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1. Czes¢ wstepna
1.1. Wykaz skrotow

ALT — aminotransferaza alaninowa

AST — aminotransferaza asparaginowa

AFP — alfa — fetoproteina

AMPs — Antimicrobial Peptides — peptydy przeciwdrobnoustrojowe

CRP — C-reactive protein

EMPA — empagliflozyna

GO6PT — transporter dla glukozo-6-fosforanu

GO6P — glukozo-6-fosforan

GSD 1b — Glycogen Storage Disease type 1b — glikogenoza typu 1b

G-CSF — Granulocyte Colony-Stimulating Factor — czynnik wzrostu dla kolonii granulocytow
IBD — Inflammatory Bowel Disease — choroba zapalna jelit

NETs — Neutrophil Extracellular Traps — zewnatrzkomorkowe sieci neutrofilowe

SGLT2 — Sodium-Glucose Transport Protein 2 — Kotransporter sodowo-glukozowy typu 2.
1,5 AG - 1,5 anhydroglucitol

1,5 AG6P — fosforan 1,5 anhydroglucitolu

SSK — surowa skrobia kukurydziana

1.2. Slowa kluczowe: Glikogenoza 1b, neutropenia, 1,5-anhydroglucitol, inhibitor SGLT2,

empagliflozyna.

Keywords: Glycogen storage disease type 1b, neutropenia, 1,5-anhydroglucitol, SGLT2
inhibitor, empagliflozin.



1.3. Streszczenie w jezyku polskim

Glikogenoza typu 1b (GSD 1b) jest rzadkim, dziedziczonym autosomalnie recesywnie
(SLC37A44), deficytem trasportera dla glukozo- 6- fosforanu (G6PT) w blonie retikulum
endoplazmatycznego (ER). Zmniejszony transport GO6P do wnetrza ER  zaburza
glukoneogenezg 1 glikogenolizg, co prowadzi do epizodéw hipoglikemii popositkowej,
hipermleczanemii, hiperurykemii, hipertransaminazemii, hipertriglicerydemii
1 hipercholesterolemii. Zwykle pierwszymi zwracajagcymi uwage objawami sg: niskorostos¢,
masywna hepatomegalia i charakterystyczna twarz z wydatnymi policzkami (tzw. twarz lalki).
U pacjentéow z GSD 1b obserwowane sg takze czgste, zagrazajace zyciu zakazenia i choroba
zapalna jelit (Crohn- like), co spowodowane jest obnizong liczbg i1 nieprawidlowym
funkcjonowaniem granulocytéw obojetnochtonnych. Dotychczas stosowany w profilaktyce
zakazen, czynnik wzrostu kolonii granulocytow (G-CSF) nie jest w pelni skuteczny i obserwuje

si¢ jego liczne dziatania niepozadane.

W wyniku deficytu G6PT w cytoplazmie neutrofili magazynuje si¢ fosforan 1,5-
anhydroglucitolu (1,5 AG6P), ktory hamuje glikoliz¢ beztlenowa. Niedobdr energii prowadzi
do nadmiernej apoptozy neutrofili, a takze zaburza ich aktywno$¢ bakterio- i grzybobdjcza
(nieprawidtowa chemotaksja, fagocytoza i zaburzony ,,wybuch tlenowy”). Empagliflozyna
(EMPA), inhibitor kotransportera sodowo- glukozowego typu 2 (SGLT2) hamuje resorpcje

zwrotng 1,5 AG z moczu, co zmniejsza stezenie 1,5 AG6P w neutrofilach.

Celem pierwszorzegdowym pracy bylo poroéwnanie skutecznosci czynnika wzrostu
kolonii granulocytow (G-CSF) 1 empagliflozyny (EMPA) w leczeniu neutropenii w przebiegu
GSD 1b.

Celem drugorzgdowym byto scharakteryzowanie polskiej populacji dzieci chorych na
GSD 1b ze szczegdlnym uwzglednieniem najbardziej charakterystycznych, pierwszych

objawow klinicznych, biochemicznych 1 wystepujacych powiktan.

Z analizy wynikow badan wyciagnigto nastepujace wnioski:

1) W polskiej, populacji pediatrycznej najczestszym, pierwszym objawem GSD 1b jest cigzkie
zakazenie w okresie noworodkowo-niemowlecym. Tak jak w wielu wrodzonych neutropeniach,
tak i w przebiegu GSD 1b w trakcie trwania zakazenia szpik kostny jest zdolny do ,,wyrzucenia”
wigkszej liczby neutrofili, co moze maskowa¢ przewlekly niedobdr tych komorek. Dlatego

szczegblnie w razie wystepowania nawracajacych, ciezkich zakazen i/lub podejrzenia GSD 1b,
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konieczna jest kontrola morfologii krwi z rozmazem recznym po ustgpieniu objawow zakazenia

i/lub normalizacji CRP (C-reactive protein).

2) Hipoglikemia w przebiegu GSD 1b, pomimo znacznego nasilenia, stosunkowo rzadko daje
objawy, co dowodzi koniecznosci jej aktywnego poszukiwania (oznaczenie glikemii na czczo,

wykonanie testu przedtuzonego gtodzenia) u chorego diagnozowanego w tym kierunku.

3) Stosowanie G-CSF w leczeniu neutropenii u pacjentow z GSD 1b nie przywraca ani

prawidtowej liczby, ani odpowiedniej aktywnos$ci przeciwdrobnoustrojowej neutrofili.

4) Wiaczenie do leczenia EMPA korzystnie wptywa na czgsto$¢ zakazen i objawy choroby
zapalnej jelit, co jest gtownie wynikiem poprawy funkcjonowania przeciwdrobnoustrojowego

neutrofili.

5) Stosowanie EMPA, pomimo jego dziatania hipoglikemizujacego, jest bezpieczne

u pacjentéow z GSD 1b.

6) EMPA wptyneta korzystnie na wszystkie parametry aktywnos$ci przeciwdrobnoustrojowe;j
granulocytow oboje¢tnochtonnych z wyjatkiem syntezy wewnatrzkomoérkowych 1 osoczowych
peptydoéw przeciwdrobnoustrojowych (AMPs) m.in. defensyn. Wytwarzanie AMPs bylo

wigksze w trakcie leczenia G- CSF.



1.4. Streszczenie w jezyku angielskim

Glycogen storage disease type 1b (GSD 1b) is a rare autosomal recessively inherited
disease (SLC37A4). GSD 1b is a deficiency of a transporter for glucose-6-phosphate (G6PT)
in the endoplasmic reticulum (ER) membrane. Reduced transport of G6P into the ER
interferes with gluconeogenesis and glycogenolysis, leading to episodes of postprandial
hypoglycaemia, hyperlactatemia, hyperuricaemia, hypertriglyceridaemia and
hypercholesterolaemia. Typically, the first noticeable symptoms are short stature, massive
hepatomegaly and a characteristic face with prominent cheeks (referred to as a 'doll face’).
Patients with GSD 1b also exhibit frequent, life-threatening infections and inflammatory
bowel disease (Crohn-like), which are caused by abnormal neutrophil function. So far,
granulocyte colony-stimulating factor (G-CSF) used to prevent infections has not been fully

effective and numerous side effects have been observed.

As aresult of G6PT deficiency, 1,5-anhydroglucitol phosphate (1,5 AG6P) is stored in the
cytoplasm of neutrophils, which inhibits anaerobic glycolysis. This energy deficiency leads to
excessive apoptosis of neutrophils and impairs their bactericidal and fungicidal activity (e.g.
abnormal chemotaxis, phagocytosis, impaired 'oxygen burst’). Empagliflozin (EMPA), an
inhibitor of the sodium-glucose cotransporter type 2 (SGLT2), decreases the reabsorption of

1.5 AG from urine, which reduces the concentration of 1.5 AG6P in neutrophils.

This study aimed to assess the effect of treatment with the SGLT2 inhibitor, specifically on
neutropenia and its complications in patients with GSD1b.

The following conclusions were drawn from the analysis of the study results:

1) In the Polish pediatric population, the most common first manifestation of GSD 1b is
severe infection during the neonatal-infant period. As in many congenital neutropenias, during
an infection, in patients with GSD 1b, the bone marrow can "shed" more neutrophils,
potentially masking a chronic deficiency of these cells. Therefore, especially in the presence
of recurrent, severe infections or suspected GSD 1b, it is necessary to monitor blood counts

with manual smears after the symptoms of infection have resolved or CRP has normalized.

2) Despite its significant severity, hypoglycaemia in the course of GSD 1b is relatively rarely
symptomatic, which demonstrates the need to actively look for it (e.g. fasting blood glucose

determination, prolonged starvation test) in patients diagnosed with this condition.
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3) G-CSF treatment of neutropenia in patients with GSD 1b does not restore neutrophils’

normal number or antimicrobial activity.

4) EMPA's inclusion in the treatment has a beneficial effect on the frequency of infections
and symptoms of inflammatory bowel disease, mainly due to an improvement in neutrophil

antimicrobial function.
5) EMPA's use, despite its hypoglycaemic effect, is safe in patients with GSD 1b.

6) EMPA positively affected all parameters of neutrophils’ antimicrobial activity except the
synthesis of intracellular and plasma antimicrobial peptides (AMPs), including defensins.

AMP production was higher during G-CSF treatment.



1.5. Wstep
Glikogenozy (Glycogen storage disease, GSD) to grupa kilkunastu, rzadkich,

wrodzonych wad metabolizmu spowodowanych nieprawidtowg degradacja lub rzadziej synteza
glikogenu (1)(2)(3). Uwazany za najci¢zszy typ 1, zwiazany jest z deficytem jednego
z kluczowych enzyméw zaréwno glikogenolizy, jak i glukoneogenezy — glukozo-6-fosfatazy
(podtyp ,,a”) lub z brakiem/niedoborem biatka transportujagcego substrat dla tego enzymu
(podtyp ,,b”) (1)(2)(3).

Najczgsciej pierwsze objawy GSD 1 ujawniajg si¢ w 3-6 miesigcu zycia, kiedy
niemowle zaczyna mie¢ dtuzsze przerwy migdzy positkami lub rozwinie infekcje, ktora zaburza
normalny cykl karmien (1). Po okoto 3-4 godzinach przerwy w karmieniu, niemowle rozwija
objawy hipoglikemii, wilacznie z epizodami napadowymi (1). Ponadto w badaniu
przedmiotowym zwykle zwraca uwage znaczna hepatomegalia. Badaniami laboratoryjnymi
sugerujacymi rozpoznanie jest znaczne obnizenie glukozy w surowicy (czesto do warto$ci
<20mg/dl), nasilona hipermleczanemia, hipertriglicerydemia, hipercholesterolemia,
hiperurykemia, a takze hipertransaminazemia (1)(2)(3). Co wigcej, moga pojawié si¢
zaburzenia elektrolitowe, wynikajace zuszkodzenia cewki proksymalnej nerek (zespot
Fanconiego)(1). Zazwyczaj w badaniu USG jamy brzusznej stwierdza si¢ znaczne
powickszenie wymiardw watroby i jej nieprawidlowa echogenicznos¢, co spowodowane jest
nadmiernym spicharzaniem si¢ thuszczy i glikogenu (1)(2). O ile powyzsze zmiany w obrazie
watroby dotycza wigkszosci glikogenoz, o tyle towarzyszace im powigkszenie nerek jest
patognomoniczne dla GSD typu 1. Potwierdzeniem rozpoznania jest wykrycie
nieprawidlowego wariantu molekularnego na obydwu allelach genu G6PC (podtyp ,,a”) lub

SLC3744 (podtyp ,b”) (1).

GSD 1 jest chorobg wielonarzadowa. Z czasem do powyzej opisanych objawoéw moze
dotaczy¢ niedobor wzrostu, otylo$¢, nadci$nienie tetnicze, biatkomocz i kamica uktadu
moczowego (1). Postepujace szkliwienie kiebuszkow nerkowych 1 przewlekta hiperurykemia
prowadza do przewlektej choroby nerek wymagajacej dializoterapii, zwykle w 3-4 dekadzie
zycia (1). W badaniach obrazowych watroby u pacjentéw z GSD 1, czgsto sa obserwowane
zmiany ogniskowe zwykle o charakterze gruczolakéw. Najczesciej powstaja one w wyniku
nieprzestrzegania zalecen dietetycznych 1 mogg si¢ zmniejszy¢ wraz z poprawg tzw.
wyrdéwnania metabolicznego. Pomimo fagodnego charakteru wymagaja one kontroli w MRI co
6-12 miesiecy, z powodu ryzyka rozwoju hepatocarcinoma, w wykrywaniu ktorego alfa-

fetoproteina (AFP) ma ograniczong czuto$¢ i swoisto$¢ (1). Postepujace zmiany w migzszu
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watroby moga takze prowadzi¢ do uposledzonej syntezy hepcydyny, biatka kontrolujacego
absorpcj¢ zelaza przez erytrocyt, co wraz ze zmniejszong st¢zenia erytropoetyny wydzielanej
przez uszkodzone nerki, prowadzi do cigzkiej niedokrwistosci niereagujacej na leczenie
zelazem (1). Nieprzestrzeganie zalecen zywieniowych skutkuje hipermleczanemia, ktéra na
przestrzeni lat wptywa na obnizenie gesto$ci mineralnej kosci, a takze hipertriglicerydemia
mogaca prowadzi¢ do ostrego zapalenia trzustki (najwigksze ryzyko w przypadku stezenia

>1000 mg/dl) (1).

Podstawg leczenia GSD 1 jest leczenie zywieniowe oparte na czgstej (co 3-4 godziny
w dzien 1 co 4-5 godziny w nocy) podazy bogatobiatkowych positkow, ktore zawieraja
ograniczone ilosci galaktozy i fruktozy (1). Dozwolona ilo§¢ weglowodanow prostych nie jest
jednoznacznie okreslona, ze wzgledu na rézng aktywno$¢ resztkowa deficytowego biatka
u poszczegolnych pacjentow 1 wymaga indywidualnego dostosowania zalecen dietetycznych.
Wydhuzenie przerw miedzy positkami uzyskuje sie dzigki podazy surowej skrobi kukurydzianej
(SSK) (1)(2). SSK jest polimerem skladajacym si¢ z czasteczek glukozy, ktory dzigki
powolnemu trawieniu (podobnie do rozktadu czasteczki glikogenu), umozliwia dluzsze
utrzymanie normoglikemii. Czgsto obserwowane sa jej dziatania niepozadane jak: biegunki,
bole i wzdecia brzucha. W podtypie ,,a” mozliwe jest zastosowanie Glycosade® (Nestlé),
tj. zmodyfikowanej SSK, ktory ma dluzszy okres poéttrwania niz klasyczna jej posta¢ (wedtug
ChPL moze wydluza¢ przerwe¢ miedzy positkami nawet do 6-8 godzin, co jest wazne

szczegoOlnie w nocy). Niestety u pacjentow z podtypem ,,b”, nie jest on dobrze tolerowany (1).

GSD 1b wystepuje rzadziej niz typ la (20% vs 80%), ale jej przebieg jest znacznie
cigzszy, z powodu neutopenii (1)(2)(3). Zwykle znacznie zmniejszona liczba granulocytow
obojetnochtonnych powoduje czeste, zagrazajace zyciu infekcje 1 nieswoiste zapalenie jelit
z owrzodzeniami w jamie ustnej (Crohn-like disease) (1)(2)(3)(4)(5). W profilaktyce zakazen
stosowany jest czynnik wzrostu kolonii granulocytow (G-CSF, filgrastim) (1)(2)(3). G-CSF
zwigksza bezwzgledna liczbe neutrofili, jednak nadal zakazenia sg pierwszg przyczyng zgonow
w tej grupie chorych. W trakcie stosowania G-CSF obserwowane sa liczne dziatanie
niepozadane: m.in. bole kosto-stawowe, splenomegalia, hipersplenizm i1 zwigkszone ryzyko

nowotworow uktadu chtonnego (zespot mielodysplastyczny i ostra bialaczka szpikowa).
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2. Teoretyczne podstawy pracy

2.1. Mechanizm powstania neutropenii w GSD 1b

Pomimo, iz GSD 1b jest choroba znang od prawie 100 lat (von Gierke, 1929), to do
2019 roku tj. ukazania si¢ publikacji Veiga-da-Cunha M. et al. przyczyna neutropenii

w przebiegu GSD 1b byla nieznana.

W trakcie dojrzewania granulocyty obojetnochlonne traca mitochondria, dlatego
powstanie energii niezbgdnej do ich funkcjonowania jest zalezne od glikolizy beztlenowe;.
W pierwszym etapie tego procesu, glukoza dostaje si¢ do cytoplazmy neutrofila poprzez
transporter blonowy. Nastepnie jest fosforylowana przez heksokinaze do glukozo-6-fosforanu
(G6P). G6P jest nie tylko kluczowym metabolitem glikolizy, ale takze cyklu
pentozofosforanowego, w ktorym generowany jest NADPH. Substrat ten jest konieczny do
produkcji  wolnych rodnikéw tlenowych, warunkujacych prawidlowa aktywnosé

przeciwdrobnoustrojowa neutrofili.

Obnizona liczba, a takze nieprawidlowa funkcja neutrofili u pacjentow z GSDI1b
spowodowana jest kumulacja w cytoplazmie neutrofilow fosforanu 1,5-anhydroglucitolu (1,5
AG6P), ktoéry hamuje glikolize (4)(5). Niedobor energii prowadzi do nadmiernej apoptozy
neutrofili, a takze zaburza ich aktywno$¢ bakterio- 1 grzybobodjcza (nieprawidlowa
chemotaksja, fagocytoza, zaburzony ,,wybuch tlenowy”) (4)(5). 1,5AG6P jest produktem
fosforylacji 1,5-anhydroglucitolu (1,5AG), substancji nietoksycznej o niepoznanej dotychczas
funkcji, ktora jest dostarczana do ludzkiego organizmu gtéwnie z pozywieniem (w 10% jest to

produkcja endogenna z glukozy w jelitach).
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2.2. Mechanizm dzialania inhibitora SGLT2 (empagliflozyny) na neutrofile u chorych na
GSD 1b

Po roku od odkrycia przyczyny neutropenii w przebiegu GSD 1b, prof. Wortmann
opublikowata donieniesie o korzystnym wplywie inhibitora SGLT2 (empagliflozyny) na

granulocyty obojetnochtonne w tej grupie chorych (5).

Kotransporter sodowo-glukozowy typu 2 (SGLT2) m.in. empagliflozyna (EMPA) jest
odpowiedzialny w cewkach nerkowych za zwrotne wchlanianie glukozy z przesgczu
pierwotnego (5). Jego zablokowanie znaczaco ogranicza zwrotne wchtanianie glukozy, co
zmniejsza jej stezenie w surowicy, dlatego jego inhibitory sg stosowane w leczeniu dorostych
pacjentdw z cukrzyca typu II (5). Najczesciej raportowanymi dziataniami niepozadanymi sg
epizody hipoglikemii (opisywane przy stosowaniu inhibitorow SGLT2 z innymi lekami

hipoglikemizujacymi) 1 wigksza czestos¢ zakazen uktadu moczowego.

Inhibitory SGLT2 zmniejszaja resorpcje zwrotng w nerkach nie tylko glukozy, ale takze
jej strukturalnego analogu 1,5 anhydroglucitolu (1,5AG) (5). Dzigki temu zmniejsza si¢
stezenie 1,5 AG w surowicy, a co za tym idzie jego fosforanu w cytoplazmie neutrofili (5).
Profesor Wortmann we wspomnianej publikacji, przedstawita 4 chorych z GSD 1b, u ktdérych
po zastosowaniu EMPA zwigkszyla si¢ bezwzgledna liczba neutrofili, a takze poprawila si¢ ich
funkcja przeciwdrobnoustrojowa (5). Nie obserwowano réwnoczesnie istotnych dzialan
niepozadanych takiego leczenia (nie stwierdzono zwigkszonej czgstosci hipoglikemii, jedynie

nieznaczny wzrost liczby zakazen uktadu moczowego) (5).
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3. Metodologiczne podstawy pracy (publikacje wlasne)

Podstawa przygotowania rozprawy doktorskiej pod tytutem: ,Wpltyw leczenia

empagliflozyng na przebieg glikogenozy 1b” sg nast¢pujace publikacje:

3.1 Przelom w leczeniu glikogenozy 1b?

Magdalena Kaczor, Dorota Wesot-Kucharska, Milena Greczan, Dariusz Rokicki, Janusz
Ksigzyk.

Klinika Pediatryczna vol 30 Neurometabolizm 2022, strony 6021- 6024

Punkty MNiSW: 5.00

Praca stanowi artykul pogladowy dotyczacy objawdw klinicznych i1 biochemicznych
mogacych sugerowaé rozpoznanie GSDIb. Szczegdétowo omoéwiono w nim mechanizm
dziatania empagliflozyny (EMPA) w leczeniu neutropenii u pacjentow z GSD 1b. Nastepnie

podsumowano wszystkie dostepne w 2022 roku publikacje dotyczace takiego leczenia.

3.2. Sodium-glucose cotransporter type 2 channel inhibitor: Breakthrough
in the treatment of neutropenia in patients with glycogen storage disease
type 1b?

Magdalena Kaczor, Milena Greczan, Karolina Kierus, Ewa Ehmke Vel Emczynska-Seliga,
Elzbieta Ciara, Barbara Pigtosa, Dariusz Rokicki, Janusz Ksigzyk, Dorota Wesot-Kucharska.

JIMD Rep. 2022 Mar 2;63(3):199-206. doi: 10.1002/jmd2.12278. PMID: 35433171; PMCID:
PMC8995836

Punkty MNiSW: 5.00

Cel pracy: Celem pracy jest analiza przebiegu GSD 1b u pacjentdéw, ktorym jako
pierwszym w Polsce, wlaczono inhibitor kotransportera sodowo-glukozowego typu 2.

(empagliflozyna).

Material i metody: Do badania wiaczono 4 pacjentow (2 dziewczynki, 2 chlopcow)
z najciezsza, pomimo leczenia G- CSF, neutropenia w przebiegu GSD 1b. Poréwnano
u kazdego pacjenta retrospektywnie dane kliniczne i biochemiczne z okresu przed wlaczeniem
do tozsamego okresu po wiaczeniu leczenia empagliflozyng (EMPA). Najdluzszy okres
leczenia wynosit rok 1 5/12, najkrétszy 2 miesigce (mediana rok 1 3 miesigce). Przeanalizowano

histori¢ choroby kazdego pacjenta ze szczeg6lnym uwzglednieniem czestosci wystepowania
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ciezkich infekcji (tj. wymagajacych antybiotykoterapii), czestosci pilnych hospitalizacji
z powodu infekcji, $redniej czgstosci wyproznien, wystgpowania aft jamy ustnej, Sredniej
stosowanej dawki G- CSF, $redniej liczby neutrofili i wynikow badan laboratoryjnych tzw.
parametrow wyrOwnania metabolicznego w czasie stosowania EMPA. Analogiczne dane
zebrano z takiego samego okresu sprzed wlgczenia tego leczenia i porownano otrzymane

wyniki.

Wyniki: Wszyscy pacjenci przed wiaczeniem EMPA byli niesatysfakcjonujgco leczeni
czynnikiem wzrostu kolonii granulocytéw (G- CSF), ktory u 3/ 4 pacjentéw odstawiono,
aujednego dawke zmniejszono o 50%. U wszystkich pacjentéw obserwowano znaczne
zmniejszenie czgstosci cigzkich infekcji, a tym samym hospitalizacji z tego powodu w okresie
leczenia EMPA. Ponadto u trzech najdluzej leczonych pacjentow stwierdzono znacznie
zmniejszenie liczby wypréznien na dobe i1 dni w miesigcu, w ktérych pacjenci raportowali
obecno$¢ aft w jamie ustnej. Poréwnujac wyniki badan laboratoryjnych z okresu przed i po
wiaczeniu EMPA, stwierdzono jej korzystny wptyw na mediang liczby neutrofili w surowicy
u 4/4 pacjentéw 1 na stezenie kwasu moczowego w surowicy u 2/4. Na pozostale parametry
wyrownania metabolicznego, tj. stezenie glukozy, kwasu mlekowego, triglicerydow,
cholesterolu catkowitego 1 transaminaz w surowicy, nie zauwazono istotnego wplywu

w obserwowanych okresach.

Whioski: Analiza nasilenia neutropenii i objawow z niej wynikajacych u 4 pacjentow
z GSD 1b, potwierdzila korzystny wptyw EMPA. Istotna kliniczna poprawa nie koreluje
z nieznacznym wzrostem mediany liczby neutrofili w surowicy, dlatego najprawdopodobniej

wynika ona z poprawy w zakresie aktywnos$ci przeciwdrobnoustrojowej tych komorek.

3.3. Neutrophil functions in patients with neutropenia due to glycogen
storage disease type 1b treated with empagliflozin.

Kaczor M, Malicki S, Folkert J, Dobosz E, Bryzek D, Chruscicka-Smaga B, Greczan M, Wesot-
Kucharska D, Piatosa B Prof, Samborowska E, Madzio J, Ksigzyk J, Vel Emczynska E,
Hajdacka M, Potempa J, Miynarski W, Rokicki D, Veillard F.

Blood Adv. 2024 Mar 26: blood advances.2023012403. doi: 10.1182/ bloodadvances. 2023
012403. PMID: 38531056.

Impact factor: 7.5
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Cel pracy: Celem pracy jest prospektywna ocena zaréwno natychmiastowej, jak
i dlugoterminowej skuteczno$ci empagliflozyny (EMPA) w leczeniu neutropenii u pacjentow z

GSD 1b.

Oceniono wpltyw EMPA na najwazniejsze funkcje przeciwdrobnoustrojowe
granulocytow obojetnochtonnych, tj. apoptoze, fagocytoze, chemotaksje, wybuch tlenowy,
komorkowe 1 osoczowe poziomy peptyddéw przeciwdrobnoustrojowych (AMPs) 1 LL-37 oraz
tworzenie zewnatrzkomérkowych putapek neutrofilowych (NET) w poréwnaniu do

kontrolnego leczenia czynnikiem wzrostu kolonii granulocytow oboje¢tnochtonnych (G-CSF).

Material i metody: Sposrod 12 pacjentéw wiaczonych do badania klinicznego pt.
,»Ocena skutecznos$ci 1 bezpieczenstwa empagliflozyny w leczeniu neutropenii u pacjentow
z glikogenoza 1b” akronim EMPAtia. Do dodatkowej poglebionej analizy poszczegdlnych
funkcji przeciwdrobnoustrojowych neutrofili zakwalifikowano 7 pacjentow (3 dziewczynki

14 chtopcéw w wieku 3- 19 lat; mediana wieku: 11 lat).

Pierwsza tak szczegdlowa, prospektywna analiza byla mozliwa dzigki wspolpracy
z projektem FixNet (Fix Neutropenia: focusing on neutrophil proteases defects which serve as
novel diagnostic and therapeutic options) 1 przebiegata zgodnie z protokolem podbadania

EMPAtia/ FixNet.

Przed wiaczeniem do badania wszyscy pacjenci byli leczeni G-CSF (mediana dawki:
2 ug/kg/dobg; zakres: 1-6.5 ug/kg/dobe). Neutrofile z krwi obwodowej u kazdego pacjenta byty
wyizolowane przed wiaczeniem leczenia EMPA (mediana dawki: 0.42 mg/kg/dobe; zakres 0.3-
0.47mg/kg/dobg), a nastepnie po 3 1 12 miesigcach. W kazdej z probek oceniono liczbe
neutrofili, ich zdolno$§¢ do apoptozy, a takze fagocytoze, chemotaksje, wybuch tlenowy,
poziomy komorkowych 1 osoczowych peptydéw przeciwdrobnoustrojowych (AMPs) 1 LL-37
oraz tworzenie zewnatrzkomorkowych putapek neutrofilowych (NET). Nastgpnie porownano
uzyskane wyniki u kazdego pacjenta przed wigczeniem EMPA, do wyniku po 3 1 12 miesigcach,
a takze do warto$ci prawidlowych (roOwnoczesne oznaczenie powyzszych parametrow
u zdrowej kontroli). Zwrdcono uwagg na przebieg kliniczny ze szczegdlnym uwzglgdnieniem
liczby infekcji wymagajacych antybiotykoterapii i wystgpienia/ nasilenia choroby zapalnej jelit
(IBD) (w okresie rok przed vs po wlaczeniu EMPA). Dodatkowo, w kazdym z wymienionych
punktow czasowych wykonano pomiar stezenia 1,5 anhydroglucitolu (1,5 AG) w surowicy

1 skorelowano go z uzyskanymi wynikami.
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Wyniki: W trakcie leczenia G-CSF mediana liczby neutrofili u 7 pacjentow wynosita
0.86 x 10> kom/pl, co potwierdzito znaczny ich niedobor w stosunku do wartosci naleznych
(mediana liczby neutrofili zdrowej kontroli wynosita 3,1 x10° kom/ul). Po wlaczeniu EMPA
mediana liczby neutrofili po 3 miesiacach wzrosta do 1.95 x10° kom/ul i po 12 miesiacach do
2.24 x 10° kom/pl. Mozliwa byla takze stopniowa redukcja dawki G-CSF do 12. miesiaca
trwania badania, udato si¢ go bezpiecznie odstawi¢ u 6/7 pacjentow, a u jednego zredukowac
dawke o 50%. Po roku stosowania EMPA zaobserwowano zmniejszenie liczby infekcji
wymagajacych antybiotykoterapii u 6/7 pacjentéw (mediana liczby infekcji rok przed
wiaczeniem EMPA do rok po, wynosita 3 vs 1). Jeden pacjent przed wiaczeniem do badania
miat rozpoznang chorobe zapalng jelit (IBD), przez rok stosowania EMPA nie obserwowano
nasilenia jej objawow. Ponadto zZaden inny pacjent nie rozwingt tego powiklania.

W trakcie analizy poszczegdlnych funkcji przeciwdrobnoustrojowych neutrofili wykazano:

1) Odsetek zywotnych neutrofili r6znit si¢ znacznie podczas leczenia G-CSF mediana: 34,8%.
Po 31 12 miesigcach stosowania EMPA odsetek ten wzrdst do 61,7% 1 67,8%. Efekt byt bardzo
zréznicowany, znaczna poprawa byta obserwowana jedynie u pacjentdow z najnizsza

zywotno$cig poczatkowa.

2) Ruchliwo$¢ neutrofili od pacjentéow otrzymujacych G-CSF byta uposledzona w poréwnaniu
do tych komorek od zdrowych dawcow (mediana: 192 vs 1010 migrujacych komorek; P <
0,001). Po 12 miesigcach leczenia EMPA, mediana ruchliwosci wzrosta u 7/7 pacjentow, ale

nadal pozostawala nizsza niz u zdrowej kontroli.

3) Odpowiedz chemotaktyczna byta niewystarczajaca u chorych otrzymujacych G-CSG w
poréwnaniu do neutrofili od zdrowych dawcow (1421 vs 2487 migrujacych komorek, P =
0,345). Po 12 miesigcach leczeniu EMPA mediana odpowiedzi chemotaktycznej neutrofili u

wszystkich pacjentow zostata przywrocona do poziomu obserwowanego u zdrowych dawcow.

4) W trakcie leczenia G-CSF wykryto nieprawidtowy wybuch tlenowy u jednego chorego, co
zostalo skorygowane przez EMPA. P6zniejsze odstawienie G- CSF nie wplyneto na wybuch

tlenowy negatywnie u zadnego chorego.

5) Mediana aktywnosci fagocytarnej od pacjentow leczonych G- CSF byla znacznie nizsza w

porownaniu do zdrowych dawcow (1546 vs 3735 jednostek fluorescencji). Po 12 miesigcach
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leczenia EMPA mediana aktywnos$ci fagocytarnej znacznie wzrosta nie osiggajac jednak

wartos$ci prawidtowych.

6) U pacjentow leczonych G-CSF zidentyfikowano gorsze tworzenie zewnatrzkomorkowych
pulapek neutrofilowych tzw. NETozy w poréwnaniu do zdrowych dawcéw. Leczenie EMPA
spowodowato znaczny wzrost NETozy, jednak nie do poziomu obserwowanego w neutrofilach

zdrowych dawcow.

7) Leczenie EMPA zmniejszyto st¢zenie wewnatrzkomorkowych i osoczowych defensyn oraz
LTF (AMPs) w poréwnaniu do leczenia G- CSF. Jednakze ani G-CSF, ani EMPA nie
przywrocilty prawidlowej produkcji AMPs.

8) Wykazano odwrotng korelacj¢ migdzy ste¢zeniem 1,5-AG w osoczu, a liczbg neutrofili, ich

odpowiedzig chemotaktyczna, fagocytoza i NEToza.

Whioski: Neutrofile od pacjentéw z GSD 1b, pomimo leczenia G-CSF, miaty obnizong
liczbe, wskaznik apoptozy, nizsza ruchliwo$¢, stabsza odpowiedz chemotaktyczna,
nieskuteczng aktywno$¢ fagocytarng i uposledzong produkcje NET i AMPs. Wiaczenie EMPA
wptyneto korzystnie na wszystkie powyzsze parametry. Jednak, z wyjatkiem aktywnosci
chemotaktycznej, EMPA nie przywrocila ani liczby neutrofili, ani ich aktywnoS$ci
przeciwdrobnoustrojowej do wartosci obserwowanych u zdrowej kontroli. To dowodzi, iz poza
toksycznym dzialaniem 1,5-AG istniejg dodatkowe mechanizmy uszkadzajace neutrofile

u pacjentéw z GSD 1b.

3.4. Clinical characteristics and long-term outcomes of patients with
glycogen storage disease type 1b: a retrospective multi-center experience in
Poland

Magdalena Kaczor, Dorota Wesot- Kucharska, Milena Greczan, Karolina Kierus, Lukasz
Katuzny, Monika Dus- Zuchowska, Ewa Ehmke vel Emczynska, Elzbieta Ciara, Dariusz
Rokicki, Janusz Ksigzyk.

Pediatr Endocrinol Diabetes Metab. 2022;28(3):207-212. doi: 10.5114/pedm.2022.116115.
PMID: 35620924; PMCID: PMC10214975.

Punkty MNiSW: 70.00

Cel pracy: Celem pracy byla retrospektywna analiza obrazu klinicznego i wynikéw

leczenia pacjentéw pediatrycznych z glikogenoza typu 1b (GSD 1b) w Polsce.
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Material i metody: Analizg retrospektywna objeto 13 dzieci z rozpoznang GSD1b
(5 dziewczynek i 7 chlopcow, ktérych mediana wieku wynosita 9 lat; zakres 2-17 r.z). W 2021
roku liczba ta stanowita 100% chorych dzieci, ktérzy na teranie Polski mieli postawione to
rozpoznanie. Przeanalizowano histori¢ choroby kazdego pacjenta, zwracajgc szczegdlng uwage
na: pierwsze objawy, wiek ich wystgpienia, nieprawidtowosci w badaniach laboratoryjnych,
powiktania GSD1b (rodzaj, nasilenie i wiek wystapienia), a takze sposob i skuteczno$¢ ich

leczenia. Podjeto takze probe skorelowania genotypu z fenotypem.

Wyniki: U 10/13 pacjentow pierwszym objawem GSD 1b byta ciezkie zakazenie (sepsa
lub wymagajace leczenia szpitalnego zapalenie pluc), ktéore obserwowano juz w okresie
noworodkowo-niemowlecym (mediana wieku: 20 dni zycia; zakres: pierwsza doba — 21./12.
miesigc). U wszystkich pacjentdow obserwowana byta hepatomegalia, ktora byta raportowana
w dokumentacji medycznej od mediany wieku 4 miesiecy zycia (zakres: 9. doba zycia —
9. miesiac zycia). Wbrew doniesieniom literaturowym jedynie u 4/13 pacjentow hapatomegalii
towarzyszyta nefromegalia. Wydawatoby si¢ fundamentalna dla rozpoznania GSD 1b
tj. hipoglikemia byta stwierdzona u 8/13 pacjentéw przed postawieniem rozpoznania z czego

jej objawy, wystapity jedynie u 4/8 pacjentow.

Najczestszym  (12/13  pacjentow) odchyleniem w badaniach laboratoryjnych
w momencie postawienia rozpoznania (mediana wieku: 5. miesigc zycia) byla
hipermleczanemia (mediana stezenia kwasu mlekowego 55mg/dl; zakres: 26 — 126 mg/dl
[norma: <19.8]) 1 hipertriglicerydemia (mediana st¢Zenia triglicerydow: 531 mg/dl, zakres: 246
- 3181 mg/dl [norma <150 mg/dl]). Neutropenia (mediana st¢zenia neutrofili: 200 kom/ul;
zakres 20 — 954 kom/ ul [norma do 4 r.z. <1000 kom/ul, powyzej <1500 kom/pl]) wystepowata
u 9/13 pacjentow (mediana: 200 kom/pl; zakres: 20 — 954 kom/pl). Hipertransaminazemia byta
stwierdzona u 8/ 13 pacjentow (maksymalna wartos¢ AST: 628 IU/l; ALT: 515 TU/).
Najrzadziej (5/13 pacjentow) obserwowano hiperurykemi¢ (mediana: 8 mg/dl, zakres: 7-8.3

mg/dl [norma zalezna od wieku zwykle <7 mg/dl]).

U wigkszosci chorych (11/13) rozpoznanie postawiono na podstawie objawoOw
klinicznych 1 biochemicznych potwierdzonym badaniem molekularnym. Najczestszym
wariantem byta delecja c.1042 1043, ktéra na dwdch allelach wystapita u 7/13 dzieci. Podjeto
prébe pordwnania przebiegu klinicznego GSD 1b miedzy chorymi z takim samym wariantem
molekularnym, a takze tych o odmiennym genotypie. Nie udato si¢ ustali¢ korelacji genotyp-

fenotyp.
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Podstawg leczenia u wszystkich pacjentow byta dieta bogatobiatkowa (powyzej 2g
biatka/kg) z ograniczeniem weglowodandéw prostych (galaktozy i fruktozy). Wydluzenie
przerw migdzy positkami uzyskiwano dzigki podazy surowej skrobii kukurydzianej ($rednio

1.2 g/kg masy ciata/positek), 2 chorych otrzymywato Glycosade bez powiktan.

Leczenia neutropenii czynnikiem wzrostu kolonii granulocytéw (G-CSF) wymagato
12/13 pacjentéw, a mediana wieku wiaczenia wynosita 22 miesigce zycia (zakres: 4. miesigc
zycia — 11. rok zycia). Pomimo stosowania G-CSF u pacjentdw nadal obserwowano znacznie
czestsze 1 cigzsze zakazenia niz w grupie ich zdrowych rowiesnikéw. Ponadto czesto
obserwowano afty jamy ustnej (5/12 pacjentow) i przewlekte biegunki (6/12 pacjentow).
Chorobe zapalng jelit na podstawie kolonoskopii (owrzodzenia odbytnicy, ale u jednego
pacjenta si¢gajace do okreznicy) rozpoznano u 6/13 pacjentow, a mesalazyne doustnie
wlaczono w wieku mediana: 5.5. roku zycia, zakres: 2.5. — 9. rok zycia. U dwoch pacjentow (w
wieku 4. 1 4.5. rok zycia) rozpoznano nadci$nienie t¢tnicze wymagajace leczenia
farmakologicznego, ale bez innych cech uszkodzenia nerek. W trakcie obserwacji u czterech

chorych stwierdzono otyto$¢ (masa ciata >97pc), a u dwoch wysokos¢ ciata ponizej 3pc.

Whioski: Polska populacja pacjentow z GSD 1b jest wysoce heterogenna.
Najistotniejsze wydaje si¢ zwrdcenie uwagi na czgsto bezobjawowy przebieg hipoglikemii,
awiec konieczno$¢ jej aktywnego poszukiwania (oznaczenie glikemii na czczo,
przeprowadzenie testu przedtuzonego gtodzenia). Ponadto leczenie G-CSF nie jest w petni
skuteczne w zapobieganiu czestym i cigzkim zakazeniom, a dodatkowo wigze si¢ z wieloma
dziataniami niepozadanymi, m.in. bélem w miejscu wkiucia (12/12 pacjentéw), bolem
migs$niowo-stawowym (11/12), splenomegalig (9/12), krwawieniem z nosa (3/12) 1 wzrostem

ryzyka nowotwordéw uktadu chtonnego (0/12).
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4. Cele pracy

Celem pierwszorzgdowym pracy bylo poréwnanie skuteczno$ci leczenia czynnikiem
wzrostu kolonii granulocytow (G-CSF) do empagliflozyny (EMPA) w leczeniu neutropenii
spowodowanej GSD 1b.

Celem drugorzedowym byto scharakteryzowanie populacji polskich dzieci chorych na
GSD 1b. Zwrocono szczegbdlng uwage na pierwsze najbardziej charakterystyczne objawy

kliniczne, biochemiczne 1 wystepujace powiktania.
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5. Analiza i interpretacja wynikow badan

Powyzej przedstawione publikacje dowodza, iz EMPA korzystnie wplywa na
funkcjonowanie neutrofili i nie powoduje istotnych dziatan niepozadanych u chorych z GSD
1b.

Opis mechanizmu dziatania EMPA zostat szczegdtowo przedstawiony w artykule nr 1.
Podsumowano w nim takze wszystkie opublikowane do roku 2022, migdzynarodowe
doswiadczenia dotyczace: dawkowania, skuteczno$ci 1 bezpieczenstwa stosowania takiego
leczenia.

W artykule nr 2 poréwnano okres leczenia G-CSF do tozsamego okresu stosowania
EMPA, zaobserwowano istotny spadek liczby zakazen, ich cigzko$ci, a takze zmniejszenie
nasilenia objawow choroby zapalne;j jelit. Tej istotnej poprawie klinicznej towarzyszyt jedynie
nieznaczny wzrost mediany liczby neutrofili co utrudniato udowodnienie skuteczno$ci tego
leczenia.

Dopiero wspotpraca z projektem Fix-Net, pozwolita na szczegdélowe przeanalizowanie
w artykule nr 3, podstawowych mechanizmow przeciwdrobnoustrojowych neutrofili w GSD
1b takich jak: zywotno$¢, ruchliwos$¢, wybuch tlenowy, chemotaksja, fagocytoza, NET-oza,
stezenie AMPs, zarowno w trakcie leczenia G- CSF jak i EMPA. Porownanie wynikéw
jednoznacznie udowodnito poprawe wigkszosci funkcji przeciwdrobnoustrojowych neutrofili
w trakcie leczenia EMPA u kazdego z badanych chorych. Jednak oprocz aktywnosci
chemotaktycznej, oceniane parametry byly nizsze niz obserwowane u zdrowych osob.

Ponadto wykazano odwrotng korelacj¢ miedzy st¢zeniem 1,5-AG w osoczu, a liczbg
neutrofili, ich odpowiedzig chemotaktyczng, fagocytoza i NEToza. To potwierdza istotne
znaczenie 1,5 AG, w etiologii neutropenii w GSD 1b.

Podsumowanie w artykule nr 4, przebiegu klinicznego chorych dzieci z GSD 1b zwraca
uwage na fakt, Ze najczgstszym pierwszym objawem choroby byto cigzkie zakazenie i/ lub

hepatomegalia, a nie jak wynika z patomechanizmu choroby, objawy hipoglikemii.
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6. Dyskusja

Whioski z artykutdéw stanowigcych podstawg rozprawy doktorskiej sa spdjne z
dostgpnymi publikacjami o skutecznosci EMPA w profilaktyce przeciwdrobnoustrojowej u
chorych z GSD 1b i braku istotnych dziatan niepozadanych (4)(5)(6)(7)(8).

W porownaniu do innych prac zwigzanych z t3 tematyka po raz pierwszy
przeprowadzono tak szczegdlowa analiz¢ aktywnos$ci przeciwdrobnoustrojowych neutrofili.
Udowodnita ona postulowang wczes$niej, na podstawie obserwacji klinicznych,
niesatysfakcjonujaca skuteczno$¢ leczenia G-CSF u chorych z GSD 1b. Poréwnanie
poszczegbdlnych funkcji neutrofilowych w trakcie leczenia G- CSF i EMPA, wykazato
przewage EMPA w profilaktyce zakazen. Caloksztalt obserwacji klinicznej, doniesien
literaturowych i powyzsze wyniki badan daja podstawy do zmiany zalecen leczenia neutropenii
w przebiegu GSD 1b (4)(5)(6)(7)(8). Wydaje sig, iz najwlasciwszym bedzie leczenie
wszystkich chorych z GSD 1b EMPA zamiast G- CSF (8). Takie postgpowanie z jednej strony
zwigkszy odpornos¢ przeciw drobnoustrojom, z drugiej uchroni chorych przed wystgpieniem
dziatan niepozadanych G- CSF.

Nalezy zwroci¢ uwage, ze w trakcie leczenia EMPA wzrosty wszystkie oceniane
parametry z wyjatkiem syntezy AMPs, ktorych stezenie byto wyzsze w trakcie leczenia G- CSF.
AMPs m.in. defensyny to grupy peptydow odpornosciowych o duzej aktywnosci
przeciwzakaznej (9). Dzialajg one nie tylko bezposrednio, ale takze posrednio na drobnoustroje,
poprzez transdukcje sygnatow i regulacje szlakow zapalnych, wywotujac aktywacje uktadu
odpornosciowego (9). Synteza AMPs zachodzi w neutrofilach, komorkach nabtonka (gléwnie
przewodu pokarmowego) i keratynocytach (9). Dlatego zasadnym wydaje si¢ u chorych z GSD
1b, w trakcie leczenia zakazenia lub nasilenia objawéw jelitowych, dotaczenie G-CSF do
przewlekle stosowanej EMPA. Wiaczenie G-CSF jedynie doraznie pozwoli na
zminimalizowanie jego dziatan niepozadanych.

Pomimo korzystnego wptywu EMPA na liczbe neutrofili 1 wigkszos¢ ich funkeji, u
badanych chorych nie uzyskano ich calkowitej normalizacji. Dlatego konieczna jest
kontynuacja badan, w celu zidentyfikowania dodatkowych mechanizméw powodujacych
dysfunkcje granulocytéw obojetnochtonnych w przebiegu GSD 1b.

Ograniczeniem niniejszej pracy jest mata populacja chorych 1 jej znaczna
heterogenno$¢ pod wzgledem wieku 1 obserwowanego przebiegu klinicznego. Wedtug naszej

wiedzy w Polsce jest 13 chorych dzieci na GSD 1b, w artykule nr 4 uwzgledniono 100% tej
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populacji. Niestety do badan funkcjonalnych neutrofili nie udato si¢ wlaczy¢ wszystkich
chorych m.in. ze wzgledu na brak zgody rodzicow na pobranie dodatkowej objetosci krwi.

Niewatpliwie, zwickszenie warto$ci prowadzonych badan mozna by uzyskaé¢ wlaczajac
placebo u czgsci chorych. Jednak wobec obiecujgcych doniesien o skutecznosci EMPA 1 braku

istotnych dziatan niepozadanych, takie postgpowanie mozna byloby uzna¢ za nieetyczne.
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7. Whnioski

1) W polskiej populacji pediatrycznej najczgstszym, pierwszym objawem GSD 1b jest ciezkie
zakazenie w okresie noworodkowo-niemowlecym. Jak i w wielu wrodzonych neutropeniach,
tak i w przebiegu GSD 1b w trakcie trwania zakazenia szpik kostny jest zdolny do ,,wyrzucenia”
wiekszej liczby neutrofili, co moze maskowaé przewlekty niedobor tych komorek. Dlatego
szczegblnie w razie wystepowania nawracajacych, ciezkich zakazen i/ lub podejrzenia GSD 1b,
konieczna jest kontrola morfologii krwi z rozmazem recznym po ustgpieniu objawow infekcji

i/ lub normalizacji CRP.

2) Hipoglikemia w przebiegu GSD 1b, pomimo znacznego nasilenia, stosunkowo rzadko daje
objawy, co dowodzi koniecznosci jej aktywnego poszukiwania (oznaczenie glikemii na czczo,

wykonanie testu przedtuzonego glodzenia) u chorego diagnozowanego w tym kierunku.

3) Stosowanie G-CSF w leczeniu neutropenii u chorych na GSD 1b nie przywraca ani

prawidtowej liczby, ani aktywno$ci przeciwdrobnoustrojowej neutrofili.

4) Wiaczenie do leczenia EMPA korzystnie wplywa na czgstos$¢ infekeji i objawy choroby
zapalnej jelit, co jest gtownie wynikiem poprawy funkcjonowania przeciwdrobnoustrojowego

neutrofili.

5) Stosowanie EMPA, pomimo jego dziatania hipoglikemizujacego, jest bezpieczne

u pacjentow z GSD 1b.

6) EMPA wplynela korzystnie na wszystkie parametry aktywnosci przeciwdrobnoustrojowej
granulocytow obojetnochlonnych z wyjatkiem syntezy wewnatrzkomorkowych 1 osoczowych
peptydow przeciwdrobnoustrojowych (AMPs) m.in. defensyn. Wytwarzanie AMPs bylo

wigksze w trakcie leczenia G- CSF.
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Streszczenie:

Glikogenoza 1b (GSD 1b) jest rzadka, wrodzong wada metabolizmu weglowodandéw, spowodowang deficytem biatka transportujacego glukozo-6-fosforan
(G6P) przez btone retikulum endoplazmatycznego (RE). Choroba dziedziczy sie w sposéb autosomalny recesywny, a potwierdzeniem rozpoznania jest bialle-
liczny defekt genu SLC37A4.

W okresie niemowlecym ujawniajg sie pierwsze objawy GSD 1b, do ktérych naleza: niedobér wzrastania, tzw. ,twarz lalki’, masywna hepatomegalia czy za-
grazajace zyciu zakazenia. Charakterystyczne dla GSD 1b odchylenia w badaniach laboratoryjnych to: hipoglikemia ketotyczna, hipermleczanemia, hipertri-
glicerydemia, hipercholesterolemia, hiperaminotranferazemia, hiperurykemia i neutropenia. W USG jamy brzusznej oprécz powiekszenia watroby czesto
zwraca uwage wzmozona echogenicznosc jej migzszu i renomegalia.

Podstawa leczenia GSD 1b jest leczenie zywieniowe oparte na czestej podazy zbilansowanych positkdw, ktére zawierajg znikome ilosci galaktozy i fruktozy.
Wydtuzanie przerw miedzy positkami uzyskuje sie dzieki polimerowi glukozy - surowej skrobi kukurydzianej. W zapobieganiu zagrazajagcym zyciu zakaze-
niom stosuje sie czynnik stymulujacy tworzenie kolonii granulocytéw (G-CSF), ktéry jednak ich nie eliminuje, a ma liczne dziatania niepozadane.

Wedtug ostatnich doniesien, neutropenia u pacjentéw z GSD 1b spowodowana jest kumulacjg w cytoplazmie neutrofili fosforanu 1,5-anhydroglucitolu (1,5
AG6P), ktory zaburzajac produkcje energii prowadzi do ich przedwczesnej apoptozy. Badania nad inhibitorem kotransportera sodowo-glukozowego typu 2
(SGLT2) - empagliflozyna ujawnity, iz oprécz znanego dziatania hipoglikemizujacego, powoduje ona zmniejszenie w surowicy krwi 1,5-anhydroglucitolu
(substratu dla 1,5 AG6P). U pacjentéw z GSD 1b obnizenie stezenia 1,5 AG6P, prowadzi do dtuzszego przezycia i poprawy funkcjonowania przeciwdrobno-
ustrojowego neutrofili, czyli mniejszej liczby i ciezkosci zakazen. Wstepne wyniki leczenia empagliflozyna pacjentéw z GSD1b s obiecujace, a by¢ moze na-

wet przetomowe.

Stowa kluczowe: Glikogenoza 1b, neutropenia, SLC37A4, 1,5-anhydroglucitol, empagliflozyna

Glikogenoza typu 1 b (GSD 1b, MIM #232220) jest rzadka
(1: 500 000 zywych urodzen) wrodzong wada metabolizmu
weglowodanow, w ktorej zaburzona jest zarowno degradacja
glikogenu (glikogenoliza) jak i synteza glukozy (glukoneoge-
neza). U jej podtoza lezy deficyt bialka transportujacego glu-
kozo-6-fosforan (G6P) przez blong retikulum endoplazma-
tycznego (1).

GSD 1b to najci¢zsza, sposrod szesnastu typow wyrodznia-
nych w grupie chordb spichrzania glikogenu tzw. glikogeno-
zami. Dziedziczy si¢ w sposob autosomalny recesywny, a po-
twierdzeniem rozpoznania jest bialleliczny defekt genu
SLC3744 (1).

Objawy glikogenozy typu 1b (GSD 1b)

Pierwsze objawy GSD 1b ujawniaja si¢ juz w okresie nie-
mowlecym. Charakterystyczna jest popositkowa hipoglike-
mia (2-4 godziny od positku), ktora nie odpowiada na lecze-
nie glukagonem. Pomimo, iz w przebiegu GSD 1b obserwuje-
my spadki stezenia glukozy w surowicy krwi znacznie poni-
zej 40 mg/dl, niezmiernie rzadko prowadza one do zaburzen
zachowania, splatania czy drgawek. Fakt ten ttumaczy si¢
kompensacyjna produkcja mleczanéw i ketondw, ktore sa zu-
zywane jako zastepcze zrodio energii i dodatkowo ochron-
nym dziataniem, charakterystycznego dla pierwszego poiro-
cza zycia, czestego rytmu karmien.

Zwykle pierwszymi zwracajagcymi uwage objawami sa:
masywna hepatomegalia, zahamowanie przyrostu masy ciala
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i charakterystyczna twarz z wydatnymi policzkami (tzw.
Htwarz lalki”’). W badaniach laboratoryjnych dominuje hiper-
mleczanemia, hipertriglcerydemia (nierzadko >1000 mg/dl),
hipercholesterolemia, hiperaminotransferazemia i hiperuryke-
mia (czesto pojawia si¢ dopiero w pozniejszym okresie zycia)
(1). Po podazy glukozy obserwuje si¢ obnizenie st¢zenia mle-
czanow w surowicy stad przydatnosc¢ ,testu dozylnego obcig-
zenia glukozg” (tzw. VGTT) w postawieniu rozpoznania.

Badanie USG jamy brzusznej oprocz znacznego powick-
szenia watroby, uwidacznia zaburzenia echostruktury jej
migzszu (jak w masywnym stluszczeniu), a takze powigksze-
nie nerek (1).

W przebiegu GSD 1b obserwuje si¢ zagrazajace zyciu za-
kazenia, nawracajace afty jamy ustnej i uporczywe biegunki
(Crohn-like disease) co spowodowane jest obnizong liczba i
aktywno$cig przeciwdrobnoustrojowa neutrofili (1). Wsrod
pacjentéw pozostajacych pod opieka naszego osrodka najcze-
Sciej pierwszym objawem choroby, zwykle juz w okresie no-
worodkowym, bylo zagrazajace zyciu zakazenie, dopiero w
kolejnych miesigcach obserwowano hipoglikemi¢ i hepato-/
nefromegalie.

Dodatkowo w GSD 1b mogg pojawié¢ si¢ (szczegblnie w
razie ztej kontroli choroby): zaburzenia elektrolitowe wynika-
jace z uszkodzenia cewki proksymalnej nefronu (zespot Fan-
coniego), zaburzenia krzepnigcia (dysfunkcja ptytek krwi
i/lub nieprawidtowe funkcjonowanie czynnika von Wille-
brandta), czy oporna na leczenie niedokrwisto$¢ (o ztozonej

etiologii).
gii) 6021
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Ostateczne rozpoznanie stawiane jest na podstawie badan
molekularnych potwierdzajacych bialleliczny defekt genu
SLC37A4, niezwykle rzadko wykorzystuje si¢ w tym celu ba-
dania enzymatyczne.

GSD 1b jest chorobg prowadzacg do wielonarzadowych
powiktan. W watrobie, pomimo dobrej kontroli choroby, cze-
sto obserwuje si¢ zmiany ogniskowe o charakterze gruczola-
koéw, ktore wymagaja czestej kontroli ze wzgledu na ryzyko
nowotworzenia. Postepujace spichrzanie glikogenu i lipidow
w nerkach poczatkowo powoduje uszkodzenie cewki proksy-
malnej i dystalnej (hipocytraturia, hiperkalciuria, co wigze si¢
z ryzykiem kamicy uktadu moczowego), a z czasem moze
prowadzi¢ do rozwoju przewlektej choroby nerek (hiperfilta-
cja kigbuszkowa, szkliwienie kiebuszkow, albuminuria, nad-
ci$nienie tetnicze). Ponadto obserwuje si¢ czgsciej niz w po-
pulacji ogélnej: osteoporoze, hipogonadyzm hipogonadotro-
powy, zesp6l policystycznych jajnikoéw, zaburzenia wzrasta-
nia, autoimmunologiczng niedoczynnos¢ tarczycy czy mia-
Sthenia gravis (1).

Biochemia GSD 1b

Uzyskiwany z rozkladu glikogenu glukozo-6-fosforan
(G6P) fizjologiczne jest hydrolizowany przez glukozo-6-fos-
fataze wewnatrz RE do glukozy, ktdra jest nastgpnie uwalnia-
nia z komorki i wykorzystana do utrzymania normoglikemii
w okresie mi¢dzypositkowym. Aby mogto doj$¢ do tej reak-
cji, G6P musi zosta¢ przeniesiony z cytoplazmy komoérki do
wnetrza RE za posrednictwem swoistego transportera. Dlate-
go deficyt transportera dla G6P powoduje uposledzone po-
wstawanie glukozy, a takze nadmierne st¢zenie G6P w cyto-
plazmie komorki. G6P jest metabolitem posrednim glikolizy,
cyklu Krebsa, lipogenezy i cyklu pentozofosforanowego, dla-

< heksokinaza >

r{glukoét.rsfosfuran ]j

cykl
pentozofosforanowy

RE —Q transporter D_—
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Rycina 1. Dojrzaty neutrofil (produkcja energii - glikoliza i wolnych
rodnikow tlenowych - cykl pentozofosforanowy).

glikoliza
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tego jego zwickszona ilo§¢ prowadzi do nadmiernej stymula-
cji tych procesow, prowadzac do typowych dla GSD 1b nie-
prawidtowosci w badaniach laboratoryjnych (hipermleczane-
mii, hipertriglicerydemii i hiperurykemii itd.) (1). Dodatkowo
nieprawidtowo rozktadany glikogen i nadmiar lipidow s3 ma-
gazynowane w watrobie i nerkach co prowadzi do ich po-
wigkszenia i zaburzen w funkcjonowaniu (1).

Defekt transportera dla G6P jest obecny takze w neutrofi-
lach, w ktorych prowadzi do ich przedwczesnej apoptozy i za-
burza ich aktywno$¢ bakterio- i grzybobojcza. U pacjentow z
GSD 1b obserwuje si¢ takze wigksza czgstotliwos¢ autoim-
munizacji, ale mechanizm tego zjawiska nie jest do konca po-
znany. W trakcie badan nad homeostazg komodrek odporno-
sciowych w tej grupie chorych, zaobserwowano czestsze wy-
stegpowanie limfopenii, zmniejszong aktywnos$¢ supresyjna
limfocytow T regulatorowych (CD4+ CD25+ FOXP3+) i
zmnigjszong zdolnos¢ limfocytow T regulatorowych do ha-
mowania produkcji cytokin (3).

Leczenie glikogenozy 1b

Podstawg leczenia GSD 1b jest leczenie zywieniowe opar-
te na czgstej (zwykle co 3- 4 godziny w dzien i co 4-5 godziny
w nocy) podazy zbilansowanych positkow, ktore zawieraja
znikome ilosci galaktozy i fruktozy. Cukry te, ze wzglgdu na
opisany powyzej deficyt transportera dla G6P, nie moga by¢
prawidlowo wlaczane w szlaki metaboliczne, a co za tym
idzie, nasilajg m.in. kwasic¢ mleczanowa (1).

Wydtuzenie przerw miedzy positkami, zwlaszcza w nocy,
uzyskuje si¢ dzieki podazy surowej skrobi kukurydzianej
(SSK). Jest to polimer sktadajacy si¢ z czasteczek glukozy,
ktérych powolne uwalnianie umozliwia utrzymanie prawidto-
wej glikemii przez dtuzszy czas (1).
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Rycina 2. Neutrofil pacjenta z GSD 1b (1,5 AG6P hamujac zwrotnie
heksokinaze zmniejsza stezenie substratu dla produkgji energii

i wolnych rodnikéw tlenowych odpowiedzialnych za aktywnos¢
bakterio- i grzybobdjcza).
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Tabela 1. Podsumowanie pismiennictwa (4) (5) (6) (7) - przebieg kliniczny przed i po wiaczeniu do leczenia empagliflozyny.

Wiek Ptec Objawy bezposrednio Dawka G-CSF Dawka EMPA/ Efekt leczenia EMPA (dni od wtaczenia
(lata) przed EMPA przed EMPA Dawka G- CSF EMPA)
21 K - nawracajace afty jamy ustnej 10 pg/kg/24h 0.4 mg/ kg/24h Zagojenie wiekszosci zmian (5 dni)
i okolicy moczowo-plciowej, odstawiono 1-2 stolce/dobe (7 dni)
- czeste zakazenia CDAI* 138 pkt (12 dni)
- 20 wodnistych stolcéw/dobe P
- CDAI* 221 pkt
2 K - przewlekte afty jamy ustnej 10 pg/kg/24h 0.3 mg/kg/24h Zagojenie zmian
i okolicy moczowo-piciowej odstawiono Ustapienie niedokrwistosci
- niedokrwistos¢
6 M - przewlekte zapalenie dzigset 7 nug/kg/24h 0.7 mg/kg/24h Zagojenie stanu zapalnego dzigset
- nawracajace zakazenia uktadu oddecho- Zmniejszenie liczby i poprawa konsystencji
eqgo Z N
weg . ) zmniejszenie stolcow (12 dni)
- 5-9 wodnistych stolcéw/dobe ] . X L,
. . o, dawkio 81% Umiarkowana niedokrwisto$c¢
- ciezka niedokrwistos¢ PCDAI* 17.5 (60 dni)
- PCDAI*67.5 ’
2 K - nawracajace owrzodzenia jamy ustnej 2.4 ug/kg/24h 0.5 mg/kg/24h Zagojenie zmian skérnych i sluzéwkowych
- ropien/utrzymujacy sie stan zmniejszenie 2 stolce/dobe o prawidtowej konsystencji
zapalny okolicy gastrostomii dawki o 57%
- 8 wodnistych stolcéw/dobe
14 M - bdl brzucha 4.8 ug/kg/24h 0.4 mg/kg/24h Ustapienie boélu brzucha i zagojenie sie
- 2-5 wodnistych stolcéw/dobe zmniejszenie szczeliny odbytu (6 dni)
- szczelina odbytu dawki o 33% - 1-2 stolce/ dobe (7 dni)
- PCDAI* 50 - PCDAI* 5 (15 dni)
- MRI (pogrubienie $ciany jelita) - znaczna poprawa obrazu w MRI (3 msc)
- Hist- pat: stan zapalny + ropnie w kryptach - Hist-pat: bez cech aktywnego stanu za-
palnego (5,5 msc)
2,5 K - nawracajace ropnie skéry, ptuc, jamy ust- 5 pg/kg/24h 0.5 mg/kg/24h Harvey-Bradshaw index ** 1.23 (2 msc)
nej
- Harvey-Bradshaw index** 3.36 odstawiono
35 K - niegojaca sie przez 2 lata rana 1 ug/kg/24h 20 mg/dobe Zagojenie (kilka tygodni)
pooperacyjna w powtokach jamy brzusznej - 5-7 stolcéw/24h
- 10-11 luznych stolcéw/24h X _CDAI 184
- CDAI 398 odstawiono

Skale stosowane w ocenie aktywnosci choroby Crohna:

*CDAI - Crohn’s Disease Activity Index; PCDAI - modyfikacja pediatryczna; **Harvey-Bradshaw index

W leczeniu neutropenii u pacjentow z GSD 1b stosowany
jest G-CSF, czynnik stymulujacy tworzenie kolonii granulo-
cytow, ktory poprzez zwickszenie wyrzutu neutrofili ze szpi-
ku kostnego, zmniejsza liczbe i cigzkos$¢ zakazen, jednak ich
nie eliminuje. Pomimo stosowania G-CSF nadal obserwowa-
ne sg czeste, zagrazajace zyciu zakazenia, afty jamy ustnej,
biegunki (Crohn-like disease) (1). Ponadto lek ten ma wiele
dziatan niepozadanych wsrod, ktdrych najczesciej obserwuje
si¢ bole kostno-stawowe, przerost, krwawienie dzigset, po-
wiekszenie $ledziony z towarzyszacym hipersplenizmem, a
takze zwigkszone ryzyko nowotworow uktadu krwiotworcze-
20 (zespot mielodysplastyczny, ostra biataczka szpikowa) (1).
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Mechanizm powstawania neutropenii w GSD 1b

Wedlug opublikowanych badan (Veigha-da-Cunha et al.)
obnizona ilo$¢, a takze nieprawidtowa funkcja neutrofili u pa-
cjentow z GSD 1b, spowodowana jest kumulacja w ich cyto-
plazmie fosforanu 1,5-anhydroglucitolu (1,5 AG6P), ktory
hamujac glikoliz¢ beztlenowa, utrudnia pozyskanie energii z
glukozy (2). Neutrofile w trakcie dojrzewania tracg wigkszo$¢
mitochondriow, a tym samym mozliwo$¢ otrzymania energii
z innych zrodet niz glikoliza beztlenowa (ryc. 1). Zahamowa-
nie tego procesu przez 1,5 AG6P prowadzi do przedwczesnej
apoptozy i upos$ledzenia aktywnosci przeciwdrobnoustrojo-
wej neutrofilii (ryc. 2) (2)(3).
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1,5AGOP jest produktem fosforylacji 1,5-anhydroglucitolu
(1,5AQ), substancji nietoksycznej o niepoznanej dotychczas
roli w metabolizmie czlowicka, ktéra jest dostarczana do
ludzkiego organizmu gtéwnie z pozywieniem (w 10% jest to
produkcja endogenna w jelitach) (2). W warunkach fizjolo-
gicznych 1,5 AG jest fosforylowany przez heksokinaze do 1,5
AGG6P i transportowany do reticulum endoplazmatycznego. W
jego wnetrzu przeksztatcany przez glukozo-6-fosfataze do 1,5
AG i fosforanu, a nast¢pnie usuwany z komorki.

U pacjentow z GSD 1b, deficyt transportera powoduje aku-
mulacje 1,5 AG6P w cytoplazmie neutrofili. Nadmiar 1,5
AGG6P hamuje heksokinaze co utrudnia przeksztalcenie glu-
kozy w glukozo-6-fosforan, a tym samym zmniejsza ilo$¢
substratu do produkcji energii i wolnych rodnikow tlenowych
ryc. 2) (2).

Postuluje si¢ takze, iz zaburzona glikoliza moze by¢ takze
przyczyng obserwowanych odchylen w funkcjonowaniu in-
nych komorek uktadu odporno$ciowego, m.in. monocytow
czy limfocytéw T regulatorowych (3).

Empagliflozyna (EMPA) u pacjentéw z GSD 1b

Empagliflozyna (EMPA) inhibitor nerkowego kotranspor-
tera sodowo-glukozowego typu 2 (SGLT2) hamuje resorpcje¢
zwrotng glukozy z moczu pierwotnego, co prowadzi do
zmniejszania jej stezenia w surowicy krwi. Lek ten z powo-
dzeniem stosowany jest u dorostych pacjentdow z cukrzyca
typu II, nasilajac diurez¢ obniza cisnienie krwi, dzieki czemu
ma dziatanie kardio- i nefroprotekcyjne.

Ostatnio zaobserwowano, iz EMPA hamuje takze wychwyt
zwrotny 1,5 AG w kanalikach nerkowych. U pacjentéw z
GSD 1b obnizenie st¢zenia w surowicy 1,5 AG, odblokowuje
glikolize 1 cyklu pentozofosforanowy w neutrofilach, a tym
samym prowadzi do dluzszego ich przezycia i poprawy funk-
cjonowania przeciwdrobnoustrojowego (4).

Najczesciej obserwowanymi dziataniami niepozadanymi
takiego leczenia jest hipoglikemia (opisywana u pacjentéw z
cukrzyca typ II jedynie przy stosowaniu EMPA z innymi leka-
mi hipoglikemizujacymi) i wigksza czesto$¢ zakazen uktadu
moczowego (duze stezenie glukozy w moczu).

Dotychczas zastosowanie EMPA opisano u siedmiu pacjen-
tow z GSD 1b (tab. 1). W pierwsze]j opisanej przez prof. S.
Wortmann serii przypadkow, po podazy EMPA u 4 pacjentow
stwierdzono zmniejszenie czgstosci 1 cigzkosci zakazen, a tak-
ze nasilenia objawdw choroby zapalnej jelit (4). Ponadto u
dwoch pacjentow bylo mozliwe odstawienie G-CSF, a u
dwoch zmniejszenie dawki odpowiednio 0 57% i 81% (4). Do
konca 2021 roku opublikowano jeszcze trzy opisy przypadkow
zastosowania takiego leczenia: u 35-letniej kobiety, 14-letnie-
go chtopca i 2-letniej dziewczynki (5) (6) (7). We wszystkich
przypadkach dzigki empaglifiozynie, w krotkim czasie, uzy-
skano ustapienie objawow cigzkiego zapalenia jelit (5) (6) (7)
(tab. 1). Co najistotniejsze w zadnym z przytoczonych przy-
ktadow nie obserwowano czgstszych spadkow glikemii ani in-
nych istotnych objawow niepozadanych (4) (5) (6) (7).
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Podsumowanie

W ostatnich latach, za sprawa coraz wigkszej wiedzy za-
réwno dotyczacej leczenia zywieniowego jak i farmakolo-
gicznego w GSD 1b, znaczaco poprawita si¢ u pacjentow
kontrola glikemii, a tym samym ich tzw. wyro6wnanie metabo-
liczne (normalizacja kwasu mlekowego, triglicerydow, ami-
notransferaz i kwasu moczowego). Aktualnie wydaje sig, iz
najbardziej dewastujace i pogarszajace jako$¢ zycia w tej gru-
pie chorych sa powiktania neutropenii, a takze paradoksalnie
jej leczenie z zastosowaniem G-CSF. Najnowsze odkrycie o
wplywie 1,5 anhydroglucitolu na neutrofile i zmniejszaniu
jego stezenia dzigki emagliflozynie moze okazaé si¢ przeto-
mowym dla pacjentow z GSD 1b.

W najblizszym czasie rozpocznie si¢ rekrutacja pacjentow
z glikogenoza 1b do badania klinicznego pt. ,,Ocena skutecz-
nosci i bezpieczenstwa empagliflozyny w leczeniu neutrope-
nii u pacjentow z glikogenoza 1b” akronim EMPAtia.

Zespot z , Instytutu — Pomnik Centrum Zdrowia Dziecka”
pod przewodnictwem dr. Dariusza Rokickiego natchniony
wyktadem profesor Saskii Wortmann skonstruowat od pod-
staw badanie kliniczne, ktére wygrato konkurs organizowany
przez Agencje Badan Medycznych. Do badania begdzie wila-
czonych 20 pacjentéw w tym, dzigki wspotpracy z Warszaw-
skim Uniwersytetem Medycznym, takze dorostych.

Zapraszamy do wspotpracy pacjentéw (od ukonczonego 4.
tygodnia zycia) z rozpoznang biochemicznie i/lub molekular-
nie glikogenozg 1b. Z udziatu w badaniu wyklucza przewle-
kta choroba nerek (gdy eGFR ponizej 60 ml/min/1,73 m?).
Kontakt do Gléwnego Badacza: d.rokicki@ipczd.pl
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1 | INTRODUCTION

Glycogen storage disease type 1b (GSD 1b) is a rare (preva-
lence 1: 500 000) autosomal recessive metabolic defect

Milena Greczan' © |

Janusz Ksiazyk' © |

Karolina Kierus® |
| Elzbieta Ciara®® | Barbara Piatosa®® |
Dorota Wesol-Kucharska'

Abstract

Glycogen storage disease type 1b (GSD 1b) is an inherited metabolic defect caused
by biallelic mutations in the SLC37A4 gene encoding microsomal glucose-
6-phosphate (G6P) transporter in the endoplasmic reticulum (ER) membrane.
Ineffective G6P transport into the ER leads to hypoglycaemia, hyperlactatemia,
hyperuricemia, hypertriglyceridemia, hepato- and/or nephromegaly. Clinical
manifestations of the disease include recurrent, severe infections and inflamma-
tory bowel (Crohn-like) caused by neutropenia and diminished bactericidal and
fungicidal activity of neutrophils. Granulocyte colony-stimulating factor (G-CSF)
administration is currently a standard therapy to prevent adverse effects of neutro-
penia, but the treatment is associated with a high risk of severe side effects.
On the other hand, short-treatment with sodium-glucose cotransporter type
2 inhibitor - empagliflozin (EMPA) was reported to act directly on the mechanism
of neutropenia and neutrophil dysfunction in GSD 1b. We observed significant
improvement in clinical and laboratory parameters after introducing EMPA to
treatment, that is reduced frequency of infections, lower number of bowel move-
ments, and improved postoperative wound healing. EMPA is effective in the
treatment of neutropenia in our GSD 1b patients, which allows for dose reduction
and even withdrawal of G-CSF. We did not observe any significant side effects of
EMPA treatment in our patients.

KEYWORDS
empagliflozin, G-CSF, GSD 1b, neutropenia, SGLT2 inhibitor

caused by biallelic mutations in the SLC37A4 gene. It leads
to a deficiency of microsomal glucose-6-phosphate (G6P)
transporter in the endoplasmic reticulum (ER) membrane.
G6P hydrolysis to glucose is possible only inside
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ER. Therefore transporter absence/deficiency in ER results
in hypoglycaemia.* An increased G6P in cytoplasm
results in excessive stimulation of metabolic processes,
leading to laboratory abnormalities typical for GSD 1b
(hyperlactatemia, hypertriglyceridemia, hyperuricemia, and
hypercholesterolemia)."™ In addition, poorly metabolised
glycogen and fats accumulate in the liver and kidneys, lead-
ing to their enlargement and dysfunction. Hepatic adeno-
mas, abnormal proximal or distal renal tubule function, and
progressive glomerular fibrosis were also observed."

Metabolic aberrancies in G6P transport also negatively
affect neutrophil count and function. As a result, GSD 1b
patients demonstrate an increased frequency of severe infec-
tions and predisposition to inflammatory bowel (Crohn-like)
disease."™ Premature apoptosis and reduced bactericidal
and fungicidal activity of neutrophils in GSD 1b patients are
caused by an excessive accumulation of 1,5 anhydroglucitol-
6-phosphate (1,5 AG6P) in cell cytoplasm.>* 1,5 AG6P
inhibits hexokinase and negatively affects the conversion of
glucose into G6P, thereby reducing the amount of substrate
for production of energy and free oxygen radicals.>?

The granulocyte colony-stimulating factor (G-CSF)
treatment of neutropenia in patients with GSD 1b aims to
improve the absolute neutrophil count and reduce the
severity of infections. Unfortunately, pathological effects are
not eliminated, and life-threatening infections are still
observed, while inflammatory bowel disease is often poorly
controlled.>* In addition, the ineffective elimination of toxic
metabolites from neutrophils reduces G-CSF efficacy in
GSD1b.?

Empagliflozin (EMPA), a renal sodium-glucose
cotransporter type 2 (SGLT2) inhibitor approved for the
treatment of diabetes mellitus type 2, inhibits the reuptake
of 1,5 anhydroglucitol (1,5 AG) in renal tubules.>” Lowering
the serum concentration of 1,5 AG respectively reduces the
concentration of 1,5 AG6P in the neutrophil cytoplasm.
What in patients with GSD 1b leads to the unblocking of
glycolysis and pentose phosphate cycle, thus prolonging the
survival of the neutrophil and improving its function.>”

2 | AIM

The aim of this study is to describe the effects of EMPA
treatment (3-18 months of treatment) in four patients
with GSD 1b respect to clinical symptoms and laboratory
parameters.

3 | MATERIAL AND METHODS

The study included four patients with GSD 1b, two girls
and two boys, remaining under the combined care of the
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Synopsis

Glycogen storage disease type 1b (GSD 1b) is an
inherited metabolic defect caused by balletic
mutations in the SLC37A4 gene encoding micro-
somal glucose-6-phosphate transporter in the
endoplasmic reticulum membrane. The main
symptoms of the disease include short stature,
hepatomegaly, hypoglycaemia, hyperlactatemia,
hypertriglyceridemia, and neutropenia.

Neutropenia leads to severe infections and the
development of inflammatory bowel disease
despite G-CSF treatment.

We observed significant improvement in clini-
cal and laboratory parameters after introducing
empagliflozin to treatment without significant
side effects.

Department of Paediatrics, Nutrition and Metabolic Dis-
eases, Children's Memorial Health Institute (IP-CZD) in
Warsaw and the Department of Paediatrics, Rheumatology,
Immunology and Metabolic Bone Diseases, Medical Uni-
versity of Bialystok. Due to unsatisfactory improvement on
G-CSF, we started treatment with EMPA. Clinical data and
laboratory parameters in similar follow-up periods before
and after the introduction of EMPA were retrospectively
analysed to evaluate the effects of EMPA treatment.

The collected data included the number of urgent
hospitalisations due to infection, the number of infections
requiring antibiotic therapy, the mean number of stools per
day, and the average number of days per month with muco-
sal lesion before and after the implementation of EMPA
therapy. In addition, we evaluated the metabolic response
by assessing the concentration of glucose, lactic acid, uric
acid, and triglyceride in serum and by evaluating the abso-
lute neutrophil count. Finally, results of all analysed param-
eters were compared for similar periods before and after
introducing EMPA treatment.

4 | CASES DESCRIPTION

P1: Male patient, currently 17.5 years old, was born by Cae-
sarean section from pregnancy G1 at 41 weeks, with Apgar
score of 10 and birth weight of 3.800 g. Congenital pneumo-
nia complicated the neonatal period. At 2 months of age,
perirectal abscess drainage was required. Two weeks later,
the patient developed a generalised infection of unknown
aetiology. Hepatomegaly, hypoglycaemia of 1.7 mmol/L
after a 3-h feeding break, and neutropenia (200 cells/pl,
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N > 1000) were detected. Molecular testing revealed a
homozygous SLC37A4 variant, c.1042_1043del.

The boy was repeatedly hospitalised during several
subsequent months due to hypoglycaemia, recurrent
severe bacterial infections (pneumonia, bilateral otitis),
episodes of stomatitis, and/or diarrhoea. Due to severe,
persistent neutropenia (100-200 cells/pl, N > 1000),
G-CSF at 5 pg/kg/24 h dose was introduced to the therapy
when the patient was 22 months old. By 16 years of age,
the boy was hospitalised approximately 50 times due to
recurrent bacterial infections, diarrhoea, mouth sores, and
skin abscesses. Despite G-CSF treatment, no significant
increase in the neutrophil count was achieved. At 3 years,
the patient developed severe Crohn-like bowel disease and
periodically required parenteral nutrition. At 16 years of
age, the patient started zoledronic treatment due to signifi-
cant thinning of bone structure and numerous vertebral
compression fractures found in dual-photon X-ray absorpti-
ometry (DXA).

Despite G-CSF and mesalazine, during the year pre-
ceding the introduction of EMPA, the patient demon-
strated poor control of inflammatory bowel disease, and
he experienced several episodes of severe infections
(Table 1). Laboratory tests revealed severe neutropenia
but a normal concentration of lactic acid, uric acid and
triglycerides in serum (Table 1). Due to unsatisfactory
response to G-CSF (2.7 pg/kg/24 h), a treatment with
EMPA was initiated (of label use).

P2: Male patient, currently 13 years old, was born from
normal gestation and labour. A single hypoglycaemia epi-
sode occurred on the 8th day of life. During the diagnostic
process of recurrent infections (4x acute otitis media, 2x
upper airway infection, purulent inflammation of the axil-
lary pit, and soft tissue infection in the eye region) per-
formed at 9 months of age, lipid disorders, hypoglycaemia,
hepatomegaly, and neutropenia were discovered. The
patient was transferred to the Department of Metabolic
Diseases in Warsaw. At 9 months of life, the patient
demonstrated normal body weight (10 kg, 50th pc)
and length (69 cm, 25th pc). Laboratory tests re-
vealed hyperlactatemia (4.6 mmol/L, N < 2.22),
hypertriglyceridemia (15.06 mmol/L, N < 1.71), hy-
peraminotransferasaemia (AST/ALT 108/149 IU/L,
N < 40/30), neutropenia (115 cells/pl, N > 1000 cells/pl),
and high normal uric acid (410 pmol/L, N < 416) (Table 1).
Abdominal ultrasound revealed a normal renal image but
confirmed significant hepatomegaly with no abnormalities
in the echo pattern. GSD 1b was suspected and confirmed
at 9 months of age, with compound heterozygosity for the
variants ¢.1042_1043 del CT and c.341A>G revealed in
SLC37A4 gene (Table 2).

Due to frequent infections (3x upper airway infec-
tions, 2x skin abscesses per year) and low neutrophil
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count (900 cells/pl), G-CSF was introduced at a
2.5 pg/kg/24 h when the patient was 2 years old. Despite
normalisation of the neutrophil count, the patient went
through numerous infections with three episodes of acute
otitis media, four episodes of pneumonia and several sur-
geries for granulomatous otitis media and renal abscesses
during 10 years of follow-up under treatment with
G-CSF. Additionally, the patient developed inflammatory
bowel disease requiring mesalazine at 9 years (initially
2x 500 mg, increased to 4x 500 mg due to unsatisfactory
results).

We started an “off-label” EMPA treatment because
of recurrent infections, low neutrophil count, and lack
of inflammatory bowel disease remission on G-CSF
(2.5 pg/kg/24 h) and mesalazine (40 mg/kg/day).

During 1 year preceding the introduction of EMPA,
the patient experienced submandibular lymphadenitis,
three episodes of respiratory tract infection, and one epi-
sode of skin abscess. In addition, multiple stools per day
(on average 7-8) and ulcer-like lesions in the mouth for
10 days per month were observed (Table 1). Laboratory
tests performed before the introduction of EMPA showed
normal lactic acid concentration in serum, but persistent
neutropenia, high concentration of uric acid despite the use
of allopurinol, and elevated levels of triglycerides (Table 1).
Nutritional treatment did not affect hypertriglyceridemia
and hyperuricemia. Fenofibrate and febuxostat were added
before initiation of the EMPA therapy.

P3: Female patient, currently 9 years old, with unevent-
ful gestational and neonatal history, experienced an episode
of hypoglycaemia accompanying bilateral otitis media of
Streptococcus agalactiae aetiology on 2nd day of life. Surgery
on the 20th day of life was required to remove a skin
abscess in the paranasal infraorbital region with subsequent
generalised infection by Staphylococcus aureus (MSSA). At
5 months of age, an in-depth diagnostic procedure was initi-
ated after an episode of generalised seizures accompanying
low serum glucose (1.66 mmol/L). Hepatomegaly and neu-
tropenia (190 cells/pl) (Table 1) suggested that the patient
may suffer from GSD 1b. Mutation analysis of the SLC37A4
gene revealed a homozygous variant (c. 1042_1043del) con-
firming the diagnosis (Table 2). At 15 months of age, recur-
rent infections, chronic neutropenia, and poor NADPH
oxidase activity identified as abnormal “respiratory burst”
(Table 2) prompted to use G-CSF at a dose of 5 pg/kg/24 h.
Gastrostomy was performed at age of 18 months due to
feeding difficulties and was complicated by delayed wound
healing. The frequency of infections decreased after the
introduction of G-CSF. However, the patient developed coli-
tis at 2.5 years of age. Despite mesalazine treatment initi-
ated for persistent diarrhoea, pathologic lesions were found
by colonoscopy (Table 2). The patient was repeatedly hos-
pitalised, most frequently due to purulent lesions in the
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TABLE 2 Patients with glycogen storage disease type 1b (GSD 1b) summary
P1 P2 P3 P4
Molecular analysis €.1042_1043del, c.[1042_1043del]; ¢.1042_1043del, c.[1042_1043del];
(p.Leu348Valfs*53) [341A>G], (p. (p.Leu348Valfs*53) [1175del], p.[Leu348Valfs*53];
homozygous [Leu348Valfs*53]; homozygous [Ser392Ilefs*11]
[GIn114Arg])
Initial presentation INF, HMG, HGL HGL, INF, HMG, HTG, HGL, INF, HTG, HLA INF, HLA, HTG
HLA
Age at diagnosis 4 9 1 2.5
(months)
Gender Male Male Female Female
Age/dose when starting 2 years old 2 years old 15 months 8 months
G-CSF treatment 5 pg/kg/24 h 2.5 pg/kg/24 h 5 pg/kg/24 h 4 ug/kg/24 h
Respiratory burst Reduced/reduced Reduced/normal Reduced/normal Reduced/normal
before/after starting
G-CSF treatment
Total follow-up period 17 13 8 1
(years)
IBD, age (years) start of 3 9 2.5 -
mesalazine treatment
Hypertension No Yes No No

Abbreviations: G-CSF, granulocyte-macrophage colony-stimulating factor; HGL, hypoglycemia; HLA, high lactic acid; HMG, hepatomegaly;
HTG, hypertriglyceridemia; IBD, inflammatory bowel disease; INF, severe/recurrent infection.

gastrostomy area requiring surgical treatment. The
gastrostomy tube could only be removed at the age of eight
due to long-lasting feeding difficulties. Recurrent sinusitis,
otitis, and poor control of inflammatory bowel disease
despite treatment with G-CSF and mesalazine prompted
introduction of an EMPA (off label use). The dose was grad-
ually increased to a final dose of 0.4 mg/kg/24 h.

On daily administration of G-CSF (6 pg/kg/24 h) and
mesalazine (2x 500 mg), the parameters reflecting meta-
bolic control (lactic acid, uric acid, and triglycerides con-
centration in serum) remained within normal limits.
However, during the year preceding the introduction of
EMPA, a gradual reduction of neutrophil count has been
observed. The patient has been hospitalised six times for
severe infections, and five times she required outpatient
therapy with antibiotics (Table 1). Remission of inflam-
matory bowel disease has not been achieved (Table 1).

P4: Female patient, currently 17 months old, with
uneventful neonatal history, developed a generalised
infection of MSSA aetiology at 2 months of age. Labora-
tory results demonstrated a high triglyceride level
(18-27.36 mmol/L) (Table 2). On admission to the Depart-
ment of Metabolic Diseases in the Children's Memorial
Health Institute at 2.5 months of age, the girl weighed
5 kg (3rd-10th c), and her length was 55 cm (50th c). Lab-
oratory tests revealed hyperlactatemia (13.98 mmol/L,
N < 2.22), hypertransaminasemia (ALT/AST 92/29 IU/L,
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FIGURE 1 Postoperative wound healing before EMPA

treatment (the gastrostomy area 26 days after surgery)

N < 30/40), and hypertriglyceridemia (20.62 mmol/L,
N < 1.71). Hepatomegaly, without nephromegaly or
abnormal echo pattern, was found in ultrasound examina-
tion (Table 2). Initially, no significant neutropenia was
observed (780-890 cells/pl), but NADPH oxidase activity
was reduced. GSD 1b was confirmed by identification of
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biallelic mutations in SLC37A4 gene (c.1042_1043del and
c.1175del) (Table 2). We modified the diet and started pro-
phylactic amoxicillin for neutropenia. At 6 months of age,
the patient required hospitalisation due to generalised
infection with Enterococcus faecalis. At 8 months of age,
G-CSF was introduced at a dose of 4 pg/kg/24 h due to
recurrent generalised infections and persisting neutrope-
nia. The normalisation of neutrophil count and NADPH
oxidase activity has been observed after introduced G-CSF
(Table 2). Two months later, increasing difficulties in tak-
ing regular oral meals necessitated the emergence of a
gastrostomy. The procedure was complicated by delayed
wound healing. Once again, the neutrophil count and
NADPH oxidase activity were checked and proved to be in
normal range. Due to the exhaustion of all available
methods of treatment (local and generalised antibiotic, dis-
infectants etc.) taking into consideration promising reports
on the beneficial effects of EMPA on wound healing in
patients with GSD 1b, on day 26 after the surgery, EMPA
(off label use) was introduced (Figure 1).

5 | RESULTS

P1: For 1 year and 6 months, EMPA (0.3 mg/kg/24 h) was
administered in combined treatment with G-CSF (2.7 pg/
kg/24 h). Good general condition, improvement in blood
differential, and lack of infections prompted reducing the
G-CSF dose to 1.4 pg/kg/24 h and subsequently withdraw-
ing it. Currently, the boy is off G-CSF for 6 months
(Table 1). Following the introduction of EMPA, a signifi-
cant reduction in the number of infectious episodes and
the number of stools per day with the resolution of mouth
sores or skin abscesses (Table 1). The patient experienced
a single episode of pulmonary infection requiring antibi-
otic therapy in an outpatient setting after the introduction
of EMPA (Table 1). Metabolic control and neutrophil
counts remain within normal limits (Table 1). Despite the
expected glucosuria, no hypoglycaemia or urinary tract
infections were observed during treatment.

P2: We started filgrastim (2.5 pg/kg/24 h) and EMPA
(0.4 mg/kg/24 h), and for 1 year, the patient received both.
As a result, we observed a reduced frequency of infections,
mean number of stools per day, and lower incidence of
mouth sores. Significant clinical improvement and satisfac-
tory neutrophil counts (above 1000 cells/pl) allowed gradual
withdrawal of G-CSF (Table 1). Currently, the patient is off
G-CSF for 6 months, with a single upper respiratory tract
infection treated symptomatically. The number of stools
was significantly reduced, and no mucosal lesions were
observed (Table 1). Metabolic control, that is serum concen-
tration of lactic acid, uric acid and triglycerides, improved,
although these might be caused by simultaneous
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FIGURE 2
introduction of EMPA treatment (the gastrostomy area 29 days

Postoperative wound healing 3 days after

after surgery)

introduction of fenofibrate and febuxostat. No adverse reac-
tions to EMPA treatment were observed.

P3: Combined treatment with G-CSF (6 pg/kg/24 h)
and EMPA (0.4 mg/kg/24 h) resulted in clinical improve-
ment, that is reduced frequency of hospitalisations for infec-
tions down to three per year, the need for outpatient
treatment down to two per year, with fewer stools per day
and only a few mouth sores (Table 1). We recorded no uri-
nary tract infections and a single episode of hypoglycaemia
(1.44 mmol/L) related to the delayed supply of the night
meal. Due to persistently low neutrophil count (median
number 815 cells/pl [range: 650-860 cells/pl]), G-CSF after
a year of combined treatment with EMPA was not with-
drawn, but its dose was reduced by 50% (Table 1).

P4: The patient was treated with G-CSF (2 pg/
kg/24 h) and EMPA (0.4 mg/kg/dl) for 2 months. Accel-
eration of wound healing was observed 3 days after intro-
ducing EMPA (Figure 2), while 2 days later, it was
possible to discharge the patient home. Although EMPA
was used for a brief period (6 months), an increase in the
neutrophil count was observed (Table 1). Two months
after the introduction of EMPA, it was possible to with-
draw G-CSF (Table 1). No infections occurred, and no
adverse reactions to treatment were observed.

6 | DISCUSSION

In the maturation process, neutrophils lose most of their
mitochondria and become dependent on the energy
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coming from anaerobic glycolysis. As a result, glucose
6-phosphate, the product of the first glycolysis stage, is
also used in the pentose phosphate cycle. The pentose
phosphate pathway serves, among others, in production
of NADPH, which is used by NADPH oxidase to produce
free oxygen radicals.’

1,5 AG is common in food, but its function in vivo is
still unknown.>® Under physiologic conditions, 1,5 AG6P
is transported to the ER, converted by glucose-
6-phosphatase 3 (G6PC3) to 1,5 AG and phosphate, and
eliminated from the cell.>* In patients with GSD 1b, the
transporter deficiency causes 1,5 AG6P accumulation in
the cytoplasm of neutrophils. Excess of 1,5 AG6P inhibits
hexokinase and the conversion of glucose into glucose-
6-phosphate and therefore insufficient cell energy pro-
duction. This results in energy deficiency and impaired
production of free oxygen species.>?

Treatment with G-CSF positively affects the neutro-
phil count, it reduces frequency and severity of infections
observed in patients with GSD 1b. Unfortunately, patho-
logical effects are not eliminated and life-threatening
infections are still observed, while inflammatory bowel
disease is often poorly controlled. Moreover, such treat-
ment is not free of adverse reactions, with osteoarticular
pain, gingival hypertrophy and bleeding, splenic enlarge-
ment often accompanied by hypersplenism, and an
increased risk of hematologic neoplasms.*°

EMPA inhibits the reabsorption of glucose from pri-
mary urine, therefore leading to reduced glucose con-
centration in serum. The drug is successfully used in
adult patients to control diabetes mellitus type 2, provid-
ing cardio- and nephroprotective effects due to reduced
blood pressure.”® EMPA has also been reported to
inhibit the reuptake of 1,5 AG in renal tubules.*® Low-
ering the serum concentration of 1,5 AG reduces the
concentration of 1,5 AG6P in the neutrophil cytoplasm.
This decrease leads to an unblocking of the glycolysis
and the pentose phosphate cycle, thus extension in the
survival and the improvement in function of neutro-
phils>” .

The most common adverse reactions of EMPA treat-
ment include episodes of hypoglycaemia (when the drug is
used with another hypoglycaemic agent) and an increased
frequency of genitourinary infections.>*® None of these has
was observed in our patients. The number of neutrophils
increased, and the frequency of infections was reduced.*®

Auspicious results of treating neutropenia with
EMPA in patients with GSD 1b suggest a need to per-
form further studies. In addition, considering the
reported nephro- and cardioprotective effect of the drug,
a longer follow-up might show whether there are any
other beneficial effects of EMPA treatment in patients
with GSD 1b.
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7 | CONCLUSIONS

The case reports presented above confirm the efficacy of
EMPA in the short-term treatment of neutropenia in
GSD1b patients, as described by Wortmann et al. and
Griinert et al.>®> EMPA treatment results in significant
clinical improvement. Through the therapy, we observed:
the reduced frequency of infections, the decrease in num-
ber of bowel movements and significant improvement in
wound healing (Table 1). The EMPA therapy led to par-
tial or a complete withdrawal of G-CSF in all patients.
Clinical improvement seems to be related mainly to ame-
lioration of neutrophil function. None of the patients rev-
ealed significant adverse reactions to EMPA treatment.
In all four patients, the EMPA therapy is continued.
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Abstract:

Neutropenia and neutrophil dysfunction in glycogen storage disease type 1lb (GSDlb) are caused by
the accumulation of 1,5-anhydroglucitol-6-phosphate (1,5-AG6P) in granulocytes. The antidiabetic
drug empagliflozin reduces the concentration of 1,5-anhydroglucitol (1,5 AG), thus restoring
neutrophil counts and functions, leading to promising results in previous case reports. Here, we
present a comprehensive analysis of neutrophil function in seven GSDlb patients and 11 healthy
donors, aiming to evaluate the immediate (after 3 months) and long-term (after 12 months) efficacy
of empagliflozin compared to the reference treatment with granulocyte-colony stimulating factor (G-
CSF) . We found that most patients receiving G-CSF remained neutropenic with dysfunctional
granulocytes, whereas treatment with empagliflozin increased neutrophil counts and improved
functionality by inhibiting apoptosis, restoring phagocytosis and the chemotactic response,
normalizing the oxidative burst, and stabilizing cellular and plasma levels of defensins and
lactotransferrin. These improvements correlated with the decrease in serum 1,5-AG levels. However,
neither G-CSF nor empagliflozin overcame deficiencies in the production of cathelicidin/LL-37 and
neutrophil extracellular traps. Given the general improvement promoted by empagliflozin treatment,
patients were less susceptible to severe infections. G-CSF injections were therefore discontinued
in six patients (and the dose was reduced in the seventh) without adverse effects. Our systematic
analysis, the most extensive reported thus far, has demonstrated the superior efficacy of
empagliflozin compared to G-CSF, restoring the neutrophil population and normal immune functions.
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The data that support the findings of this study are available upon reasonable request to the
corresponding author. The data are not publicly available due to privacy or ethical
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Abstract

Neutropenia and neutrophil dysfunction in glycogen storage disease type 1b (GSDI1b) are
caused by the accumulation of 1,5-anhydroglucitol-6-phosphate (1,5-AG6P) in granulocytes.
The antidiabetic drug empagliflozin reduces the concentration of 1,5-anhydroglucitol
(1,5-AG), thus restoring neutrophil counts and functions, leading to promising results in
previous case reports. Here, we present a comprehensive analysis of neutrophil function in
seven GSD1b patients and 11 healthy donors, aiming to evaluate the immediate (after 3
months) and long-term (after 12 months) efficacy of empagliflozin compared to the reference
treatment with granulocyte-colony stimulating factor (G-CSF). We found that most patients
receiving G-CSF remained neutropenic with dysfunctional granulocytes, whereas treatment
with empagliflozin increased neutrophil counts and improved functionality by inhibiting
apoptosis, restoring phagocytosis and the chemotactic response, normalizing the oxidative
burst, and stabilizing cellular and plasma levels of defensins and lactotransferrin. These
improvements correlated with the decrease in serum 1,5-AG levels. However, neither G-CSF
nor empagliflozin overcame deficiencies in the production of cathelicidin/LL-37 and
neutrophil extracellular traps. Given the general improvement promoted by empagliflozin
treatment, patients were less susceptible to severe infections. G-CSF injections were therefore
discontinued in six patients (and the dose was reduced in the seventh) without adverse
effects. Our systematic analysis, the most extensive reported thus far, has demonstrated the
superior efficacy of empagliflozin compared to G-CSF, restoring the neutrophil population

and normal immune functions. EudraCT 2021-000580-78

Key words: glycogen storage disease type 1b, neutropenia, SLC3744, SGLT?2 inhibitor,

empagliflozin

Key points:
- Empagliflozin decreases the susceptibility to infection in Glycogen storage disease type 1b

- Empagliflozin significantly improves neutrophil population and functions in GSD1b,

surpassing G-CSF limited efficacy
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Introduction

Glycogen storage disease type 1b (GSD1b, OMIM: #232220) is a rare metabolic defect with
a prevalence of 1:500,000 that predominantly affects carbohydrate metabolism®. It is caused
by biallelic mutations in the SLC37A4 gene, resulting in a deficient glucose-6-phosphate
transporter (translocase G6P) in the endoplasmic reticulum (ER) membrane?. The final step
in gluconeogenesis is G6P hydrolysis to glucose, which only takes place in the ER®.
Translocase G6P deficiency therefore leads to episodes of hypoglycemia and elevated levels
of G6P in the cytoplasm®. The accumulation of G6P triggers abnormal metabolic processes
that typify GSD1b, including hyperlactatemia, hypertriglyceridemia, hyperuricemia and
hypercholesterolemia*®. Furthermore, the storage of excess glycogen and fats causes the

enlargement and dysfunction of the liver and kidneys.

The primary treatment for severe hypoglycemia accompanied by metabolic disruption
is the frequent consumption of protein-rich meals with minimal levels of simple sugars,
including feeding infants at 2-h intervals day and night*. However, GSD1b also causes
neutrophil deficiency and dysfunction, which has a severe impact on quality of life from the
neonatal period onward by making patients susceptible to frequent, life-threatening
infection®®. Later in life, neutropenia causes other comorbidities such as inflammatory bowel
disease (IBD) and recurrent aphthous stomatitis. Until recently, granulocyte-colony
stimulating factor (G-CSF) was the only approved treatment for congenital
neutropenia®’. However, although G-CSF can restore the neutrophil count, its ability to
address neutrophil dysfunction is more limited and treatment may increase long-term

susceptibility to acute myeloid leukemia, myelodysplasia and other forms of cancer® ™.

The accumulation of 1,5 anhydroglucitol-6-phosphate (1,5-AG6P) in granulocytes
was recently identified as the cause of neutropenia in GSD1b?. This compound is formed
when 1,5-anhydroglucitol (1,5-AG), a glucose analog found in the diet, is phosphorylated by
hexokinases. Normally, 1,5-AG6P is transported from the cytosol of neutrophils to the ER,
where it is dephosphorylated by glucose-6-phosphatase (G6PC3) and then eliminated. But a
deficiency for translocase G6P causes 1,5-AG6P to accumulate in the cytosol, where it
inhibits glucose phosphorylation by hexokinases, thereby preventing glycolysis, the primary
energy source for mature neutrophils in the absence of mitochondria®'2. These deficiencies
impair the bactericidal activity of neutrophils, and cause them to undergo premature

apoptosis™* ™.
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The discovery of the underlying cause of this congenital form of neutropenia has
facilitated the pursuit of more targeted treatment options. Inhibitors of renal sodium-glucose
cotransporter type 2 (SGLT2), such as empagliflozin, appear to be the most promising
options>®. Empagliflozin is used to prevent the reabsorption of glucose and its derivatives in
the proximal tubule of the nephron in diabetes patients'®*’. In GSD1b, empagliflozin also
inhibits the feedback of 1,5-AG and reduces 1,5-AG6P levels in the blood and granulocytes®.
Empagliflozin has been shown to increase the population of viable and functional neutrophils
in a limited number of patients®®. Furthermore, retrospective analysis have shown that
empagliflozin have positive effects on neutrophil dysfunction-related symptoms including
inflammatory bowel disease, oral and urogenital mucosal lesions, infections or skin
abscesses*® . Here, we present the first prospective clinical trial evaluating the effectiveness
of SGLT2 inhibition in GSD1b with the most extensive and comprehensive analysis of
neutrophil dysfunction in patients thus far, in order to investigate both the immediate and
long-term efficacy of empagliflozin. We evaluated the effect of empagliflozin on neutrophil
apoptosis, phagocytosis, chemotaxis, the oxidative burst, cellular and plasma levels of
antimicrobial peptides (AMPs) and LL-37, and the formation of neutrophil extracellular traps
(NETSs) compared to the control treatment with G-CSF.
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Materials and methods

EMPALtia clinical trial

The EMPAtia clinical trial “Evaluation of the effectiveness and safety of empagliflozin in
treating neutropenia in patients with GSDI1b” (https://www.clinicaltrialsregister.eu/ctr-

search/trial/2021-000580-78/PL) has been running in Poland since March 2022. This trial,

funded by the Medical Research Agency (ABM), was designed by researchers from the
Children’s Memorial Health Institute in Warsaw and has enrolled 92% of identified pediatric
patients with GSD1b in Poland (12 patients in total). Informed written consent to participate
in the EMPAtia clinical trial was obtained from the patients and/or their parents. In
collaboration with the FixNet project (Fix Neutropenia: Focusing on neutrophil proteases
defect which serve as novel diagnostic and therapeutic options), seven of these patients (58%)
qualified for the additional assessment of neutrophil functions according to the
EMPAtia/FixNet substudy protocol (Suppl. Figure S1). Given the use of empagliflozin for an
average of 1 year, four patients were not included because neutrophils could not be collected
at baseline before the initiation of treatment, and one additional patient was excluded because
the parents did not provide consent. The EMPAtia substudy was reviewed and approved by
the bioethics commission at the Children's Memorial Health Institute in Warsaw
(16/KBE/2021). It was conducted in accordance with the Declaration of Helsinki and its
subsequent amendments. No personal or identifiable data relating to the substudy are
included in this article. Healthy controls were originally enrolled in the FixNet project from
the Foundation for Polish Science with informed written consent (approved by the Human
Research Ethics Committee, Medical University of L6dz — RNN/211/22/KE and
RNN/353/19/KE).

Before the trial started, all seven patients were treated daily with G-CSF. This was
initially maintained when daily treatment with empagliflozin commenced (5 mg at weights
below 20 kg, 10 mg at weights of 20-39 kg, and 20 mg at weights above 39 kg). The
administration of G-CSF was stopped when the neutrophil count exceeded 1 x 10° cells/L at
follow-up visits scheduled in the protocol (every 3 months on average). However, G-CSF
treatment was reinstated if neutrophil numbers dipped below this threshold. Inclusion and
exclusion criteria, as well as the protocol used to address the potential side effects of
empagliflozin, are provided in the supplementary materials and methods. Neutrophils were
isolated from the peripheral blood of patients and healthy donors as previously described?'.

The complete protocol is provided in the supplementary materials. Blood was collected
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before the trial as well as 3 and 12 months after the initiation of empagliflozin treatment.

Complete blood counts were determined at the same times.
Apoptosis assay

Freshly-isolated neutrophils were labeled with annexin V (BD Pharmingen) and apoptotic

cells were detected by flow cytometry using a BD FACSLyric system.
Migration and chemotactic response assay

Neutrophil migration and chemotaxis in response to 10% human serum (Sigma-Aldrich) were
determined using a Boyden’s chamber model and the fluorogenic CytoSelect 96-well cell

migration assay with 3-um ports (Cell Biolabs) according to the manufacturer’s instructions.
Induction and quantification of NETs

Freshly isolated neutrophils were stimulated with 25 nM phorbol 12-myristate 13-acetate
(PMA; Sigma-Aldrich) and extracellular DNA was recovered after 3 h and digested with
micrococcal nuclease (Thermo Fisher Scientific). The quantity of DNA was determined using
SYTOX Green Nucleic Acid Stain (Thermo Fisher Scientific) at an excitation wavelength of
485 nm and an emission wavelength of 535 nm. NETs were also identified by confocal
microscopy as previously described®'. Cells were stained with a rabbit anti-human neutrophil
elastase antibody (#01-14-051200, Athens Research and Technology) diluted at 1:500 in
phosphate-buffered saline (PBS) containing 3% bovine serum albumin (BSA) and 0.1%
saponin for 1 h, followed by APC-conjugated goat anti-rabbit IgG F(ab'), (#111-136-144,
Jackson ImmunoResearch Laboratories) diluted at 1:1000 for 45 min. Nuclei were

counterstained with 1 pg/mL Hoechst 33342 (Invitrogen).
NADPH oxidase assay

The ability of neutrophils to generate reactive oxygen species via NADPH oxidase was
determined using a dihydrorhodamine 123 (DHR) assay followed by flow cytometry as
previously described?.

Plasma concentration of 1,5-AG ([plasma 1,5-AG])

50 pL of serum were spiked with 10 pL of the internal standard (100 pg/mL 1,5-AG-"Ce)
and 150 pL of acetonitrile to precipitate proteins. Samples were vortexed for 2 min and
centrifuged before [plasma 1,5-AG] was measured by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) using a Waters ACQUITY UPLC glycan BEH amide column

(2.1 x 150 mm, 1.7 um particle size) with isocratic elution and a total runtime of 10 min.
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The mobile phase consisted of solvent A (water with 0.1% (v/v) ammonium hydroxide) and
solvent B (acetonitrile with 0.1% (v/v) ammonium hydroxide). Eluted fractions were
injected into the mass spectrometer followed by negative electrospray ionization (ESI) and

analysis by multiple-reaction monitoring (MRM) with the quantification range 1-100 pg/mL.
Enzyme-linked immunosorbent assay (ELISA)

The following commercially available ELISA assay kits were used to quantify various AMPs
in cell lysates and plasma samples according to the manufacturers’ instructions: Human G-
CSF Instant ELISA kit (Invitrogen, BMS2001NST), EnzCheck Myeloperoxidase (MPO)
Activity Assay kit (Invitrogen, E33856), Human LTF/LF (lactoferrin) ELISA kit
(Elabscience, E-EL-H5200), Human CAMP/Cathelicidin antimicrobial ELISA kit (EIAab,
E1046h) and Human HNP1-3 (neutrophil peptide 1-3) ELISA kit (Elabscience, E-EL-
H2299).

Statistical analysis

Data were analyzed and visualized using Graphpad Prism (Graphpad Software). Statistical
differences between patients and controls were determined by ordinary one-way analysis of
variance (ANOVA) for unpaired data. Statistical differences between datasets collected
before and during empagliflozin treatment (0, 3 and 12 months) were determined by mixed-
effect analysis. Two-tailed nonparametric Spearman correlation assay was used to determine
potential correlations with [plasma 1,5-AG] or [plasma G-CSF]. Statistical significance was

defined as p < 0.05.

The EMPAtia study was approved by bioethics commission at the Children's Memorial Health
Institute in Warsaw no 16/KBE/2021 and FixNet project was approved by the Human
Research Ethics Committee, Medical University of +6dZz (RNN/211/22/KE and
RNN/353/19/KE).
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Results

Clinical course during empagliflozin treatment

Seven pediatric patients (three girls and four boys, median age 11 years, age range 3-19
years) with various biallelic mutations in the SLC37A4 gene were enrolled for neutrophil
functional tests (Tables | and Il and Figure 1). Before empagliflozin treatment commenced,
all seven were treated with G-CSF (median dose 2 pg/kg/day, dose range 1-6.5 pg/kg/day).
The median dose of empagliflozin as the trial began was 0.42 mg/kg/day (range 0.3-0.47
mg/kg/day).

During G-CSF treatment, in the year before the start of the trial, the median number
of infections requiring antibiotics was three (Q1 = 1.5; Q3 = 5) (Tables 1 and 2). The year
following the start of empagliflozin treatment, the median number of infections decreased to
one (Q1 = 0.5; Q3 = 2.5) and only patient 4 experienced an increase in the number of
infections, from 0 to 1 the following year (Table 1). One patient was diagnosed with IBD
before the study. During the first year of empagliflozin treatment, IBD symptoms did not
become any more severe in this patient and were not observed in the other six. There was also
no significant increase in the frequency of hypoglycemic episodes or side effects during the

first year of empagliflozin treatment in any of the patients.
Measurement of [plasma 1,5-AG]

Before empagliflozin treatment, the median concentration of 1,5-AG in the plasma of the
seven patients was 47.2 pg/mL (Q1 = 43.35 pg/mL; Q3 = 52.95 ng/mL) (Table 2 and Figure
1A). This decreased significantly (P < 0.0001) to 6.2 pg/mL (Q1 = 2.85 pg/mL; Q3 = 11.2
pg/mL) after 3 months and to 5.3 pg/mL (Q1 = 4.6 pg/mL; Q3 = 9.45 pg/mL) after 12
months (Table 2 and Figure 1A). Substantially lower 1,5-AG levels were observed in all

seven patients (Figure 1B).
Leukocyte and neutrophil counts

Under G-CSF treatment, the median neutrophil count in the seven patients was 0.86 x 10°
cells/uL (Table 2 and Figure 1C). This was significantly lower than the median count of 3.1 x
10° cells/pL in the 11 control donors (P = 0.001). During empagliflozin treatment, the median
neutrophil count of the seven patients increased to 1.95 x 10° cells/uL after 3 months and
2.24 x 10° cells/uL after 12 months (Table 2 and Figure 1C). Only patient 2 showed a
significant decline in the neutrophil count between 3 and 12 months of empagliflozin
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treatment (Figure 1D). G-CSF was therefore discontinued in six of the seven patients, and the
dosage was reduced in patient 2 (Table 1). Spearman analysis revealed a correlation between
the neutrophil count and [plasma 1,5-AG] in the patients (P = 0.018) (Figure 1E). G-CSF was
therefore discontinued in five of the seven patients during the first 3 months, and only one
patient still required G-CSF after 1 year, at a reduced dosage (Table 1). This increase in
neutrophil count also affected the leukocyte count, which similarly increased after
empagliflozin treatment (Table 2 and Figure 1F-H). However, there was no significant effect

on the lymphocyte or monocyte populations (Table 2 and Figure 11-N).
Neutrophil viability

The proportion of viable neutrophils (negative for annexin V) varied widely among the seven
patients during G-CSF treatment, with a median of 34.8% (Q1 = 30.9%; Q3 = 76.3%) (Table
2 and Figure 2A). After 3 and 12 months on empagliflozin, the proportion increased to 61.7%
(Q1 =44.9%; Q3 =71.3%) and 67.8% (Q1 = 57.1%; Q3 = 74.6%)), respectively (Table 2 and
Figure 2A). However, the effect varied greatly, improving cell viability in patients with the
lowest initial viability under G-CSF treatment but achieving limited or zero improvement in
patients with a higher initial proportion of viable neutrophils (Figure 2B). Accordingly, there
was no clear correlation between cell viability and [plasma 1,5-AG] (P = 0.1979) (Figure
2C). Given the inverse relationship between the proportions of viable and apoptotic cells,
empagliflozin reduced the frequency of apoptosis in neutrophils when it was high under G-

CSF treatment (Table 2 and Figure 2D-F).
Neutrophil mobility and chemotactic response

The mobility and chemotactic response of freshly isolated neutrophils were examined using a
Boyden’s chamber model. In the absence of a chemoattractant, the mobility of neutrophils
from patients receiving G-CSG was deficient compared to neutrophils from healthy donors
(median of 192 vs 1010 migrating cells, P < 0.001) (Table 2 and Figure 2G). After 12 months
of empagliflozin treatment, median neutrophil mobility had increased in the seven patients
but still lagged behind the healthy donors. Furthermore, neutrophil mobility decreased in
some patients treated with empagliflozin and we observed no clear correlation between
neutrophil mobility and [plasma 1,5-AG] (Figure 2H,I). The chemotactic response of
neutrophils to human serum was deficient in patients receiving G-CSG compared to
neutrophils from healthy donors (1421 vs 2487 migrating cells, P = 0.345) (Table 2 and

Figure 2J). Following empagliflozin treatment, the median neutrophil chemotactic response
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in the seven patients was restored to the level seen in healthy donors (Figure 2J). Chemotaxis
increased in all patients, and was inversely correlated with [plasma 1,5-AG] (P = 0.0457)

(Figure 2K,L).
Oxidative burst

We also analyzed the PMA-induced oxidative burst in neutrophils using a DHR test. Only
patient 2 showed a defective oxidative system, with a low proportion of positive neutrophils
under G-CSF treatment (Figure 3A,B). This deficiency was corrected by empagliflozin, and
no differences were observed in the other patients when G-CSF treatment was discontinued
(Figure 3B). Therefore, there was no significant correlation between the DHR index and
[plasma 1,5-AG] (P = 0.1905) (Figure 3C). There was also no significant difference in signal
intensity between G-CSF and empagliflozin treatment (Figure 3D-F). The median
intracellular concentration of MPO in neutrophils from patients treated with G-CSF and
empagliflozin treatment was similar to that of healthy donors (Table 2 and Figure 3H).
Individual variations were observed, but there was no overall increase in MPO levels in
patients treated with empagliflozin (Figure 3I). Similarly, there was no correlation between

[intracellular MPO] and [plasma 1,5-AG] (Figure 3J).
Phagocytosis

Neutrophil-mediated phagocytosis was assessed using fluorescent and pH-sensitive particles
of Staphylococcus aureus. The median phagocytic activity of neutrophils from patients
treated with G-CSF was significantly lower compared to that of healthy donors (1546 vs 3735
fluorescence units; P < 0.0001) (Table 2 and Figure 4A). However, after 12 months of
empagliflozin treatment, the median phagocytic activity increased significantly (P = 0.028).
All individual patients showed an increase in phagocytosis (Figure 4B) and there was a

negative correlation between phagocytic activity and [plasma 1,5-AG] (P = 0.0328).

NETosis

Patients treated with G-CSF were deficient for NETosis following stimulation with PMA
compared to healthy donors (P < 0.0001) (Table 2 and Figure 4D). Treatment with
empagliflozin caused a significant increase in NETosis (P < 0.05), however not to the level
observed in healthy donor neutrophils (Figure 4D). This slight increase was apparent in all
seven patients (Figure 4E) and we observed a negative correlation between the induction of
NETosis and [plasma 1,5-AG] (P = 0.0007) (Figure 4F). Furthermore, confocal microscopy
demonstrated that neutrophils from patients, with G-CSF or empagliflozin, failed to produce
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visible NETs structures following PMA stimulation, in contrast to neutrophils from the
control donor (Figure 4G).

Production of AMPs

Cellular and secreted AMPs such as lactoferrin (LTF), defensins and LL-37 play a significant
role in the antibacterial response of neutrophils. Median intracellular LTF concentrations
were similar in patients treated with G-CSF or empagliflozin and in healthy donors and there
was no consistent LTF profile at the individual level once empagliflozin treatment had
commenced (Table 2 and Figure 5A—C). However, the median concentrations of intracellular
defensins, plasma LTF and plasma defensins were significantly higher in patients treated with
G-CSF compared to healthy controls (Table 2 and Figure 5E,I,M). Empagliflozin treatment
resulted in a significant decrease in the concentration of these AMPs in all patients (Figure
SE,J.N). It is unclear whether the concentrations of these AMPs were higher in patients than
healthy controls due to the disease or the high concentration of plasma G-CSF (Figure S2).
The median levels of intracellular defensins, plasma LTF and plasma defensins were
negatively correlated with [plasma 1.5-AG] and positively correlated with [plasma G-CSF] in
all seven patients (Table 2 and Figure 5). The median [plasma CAMP/LL-37] in all seven
patients was significantly lower (P < 0.0001) during treatment with G-CSF or empagliflozin
compared to healthy donors (Table 2 and Figure 5Q). At the individual level, [plasma
CAMP/LL-37] decreased in all patients following the start of empagliflozin treatment, but
there was no correlation between [plasma CAMP/LL-37] and [plasma 1,5-AG], or between
[plasma CAMP/LL-37] and [plasma G-CSF] (Figure SR-T).
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Discussion

The accumulation of 1,5-AG6P within the neutrophil cytosol has recently been identified as
the cause of neutropenia in GSD1b. Lowering the plasma concentration of 1,5-AG using
antidiabetic SGLT2 inhibitors such as empagliflozin has shown promising results>’. Several
case reports have indicated that empagliflozin normalizes the neutrophil count and partially
restores neutrophil function in some patients®**%. In this setting, the EMPAtia clinical trial
was initiated to evaluate the efficacy and safety of empagliflozin for the treatment of
neutropenia in GSD1b patients on a larger scale. Twelve children, representing 92% of
identified pediatric GSD1b patients in Poland, have been enrolled thus far. Seven were
qualified for the additional assessment of neutrophil function under G-CSF treatment as well
as 3 and 12 months after the initiation of empagliflozin therapy. We observed no side effects
such as changes in the frequency of hypoglycemic episodes. Moreover, one patient already
diagnosed with IBD did not experience any deterioration of the condition.

The ability of G-CSF to restore the immune functions of neutrophils in GSD1b
patients has not been addressed adequately because there is only a small pool of patients and
many of them do not produce enough neutrophils for testing’. During G-CSF treatment,
before the administration of empagliflozin, six of the seven patients remained neutropenic
with a neutrophil count below 1 x 10° cells/uL (Table 2 and Figure 2). The neutrophils from
these patients showed various deficiencies despite the G-CSF treatment, including an
inconsistent rate of apoptosis, lower mobility, a weaker chemotactic response, ineffective
phagocytic activity, and impaired production of NETs following stimulation. As a result,
these patients experienced frequent serious infections during the year preceding the start of
the trial (median of three infections per year). However, with the exception of one patient,
there was no serious deficiency in the oxidative burst, which suggests that G-CSF can at least
restore this function. This last observation agrees with a previous report showing that most

GSD1b patients treated with G-CSF have a normal oxidative system®

The dose of empagliflozin for pediatric GSD1b patients was based on the
recommendations for adults with diabetes. We used a dose of 0.43 mg/kg/day, which is lower
than that used in previous studies (0.7 mg/mL) ®. Even so, this lower dose was sufficient to
reduce the median [plasma 1,5-AG] in the patients from 47.2 to 6 pg/mL (Figure 1). We also
observed higher neutrophil counts in six of the seven patients, with median values of 1.95 x
10° cells/pL after 3 months and 2.24 x 10° cells/uL after 12 months of empagliflozin

treatment. The neutrophil count declined in one patient between months 3 and 12 despite an
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initial rise at the beginning of the trial. G-CSF treatment was therefore discontinued in the six
patients with higher neutrophil counts and reduced in the other one. Empagliflozin did not

significantly affect the monocyte or lymphocyte populations in any of the patients.

Empagliflozin reduced the inconsistent viability of neutrophils in the seven patients,
indicating its ability to inhibit apoptosis compared to the limited efficacy of G-CSF.
However, it did not fully restore the viability observed in healthy donors. Empagliflozin had
only a mild impact on neutrophil mobility, but it increased the chemotactic response to
human serum in all patients. This is likely to facilitate the recruitment of neutrophils to
infection sites. Similarly, empagliflozin partially restored the phagocytic activity of
neutrophils, which is necessary to eliminate pathogens. Despite an overall increase in
NETosis following the administration of empagliflozin, the response still lagged behind that
observed in healthy donors. Furthermore, we observed inverse correlations between [plasma
1,5-AG] and the neutrophil count, chemotactic response, phagocytosis, and NETosis. This
highlights the central role of 1,5-AG and its derivative 1,5-AG6P in GSD1b patients, and
confirms the mode of action of empagliflozin. Neutrophils from all patients treated with
empagliflozin retained their normal oxidative burst following stimulation, as observed in
previous studies. The lower number of infections probably reflects the enhancement of
neutrophil antimicrobial defense mechanisms, improving the quality of life for patients by
reducing the number and duration of hospital stays, and allowing the treatment of infections

in an outpatient setting.

To the best of our knowledge, the production of AMPs by neutrophils in GSDI1b
patients has not been studied before. During treatment with G-CSF, the concentration of
intracellular and plasma defensins and plasma LTF increased in all seven patients, which may
reflect the dysfunctional neutrophils or the administration of G-CSF. Empagliflozin treatment
reduced the levels of these AMPs, but the absence of untreated patients in the trial made it
impossible to determine whether these AMP concentrations correlated with [plasma 1,5-AG]
or [plasma G-CSF]. Interestingly, neither G-CSF nor empagliflozin were able to restore the
production of CAMP/LL-37 and effective NETosis, despite the inverse correlation between
NETosis and [plasma 1,5AG]. Accordingly, additional pathways that do not involve 1,5-AG
or 1,5-AG6P must also be deficient in GSD1Db patients.

This study included the most extensive and comprehensive examination of neutrophil
functions in GSD1b patients reported thus far, and demonstrated the inability of G-CSF to

reverse neutropenia and restore normal neutrophil antimicrobial functions. In contrast, our
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analysis of the immediate and long-term effects of empagliflozin confirms the efficacy and

safety of this antidiabetic drug for the treatment of GSD1b.
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Table 1: Pediatric patients with GSD1b recruited for the EMPAtia/Fixnet observational

substudy.
Sex Age SLC374A mutation Protein Mutation G-CSF Empagliflozin Antibiotics requiring
(Years) NM_001164278.1 NP_001157750 (ng/kg/day) (mg/kg/day) infections
0 3M 12M 0 3M 12M 1year before 1 year after
P1 M 17 c.[1042_1043del];[1042_1043del] p.[(Leu370Valfs)];[(p.Leu370Valfs)] 2 1 0 045 045 0.44 3 1
P2 M 3 c.[1042_1043del];[1042_1043del] p.[(Leu370Valfs)];[(p.Leu370Valfs)] 5.4 25 25 03 03 027 6 4
P3 M 11 ¢.[898C>T];[1042_1043del] p.[(Arg300Cys)];[(p.Leu370Valfs)] 2 0 0 0.47 047 0.46 7 6
P4 F 7 c.[1042_1043del];[1042_1043del] p.[(Leu370Valfs)];[(p.Leu370Valfs)] 1 0 0 0.44 0.44 042 0 1
P5 M 14 ¢.[1015G>T];[1042_1043del] p.[(Gly361Cys)];[(p.Leu370Valfs)] 6 0 0 043 042 04 1 1
P6 F 19  c.[1042_1043del];[1042_1043del] p.[(Leu370Valfs)];[(p.Leu370Valfs)] 4 0 0 0.3 0.3 0.27 4 0
P7 F 8 ¢.[1015G>T];[1042_1043del] p.[(Gly361Cys)];[(p.Leu370Valfs)] 2 1 0 0.3 0.3 0.27 2 0
18
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Table 2: Effect of G-CSF and empagliflozin on neutrophils.

Control donors Patients Patients vs Control donors Empagliflozin vs G-CSF Correlation with [plasma

(P values) (P values) 1,5-AG] (P values)

Under G-CSF (0) 3 months (3M) 12 months (12 M)  G-CSF vs control 3M vs control 12M vs control  3M vs G-CSF _ 12M vs G-CSF
Number of samples 11 7 7 6
Sex 6M / 5F 4M / 3F 4M / 3F 3M/3F
Age (Years) 14 (9-17) 11.5 (7.5-15.5)
Severe infections / years n.d. 3 (1.5-5) 1(0.5-2.5) n.d. 0.0582
[plasma 1,5-AG] (ng/ml) n.d. 47.2 (43.35-52.95) 6.2 (2.85-11.2) 5.3 (4.6-9.45) n.d. n.d. n.d. <0.0001 <0.0001
[plasma G-CSF] (ng/ml) 17.9 (15.8-20.8) 135.0 (46.9-147.9)  43.1(23.8-72.3) 21.4 (18.5-29.9) <0.0001 0.2546 0.9669 0.2467 0.09
Leukocytes count (x 1000 cells/uL) 6.21 (5.83-7.46) 2.55(2.24-4.55) 4.4 (3.76-6.92) 3.98 (3.62-4.34) 0.0021 0.38 0.0875 0.0352 0.3783 0.0473
Neutrophils count (x 1000 cells/pL) 3.10 (2.69-3,61) 0.86 (0.58-1.18) 1.95 (1.44-2.78) 2.24 (2.13-2.50) 0.001 0.2347 0.3247 0.0699 0.0945 0.018
Lymphocytes count (x 1000 cells/uL) 2.24(1.8-3.10) 1.59 (1.18-2.52) 1.83 (1.56-3.15) 1.26 (1.12-1.83) 0.2934 0.8721 0.2044 0.1034 0.7548 0.3620
Monocytes count (x 1000 cells/pL) 0.56 (0.51-0.64) 0.26 (0.21-0.44) 0.30 (0.25-0.49) 0.32 (0.30-0.39) 0.0875 0.4193 0.6111 0.1354 0.4787 0.1945
Healthy - Annexin V negative (neutrophils %) 77.0 (73.2-78.2) 34.8 (30.9-76.3) 61.7 (44.9-71.3) 67.8 (57.1.1-74.6) 0.0183 0.0605 0.5127 0.9597 0.5335 0.1979
Apoptotic - Annexin V positive (neutrophils %) 23.0 (19.7-27.5) 65.1 (23.5-68.5) 38.3 (28.7-55.1) 32.2(25.2-42.8) 0.0181 0.0567 0.4961 0.9643 0.5381 0.1915
Migration (cells) 1010 (936-1201) 192 (124-420) 350 (196-450) 616 (558-653) <0.0001 <0.0001 0.0132 0.9083 0.1676 0.4290
Chemotaxis response to 10 % HS (Cells) 3735(3071-4828) 1546 (1343-2298) 3110 (2837-4462) 3513 (2924-4065) 0.0345 0.9977 0.9971 0.0844 0.0293 0.0457
NETosis (PMA induction fold) 4.33(2.84-4.77) 1.03 (0.98-1.07) 1.16 (1.05-1.27) 1.58 (1.41-1.80) <0.0001 <0.0001 <0.0001 0.1826 0.02 0.0007
Phagocytosis of S. aureus bioparticles (FU) 3352 (2471-4440) 1365 (774-1424) 1809 (1342-2046) 2470 (1904-2920) <0.0001 0.0143 0.1231 0.1656 0.028 0.0328
Oxydative burst - Index DHR (%) n.d. 0.89 (0.845-0.955) n.d. 0.96 (0.93-1.015) n.d. n.d. n.d. n.d. 0.1292 0.1905
Oxydative burst - Index DHR (FMI) n.d. 0.97 (0.955-0.985) n.d. 0.94 (0.925-1.01) n.d. n.d. n.d. n.d. 0.9444 0.5977
[cell. MPO] (ng/pg) 55.3 (40.5-63.0) 47.3 (37.2-53.0) 43.9 (37.4-62.0) 58.7 (46.9-61.6) 0.9485 0.8253 0.9760 0.9833 0.8152 0.2521
[cell. LTF] (ng/ug) 11.84 (10.96-13.51)  9.52 (8.24-10.82) 8.59 (6.06-8.92) 8.96 (7.72-11.72) 0.1982 0.0073 0.2876 0.3453 0.9954 0.7215
[cell. Defensins] (ng/pg) 44.2 (35.0-46.2) 56.9 (42.2-72.4) 17.15 (15.0-44.9)  22.36 (20.72-38.69) 0.2893 0.3701 0.2920 0.0451 0.0419 0.0316
[plasma LTF] (ng/ml) 0.32(0.27-0.36) 0.74 (0.61-0.83) 0.19 (0.15-0.21) 0.18 (0.10-0.34) <0.0001 0.1757 0.4234 0.0061 0.0045 0.0005
[plasma Defensins] (ng/ml) 0.53(0.33-0.82) 3.06 (2.24-3.21) 2.25(1.46-2.31) 1.17 (1.01-1.60) <0.0001 0.0003 0.0759 0.0098 0.0121 0.2356
[p! CAMP/LL37] (ng/ml) 7.16 (5.38-8.03) 1.36 (0.48-3.83) 1.04 (0.165-2.12) 0.29 (0-1.36) 0.0005 <0.0001 <0.0001 0.5726 0.4034 0.8343
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Figures and tables legends
Table 1: Pediatric patients with GSD1b recruited for the EMPAtia/Fixnet observational
substudy.

Table 2: Effect of G-CSF and empagliflozin on neutrophils.

Results are presented as median values with Q1 and Q3. Statistically significant differences
between patients and healthy controls were determined by ordinary one-way ANOVA for
unpaired data, whereas mixed-effect analysis for paired data was used to compare values 3
and 12 months after the start of empagliflozin treatment to values obtained before the start of
treatment. The potential correlation between each parameter and [plasma 1,5-AG] were

analyzed by two-tailed Spearman correlation assay.

Figure 1: Empagliflozin lowers [plasma 1,5-AG] and increases the neutrophil count.

(A, B) The plasma concentration of 1,5-AG was determined before and 3 and 12 months after
the start of empagliflozin treatment in seven GSD1b patients and 11 healthy controls: (A)
median + quartiles for the patients and controls, and (B) individual patient profiles. (C, D)
Neutrophil counts: (C) median + quartiles for the patients and controls, and (D) individual
profiles. (E) Spearman correlation analysis between [plasma 1,5-AG] and neutrophil count.
(F) median + quartiles of leukocyte count for the patients and controls, and (G) individual
patient profiles. (H) Spearman correlation analysis between [plasma 1,5-AG] and leukocyte
count. (I) median + quartiles of lymphocyte count for the patients and controls, and (J)
individual profiles. (K) Spearman correlation analysis between [plasma 1,5-AG] and
lymphocyte count. (L) median + quartiles of monocytes count for the patients and controls,
and (M) individual profiles. (N) Spearman correlation analysis between [plasma 1,5-AG] and
monocyte count. Statistically significant differences between patients and healthy controls
(black) were determined by ordinary one-way ANOVA for unpaired data, whereas mixed-
effect analysis for paired data was used to compare values 3 and 12 months after the start of
empagliflozin treatment to values obtained before the start of treatment (blue). For clarity,

only P values < 0.5 are shown.
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Figure 2: Effect of empagliflozin on neutrophil viability and the chemotactic response.

(A-F) Cell viability and the frequency of apoptosis in freshly isolated neutrophils were
determined in seven GSD1b patients and 11 healthy controls at three time points by labeling
with annexin V. (A) Median + quartiles of neutrophil viability for the patients and controls,
and (B) individual profiles. (D) Median + quartiles of apoptotic frequency for the patients and
controls, and (E) individual profiles. Spearman correlation analysis between [plasma 1,5-AG]
and neutrophil viability (C) and apoptosis (F). (G-L) The mobility and chemotactic response
of neutrophils determined in a Boyden’s chamber model with or without human serum. (G)
Median + quartiles of the number of migrating neutrophils in the absence of human serum for
the patients and controls, and (H) individual profiles. (J) Median + quartiles of the number of
migrating neutrophils in in response to human serum for the patients and controls, and (K) the
individual profiles. Spearman correlation analysis between [plasma 1,5-AG] and (I)
neutrophil mobility and (L) chemotactic response. Statistically significant differences
between patients and healthy controls (black) were determined by ordinary one-way ANOVA
for unpaired data, whereas mixed-effect analysis for paired data was used to compare values
3 and 12 months after the start of empagliflozin treatment to values obtained before the start

of treatment (blue). For clarity, only P values < 0.5 are shown.

Figure 3: Effect of empagliflozin on the oxidative burst response and intracellular MPO

concentration in neutrophils.

(A-F) The neutrophil oxidative burst response to PMA stimulation in the seven GSDIb
patients and 11 healthy controls determined using a DHR assay. (A) Median + quartiles of the
percentage of responsive cells (DHR index) for the patients and controls, and (B) the
individual profiles. (D) Median + quartiles of fluorescence medium intensity (DHR index
FMI) for the same neutrophils, and (E) the individual profiles. Spearman correlation analysis
between [plasma 1,5-AG] and (C) DHR index and (F) DHR index FMI. (G) Representative
flow cytometry analysis for a control donor and patient 2. (H,I) Intracellular MPO
concentrations determined by ELISA: median + quartiles of (H) [MPO] for the patients and
controls, and (I) the individual profiles. (J) Spearman correlation analysis between [plasma
1,5-AG] and [intracellular MPO]. Statistically significant differences between patients and
healthy controls (black) were determined by ordinary one-way ANOVA for unpaired data,

whereas mixed-effect analysis for paired data was used to compare values 3 and 12 months
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after the start of empagliflozin treatment to values obtained before the start of treatment

(blue). For clarity, only P values < 0.5 are shown.
Figure 4: Effect of empagliflozin on phagocytosis and NETosis.

(A-C) The phagocytic activity of freshly isolated neutrophils was determined in the seven
GSDI1b patients and 11 healthy donors at three time points using pH-sensitive particles of
Staphylococcus aureus: (A) median £+ quartiles of phagocytosis (fluorescence units) for the
patients and controls, and (B) the individual profiles. (C) Spearman correlation analysis
between [plasma 1,5-AG] and neutrophil phagocytosis. (D-F) NET production determined by
the quantification of extracellular DNA before and after PMA stimulation: (D) median +
quartiles of NETosis induction for the patients and controls, and (E) the individual profiles.
(F) Spearman correlation analysis between [plasma 1,5-AG] and neutrophil NETosis. (G)
Representative confocal images of NETosis based on the labeling of DNA (blue) and
neutrophil elastase (pink). The scale bar represents 20 uM and white arrows indicate NETs
structures. Statistically significant differences between patients and healthy controls (black)
were determined by ordinary one-way ANOVA for unpaired data, whereas mixed-effect
analysis for paired data was used to compare values 3 and 12 months after the start of
empagliflozin treatment to values obtained before the start of treatment (blue). For clarity,

only P values < 0.5 are shown.
Figure 5: Effect of empagliflozin on intracellular and plasma AMPs.

(A) Median + quartiles of [intracellular LTF] for the seven GSD1b patients and 11 healthy
controls, and (B) the individual profiles. (E) Median + quartiles of [intracellular defensins]
for the patients and controls, and (F) the individual profiles. (I) Median + quartiles of [plasma
LTF] for the patients and controls, and (J) the individual profiles. (M) Median + quartiles of
[plasma defensins] for the patients and controls, and (N) the individual profiles. (Q) Median +
quartiles of [plasma LL-37] for the patients and controls, and (R) the individual profiles.
Spearman correlation analysis between [plasma 1,5-AG] or [plasma G-CSF] and
[intracellular LTF] (C and D), [intracellular defensins] (G and H), [plasma LTF] (K and L),
[plasma defensins] (O and P) and [plasma LL-37] (S and T). Statistically significant
differences between patients and healthy controls (black) were determined by ordinary one-
way ANOVA for unpaired data, whereas mixed-effect analysis for paired data was used to
compare values 3 and 12 months after the start of empagliflozin treatment to values obtained

before the start of treatment (blue). For clarity, only P values < 0.5 are shown.
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Clinical characteristics and long-term outcomes of patients with glycogen storage

disease type 1b: a retrospective multi-center experience in Poland
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Abstract

Glycogen storage disease type 1b (GSD 1b) is an inherited metabolic defect caused by a deficiency of microsomal glucose-6-
phosphate (G6P) transport protein across the endoplasmic reticulum membrane. Patients with GSD 1b have hypoglycemia episodes,
lactate acidosis, hypertriglyceridemia, hypercholesterolemia, hyperuricemia, neutropenia and in imaging studies hepatomegaly and/
or nephromegaly.

The primary goals of treatment are to maintain proper blood glucose levels and to increase the number of properly functioning neu-
trophils.

The aim of the study was a retrospective analysis of the clinical picture and treatment results of pediatric patients with type 1b gly-
cogen storage disease from Poland.

The study included 13 patients from 3 clinical centers, with a median age at diagnosis as 5 months. In 11/13 patients, the diagnosis
was confirmed by molecular test, by the presence of pathogenic variants on both alleles of the SLC37A4 gene. Ten out of 13 pa-
tients developed the first symptoms in the form of severe infection (sepsis and/or pneumonia) already in the neonatal-infant period.
A hypoglycemia episode was observed before diagnosis in 8/13 patients, of which 4/8 patients presented symptoms in the form of
generalized relaxation and/or seizures. Two patients developed hypertension, and 4/13 required long-term treatment of inflammatory
bowel disease.

Key words:

glycogen storage disease type 1b, glycogenosis 1b, SLC37A4, neutropenia, filgrastim, inflammatory bowel disease.

obtain glucose in the process of gluconeogenesis, as well as

Intr tion R . )
oductio excessive stimulation of the glycolysis process and the pentose

Glycogen storage disease type 1b (GSD 1b) is a rare in-
herited metabolic defect caused by a deficiency of the micro-
somal glucose-6-phosphate (G6P) transport protein across the
endoplasmic reticulum (RE) membrane. Glucose-6-phosphate
is found in the RE, which converts G6P into glucose [1, 2].

A transporting protein deficit results in the excessive accu-
mulation of G6P in the cytoplasm, which hinders the ability to

phosphate cycle. Excess substrate in the first process induces
pyruvate overproduction, which through the Krebs cycle stimu-
lates lipogenesis and thus triglyceride and cholesterol produc-
tion. Pyruvate, which is not metabolized during the Krebs cycle,
is converted to lactate. The excess G6P also causes increased
activity of the pentose phosphate cycle, which triggers exces-
sive uric acid accumulation.
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The above abnormalities in patients with GSD 1b result in
hypoglycemia episodes, which due to the ketone bodies gen-
erated are often asymptomatic [2]. In laboratory tests, untreat-
ed patients show typical abnormalities: lactic acidosis, hyper-
triglyceridemia, hypercholesterolemia, and hyperuricemia [2].
Furthermore, excessive accumulation of lipids and glycogen
in the liver and kidneys causes damage to these organs and
organomegaly [2]. The initially observed hyperaminotransfera-
semia normalizes with appropriate treatment in most patients,
while hepatic steatosis progresses. When patients are in their
20s and 30s, hepatic adenomas appear with an increased risk
of transformation into hepatocellular carcinoma (HCC) [2].
Damage to the proximal convoluted tubule (loss of bicarbon-
ates, glucosuria, phosphaturia, hypokalemia, aminoaciduria),
the distal convoluted tubule (hypocitraturia and hypercalciuria)
and glomerulus, along with fibrosis, lead to arterial hyperten-
sion and renal failure, usually manifesting in adulthood [2].

Patients with GSD 1b have an insufficient number of proper-
ly functioning neutrophils, therefore they often present with life-
threatening infections in the neonatal period, and later recurrent
mouth aphthae and inflammatory Crohn-like bowel diseases
[2, 5]. It has recently been discovered that 1, 5-anhydrogluci-
tol-6- phosphate accumulates in the cytoplasm of neutrophilic
granulocytes of patients with GSD 1b, which results in reduced
energy production and thus shorter survival and worse bacteri-
cidal activity [1, 8, 9].

Coagulation disorders (abnormal adhesion, platelet aggre-
gation and/or “von Willebrand-like” platelet defects), osteopo-
rosis, short stature, and excess body weight have also been
reported in patients with GSD 1b [2].

GSD 1b is in an autosomal recessive inherited disease.
A biallelic defect of the SLC37A4 gene is confirmation of the
diagnosis. Thus far, a genotype-phenotype correlation has not
been proven [3, 4].

Nutritional treatment is the primary form of intervention in
GSD 1b. Frequent meals are necessary to avoid hypoglycemic
episodes as well as excluding fructose and galactose from the
diet. These simple carbohydrates enter the biochemical path-
way above the defect, which exacerbates biochemical abnor-
malities, e.g. lactic acidosis. Extending the intervals between
meals is achieved with a high-protein diet (up to 2 g of protein/
kg) and the supply of raw corn starch, which is a source of
slowly digestible carbohydrates. Additionally, in patients with

Table I. Characteristics of the studied patients — age symptoms
appeared

Median age at diagnosis (months) 5
Median age of first severe infection — sepsis and/or 20
pneumonia (days of life)

Median age of first hypoglycemia episode (months) 3.5
Median age of hepatomegaly diagnosis (months) 4
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chronic hyperuricemia, allopurinol is used, and in the case of
persistent hypertriglyceridemia fibrate drugs. Most patients re-
quire antihypertensive treatment; ACEls and/or ARBs are rec-
ommended in the presence of glomerular hyperfiltration [2].

Due to neutropenia, patients with GSD 1b usually require
treatment with granulocyte-colony growth factor (G-CSF, fil-
grastim), which limits infections but does not eliminate them.
Despite the use of G-CSF, severe life-threatening infections,
impaired wound healing, recurrent mouth aphthae, and severe
diarrhea (Crohn-like disease) are still observed. Moreover, this
drug is not without side effects, such as bone and joint pain,
epistaxis, gingival hypertrophy, splenomegaly, or a greater risk
of hematopoietic cancers [6, 7]. Recently, attention has been
paid to SGLT2 inhibitors, which reduce 1,5-anhydroglucitol-6-
phosphate concentrations in the neutrophil cytoplasm, which
unblocks energy production in the cell, prolongs survival, and
improves neutrophil function [8, 9].

Aim of the study

The aim of the study was a retrospective analysis of the
clinical picture and treatment results of patients with glyco-
gen storage disease type 1b, remaining under the care of the
Department of Pediatrics, Nutrition and Metabolic Disorders
at the Children’s Memorial Health Institute in Warsaw, as well
as the Department of Pediatrics, Rheumatology, Immunol-
ogy and Metabolic Bone Diseases at the Medical University
of Bialystok Children’s Clinical Hospital of I. Zamenhof and
the Department of Pediatric Gastroenterology and Metabolic
Disorders at the Pediatric Institute of the Poznan University of
Medical Sciences.

Materials and methods

A retrospective analysis of the clinical course of patients
with glycogen storage disease type 1b, who in 2021 were under
the care of three medical institutions in Poland, was performed.

A total of 13 patients (5 girls and 8 boys) were enrolled in
the study. The median age at which the diagnosis was made
was 5 months (range: 1 month — 2 years) (Table I). All patients
were diagnosed on the basis of the clinical picture and typical
abnormalities in laboratory tests. In 11/13 patients, GSD1b was
confirmed by molecular test.

The study took into account the clinical condition and ab-
normalities in laboratory and imaging tests at the time of diag-
nosis. The course of the disease was analyzed in all patients,
paying particular attention to the age at diagnosis and neutro-
penia severity, the first symptoms of inflammatory bowel dis-
ease, hypertension development, and the treatment used.

Results

The first symptoms in the form of severe infection (sepsis
and/or pneumonia) were developed by 10/13 patients, mostly
already in the neonatal-infant period (median age was 20 days,
range: first 24 h — 21/12) (Table I). The majority (11/13) of pa-
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tients had hepatomegaly prior to diagnosis, observed from me-
dian age of 4 months (range: 9" day of life — 9 months) (Table I).
Only in 4/13 patients hepatomegaly was associated with neph-
romegaly — and if it was, it was observed later — median age
was 7 months (range: 3-9 months).

Before diagnosis, a hypoglycemia episode (serum glucose
9-26 mg/dl, median 11 mg/dl) was observed in 8/13 patients
(Table 1), of which 4/8 patients presented symptoms in the form
of generalized relaxating and/or seizures.

At diagnosis, the most common biochemical abnormalities
in 12/13 patients were lactate acidosis (median 55 mg/dl (nor-
mal < 19.8 mg/dl), range 26-126 mg/dl) and hypertriglyceride-
mia (median 531 mg/dl, range 246-3181 mg/dl) (Table II, Il).
Hypertransaminasemia was found in 8/13 patients and the
maximum value was AST/ALT 628/515 1U/I.

Pre-diagnosis laboratory tests showed neutropenia in only
three patients. However, at diagnosis it was found in 9/13 pa-
tients (median neutrophil count 200 cells/ul, 20-954 cells/ul)
(Table Il). The number of patients (9/13) who developed severe
pneumonia and/or sepsis at 1 years old suggests that neutrope-
nia occurred much earlier. Most likely, this had not been found
previously because blood counts were performed at the time
of infection symptoms, when increased secretion of these cells
from the bone marrow is observed in patients with GSD 1b.

Hyperuricemia at diagnosis in the described patients was
mild and was observed only in 5/13 (median: 8 mg/dl, range
7-8.3 mg/dl) (Table II).

Ultrasound examination at diagnosis revealed enlarged liver
in 12/13 patients, and in 6/12 cases increased echogenicity of
its parenchyma (Tables |, Ill). Hepatomegaly was accompanied
by nephromegaly in 2/12 patients (in one case with increased
echogenicity of the renal parenchyma).

In 11/13 patients, the diagnosis was confirmed by mo-
lecular test; the most common variant was the homozygous
€.1042_1043 del (7/13 patients) (Tables Ill, IV). Comparing the
course of the disease in patients with the same mutation is
extremely difficult, among others, due to the small size of the
group, the significant age differences (11 years between the
oldest and the youngest patients), or the differences in com-
pliance with dietary recommendations. However, it appears
that no genotype-phenotype correlation can be found, as there
were significant differences between the age of onset and the
severity of subsequent clinical and biochemical abnormalities
(Table V).

From the moment of diagnosis, all patients were on a diet
restricted in easily digestible carbohydrates (fructose and ga-
lactose) under the control of a clinical dietitians. From 2015, all
patients were on a high-protein diet (up to 2 g of protein/kg).
To extend the intervals between meals, raw corn starch was
used (on average 1.2 g/kg of b.w./meal), in 2/13 patients Gly-
cosade® was used with good tolerance.

Difficulties in frequent administration of meals orally, and
thus inability to maintain normal blood glucose levels, neces-
sitated a gastrostomy in 5/13 patients (median age at surgery
was 17 months, range 5 months — 4 years). In 2/5 of these
cases, the postoperative course was complicated by impaired
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Table Il. Characteristics of the studied patients — laboratory
tests confirmed at diagnosis

Deviation in Number Median concentration
laboratory test of patients  (concentration range)
Increased lactic acid  12/13 55 mg/dl,
concentration 26-126 mg/dl

(N: < 19.8 mg/dl

Increased 12/13 531 mg/dl,
triglyceride levels 246-3181 mg/dl

(N: < 150 mg/dl)

Decreased 9/13 200 cells/ul
neutrophil count 20-954 cells/ul

(N:to 4 y.0. < 1000,

over 1500 cells/ul)

Increased uric acid 5/13 8 mg/d|,

levels (N: < 7 mg/dl) 7-8.3 mg/d|

N: norm

wound healing. Due to recurrent infections in the gastrostomy
area, one patient had to have the gastrostomy removed, and
after many months of nutrition therapy adequate oral intake
was obtained.

Additionally, 12/13 patients required filgrastim (G-CSF) due
to severe neutropenia (Tables I, V). At diagnosis, a decreased
number of neutrophils was observed in 9/13 patients; the me-
dian age of G-CSF initiation was 22 months (range: 4 months —
11 years). Despite G-CSF use and a satisfactory number of
neutrophils obtained in this way, patients still developed more
frequent and more severe infections than their peers, as well as
recurrent mouth aphthae (5/12) and diarrhea (6/12) (Table VI).
All patients with an increased number of stools and/or patho-
logical stool content underwent colonoscopy, which revealed
rectal ulcers (in one patient reaching up to the cecum). Thus,
in these patients, mesalazine was added to the treatment (me-
dian age at start was 5.5 years, range: 2.5-9 years) (Table V).
In 2/6 of patients, the drug was used for six months, and due to
lack of changes in the colonoscopy check-up exam, the drug
was discontinued, and the symptoms have not yet returned.

In 3/13 patients, due to persistent neutropenia despite treat-
ment, empagliflozin was started off label (Tables IIl, V). After an
average of one year of use, there was an improvement in the
number of infections, inflammatory bowel disease severity, and
mouth aphthae frequency, with no significant side effects.

The longest follow-up period was 17 years (median follow-
up was 10 years, range: 6 months — 17 years), during which
time we observed that adherence to dietary recommendations
with regard to the composition and frequency of meals normal-
ized the concentrations of lactates and aminotranspherases
(AST/ALT) in the serum in all patients. However, elevated uric
acid levels persisted chronically in 7/13 patients. Therefore,

© Copyright by PTEIDD 2022 209
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they required the use of allopurinol (median age at start:
5 years, range: 1-13 years), which in a dose from 2 mg/kg/day
to 6 mg/kg/day normalizes uric acid levels (Tables lIl, V).

One patient experienced significant hypertriglyceridemia
(1020, 1100 mg/dl), which persisted despite no history of hypo-
glycemia, normal serum lactic acid and uric acid levels. There-

fore, at the age of 13, it was decided to include fenofibrate at
a dose of 2.5 mg/kg, which resulted in a reduction in TG levels
of < 500 mg/dl (Table V).

An increase of lactic acid, uric acid, AST/ALT, and triglycer-
ides was found in the event of non-compliance with the diet, as
well as during infections and perioperative periods.

Table IV. Patients with homozygotic molecular variant c. 1042_1043delCT in the SLC37A4 gene

Patient No  Initial Lactic acid  Uric acid TG IBD Hyper- G-CSF Drugs currently
(current symptome Median of Median of  Median of tension Age
age) check-ups  check-ups  check-ups inclusion
(without (without (without (years)
infections)  infections)  infections)
1.(17) INF, HMG 31 ALL from 321 - - 11 G-CSF, ALL
13 years
of age
2.(17) INFE HMG, HGL 177 6.5 136 + - 2 EMPA, MES
3. (16) INF, HMG, HGL 29 6.2 154 - + 2 G-CSF, AH
4. (11) HMG, INF 53 39 778 + - 8 G-CSF, MES
5.(9.5) HGL, INF 22 4.7 107.5 + - 1.5 G-CSF, MES, EMPA
5. (6.5) HMG 485 52 498 +/- - - no
6. (6) INF, HMG, HGL 38 ALL from 325 - - 0.5 G-CSF ALL
5 years
of age

HMG — hepatomegaly; HGL — hypoglycemia; INF — infection
+ recognized
+/— during the observation

ALL - allopurinol, G-CSF — granulocyte colony- stimulating factor, AH — antihypertensive agents, MES — mesalazin, EMPA — empagliflozin

Table V. Pharmacological treatment used

Drug Number of patients Median age
currently receiving at treatment
pharmacological initiation (years)
treatment

Filgrastim 12/13 1.75

Allopurinol 7/13 5

Mesalazine 4/13 7

Empagliflozin 3/13 13

Fenofibrate 1/13 13
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Table VI. Organ complications in the studied patients

Clinical abnormalities Number of patients with

identified abnormality

Diarrhea (> 3 stools/24 h 6/13
and/or presence of pathological
content)

Recurrent mouth aphthae 5/13
(min 1x/ 1 month)
Pharmacologically-treated 2/13
hypertension

Renal failure 0
Hepatic adenomas 0
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Two patients (aged 4 and 4.5 years old) developed hyper-
tension, one of them currently (at the age of 13) requires the
use of three drugs for satisfactory blood pressure control (Ta-
bles Ill, VI). All patients had normal renal function parameters
(urea, creatinine, cystatin C, eGFR) (Table VI).

The intellectual development of most patients was normal.
One patient was diagnosed with autism spectrum disorders.
One patient was diagnosed with a mild intellectual disability.
Four out of 13 patients were overweight (> 97pc), and 2/13
were short (< 3pc).

Two patients were diagnosed and then treated effectively
due to epilepsy.

Conclusions

Despite the fact that postprandial hypoglycemia is ob-
served in all patients with glycogen storage disease type 1b,
in the discussed patients the first symptoms were most often
generalized infection and/or pneumonia. Only in the following
months hypoglycemia and hepatomegaly/nephromegaly were
observed. Lowered blood glucose was often found only in
a provocation test (prolonged fasting). This is probably due to
the fact that the diagnosis was made in infancy, when the natu-
ral feeding regimen imposes frequent meals (every 2-3 hours).
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