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Genetic and clinical characteristics of patients with

Shwachman Diamond syndrome with special

consideration of treatment with granulocyte-colony

stimulating factor

Shwachman Diamond syndrome (SDS) is a rare disorder
characterized by exocrine pancreatic insufficiency, bone
marrow failure (BMF), congenital abnormalities including
the skeleton, and a varying degree of neurodevelopmental
delay.”®* Patients have a predisposition for myeloid ma-
lignancies (myelodysplastic syndrome [MDS] and acute
myeloid leukemia [AML]).*®

In the majority of SDS patients (>90%), biallelic germline
mutations in the SBDS gene can be detected.® The clin-
ical manifestation of the disease is extremely variable
despite the fact that the majority of patients harbor the
same compound heterozygous mutations with the com-
mon SBDS variants ¢.258+2T>C and c.183_184 TA>CT.>"®
The most common hematologic finding in SDS patients
is from mild to severe neutropenia.® Recent studies have
shown a positive correlation of hemoglobulin levels, and a
negative correlation of leukocyte, neutrophil and platelet
counts, with age.'®

Shwachman Diamond syndrome patients have an increased
risk for secondary hematologic malignancies, especially
MDS or AML, requiring hematopoietic cell transplantation
(HCT). The outcome of myeloid malignancies, even after
HCT, remains poor.'°-

Therapy with granulocyte-colony stimulating factor (G-CSF)
has always been controversial, mainly due to the unproven
fear that G-CSF may induce leukemia in SDS patients.
In this retrospective analysis, we report on the clinical/
hematologic presentation of SDS patients, as well as he-
matologic complications in the long-term follow-up, with
a special focus on G-CSF therapy.

Between 1994 and December 2022, 121 patients with SDS in
Europe were enrolled into the Severe Chronic Neutropenia
International Registry (SCNIR); all patients gave written
informed consent. After review, data on registration and
annual follow-up were entered into a standardized data-
base. In addition, 55 SDS patients from the Russian registry
gave written consent to share data with the SCNIR and
were included in this analysis. The study was conducted
in accordance with the Declaration of Helsinki, under the
auspices of the Human Subjects Committee of the Medical
School in Hannover and the University Hospital Tuebingen,
Germany, and other participating institutions.

A total of 176 patients (91 males, 85 females) from 165
families with a clinical diagnosis of SDS have been in-
cluded in this study. Median age at clinical diagnosis was

1.75 years (range, 0-23.62 years) and at last follow-up,
9.59 years (range, 0.95-45.58 years), adding up to a total
of 2,097 patient years. Twenty percent of patients have
reached adulthood (>18 years). At the time of writing, 142
patients were alive, 11 patients were deceased, and 23
patients had been lost to follow-up.

Pathogenic variants in the SBDS gene were detected in
99% of the 159 patients tested, revealing the common
compound heterozygous variant ¢.258+2T>C plus c.183_184
TA>CT in 65% of patients. Three percent of patients had
monoallelic pathogenic variants but a SDS phenotype
which distinguished them from healthy heterozygous SDBS
carriers. Ten percent of patients had no genetic testing
but met the clinical criteria (mainly exocrine pancreatic
insufficiency and neutropenia) for SDS (Figure 1).
Neutropenia (in 84% of patients) and exocrine pancre-
atic insufficiency (in 62%), diagnosed by decreased fecal
elastase, were the most common anomalies. The most
common clinical co-morbidities involved the endocrine
system (Table 1).

Follow-up complete blood count (CBC) and complete
information on G-CSF therapy were only available in the
SCNIR cohort. Initial CBC (N=108) at a median age of 1.45
years (range, 0-37.85 years) showed neutropenia in 81% of
patients, 35% of whom had severe neutropenia (absolute
neutrophil count [ANC] <500/uL). Bi-cytopenia was pres-
ent in 25% of patients, mainly neutropenia plus anemia.
Seventeen percent of patients had close to normal blood
counts.

In all, 1,423 CBC from 72 patients (excluding patients
with MDS / leukemia / pancytopenia / G-CSF / HCT) were
analyzed for association between blood counts and age.
White blood cell count (WBC) and platelet counts were
negatively associated with age, whereas there was a pos-
itive association between age and hemoglobulin level and
mean corpuscular volume. The decrease in WBC was mainly
due to a decrease in lymphocytes, while the median ANC
remained stable above 800/uL, with a slight increase to
>1,000/uL in adult patients.

Bone marrow (BM) morphology reports were available in 98
patients. MDS was defined according to WHO classification
by the treating physician. Blast count of approximately 30%
in the BM discriminates between MDS and AML. The first
reported BM evaluation was performed at a median age
of 3.59 years (range, 0.00-44.61 years), showing hypocel-
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Figure 1. Distribution of SBDS gene mutations. SBDS gene mutations were detected in 99% of Shwachman Diamond syndrome
(SDS) patients tested. Of the 158 patients with mutations, 96% harbored the common ¢.258+2T>C variant.

lularity in 47%. Left-shifted granulopoiesis was the most
common finding (N=23). Maturation arrest was reported
in 4 patients and MDS/AML in 4 patients.

The first reported cytogenetic analyses were performed in
97 patients at a median age of 4.73 years (range, 0.22- 44.59
years), detecting abnormalities in 11%: isochromosome 7
(N=3), isochromosome X (N=1), monosomy 7/deletion 20q
(N=1), structural abnormalities of chromosome 7p (N=1),
incomplete monosomy 7/ trisomy 8 (N=1), deletion 14 (N=1),
and complex karyotype (N=3).

Thirty-two percent of patients (N=39) had received G-CSF
at some time in their lives. Twenty-five patients received
long-term therapy (>1year) at a median age of 2.48 years
(range, 0.05-21.97 years), with a median dose of 2.03 ug/
kg/day (range, 0.32-5.0) and a median treatment duration
of 2.87 years (range, 2.68-13.58 years) (Figure 2).

All patients responded well to G-CSF therapy, with median
ANC increasing to 1,394/uL. Remarkably, no non-responders
to G-CSF have been reported, and no patient developed
somatic CSF3R mutations.

Ten of 121 patients (3 female and 7 male) developed sec-
ondary MDS (N=4), AML (N=5), acute lymphoblastic leu-
kemia (N=1) at a median age of 13.77 years (range, 5.12-
44,59 years). BM cytogenetic studies were normal in 3,
unknown in one, and abnormalin 6 patients with complex
aberrant karyotype (N=3), monosomy 7 (N=2, one of 2
with additional deletion 20qg) or incomplete monosomy
7 / trisomy 8 (N=1). Two of 6 patients with abnormal cy-
togenetic studies survived (incomplete monosomy 7 /
trisomy 8 [N=1]; complex karyotype [N=1]). Eight patients

underwent HCT and 5 are alive with a median follow-up
time of 5.07 years (range, 1.11-21.58 years) after HCT. Two
patients treated with anti-leukemic chemotherapy only
(without HCT) have died.

At the time of MDS/AML diagnosis, 2 of 10 patients were
receiving long-term G-CSF therapy (2.03 ug/kg/day and
4.30 ug/kg/day). Another patient had received G-CSF for
17 months 13 years prior to MDS/AML diagnosis. Seven
patients have never received G-CSF.

In the total cohort of 176 patients, 11 patients have died at
a median age of 14.45 years (range, 0.95-45.57 years; age
at death unknown [N=1]) (Online Supplementary Figure S1).
Causes of death included leukemia (N=2), transplant-re-
lated mortality (N=5), leukemia relapse after HCT (N=2),
and infections (N=2, RSV-infection and unknown infection).
Two successful pregnancies have been reported from two
25-year-old mothers with SDS.

In this study, we evaluated the genotype and clinical /
hematologic phenotype at initial enrollment, as well as
the natural course of CBC and co-morbidities over time
in a large series of SDS patients. Although international
guidelines for diagnosis and management exist,® not all
recommended studies (e.g., X-rays, BM aspirations, surveil-
lance CBC every 3 months) have been performed in every
patient. These studies were not mandatory for registry
enrollment. Therefore, the incidence of congenital anom-
alies might be higher than reported. Exocrine pancreatic
insufficiency, neutropenia, and skeletal abnormalities were
the most common findings at registration. In 176 patients,
we observed a wide variability in the clinical phenotype,
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with the majority of patients harboring the most common
biallelic variants, c.258 + 2T > C and c.183_184TA > CT,
but no clear genotype-phenotype correlation. Our data
are consistent with observations published by the North
American SDS Registry?’ and described in other cohort
studies.’8-®

Neutropenia was observed in 81% of initially reported CBC,
while severe neutropenia was reported in only 35%, and
normal blood counts in 17%. BM was hypocellular in the
majority of patients.

To understand the natural history of blood counts in SDS
patients, we analyzed over 1,400 CBC from 72 patients

(excluding patients with G-CSF, BMF/MDS/leukemia). Con-
sistent with the US data,® we confirmed that WBC and
platelet count were negatively, and hemoglobin level and
MCV were positively associated with increasing age. We
have shown for the first time that lymphocyte counts
are negatively associated with age. The decrease in WBC
is mainly due to the decrease in lymphocytes. Still, the
median ANC is above 500/uL and the median lymphocyte
count above 1,000/uL.

Granulocyte-colony stimulating factor therapy in SDS
patients has always been controversial because of the
unproven fear of inducing leukemia. Data on the use of

Table 1. Congenital anomalies and clinical comorbidities detected in 1776 Shwachman Diamond syndrome patients.

Congenital anomalies N (%)

Neutropenia 129 (84)
Exocrine pancreatic insufficiency 109 (62)
Musculoskeletal 38 (22)
Patients with >1 skeletal anomaly 9
Thoracic dystrophy/rib anomaly 22
Metaphyseal chondrodysplasia
Hip dysplasia
Scoliosis
Short limbs
Clindactyly
Osteogenesis imperfecta
Clubfoot
Knee/foot anomalies 31
Unclassified 1
Cardiovascular 11 (6)
ASD/VSD/VSD+ASD 1/1/2
Persistent foramen ovale
Aortic isthmus stenosis
Sinus node dysfunction
Aplasia of inferior vena cava
Trabeculae
Neurological
Microcephaly
Genitourinary
Single kidney
Pyelectasis
Frehley syndrome
Hypospadias
Cryptorchidism
Other organs
Pulmonary hypoplasia
Gallbladder aplasia
Pancreatic hypoplasia
Ears, nose and throat
Subglottic stenosis
Auricular dysplasia
Cleft palate
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Medical comorbidities N (%)
Endocrine 46 (26)
Diabetes mellitus

Hypothyroidism
Hypoparathyroidism
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Hypergonatropic hypogonadism
Short stature
Bone age delay

Skin

Eczema/atopic dermatitis
Ichthyosis + dermatitis
Vitiligo + dermatitis

Liver

Elevated liver enzymes
Liver fibrosis

Liver cirrhosis
Inflammatory liver disease
Chronic hepatitis

Psychiatric

Autism/autism spectrum disorder
Major depressive disorder
Schizophrenia

Narcolepsy

Attention deficit/hyperactivity disorder
Behavioral disorders

Obsessive compulsive disorder/tics

Other

Celiac disease
Cystic fibrosis
Immune disorder

Neurological

Epilepsy/seizures

Cancer/benign tumor

Testicular cancer
Ossifying fibroma
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Most common anomalies were neutropenia and exocrine pancreatic insufficiency, followed by skeletal anomalies. Skeletal anomalies were
reported by the treating physicians in 22% of patients. Screening X-rays are not mandatory for registry enrollment and not performed routine-
ly by the treating physicians. Therefore, skeletal anomalies are likely under-represented. The most common clinical co-morbidities involved
the endocrine system. ASD: atrial septal defect; VSD: ventricular septal defect.
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No G-CSF

82 (68%)

G-CSF in SDS patients are limited. We were able to show
that low doses of G-CSF resulted in sufficient ANC. No
non-responders to G-CSF were reported. In the SCNIR
cohort of 121 SDS patients, 7 of the 10 patients who de-
veloped MDS/AML had never received G-CSF. One patient
was treated for 17 months but G-CSF was discontinued
13 years prior to MDS/AML. Only 2 patients with MDS/
leukemia were receiving G-CSF therapy at the time of
MDS/leukemia diagnosis. This emphasizes the fact that
the risk of MDS/leukemia in SDS patients is related to the
genetic origin of the disorder, as in many other genetic
BM failure syndromes.

In conclusion, our current study has shown that despite
genetic homogeneity there are variable clinical and hema-
tologic phenotypes in SDS patients. There is an increasing
risk of BM failure with age. G-CSF therapy does not increase
the risk of developing MDS/leukemia and is, therefore, safe
to use in SDS patients with severe neutropenia.
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