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Shwachman-Diamond syndrome (SDS) is an inherited bone marrow failure syndrome

with leukemia predisposition. An understanding of the hematologic complications of SDS

with age could guide clinical management, but data are limited for this rare disease. We

conducted a cohort study of 153 subjects from 143 families with confirmed biallelic SBDS

mutations enrolled on the North American Shwachman Diamond Registry or Bone

Marrow Failure Registry. The SBDS c.2581 2T.C variant was present in all but 1 patient.

To evaluate the association between blood counts and age, 2146 blood counts were

analyzed for 119 subjects. Absolute neutrophil counts were positively associated with age

(P , .0001). Hemoglobin was also positively associated with age up to 18 years (P , .0001),

but the association was negative thereafter (P 5 .0079). Platelet counts and marrow

cellularity were negatively associated with age (P , .0001). Marrow cellularity did not

correlate with blood counts. Severe marrow failure necessitating transplant developed in

8 subjects at a median age of 1.7 years (range, 0.4-39.5), with 7 of 8 requiring transplant

prior to age 8 years. Twenty-six subjects (17%) developed a myeloid malignancy

(16 myelodysplasia and 10 acute myeloid leukemia) at a median age of 12.3 years (range,

0.5-45.0) and 28.4 years (range, 14.4-47.3), respectively. A lymphoid malignancy developed

in 1 patient at the age of 16.9 years. Hematologic complications were the major cause of

mortality (17/20 deaths; 85%). These data inform surveillance of hematologic complications

in SDS.
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Key Points

� Severe bone marrow
failure was primarily
observed in early
childhood in children
with biallelic SBDS
mutations.

� Absolute neutrophil
counts were positively
associated with age
(P , .0001) in
patients with biallelic
SBDS mutations.
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Introduction

Shwachman-Diamond syndrome (SDS) is a multisystem disorder
that is characterized by bone marrow failure (BMF), exocrine pancre-
atic dysfunction, and predisposition to myeloid malignancies.1,2

Patients with SDS are at risk for severe cytopenias. Outcomes of
myeloid malignancies are poor as a result of high treatment-related
toxicities and resistant disease.3–5 An understanding of the natural
history of hematologic complications with age would inform clinical
management and surveillance, but data are sparse because of the
rarity of SDS.

Biallelic mutations in SBDS account for .90% of cases of SDS.6

Rare patients with mutations in EFL1, DNAJC21, or SRP54 may
also share clinical features of SDS.7–11 Genetic testing is now inte-
grated into diagnostic evaluation to identify patients with cryptic pre-
sentations of inherited BMF disorders, as well as to avoid
misdiagnosis due to clinical features overlapping with other disor-
ders.12–15 Sequencing analysis may miss mutations in SBDS
because of large deletions or difficulties with the highly homologous
pseudogene, so further evaluation should be pursued when clinical
suspicion is high.16,17

SDS registries in France and Italy recently reported characteristics
of severe cytopenias, clonal cytogenetic abnormalities, and malig-
nancies in patients with biallelic SBDS mutations. The French Neu-
tropenia Registry, which included 102 patients with biallelic SBDS
mutations, reported that the 20-year cumulative risk of nonmalignant
and malignant severe cytopenias is 24.3%.18 Stratification for risk of
malignant disease or severe cytopenias was proposed based on
diagnosis at ,3 months of age and abnormalities on the initial com-
plete blood count (CBC). Hematologic complications were the lead-
ing cause of mortality.18 The Italian SDS Registry study of 121
patients with biallelic SBDS mutations found a cumulative incidence
of 59.9% for severe neutropenia, 66.8% for thrombocytopenia, and
20.2% for anemia at 30 years of age. The 20-year cumulative inci-
dence of myeloid malignancy and severe cytopenia was 9.8% and
9.9%, respectively.19

The objectives of this article are to evaluate the association of age
with blood counts and bone marrow pathology and describe clinical
outcomes of 153 patients with biallelic SBDS mutations.

Methods

Informed consent

The Shwachman-Diamond Registry and the Molecular and Genomic
Studies of Bone Marrow Failure and Myelodysplastic Syndromes
are prospective cohort studies enrolling patients with SDS. Informed
consent was obtained in accordance with study protocols approved
by the local Institutional Review Boards.

Data collection

Data were extracted from medical records and recorded in the
Research Electronic Data Capture system.20 The cutoff date for
data collection was 1 February 2020.

Longitudinal CBCs were collected. CBCs were included until the
time of myelodysplasia (MDS) or leukemia diagnosis or until the
time of hematopoietic stem cell transplant (HSCT), when applicable.

Hemoglobin values were excluded during periods of red cell transfu-
sions, platelet values were excluded during platelet transfusions,
and absolute neutrophil counts (ANCs) were excluded while on
granulocyte colony-stimulating factor (G-CSF).

Local bone marrow aspirate and biopsy reports were examined for
reported cellularity (from biopsies), fluorescence in situ hybridization,
karyotype, and flow cytometry data. Surveillance bone marrows
were defined as bone marrow examinations performed in the
absence of clinical symptoms. Bone marrows from the time of malig-
nancy diagnosis or those performed post-HSCT were excluded
from the surveillance marrow data.

Statistical analyses

Median and range or number and percentage are reported for con-
tinuous or categorical patient characteristic variables. Mean, stan-
dard deviation, median, and range are reported for blood counts.
Box plots are also presented for blood counts. Scatter plots with
locally estimated scatterplot smoothing are generated for blood
counts and cellularity over age. We used 15 if the day of a month
was missing.

The age at the time of blood counts varied, limiting our ability to
evaluate changes within an individual over time. Therefore, the pri-
mary analysis evaluates the association between age and blood
counts, adjusting for repeated measures.

To evaluate the association between age and blood counts and cel-
lularity, we fit segmented mixed-effects models with random break-
points. We assumed there is at most 1 breakpoint on each
regression line, with the breakpoint defined as the point where the
slope of the regression line changes abruptly. We first identified the
breakpoint (when applicable) using the maximum likelihood method
described by Muggeo et al.21 We then fit the mixed-effects model
with a random intercept for a subject with the identified breakpoint.
White blood cells (WBCs), platelets, and ANCs are log-transformed
in this model. To avoid 0s, 0.1 is added to all laboratory values
before the transformation (7 observations for WBCs and 37 obser-
vations for ANCs were 0).

The correlation between cellularity and blood counts was assessed
using scatter plots and Spearman correlation coefficients. The x2

test was used to compare the proportion of subjects with normal
blood counts for those with low (,30%) vs high cellularity ($30%).
The survival distribution was estimated using the Kaplan-Meier
method.

Results

Patient characteristics

One hundred and fifty-three individuals (143 families) with biallelic
SBDS mutations are reported, including several short case descrip-
tions illustrating the diversity of phenotypes in SDS. Ninety-two
were male (60.1%). Median age at last follow-up was 10.4 years
(range, 0.3-52.8). The cohort included 39 adults (25.5%) who were
.18 years of age at the follow-up (Table 1).

SBDS genetics

Biallelic mutations in SBDS were identified in all 153 subjects in
this cohort. SBDS mutations were also identified in 6 additional
patients who lacked further clinical data for analysis. Of this
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combined group, 158 of 159 (99.4%) had $1 copy of the
c.25812T.C splice site mutation. The types and distribution of
mutations are summarized in supplemental Table 1.

A single subject did not harbor the c.25812T.C SBDS variant, a
hypomorphic variant that expresses a low level of SBDS, but
instead had 1 stop mutation and 1 missense mutation (Lys62*/
Arg175Trp) in SBDS. This patient had a severe phenotype. She
presented at birth with intrauterine growth retardation and neonatal
severe aplastic anemia. She was transfusion dependent for platelets
and red cells. Her severe neutropenia was unresponsive to G-CSF.
She had clinodactyly, severe thoracic dystrophy, and exocrine pan-
creatic insufficiency requiring enzyme replacement. Irregular islands
of cartilage surrounded by osteoid were observed in her bone

marrow. Her bone-to-marrow space ratio was elevated, and the mar-
row contained a loose fibroblastic network surrounding the bone
islands (Figure 1). She underwent a reduced intensity unrelated
donor HSCT but succumbed to overwhelming bacterial infection
prior to engraftment.

Clinical testing platforms also sometimes miss SBDS mutations,
which may be challenging to distinguish from the highly homologous
SBDS pseudogene and require additional investigation. One patient
presented with persistent neutropenia requiring G-CSF and mild
transaminitis; initially, only a single heterozygous c.25812T.C
SBDS mutation was identified. Given the clinical suspicion for SDS,
clinical microarray analysis was performed; a heterozygous 4-kb
deletion was identified that included the entire exon 5 of the SBDS
gene. Quantitative polymerase chain reaction analysis spanning the
deletion breakpoint and using custom designed primers confirmed
the exon 5 deletion. Molecular studies on the parents revealed the
SBDS point mutation (c.25812T.C) in the mother and the 4-kb
deletion in the father.

Blood counts

A total of 2146 CBCs were available for 119 subjects, excluding
blood counts from patients following development of malignancies
or following an HSCT. Nine of 119 subjects (7.6%) developed
severe trilineage cytopenias (hemoglobin , 8g/dL or transfusion
dependent, platelet count , 50000 per microliter or transfusion
dependent, and ANC , 500 cells per microliter or on G-CSF) at a
median age of 5.4 years (range, 0.2-29.2). Fifty-six subjects
(47.1%) had normal blood counts (hemoglobin . 10 g/dL, platelet
count . 150000 per microliter, and ANC . 1500 cells per microli-
ter) on $1 CBC.

To evaluate the association between blood counts and age, a piece-
wise regression model was fit for each lineage, allowing for 1 break-
point (Figure 2). Significant breakpoints were detected for WBC,
hemoglobin, and platelets (P # .0021). LogANC was positively
associated with age (slope, 0.0083; 95% confidence interval [CI],
0.0045-0.0122; P , .0001). Prior to age 18 years, hemoglobin
was positively associated with age (slope, 0.0706; 95% CI, 0.053-
0.0882; P , .0001); however; after age 18 years, the association
was negative (slope, 20.0650; 95% CI, 20.1129 to 20.017;

Table 1. Subject characteristics (N 5 153)

Characteristics Data

Age at last follow-up

Median (range), y 10.4 (0.3-52.8)

.18 y 39 (25.5)

#18 y 114 (74.5)

Sex

Male 92 (60.1)

Female 61 (39.9)

Disease manifestation

Severe BMF 8 (5.2)

Malignancy

MDS 16 (10.5)

AML 10 (6.5)

Lymphoma 1 (0.7)

Cause of death (n 5 20)

Malignancy 15 (75)

BMF 2 (10)

Asphyxiating thoracic dystrophy 2 (10)

Liver failure 1 (5)

Unless otherwise noted, data are n (%).

BA

Figure 1. Severe phenotype of the subject with SBDS c.183_184delTAinsCT/c.523C>T (p.Lys62*/p.Arg175Trp) and lacking the c.25812T>C variant. (A-B)

Bone marrow biopsy demonstrating irregular islands of cartilage surrounded by osteoid with increased bone-to-marrow space ratio and a loose fibroblastic network

surrounding the bone islands. Original magnification 340 (A), original magnification 3200 (B); hematoxylin and eosin stain.
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Figure 2. Blood counts by age in subjects with SDS. A piecewise regression model (green shaded area) was used to determine the association between blood counts

and age, allowing for a potential breakpoint for 2114 blood counts from 119 subjects. The locally estimated scatterplot smoothing (LOESS) curve is shown in purple.

LogANC (A), hemoglobin (B), and log platelet count (C) as a function of age.
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P 5 .0079). LogPlatelets was negatively associated with age
(slope, 20.0226; 95% CI, 20.027 to 20.0181; P , .0001) before
age 7 years, with a weaker negative association after 7 years of age
(slope, 20.0133; 95% CI, 20.0157 to 20.011; P , .0001).

Eight subjects (5%) required an HSCT for severe BMF at a median
age of 1.7 years (range, 0.4-39.5), with 7 of 8 patients transplanted
prior to age 8 years. Median age at last follow-up for patients with-
out severe BMF was 10.9 years (range, 0.3-52.8). iso7q was
detected for 1 patient, whereas the others lacked cytogenetic
abnormalities prior to HSCT. Three conditioning regimens were
reported: alemtuzumab/fludarabine/melphalan (n 5 4), fludarabine/
alemtuzumab (n 5 1), and treosulfan/fludarabine/ATG (n 5 1). Data
regarding the conditioning regimen were not available for 2 sub-
jects. Acute or chronic graft-versus-host disease was seen in 0 and
1 patient, respectively (n 5 5). There were 2 HSCT-related deaths.
The patient described above who lacked the SBDS c.25812T.C
splice mutation died of infection on day 0. A second patient who
underwent HSCT for BMF died of multiorgan failure on day 147.

Bone marrow pathology

Data were available for 547 marrows from 119 subjects, with a
median of 3 marrows per subject (range, 1-21). Marrow cellularity
data were available for 414 marrow examinations from 112 sub-
jects. Median cellularity was 40% (range, 5-100). Reduced marrow
cellularity was observed early in life, with only 35.3% (6/17) of sub-
jects younger than 1 year having normocellular marrow (Figure 3).
All marrows examined after age 16 years were hypocellular for age.
Six subjects (5.3%) had a hypocellular marrow that transitioned to
the normocellular range at least once during the follow-up period.
Bone marrow cellularity , 30% was observed in 47 subjects
(41.9%), and 4 (3.6%) had $1 marrow with ,10% cellularity. Cel-
lularity was negatively associated with age (P , .0001).

To assess whether marrow cellularity correlated with blood counts,
we examined 229 marrow reports for which an associated CBC
had been drawn within 30 days for 81 subjects #30 years of age.
The median marrow cellularity for this group was 40% (range, 5-
100), which was consistent with the distribution of marrow cellularity
across the entire cohort of 112 subjects. The Spearman correlation

coefficient indicated a weak association between marrow cellularity
and hemoglobin (20.18; P 5 .0062) and platelets (0.22;
P 5 .0009) but no significant association with ANC (20.07;
P 5 .4163). Of 47 subjects with marrow cellularity ,30% and
associated CBCs available, 12 had normal ANCs (33.3%), all had
normal hemoglobins (100%), and 24 had normal platelet counts
(52.2%). No statistical difference was observed between the pro-
portion of patients with normal ANC, hemoglobin, and platelet
counts in the group with marrow cellularity , 30% vs .30%
(P 5 .9737, .3455, and .6479, respectively).

Cytogenetic clonal abnormalities

Marrow cytogenetic data were available for 111 subjects, of whom
41 (36.9%) had clonal abnormalities diagnosed by karyotype and/or
fluorescence in situ hybridization. Nine subjects developed .1 cyto-
genetic abnormality. The most common cytogenetic abnormalities
were del20q (19.8%; n 5 22) and iso7q (9.9%; n 5 11), including
2 patients who developed a del20q and a separate iso7q cytoge-
netic abnormality at different points in time and 1 patient who had a
del20q clone existing at the same time as a separate iso7q clone.
The cytogenetic clone became undetectable on subsequent marrow
examinations for 15 clones, including 3 of 11 (27.3%) subjects with
iso7q and 4 of 22 (18.2%) subjects with del20q. Clinical outcomes
of patients with cytogenetic clonal abnormalities are described in
Table 2 and supplemental Table 2.

Malignancies

Twenty-six subjects (17%) developed a myeloid malignancy (MDS5

16, AML 5 10) at a median age of 12.3 years (range, 0.5-45.0) and
28.4 years (range, 14.4-47.3), respectively (supplemental Table 2).
Among those without a myeloid malignancy, the median age at last
follow-up was 8.1 years (range, 0.3-39.5). Of the 16 subjects with
MDS, data onG-CSF use was available for 15 of them. Three of those
subjects were on G-CSF at the time of MDS diagnosis, and 1 had
usedG-CSF for 10 months 5 years prior to MDS diagnosis. Of the 10
subjects with AML, 9 had available data on prior G-CSF use, and 2
were takingG-CSF at the time of AML diagnosis.

Of the patients with AML, 90% (9/10) received upfront chemother-
apy, and 1 proceeded straight to transplant. Of the patients with
MDS, 62.5% (10/16) received upfront HSCT, 12.5% (2/16)
received initial chemotherapy followed by HSCT, and 12.5% (2/16)
received chemotherapy and died prior to HSCT. One subject did
not receive treatment for MDS, and treatment data were not avail-
able for another subject. In those who underwent HSCT, acute and
chronic GVHD was seen in 6 and 0 patients, respectively (n 5 15).

One male subject with heterozygous mutations in SBDS
(c.25812T.C, c.653G.A (p.Arg218Gln) and exocrine pancreatic
insufficiency requiring pancreatic enzyme supplementation devel-
oped primary mediastinal B-cell lymphoma at the age of 16.9 years.
He had had regular blood counts that demonstrated neutropenia
(400-700 cells per microliter) with normal hemoglobin and platelet
count. No dysplasias had been noted on prior surveillance marrows.
Following a transient episode of isolated severe neutropenia that
resolved, the patient presented with diffuse pruritis, weakness, and
shortness of breath. Imaging studies revealed a large anterior medi-
astinal mass measuring 15.0 3 8.5 3 13.5 cm compressing the
left mainstem bronchus and invading the superior vena cava, with
associated enlarged mediastinal lymph nodes and pleural effusion.
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Table 2. Clonal abnormalities over time in patients with SDS

Patient Clonal abnormality Outcome MDS/AML karyotype

1 iso(7q) unknown

2 iso(7q), then separate add(mar), then
separate i(X)

Transient clones

3 iso(7q) Transient clone

4 iso(7q) Persistent clone, then developed MDS 46,XX,der(3;6)(q25;q13)[20]/
45,dic(6;7)(q13;p11.2)[4]/46,XX[1]

5 iso(7q) Unknown

6 iso(7q) Persistent clone

7 iso(7q), separate del3q clone Progressed to AML Cytogenetics not available

8 iso(7q) Persistent clone

9 iso(X) and add X Transient clones

10 iso(X) Persistent clone

11 del(X) Transient clone

12 del(X) Intermittent clone

13 46, XX [19]/27, XX, 1 mar[1] unknown

14 der(1) Developed MDS 46,XY11,der(1;17)(q10;q10)[18]
/46,XY[2]

15 inv(1), then add(7) inv(1) was transient, add(7) unknown

16 add(3q), del(8q) Developed AML 46,XX,add(3)(q27),del(8)(q13q22),der
(10)t(10;15)(p11.2q15)[1], 43-
44,der(2)t(2;12)(q33;q13),
add(3)(q27),add(4)(q21),-5,-

6,add(6)(q25),-7,del(8)(q13q22),-11,-
12,der(18)t(11;19)(q13;p13.3)12-

3mar[6], 46,XX[13]

17 add(7q) Transient clone

18 add(7p) unknown

19 der(9) Transient clone

20 del20q Persistent clone

21 del20q Transient clone

22 add(Y), add(mar), del(20q) add(Y) is constitutional, del20q persistent.
Then developed MDS

47,XYYc,del(20)(q11.2q13.2)[15]/47,
XYYc

23 del20q Persistent clone

24 del20q Persistent clone

25 add (7p) then separate del(20q), and
separate iso(7q), then aberrant complex

karyotype in 1 cell (43,XY-
1,1del(3)(p2?1),-5,-6,-7)

Both add(7p) and del(20q) disappeared,
then progressed to MDS

46, XY, del(20)(q11.2q13.1)[10]/
46,XY,add(7)(q22)[7]/45, XY-7[3]

26 del20q Persistent clone

27 del20q Intermittent clone

28 del20q Persistent clone

29 del20q Persistent clone

30 del20q Persistent clone

31 del20q Persistent clone

32 del20q Unknown

33 del20q - developed 2 separate del20q
clones (previously also developed iso7q)

Persistent clone, then developed MDS 46XX,del(20)(q11.2q13.3)[9]/46,XX[11]

34 del20q Transient clone

35 del20q Persistent clone

36 del20q, separate del1p clone Persistent clones
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A biopsy was diagnostic for a nongerminal center subtype of diffuse
large B-cell lymphoma positive for CD20, CD23, MUM-1, Bcl-6,
Bcl-2, and partial c-MYC (40-50%) but negative for CD10, TdT,
CD30, and Epstein-Barr virus. Ki-67 proliferation index was high. A
bone marrow demonstrated a del20q clone with karyotype 46,XY,
del(20)(q11.2q13.1)[1]/46,XY[19] but was negative for lymphoma.
He was treated with a rituximab, cyclophosphamide, doxorubicin,
vincristine and prednisone (R-CHOP) regimen complicated by
grade 3 sacral pressure ulcer, fever and neutropenia, reaccumula-
tion of pleural effusions with loculations, deep vein thrombosis, and
decreased ejection fraction by echocardiogram leading to omission
of doxorubicin from subsequent cycles and initiation of carvedilol.
He was in remission at last follow-up 15 months from diagnosis.

Survival

Median survival of the cohort was 38.2 years (95% CI, 29.5-48.5)
(Figure 4). There were 20 deaths observed (12.6%) at a median age
of 21.2 years (range, 0.3-52.8 years). Causes of death were MDS or
AML (n 5 15), followed by severe BMF requiring HSCT (n 5 2),
asphyxiating thoracic dystrophy (n 5 2), and liver failure (n 5 1).

Discussion

The scarcity of experience with rare diseases, such as SDS, has
driven the development of registries for the systematic longitudinal

collection of clinical and biological data to advance our understand-
ing of natural history, complications, and outcomes. Clinical care is
typically siloed between pediatric and adult subspecialty providers
for these complex conditions, further contributing to gaps in clinical
knowledge and the expertise needed to provide lifelong care for
these patients. The SDS Registry provided a critical platform for the
analysis of hematologic complications with age for patients with bial-
lelic SBDS mutations.

Analysis was restricted to subjects with biallelic SBDS mutations
because of the limitations of clinical phenotype–based diagnoses. In
our experience, a subset of patients with cardinal features of SDS,
such as neutropenia with exocrine pancreatic dysfunction (eg, low
trypsinogen/pancreatic isoamylase), lack mutations in any of the
known SDS genes. Notably, these patients may not have SDS and
are occasionally found to have a different genetic disorder
altogether.

It is striking that all but 1 subject harbored $1 SBDS allele bearing
the hypomorphic c.25812T.C (IVS212) splice site mutation,
which produces a scant amount of wild-type SBDS transcript. In
our cohort, we observed the lack of this hypomorphic IVS212T.C
splice mutation in only a single patient with compound heterozygous
SBDS missense and stop mutations who had a particularly severe
phenotype. Murine Sbds-mutant models of SDS carrying biallelic-
null or missense mutations and lacking this hypomorphic splice

Table 2. (continued)

Patient Clonal abnormality Outcome MDS/AML karyotype

37 del20q Add 7p which disappeared, then del20q,
then del12p developed and progressed to

MDS

46XY[5]/46, XY, del(12)(p11.1)[5]/
35,idem,del(5)(q?22q?31),-
7,del(9)(q21)[3]/44, idem,
add(1)(p32),add(3)(p24),-5,-
7,del(9)(q21)[7]/45, idem,
add(1)(p32,add(3)(p24),-5,-

7,del(9)(q21),5mar[4]

38 del20q, then separate iso7q Unknown

39 del20q Unknown

40 del20q Persistent clone

41 del20q Persistent clone
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Figure 4. Overall survival of subjects with SDS. Kaplan-Meier curve showing overall survival of all subjects. Time is expressed in years since birth.
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mutation also exhibit early fulminant phenotypes of greater severity
than those typical of patients with SDS.22–24 A patient with a
p.Lys62X mutation and a p.Lys148Thr missense mutation has been
reported.18 This patient, who lacked the IVS212 T.C mutation,
presented with transient severe cytopenia at age 0.9 years and
bone marrow that displayed dysmyelopoietic features and hemopha-
gocytosis without clonal abnormalities. This patient remained clini-
cally stable at 8.4 years of follow-up. One patient with 2 SBDS
missense mutations was noted in the Italian SDS Registry, but no
associated clinical data were reported.19 Further studies are needed
to elucidate the potential clinical and biologic implications of the
IVS212 T.C mutation.

Although data extraction from medical records provides information
from real-world clinical practice, a limitation of a registry-based study
is that the only available data are those that happen to be collected
or recorded by the individual treating physician during clinical care.
Variation in diagnostic evaluation and clinical management is particu-
larly problematic for rare diseases for which provider experience is
often limited and practice standards are unavailable or sporadically
followed.

In our cohort, severe BMF requiring HSCT occurred predominantly
in early childhood, with only 1 patient developing severe BMF in
adulthood. This is consistent with data from the French Registry,
which reported severe cytopenias at a median age of 0.13 years
(range, 0.01-3.3).18 A European Society for Blood and Marrow
Transplantation study reported that 7 of 61 patients with SDS and
severe BMF were older than 18 years of age; however, SDS diag-
nosis was based on clinical features without genetic testing. A study
from the Center for International Blood and Marrow Transplant
Research reported 39 patients diagnosed with SDS who were
transplanted for severe BMF at a median age of 7 years. Although
the majority of patients (n 5 23) with BMF were younger than 10
years, 11 patients were between the ages of 10 and 19 years, and
5 patients were $20 years old. Notably, only 49% of patients
(n 5 19) had been tested for SBDS mutations, and 14 of 39 (36%)
had confirmed biallelic SBDS mutations. Standardized diagnostic
criteria, including genetic testing, would strengthen future studies.

Correlation between the degree of marrow cellularity and cytopenias
was poor. Low neutrophil count, the most common cytopenia in
SDS, was positively associated with age of the subject. Assessment
of marrow cellularity can be subjective and should be evaluated in
comparison with prior marrows and in the context of the peripheral
blood counts. Marrow cellularity in isolation does not constitute an
indication for HSCT.

To our knowledge, this is the first report of a patient with biallelic
SBDS mutations who developed a lymphoid malignancy. A patient
with an acute lymphoblastic leukemia and SDS was reported previ-
ously; however, the diagnosis of SDS was based on postmortem
pancreas histology, and genetic testing was not available at that
time.25 Further study is needed to determine whether the risk of lym-
phoid malignancy is increased in SDS.

We previously reported our observation from the SDS Registry that
surveillance strategies for SDS are heterogeneous in clinical prac-
tice.3 Though severe BMF requiring HSCT was observed predomi-
nantly in young patients, the median age for development of MDS
and AML was higher, indicating the importance of ongoing surveil-
lance. The rationale for surveillance is the abysmal prognosis once

AML develops in patients with SDS.3 Improved strategies integrat-
ing somatic genomics to identify patients at high risk for malignant
transformation are under investigation.26

Overall, only 3 subjects died of causes other than MDS, AML,
or severe BMF requiring HSCT. No subject in our cohort died
from bacterial, fungal, or severe viral infection outside of the
context of malignancy or HSCT. Severe infections with bacterial
sepsis, osteoarthritis, or meningitis and severe viral infections
and infection-related mortality have been observed in other SDS
registry reports, highlighting the importance of vigilant attention
to neutropenia.18,19 Infections remain a significant cause of mor-
tality in other neutropenia syndromes, such as severe congenital
neutropenia.27

A recent study from our SDS Registry reported the development
of clonal hematopoiesis with age in patients with SDS.26 Adap-
tive somatic loss-of-function mutations in EIF6 rescued the
underlying ribosomal stress exerted by the SBDS mutations and
were not associated with malignancy, whereas maladaptive
somatic mutations in TP53 led to an increased risk for malignant
transformation. Notably, patients who developed severe BMF, all
at young ages, lacked clonal hematopoiesis. Larger patient num-
bers and mechanistic studies will be required to investigate the
potential association between somatic mutations and risk of
BMF in SDS. These studies raise the possibility that further
investigation of adaptive somatic changes coupled with clinical
studies might identify potential therapeutic targets to treat BMF
in SDS.26,28

In conclusion, this SDS Registry study found that, although marrow
cellularity decreased with age, as expected for a genetic BMF con-
dition, blood counts unexpectedly improved with age. Severe BMF
was observed in early childhood, whereas myeloid malignancy was
observed in later childhood/early adulthood. Further study is needed
to investigate the potential mechanistic link between clonal hemato-
poiesis and improvement in blood counts with age for patients with
SDS. These data will guide clinicians in discussions with families
and in clinical decision making, as well as inform further work
addressing improved surveillance strategies.
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