion.
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