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KEY PO INT S

l An SGLT2 inhibitor
improves
neutropenia/
neutrophil dysfunction
in GSD-Ib by lowering
intracellular 1,5AG6P.

l Empagliflozin, used in
type 2 diabetes, is
repurposed for
neutrophil dysfunction
in GSD-Ib without
causing symptomatic
hypoglycemia.

Neutropenia and neutrophil dysfunction cause serious infections and inflammatory bowel
disease in glycogen storage disease type Ib (GSD-Ib). Our discovery that accumulating 1,5-
anhydroglucitol-6-phosphate (1,5AG6P) caused neutropenia in a glucose-6-phosphatase 3
(G6PC3)–deficient mouse model and in 2 rare diseases (GSD-Ib and G6PC3 deficiency) led
us to repurpose the widely used antidiabetic drug empagliflozin, an inhibitor of the renal
glucose cotransporter sodium glucose cotransporter 2 (SGLT2). Off-label use of empa-
gliflozin in 4 GSD-Ib patients with incomplete response to granulocyte colony-stimulating
factor (GCSF) treatment decreased serum 1,5AG and neutrophil 1,5AG6P levels within
1 month. Clinically, symptoms of frequent infections, mucosal lesions, and inflammatory
bowel disease resolved, and no symptomatic hypoglycemia was observed. GCSF could be
discontinued in 2 patients and tapered by 57% and 81%, respectively, in the other 2. The
fluctuating neutrophil numbers in all patients were increased and stabilized. We further
demonstrated improved neutrophil function: normal oxidative burst (in 3 of 3 patients
tested), corrected protein glycosylation (2 of 2), and normal neutrophil chemotaxis (1 of 1),

and bactericidal activity (1 of 1) under treatment. In summary, the glucose-lowering SGLT2 inhibitor empagliflozin, used
for type 2 diabetes, was successfully repurposed for treating neutropenia and neutrophil dysfunction in the rare
inheritedmetabolic disorder GSD-Ib without causing symptomatic hypoglycemia.We ascribe this to an improvement in
neutrophil function resulting from the reduction of the intracellular concentration of 1,5AG6P. (Blood. 2020;136(9):
1033-1043)

Introduction
Glucose-6-phosphate translocase (G6PT/SLC37A4) and glucose-
6-phosphatase 1 (G6PC1) are required for the conversion
of G6P to glucose, ensuring glucose production by the liver
and kidney.1 Unlike glucose-6-phosphatase, G6PT is expressed
ubiquitously, and its deficiency2 underlies glycogen storage dis-
ease type Ib (GSD-Ib; MIM #232220), an autosomal, recessively
inherited, rare (prevalence, ;1 in 500000)3 inborn error of car-
bohydrate metabolism.4 Patients present with hepatomegaly and
severe hypoglycemia, for which the mainstay is strict dietary
management.5 Neutrophils in GSD-Ib patients exhibit exagger-
ated apoptosis6 and have a dysfunctional metabolism, impairing
protein glycosylation7 and resulting in neutrophil dysfunction,8

which leads to defective chemotaxis, oxidative burst, and bac-
tericidal activity.9 Patients experience a high burden of neutrophil
dysfunction–related symptoms, such as anourogenital lesions,
infections, and inflammatory bowel disease (IBD).10 Subcutaneous
injections of granulocyte colony-stimulating factor (GCSF) partially
improve neutrophil numbers but not neutrophil dysfunction11 and
involve a risk for monoclonal malignancies (myelodysplasia and
acute myeloid leukemia).12,13

Recently, we found that G6PT transports not only G6P, but also
its structural analog 1,5-anhydroglucitol-6-phosphate (1,5AG6P),
which accumulates in the neutrophils of GSD-Ib patients (Figure
1). These neutrophils lack G6PT and therefore fail to transport
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1,5AG6P from the cytosol into the endoplasmic reticulum, where
it is normally dephosphorylated by G6PC3, a phosphatase in the
membrane of the endoplasmic reticulum.14 Cytosolic accumula-
tion of 1,5AG6P inhibits glucose phosphorylation by hexokinases
and therefore glycolysis, the sole energy source for mature
neutrophils.15,16 This mechanism explains neutrophil dysfunction
and apoptosis not only in GSD-Ib, but also in G6PC3 deficiency,17

which underlies severe congenital neutropenia type 4 (MIM
#612541).18

1,5AG6P is made by enzymatic side reactions from 1,5AG, a
nondegradable glucose analog present in blood.19 Sodium
glucose cotransporter 2 (SGLT2) inhibitors, such as empagliflozin,
are antidiabetic drugs that inhibit renal glucose reabsorption in
diabetic and normoglycemic patients20,21 and therefore cause
urinary excretion of glucose. Glucosuria decreases renal 1,5AG
reabsorption and lowers its serum concentrations.14,22-24

We recently showed that empagliflozin decreases intracellular
1,5AG6P in G6PC3-deficient mice and normalizes their absolute
neutrophil counts (ANCs).14 Here we report the first results of

repurposing empagliflozin in GSD-Ib patients to treat neu-
tropenia and neutrophil dysfunction.

Patients and methods
Ethical considerations and study medication
This study evaluated the repurposing of empagliflozin as an
innovative mechanism-based individualized treatment for 4
GSD-Ib patients. These patients were independently treated at 3
different tertiary hospitals and were experiencing severe clinical
complications of neutrophil dysfunction despite standard treat-
ment with GCSF. Informed oral and written consent to off-label
treatment with empagliflozin was obtained from the patients or
parents.

The SGLT2 inhibitor empagliflozin registered for type 2 diabetes
in adults has a favorable safety profile. The most common ad-
verse effects are increased thirst and urogenital fungal skin in-
fections resulting fromglucosuria. Urinary tract infectionwas reported
more frequently in female patients treated with empagliflozin
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Figure 1. Empagliflozin lowers 1,5AG plasma levels
and restores neutrophil function in GSD-Ib patients
by lowering neutrophil 1,5AG6P. 1,5AG is a non-
degradable glucose analog present in blood (;150 mM).
It is slowly phosphorylated to 1,5AG6P by the side activities
of hexokinases and adenosine 59-diphosphate–dependent
glucokinase present in neutrophils. To prevent its accu-
mulation, 1,5AG6P is transported into the endoplasmic
reticulum by G6PT and dephosphorylated by the phos-
phataseG6PC3. (A) In GSD-Ib patients who are deficient in
G6PT, 1,5AG6P accumulates in neutrophils. It is the rise in
the concentration of 1,5AG6P that intoxicates neutrophils
by strongly inhibiting hexokinases and depleting the in-
tracellular pool of G6P (Gluc-6P) that is vital for neutrophils
to survive and function.14 (B) Inhibiting the renal SGLT2
with empagliflozin leads to glucosuria by preventing the
renal reabsorption of glucose, but also of 1,5AG, which
results in its urinary excretion. Consequently, this leads to
an approximate fourfold reduction in the concentration of
1,5AG in blood andof 1,5AG6P in neutrophils. This relieves
the inhibition of hexokinases and increases the pool of
G6P and of the metabolites in downstream pathways,
improving glycolysis, respiratory burst, and protein gly-
cosylation. Neutrophils function better, and neutropenia is
partly corrected.
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compared with placebo; there was no difference in male patients.
This does not indicate per se a relevantly increased risk for infants
or toddlers, but careful monitoring for signs of urinary tract in-
fection in this population may be reasonable.

Hypoglycemia with empagliflozin has rarely been observed and
only in coadministration with other antidiabetic drugs.25 In adults,
pharmacokinetics and pharmacodynamics are well characterized,
and a single daily dose of 10 to 25 mg is recommended. In obese
adolescents, the same dosage was well tolerated, but published
data as well as clinical experience are limited (more information in
supplemental Methods, available on the BloodWeb site). On the
basis of these data and the biochemical rationale, we judged the
risk/benefit ratio of empagliflozin use favorable in our patients.

Phenotypes of patients
The 4 patients had biallelic SLC37A4 variants, genetically con-
firming GSD-Ib (Table 1; Figure 2A). PT1, a 21-year-old woman,
had constant oral and anourogenital lesions and infections. She
had caries as a result of poor dental hygiene caused by painful
aphthous gums. She had up to 20 bloody andwatery stools daily,
was almost exclusively tube fed, and complained of constant
abdominal pain. She had microcytic anemia. Despite trials with
various biologicals, hemicolectomy, and 10 mg/kg per day of
GCSF, IBD and infections were not controlled. During the
5months before empagliflozin treatment, median ANCwas 0.53
109/L (reference range, 1.83 109/L to 83 109/L). Her adult Crohn
disease activity score was 221, indicating severe disease.26

PT2, a 2-year-old girl, presented with constant oral and anour-
ogenital lesions from birth, despite up to 10 mg/kg per day of
GCSF from 3 months of age. She had 1 to 2 soft stools daily and
was exclusively tube fed. Under GCSF, median ANC was 0.8 3
109/L (reference range, 1.83109/L to 83109/L). She hadmicrocytic
anemia, which was not responding to iron supplementation.

PT3, a 6-year-old boy, had presented at age 2 days with an
infection complicated by convulsions as a result of infarction of
the right medial and posterior cerebral arteries. Since then, he
had been treated with antiepileptics in different combinations
for focal seizures. He had had since birth frequent symptomatic
hypoglycemias regularly leading to seizures, watery stools,
multiple respiratory tract infections, and frequent ulcerative
gingivitis. GCSF was started at age 16 months. Throughout his
life, his median ANC was 1.8 3 109/L (reference range, 1.6 3
109/L to 7.6 3 109/L). At age 6 years, the clinical course was
complicated by progressive painful abdominal distension and
organomegaly, 5 to 9 watery stools per day, transfusion-
dependent anemia, and severe hypoglycemias despite contin-
uous gastric drip feeding, GCSF at up to 7 mg/kg per day, and
40 mg/kg of sulfasalazin twice daily. His pediatric Crohn disease
activity score was 67.5 (severe disease).27

PT4, a 2-year-old girl, had recurrent mouth ulcers and abscesses
in addition to persistent inflammation around the gastric tube
side, which occasionally developed into erysipelas requiring
antibiotic treatment. She had persistent diarrhea with up to
8 watery stools daily and recurrent vomiting multiple times per
day, despite sulfasalazin treatment (2 mg/kg twice daily). She
received up to 2.4 mg/kg per day of GCSF and had a median
ANC of 0.53 109/L (reference range, 1.83 109/L to 5.43 109/L).

Detection and quantification of 1,5AG in plasma
1,5AG in plasma was quantified by LC-MS as previously
described.14 Plasma was isolated after centrifugation (5 minutes
at 500 g; 22°C) of 0.4 mL of freshly collected EDTA blood and
kept at 280°C until analysis. Details can be found in supple-
mental Methods.

Detection and quantification of 1,5AG6P
To get an estimate of the 1,5AG6P concentration in granulocytes,
this metabolite was quantified by LC-MS,14 as described in detail
in supplemental Methods. The values for 1,5AG6P shown cor-
respond to extracted-ion chromatograms of the [M-H]2 form, and
the areas under the curve (m/z5 243.0273) were normalized to (1)
total ion current,14 which takes into account any variability in the
sensitivity of the LC-MSmeasurements, and (2) theANCpresent in
the respective blood sample, because most of the 1,5AG6P is
present in the neutrophils.14 The values obtained in this way are
proportional to the intracellular concentration of 1,5AG6P in
neutrophils.

Detection and quantification of glycosylated
LAMP2 in isolated granulocytes (PMN) by
western blot
Protein glycosylation was estimated in neutrophils by western
blot analysis of LAMP2.28 For this, PMNs from PT1, PT3, and a
healthy control were isolated from 5 mL of EDTA blood as
described for quantification of 1,5AG6P.14 Preparation of protein
extracts and analysis are detailed in supplemental Methods.

Neutrophil function assays of oxidative burst,
chemotaxis, and bactericidal activity
Neutrophil function was assessed for (1) oxidative burst in
2 different laboratories using flow cytometric analysis, (2) che-
motaxis, and (3) bactericidal activity as previously described.29-31

The detailed procedures for the analysis are available in sup-
plemental Methods.

Results
Clinical course under empagliflozin
Patients’ clinical courses are summarized in Table 1. PT1 started
with 5 mg of empagliflozin once daily (0.1 mg/kg per day)
48 hours after the last dose of GCSF. Glucose values in the first
10 days were measured by continuous glucose monitoring
(CGM) and additional capillary measurements every 2 hours. In
the following 30 days, capillary glucose was measured before
every meal and later only upon clinical indication. Nine hours
after the first empagliflozin dose, 1 asymptomatic mild hypo-
glycemia (2.7 mmol/L) occurred and was corrected with tube
feeds. Thereafter, no hypoglycemia was observed (capillary val-
ues, 3.6-7.9 mmol/L) during the 288 days of follow-up. Empa-
gliflozin was increased to 10 mg once daily (0.2 mg/kg per day)
on day 2, and from day 7 onward, 2 daily doses of 10 mg were
administered (0.4 mg/kg per day).

After 3 days of treatment, the patient reported increased ap-
petite and ability to brush her teeth without pain or bleeding.
After 5 days, a 4-week-old nonhealing genital wound, resulting
from the opening of an abscess, finally closed. Since then, the
patient had 5 self-limiting genital lesions, but no skin or mucosa
lesions or infections. The stool frequency went down to 1 to
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2 times daily within a week, and calprotectin levels in feces
normalized. Her (adult) Crohn disease activity score decreased
from 221 (day 0) to 138 (day 12) to 60 (day 288); values,150 are
considered remission.26 Her weight increased by 5 kg, and her
anemia resolved. At day 288, macrogol 3350 (13.7 g once daily)
was started because of painful hard stools. The splenomegaly
decreased from 17 to 15 cm in longitudinal diameter.

PT2 started empagliflozin at 5mgonce daily (0.4mg/kg per day);
GCSF was continued on days 2, 4, and 6 and was then dis-
continued by her parents because of clinical improvement.

Capillary glucose was measured before every meal in the first
10 days and later only upon indication. All values were within the
normal range during the 217 days of follow-up. The girl had
increased appetite and started eating partly orally. She had no
more skin or mucosa lesions. After 10 days, oral macrogol 3350
(6.9 g once daily) was started because of painful hard stools. Her
anemia resolved.

PT3 started with 5 mg of empagliflozin once daily (0.2 mg/kg
per day on days 1-8) and was increased to 10 mg (0.4 mg/kg per
day on days 9-37) and 12.5mg in 2 daily doses (0.5mg/kg per day on

Table 1. Phenotypes of patients and clinical course under empagliflozin

PT1, female, 21 y, 46 kg PT2, female, 2 y, 12 kg PT3, male, 6 y, 27 kg
PT4, female, 2 y,

16 kg

Variants in SLC37A4
(NM_001467.6)

c.[359_360insC];[547T.C],
(p.[Cys121Metfs*10];
[Cys183Arg])

c.1042_1043delCT,
(p.Leu348Valfs*53)
homozygous

c.1042_1043delCT,
(p.Leu348Valfs*53)
homozygous

c.59G.A, (p.Gly20Asp)
homozygous

Treatment duration, d 288 217 246 191

Empagliflozin final dose,
mg/kg/d

0.4 in 2 daily doses 0.3 once daily 0.7 in 2 daily doses 0.5 once daily

GCSF, mg/kg/wk BL: 72; UE: stop at d 22 BL: 70, stop after d 6 BL: 51; UE: 10 (281%) BL: 17; UE 7.2 (257%)

Median ANC, 3 109/L BL: 0.5; UE: 0.1 (d 1-14),
0.5 (d 15-288) (ref., 1.8-8)

BL: 0.8; UE: 1.5 (d 1-14),
1.3 (d 15-136) (ref., 1.5-8.5)

BL: 1.8; UE: 1.6 (d 1-14),
1.9 (d 15-246) (ref., 1.6-7.6)

BL: 0.5; UE: 1.1 (d 1-14),
1.1 (d 15-160)
(ref., 1.8-5.4)

Hemoglobin, g/L BL: 82; UE: 118 (d 288)
(ref., 114-135)

BL: 106; UE: 138 (d 136)
(ref., 114-135)

BL: 98; UE: 114 (d 246)
(ref., 118-146)

BL: 103; UE: 128 (d 191)
(ref., 103-138)

Thrombopenia, g/L (ref.
140-440)

BL, UE: no (197-485) BL, UE: no (174-621) BL, UE: no BL, UE: no (median,
259-356)

Skin and mucosal lesions BL: constant; UE: incidental,
self limiting

BL: constant; UE: incidental,
self limiting

BL: recurrent aphthous
stomatitis; UE: less frequent

BL: frequent; UE:
incidental, self
limiting

IBD BL: severe; UE: remission d 12 BL: clinically not suspected BL: severe; UE: mild BL: moderate; UE:
absent

Stool consistency BL: up to 203/d watery,
bloody stools; UE:
1-23/d soft stools

BL: soft stools; UE:
constipation

BL: 5-93/d watery, bloody
stools; UE: 2-33/d formed

BL: up to 83/d watery,
stools; UE: 23/d soft
stools

Fecal calprotectin,
mg/kg

BL: 419; UE: 58 (d 8), 14 (d 288)
(ref., ,50)

Not available BL: 265; UE: max, 60-251
(ref., 60 ,mg/kg)

BL: 18; UE: 33
(ref., , 50)

Other UE: increased appetite and
oral feeds, weight gain 5 kg
(BMI increase, 20 to 22)

UE: increased appetite and
oral feeds; height
remained on p 10, BMI on
p 90

BL: continuous drip feeding;
UE: oral feeds in portions
(interval between meals,
3 h), uncooked cornstarch
tolerated, eating by himself;
height improved from p 2 to
p 8, BMI decreased 23 to
20.7 (p .97)

BL: interval between
meals, 1.5 h; UE:
interval between
meals, 2-2.5 h; height
remained on p 30,
BMI on p 95

Organomegaly
(ultrasound and
physical examination)

BL: hepatosplenomegaly; UE:
hepatomegaly unchanged,
splenomegaly decreased

BL, UE: hepatomegaly, no
splenomegaly, unchanged

BL: hepatosplenomegaly; UE:
decreased

BL, UE: hepatomegaly,
no splenomegaly,
unchanged

Clinically relevant
hypoglycemia UE

No No No (improvement of glycemic
control, no more
hypoglycemia induced
seizures)

No (improvement of
glycemic control)

BMI, body mass index; BL, baseline; p, percentile; UE, under empagliflozin treatment.
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days 38-83) while continuing GCSF at 5.3 mg/kg per day. From day
12, stools gradually became more solid and less frequent, and
at day 15, continuous gastric drip feeding was replaced by frequent
meals with small doses of uncooked cornstarch. As determined by
CGM, hypoglycemic episodes quickly became less frequent. Daily
glucose urinary excretion on empagliflozin at 0.4 and 0.5 mg/kg
per day corresponded to a weight percentage of 4% and 7%,
respectively, of the daily dose of uncooked cornstarch.

From day 29, GCSF was gradually tapered, and the boy became
more active and started to eat by himself for the first time in his
life; the nasogastric tube could be removed, and fasting intervals
of ;3 hours were tolerated. Abdominal circumference and organo-
megaly decreased, and no more blood transfusions were needed.

During the additional follow-up until day 246, he had several
episodes of intercurrent infections (eg, day 106 otitis media
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Figure 2. Empagliflozin lowers plasma 1,5AG and intracellular 1,5AG6P and corrects neutropenia in GSD-Ib patients. (A) Time course of ANCs before and during
empagliflozin treatment in 4 GSD-Ib patients. The top part of the right scale refers to the concentration of GCSF, and the bottom to empagliflozin. (B) Decrease in the
concentration of plasma 1,5AG determined by liquid chromatography–mass spectrometry (LC-MS) during treatment. (C) Neutrophil 1,5AG6P determined in blood cells after
centrifugation to remove plasma (for determination of 1,5AG) and normalized to total metabolite content (total ion current [TIC])14 and ANC. (D) 1,5AG6P in isolated granulocytes
(polymorphonuclear neutrophils [PMNs]) and peripheral blood mononuclear cells (PBMCs) obtained from patient 1 (PT1) 1 day before and 28 or 50 days into empagliflozin
treatment and compared with levels found in a healthy control (CT).
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requiring amoxicillin, day 168 upper respiratory infection), which
led to a worsening of the general clinical situation, with reoc-
currence of oral aphthous lesions and loose stools. He had not
shown any symptomatic hypoglycemias, including hypoglycemia-
induced seizures, since the start of empagliflozin. Several attempts
to taper and stop GCSF were made, but GCSF had to be rein-
troduced during periods of infection. With sulfasalazine in un-
changed dosage (80 mg/kg per day), empagliflozin at a final
dosage of 0.7 mg/kg per day taken in 2 10-mg doses and
1.4 mg/kg of GCSF daily, the patient was currently in a stable clinical
situation. He had no more abdominal pain, ate mainly by himself,
and had 2 to 3 formed stools daily. The hemoglobin levels nearly
normalized, no more transfusions were needed, and spleno-
megaly decreased from 15.1 to 12.3 cm in longitudinal diameter.

His pediatric Crohn disease activity score decreased from 67.5
(severe disease) to 17.5 (day 61), 22.5 (day 120), and 20 (day 246;
mild disease).27

PT4 started with empagliflozin at 5 mg per day (0.3 mg/kg per
day), while GCSF was continued unchanged at 2.4 mg/kg per
day. On CGM, during the 191 days of follow-up, she showed
occasional low glucose levels (2.8-3.9 mmol/L); none were
symptomatic, and they occurred at a lower frequency than
before treatment. She had no more skin or mucosa lesions.
During treatment, she had 2 well-tolerated viral infections and
1 otitis media incident treated with amoxicillin. Her stooling
frequency improved to twice daily, and stools were better
formed. Empagliflozin was increased to 7.5 mg once daily
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(0.5 mg/kg per day) on day 98, sulfasalazine was stopped (day
142), and GCSF (day 133) was decreased to 3 times weekly at
2.4 mg/kg per dose instead of daily use. Her hemoglobin level
improved significantly, and C-reactive protein level normalized.

Neutrophils, plasma 1,5AG, intracellular 1,5AG6P,
and neutrophil function
Before treatment with empagliflozin, all 4 patients showed wide
fluctuations in ANC, which sometimes fell to very low values
(Figure 2A). In PT1, the marked drop in ANC after interruption of
GCSF and the start of empagliflozin was followed by a slow
increase of ANC to 0.5 3 109/L to 0.9 3 109/L. In PT2, in whom
GCSF was interrupted 6 days after starting empagliflozin, ANC
value eventually normalized; a transient but fully reversible drop
occurred when empagliflozin was transiently reduced from 5 mg
(0.4 mg/kg per day) to the same dose 3 times weekly, indicating
a tight dose-effect relation in the chosen dose range. In PT3,
ANC remained stable despite gradually tapering GCSF from
51.1 to 9.8 mg/kg per week (281%). In PT4, median ANC in-
creased from 0.53 109/L to 1.13 109/L before tapering of GCSF
treatment from 16.8 to 7.2 mg/kg per week (257%). Overall,
treatment with empagliflozin tended to decrease the amplitude
of the fluctuations in ANC, with the lowest ANC during empa-
gliflozin treatment being generally higher than the lowest ANC
observed on GCSF before empagliflozin treatment.

Daily empagliflozin intake resulted in a four- to fivefold decrease
in plasma 1,5AG in all patients and a new stable concentration of
1,5AG (34 to 45mM for PT1 to PT3) after 2 to 3 weeks (Figure 2B).
Levels in PT4 decreased from 301 to,90 mMwithin a month. To
estimate the 1,5AG6P accumulation in neutrophils, we de-
termined its amount in whole blood and normalized this value to
the ANCs. In PT1 and PT2, intracellular 1,5AG6P decreased by
;75% in parallel (Figure 2C) with plasma 1,5AG (Figure 2B). This
decrease in 1,5AG6P was less apparent in PT3. Of note, for PT3,
we compared 1,5AG6P in blood (Figure 2C) with that in isolated
leukocytes. 1,5AG6P in PT3 leukocytes showed a fourfold re-
duction (supplemental Figure 1) similar to that seen for PT1 and
PT2 in whole blood (Figure 2C).

This reduction of 1,5AG6P in leukocytes was further confirmed in
an isolated preparation of granulocytes (PMNs) and lymphocytes
(peripheral blood mononuclear cells) for PT1. As we had pre-
viously observed,14 1,5AG6P was approximately fourfold more
abundant in PMNs than in peripheral blood mononuclear cells.
Furthermore, on day 28, the treatment lowered 1,5AG6P in
PMNs by approximately fourfold, consistent with a similar de-
crease in plasma 1,5AG. Interestingly, the amount of 1,5AG6P in
PMNs of PT1 still remained ;25-fold above that of a healthy
control (Figure 2D), suggesting that the metabolic changes in
the neutrophils were only partly corrected (Figure 3A). This
finding is consistent with the observation that glycosylation of
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LAMP2 in PMNs from both PT1 and PT3 (Figure 3B) was re-
markably improved during treatment, but not fully normalized.

In PT4, the oxidative burst index before treatment was 143, with
only 34% neutrophils having an oxidative burst response
equivalent to that of the healthy control sample. It improved
after 48 days of treatment to 178, with 96% of neutrophils
showing a good oxidative burst (Figure 3C). On empagliflozin,
neutrophil chemotaxis showed ameanmigration, with a buffer of
33 mm (reference range, 24-54 mm) and with activated serum of
69 mm (reference range, 68-114 mm), and a bactericidal assay
showed a normal killing of 86% (reference, .71%). Likewise,
when PT1 and PT2 were treated with empagliflozin, their PMNs
responded to phorbol myristate acetate almost as well as the
corresponding date-matched control samples (response in
89.7% and 94.5% of patients’ PMNs vs 96.8% and 98.8% in date-
matched controls; supplemental Figure 2A-B). However, when
the respiratory burst of an untreated GSD-Ib patient was tested
in the same conditions, only 77.8% of the patient’s PMNs
responded to the phorbol myristate acetate stimulation, com-
pared with 96.9% of those from a date-matched control (sup-
plemental Figure 2C). This suggests that with empagliflozin, the
function of neutrophils from PT1 and PT2 was also largely
normalized.

Discussion
We describe a novel mechanism-based treatment of neu-
tropenia and neutrophil dysfunction in 4 patients with GSD-Ib.
This treatment is based on the SGLT2 inhibitor empagliflozin
decreasing the concentration of 1,5AG in plasma and thereby
reducing the concentration of its toxic derivative 1,5AG6P in
neutrophils. Empagliflozin dramatically improved the hetero-
geneous clinical findings related to neutrophil dysfunction in all
4 patients. Furthermore, it allowed the termination of GCSF in
2 patients and reduction by 57% to 81% in the 2 others without
decrease in ANC.

Treatment with empagliflozin ended the abdominal pain and
frequent watery stools that seriously affected patients’ daily life
activities and allowed healing of the oral and anourogenital
lesions and infections. Even though the scoring systems
designed for Crohn colitis have their limitations in GSD-Ib pa-
tients, the trend of score improvement was unquestionable in
the 2 patients with overt IBD. Furthermore, hemoglobin levels
improved in all patients, anemia resolved in 3 of 3 patients, and
3 of 4 patients were (partly) weaned from tube feeding.

A surprising observation of the present study is that the clinical
improvement observed during empagliflozin treatment was not
accompanied by an obvious increase in ANC compared with the
situation where the patients were treated with GCSF alone. This
was strikingly the case for PT1, in whom a clinical improvement
had already been seenwhile her ANCvaluewas still,0.23109/L.
These findings suggest that the improvement of the clinical
state was largely due to a recovery in the functions of neutrophils.
Accordingly, we found that the abnormal glycosylation7,32 in
the neutrophils of the 2 GSD-Ib patients tested (PT1 and PT3) was
largely (although not completely) corrected during empagliflozin
treatment (Figure 3B). In PT4, we documented normalization
of the oxidative burst defect unresolved by GCSF treatment,
and in PT1 and PT2, we observed a normal oxidative burst

under treatment11 (Figure 3C; supplemental Figure 2). Like-
wise, on empagliflozin treatment, neutrophils from PT4 showed
normal chemotaxis and bactericidal activity, which are deficient in
a vast majority of GSD-Ib patients.9 Of note, neutrophils obtained
from GCSF-treated patients were previously found to be
dysfunctional11 and to show a marked glycosylation defect.7

Similarly, neutrophils from GSD-Ib mice treated with GCSF
continued to exhibit impaired cell adhesion and migration.33

This difference is understandable, because GCSF treatment,
unlike empagliflozin treatment, is not expected to reduce the
accumulation of the metabolic inhibitor 1,5AG6P but only im-
prove overall neutrophil function by increasing the number of
(dysfunctional) neutrophils. Improvement of the neutrophil func-
tion is likely to help recruit neutrophils at the sites of infection and
increase their capacity to kill bacteria, thus explaining at least part
of the impressive clinical benefit observed in the patients.

In addition, Figure 2D shows that it is likely that lowering blood
1,5AG could equally reduce 1,5AG6P in other peripheral blood
mononuclear cells like macrophages or T cells that also seem to
be involved in immune cell homeostasis in GSD-Ib patients.3,34

Therefore, it is possible that empagliflozin treatment has ben-
efits that go beyond the improvements in neutrophil protein
glycosylation7,32 and function that we have documented here.

As judged from PT1 and PT2, in whom GCSF treatment was
replaced by empagliflozin, both treatments have roughly the
same beneficial effect on ANC (Figure 2A), except that the
fluctuations in ANC observed with GCSF treatment are atten-
uated on empagliflozin. In PT4, on an unchanged GCSF dose,
there was a significant increase in ANC. Furthermore, a positive
effect of empagliflozin on ANC valuesmay also be deduced from
the data shown for PT3 and PT4, because empagliflozin treat-
ment allowed for a decrease in GCSF dosage without reduction
in ANC. The neutropenia found in G6PT deficiency is due both
to a decrease in production of mature neutrophils and to an
increase in their apoptosis.6,8,35 Both are most likely the conse-
quence of the decrease in the rate of glucose metabolism14 in cells
that are highly dependent on glucose.15,16 By reducing the intra-
cellular concentration of the hexokinase inhibitor 1,5AG6P, empa-
gliflozin is expected to improve theproductionofmature neutrophils
and reduce their apoptosis rate. We hypothesize that the reduction
in the amplitude of ANC fluctuation with empagliflozin treatment
may result from an increase in the lifetime of neutrophils.

Empagliflozin was well tolerated up to 0.7 mg/kg per day and
did not induce significant, symptomatic hypoglycemias within
the observational period of up to 288 days (942 patient-days in
total). On the contrary, empagliflozin improved glucose ho-
meostasis in PT3, who did not show any more hypoglycemia-
induced seizures, and PT4. This suggests that IBD could play an
important role in poor glycemic control in GSD-Ib, possibly by
limiting intestinal glucose absorption. We prioritized the pre-
vention of hypoglycemia by a careful gradual dose increase of
empagliflozin over a progressive dose-finding scheme. Never-
theless, a clear dose response was observed in PT2. Thus, the
selected final doses of 0.3 to 0.7mg/kg per day in 1 or 2 daily doses
seem to be within the therapeutic window. For now, it remains
unclear if higher doses could be tolerated or more effective.

Another advantage of empagliflozin treatment is that painful
daily GCSF injections were no longer necessary in 2 patients and
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were significantly reduced in the other 2 patients. Minimizing
GCSF administration reduces both the increased risk for malig-
nancies under long-term GCSF treatment12 and cost, because
empagliflozin is at least 10-fold less expensive thanGCSF treatment.

The presented data indicate that empagliflozin seems promising
as treatment for neutrophil dysfunction in children and adults
with GSD-Ib. It could also be useful in treating the severe
neutropenia and neutrophil dysfunction present in G6PC3
deficiency,7,18,36 which equally originates from the accumulation
of 1,5AG6P in neutrophils.14 This is a serious condition, for which
allogeneic stem cell transplantation has recently been tested.37 Of
note, we have previously shown that empaglifozin treatment in
G6PC3-deficient mice normalized neutrophil counts.14 We have
not addressed the problem of neutrophil dysfunction, but because
neutropenia proceeds from a mechanism similar to that in GSD-Ib,
it is likely that this dysfunction would also be corrected.

Future work should aim at better understanding the origin of
1,5AG and determining whether it is feasible to decrease its
production. Classical knowledge is that ;90% of this polyol is
food derived38; however, the finding that the 1,5AG level is
linked to genomic loci encoding intestinal glycosidases39 sug-
gests that the endogenous origin, possibly in the intestine, may
have been underestimated.

The individual off-label empagliflozin treatment of 4 GSD-Ib
patients provides the preliminary data to develop an in-
ternational multicenter (randomized placebo-controlled) clinical
trial to evaluate and monitor safety, efficacy, and patient out-
comes in a larger cohort. Such information is warranted, because
there is considerable heterogeneity among GSD-Ib patients, as
already shown the 4 patients presented here. Additional studies
must also focus on the safety of the use of SGLT2 inhibitors in
children in general, because no data are available yet for this age
group, particularly regarding long-term use. It is encouraging
that the treatment occurred without noted adverse effects in 2
patients age 2 years as well as in a young adult. Clinicians need
to be particularly aware of possible hypoglycemic episodes and
should observe kidney function, because changes in kidney
function have been described as a long-term complication in
GSD-Ib.

Treating neutropenia, infections, complications, and adverse
effects is proposed as a main research priority for GSD-Ib
patients.40 Since presenting our data at the 5th International
Glycogen Storage Disease Conference in 2019 (Brazil), we have
been contacted by numerous physicians with experience in
GSD-Ib who are also planning to treat their patients. An in-
ternational multicenter (randomized placebo-controlled) trial will
obviously be the best way to thoroughly evaluate this new therapy,
which may potentially present risks that are not yet appreciated.
However, given the known challenges for trials in rare diseases41

and the urgent need for treatment in severely affected patients,
alternative trial designs (eg, n 5 1 trials) should be taken into
account. Additionally, we have initiated a patient registry to sys-
tematically capture the safety and efficacy of this new treatment
approach in children and adults with GSD-Ib when they are treated
on an individual basis outside a clinical trial.

Our work illustrates the importance of metabolite repair, a new
and quickly expanding concept in intermediary metabolism;

metabolite repair enzymes destroy the toxic side products
resulting from lack of enzyme specificity. Seven inborn errors of
metabolite repair have now been identified.17,42 The neu-
tropenias of GSD-Ib andG6PC3 deficiency are the first that seem
to be treatable.

In summary, treating a rare disease known to cause hypogly-
cemia with a glucose-lowering drug used in type 2 diabetes
seems counterintuitive. However, the goal of the treatment is to
reduce a glucose analog that is toxic to neutrophils in GSD-Ib
patients. Thus, this study underlines the importance of a thor-
ough understanding of human intermediary metabolism, which
has allowed a rapid and successful clinical translation through
the repurposing of an existing drug.
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