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Abbreviatien

S

PKD i Pyruvate Kinase Deficiency

PK Pyruvate Kinase

RBC Red blood cells

PKD NH Pyruvate Kinase Deficiency Natural History Study
LIC | Liver iron concentration

DW Dry weight

LDH Lactate dehydrogenase

ARC Absolute reticulocyte count

MRI Magnetic resonance imaging

Abstr

¥

I

Background. Pyruvate Kinase deficiency (PKD) is a rare, autosomal recessive red blood cell

enzyme d hich leads to lifelong hemolytic anemia and associated complications from

the disea management. Methods. An international, multicenter registry enrolled 124

§

individ r than 18 years old with molecularly confirmed PKD from 29 centers.

t

Retrospective and prospective clinical data were collected. Results. There was a wide range in

the age at diagngsis from 0-16 years. Presentation in the newborn period ranged from

J

asymptom eonatal jaundice to fulminant presentations of fetal distress, myocardial

A
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depression, and/or liver failure. Children <5 years old were significantly more likely to be
transfused than children >12-<18 years (53% vs. 14%, p=0.0006), which correlated with the
timing WOmy. Regular transfusions were most common in children with two severe
PKLR var @ regularly transfused children, the nadir hemoglobin goal varied considerably.
Impactenmualitymof life was a common reason for treatment with regular blood transfusions and
splenectohnectomy increased the hemoglobin and decreased transfusion burden in

most childfen bulwas associated with infection or sepsis (12%) and thrombosis (1.3%) even

¢

during chil Complication rates were high, including iron overload (48%), perinatal

S

complicati (81%), and gallstones (20%). Conclusions. There is a high burden of disease in

Gl

children with PKD)with wide practice variation in monitoring and treatment. Clinicians must
recognize trum of the manifestations of PKD for early diagnostic testing, close

monitorin

n

anagement to avoid serious complications in childhood.

Introduct

d

Kinase deficiency (PKD) is the second most common red blood cell (RBC)

enzym ausing hereditary hemolytic anemia after glucose-6-phosphate

M

dehydrogenase (G6PD) deficiency.! This enzymatic defect in the glycolysis pathway is inherited

[

in an auto cessive manner, resulting from compound heterozygous or homozygous

mutations LR gene located on chromosome 1 (1g21). Erythrocytes lacking pyruvate

kinase (P able to catalyze phosphoenolpyruvate to pyruvate, resulting in reduced

n

adenosi hate generation that leads to reduced reticulocyte and RBC survival by

{

altering , forming echinocytes that are susceptible to hemolysis, and increased splenic

uptake.”® PK defftient RBCs have increased accumulation of 2,3-bisphosphoglycerate, which

e

A
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shifts the oxygen dissociation curve to the right and decreases the affinity of hemoglobin for

oxygen.*®

{

Whi true prevalence of PKD is unknown, population-based studies estimate that

PKD occu 51 cases per million in the Caucasian population.® The discrepancy

[ ]
between this estimate and the number of patients in clinical practice may be because of its

increased pievalence in certain populations, the founder effect (e.g. Amish community of

C

Pennsylvani heterogeneous presentation ranging from hydrops fetalis and fetal demise to

mild anentiia, fhe Bause of both of which may go undiagnosed.”® Variable clinical findings and

$

complicati hinder the approach to diagnostic evaluation and lead to both under-

U

diagnosis diagnosis of more common congenital hemolytic anemias.®

Th te Kinase Deficiency Natural History Study (PKD NHS) was established in

1

2013 tob racterize the clinical spectrum, presentation, and current management

a

strategies IRt are anemia.® This report will focus on clinical manifestations, management,

and comp s specific to children and adolescents under 18 years of age.

VI

Methods

or

Patients

{h

HS was opened at 30 centers (United States (n=19), Canada (n=3), Italy

(n=1), Czech Refublic (n=1), Germany (n=5) and Netherlands (n=1) (Supplemental Table S1).

e

The study was roved by the Institutional Review Board and/or Ethics Committee at each

A
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site. Patients and/or legal guardians provided informed consent and assent where appropriate.
Patients were able to participate from afar by signed medical releases or were primarily followed
ata cerW/ed to conduct the study. Patients were eligible if they had a genetically
confirmed @ 5is of PKD with two identified PKLR mutations. If prior genetic testing was not
perfornmedsenstiespatient or the results were not available, blood was sent for Sanger

sequencirhazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico Milan or Yale-New

Haven Cr@-{ospital).

At of enrollment, patients’ medical records were reviewed. All patients <18

&

years of a time of enrollment were included in this data set. Data collected included
medical hjysical examination, transfusion history, laboratory, and radiologic studies.
Missing W@istory was obtained by patient/parent recall. Amish children were analyzed

and discussed in parallel through the manuscript, as they are unique in homogeneity of

genotype (hoMmozygous splicing variant R479H), management, and laboratory and radiologic

testingE part of a site-specific protocol.

StatisticalSna/ysis

P ographics, transfusion status, comorbid diagnoses and other disease
characteris ere described with frequencies, proportions, medians, means, ranges, and
interquartg ranges as appropriate to sample size. A Wilcoxon rank-sum test and Fisher’'s exact
test waMompare continuous variables between groups or categorical variables,

respectively. ochran-Armitage trend test was used to compare outcomes (two categories)

versus ordina ciegories (age groups). Regular transfusions were defined as having =6
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transfusions over a 12-month period. When actual dates were unknown, an approximate date
was reported. Patients were considered to have iron overload if (i) their highest ferritin was
>1000 Wey received chelation therapy 12 months prior to enrollment, or (iii) their
highest li @ oncentration (LIC) was >3 mg/g dry weight liver (DW) on magnetic resonance
imagings(viRigsfemliver iron quantification (T2*) at any time in their history. Sample sizes are
presentedhe with available data for each variable. The observational registry data were

incomplet@ for many of the factors analyzed herein. When calculating proportions, the

C

denominamts the number of patients with known data, which was often smaller than the
particular erf’cohort being analyzed. P-values were two-sided, and p-values <0.05 were

considered statisfically significant.
Results m

Study P 1on and Demographic Characteristics

The PKD NHS enrolled 124 children under 18 years-of-age, including 25 children aged
0-2 years, ren aged >2-5 years, 36 children aged >5-12 years, and 36 children aged
>12-<18 @ able 1) from 30 centers. Of these, 96 (77%) patients were from 22 centers in
North Amegi 28 (23%) patients were from 8 centers in Europe. Of the 124 children, 22
(18%) :

he Amish community, with a median age at diagnosis of 1 day (range: 1 day-

10 years),"while the median age at diagnosis for non-Amish children was significantly older at

0.7 years ;ran;eS)-16.3 years, p<0.0001).

<
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Managem'nt '

Transfusi @ e non-Amish cohort:

¢

W JSEERMEten (87%, 89/102) received at least one transfusion prior to the age of 18
years. Th%ﬁty of RBC transfusions per year over the follow-up time points are shown in
Table 2. r-togyear variability was low in non-regularly transfused children with 45/50 (90%)

receiving @tr sions in years 1 and 2 of the study, and 46/50 (92%) in years 1 and year 3 of

LISC

the study. Similarly, those who received 26 transfusions tended to be consistent from year-to-
year with %) regularly transfused in both year 1 and 2 of the study and 22/33 (67%) in

years 1 a " stantial variability was seen in year-to-year in those who received 1-5

ol

transfusio

ransfused: Children < 5 years were significantly more likely to receive regular

transfu an children 12-18 years old (53% (24/45) vs.14% (4/29), p=0.0006), but not

compa children aged 5-12 years old (32% (9/28), p=0.09). The most common reasons

M

for regular transfusions at any time-point before enroliment (n=59) were anemia (53/57, 93%)

]

and patie /quality of life (15/46, 33%). In children who received regular transfusions in

the 12 m r to enrollment (n=38), the median transfusion volume per transfusion was

0O

13.6 ml’kg at a median interval of every 5.8 weeks (range: 2.7-8.7, n=38) with a median

3

nadir he lobin of 7 g/dL (range: 4.3-10.7, n=38). The weight-adjusted volume and interval did

not va he regular transfusion rate varied by PKLR genotype: 29.8% (17/57) in

{

patients ense/missense mutations, 26.9% (7/26) with missense/non-missense

¢

mutations, an .8% (11/16) with non-missense/non-missense mutations.

A
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Not-reqularly transfused: Of the 65 children who were not regularly transfused in the 12

months prior to enrollment, the median number of transfusions per 12-month period was 1
(range:m for children <5 years old, 0 (range: 0-5, n=19) for those 5-12 years old, and 0
(range: O- @ for those >12-<18 years old. The most commonly reported transfusion

triggersmwvenempresumed infections (45/87, 52%), stress (6/77, 8%), foods (1/76, 1%), and

medicatioh 1%).

Trun in Infants: Children <1 year-of-age at the time of enrollment (n=10) received

a median wge: 0-13) transfusions per year, including one patient who had never received
a transfui*jur infants who were regularly transfused, the median transfusion volume was

16.1 ml/k dian interval of 7.2 weeks (range: 4.0-8.7) with a median nadir hemoglobin of

6.3 g/dl (rgge: 5.9-7.7).

Transfusi i Amish cohort:

mish children (95%, 21/22) received at least one transfusion prior to the age of 18

years, and only children ages <5 years received regular transfusions (14% vs. 0% in 5-<18

years oId)L

Splenectiy

W% (52/124) of children underwent splenectomy prior to enroliment: 32%
(33/102) in the ni-Amish and 86% (19/22) in the Amish cohort. The median age of

splenectomy .9 years (range: 0.5-16.4) in the non-Amish cohort and 1.5 years (range: 0.6-
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3.2) in the Amish cohort. In the non-Amish cohort, the prevalence of splenectomized patients
was only 4% (2/45) in children <5 years old, significantly fewer than in those ages 5-12 years
(39%, 1&HW.0003) or in those ages >12-<18 years (69%, 20/29, p<0.0001). The most
common i @ s for splenectomy were to improve anemia (28/32, 88%), reduce transfusion
burdens2Gi82mBd% ), improve quality of life (18/26, 69%), and mitigate jaundice (13/27, 48%).
Those whhvent splenectomy due to anemia were older (median age 5 years, range: 1.3-

16.4, n=28) compared to reasons other than anemia (median age 1.6 years, range: 0.5-3.9,

¢

n=4, p=0. lenectomy increased the baseline hemoglobin in 20/26 (77%) patients by a

S

median of 0% g¥dl (range: 0.1-3.3) and reduced the transfusion burden in 29/31 (94%) patients.

D 2 years of follow up on the registry, 14 children (Amish and non-Amish)

F1U

underwen tomy (Fig. 1) to improve anemia (12/14, 86%), reduce transfusion burden

d

(13/14, 93%)), rove quality of life (9/14, 64%), and/or reduce jaundice (3/13, 23%). The

median n f transfusions in the 12 months prior to splenectomy was 10.5 (range: 0-79,

]

n=14), e with at least one year of follow up, only one remained on regular

transfusions.

[

Am tients who underwent splenectomy during the follow-up period with available
data (n=1 edian pre- and post-splenectomy hemoglobin were 7.4 g/dl (range: 5.5-9.3)
and 8 g/d| . 5.9-9.3), respectively. Laboratory markers that were significantly different

h

t

between pre and _post-splenectomy include a: median absolute reticulocyte count (ARC) of 0.88

x 10%pL - 0 37-1.95, n=6) vs 8.2 x 10%pL (5.37-25, n=6, p=0.03), median percent

U

reticuloc of 4.4% (1.1%-11.5%, n=10) vs 33.8% (18%-87.8%, n=10, p=0.002), lactate

dehydro DH) 1272 U/L (776-1420, n=6) vs 332 U/L (183-783, n=6, p=0.03), total white

A
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blood cell count of 6.6 x 10%/L (3.2-13.3, n=11) vs 11 x 10°/L (6.6-27.7, n=11, p=0.005), and
platelet count of 237 x 10%/L (180-492, n=11) vs 683 x 10%L (286-1556, n=11, p= 0.001).

Indirect W ubin was not significantly different before and after splenectomy.

Oanectomized children (at enrollment and over the 2 years of follow up), 43

N
(65%) wepe taking prophylactic antibiotics. Post-splenectomy infections or sepsis occurred in 8
(12%) chilwose with infections were older at the time of splenectomy (median age: 5.2

years, ran 6 years). Four were taking prophylactic anticoagulation at enrollment or over

the 2 yeamw up, and two patients (1.3%) developed a deep vein thrombosis prior to the

age of 18 3
Other treag

Th@y of children (at enrollment and over the 2 years of follow up) were taking
folic a , 74%). Other therapies included antidepressants (3/124, 2%), anxiety
medic 24, 2%), or ursodiol (2/124, 1%). Ten children (10/124, 8%) were reported to be

taking alternative or non-traditional therapies, including: vitamin B12, herbal supplement,

acidophilquhyll, echinacea, garlic, green tea, papaya, and St. Johns wart.

Laborato!Findinqs

Mlarly transfused, non-splenectomized children (n=43), the median

hemoglobin valu&was 9.1 g/dl (range: 6.0-12.5 g/dl, n=43), median ARC 0.20 x 10%uL (range:

Gl

0.13-0.73, n=15)gindirect bilirubin 2.8 mg/dl (range: 0.3-19.8, n=29), and LDH 858 U/L (range:
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183-3811, n=25, Table 3). In non-regularly transfused splenectomized children, the median
hemoglobin value was 8.8 g/dl (range: 4.3-12.8, n=43), median ARC 0.63 x 10%/uL (range: 0.31-
1.17, n=186), In |rect bilirubin 2.8 mg/dl (range: 1-6.2, n=20), and LDH 213 U/L (range: 154-504,

n=13).

rlp

Complica

é

Prenatal jons

lled children, 38/122 (31%) had prenatal or neonatal complications, including

ij

pre-term 37 41%), hydrops fetalis (8/38, 21%), intrauterine growth retardation (5/38,
13%), fet distress (4/38, 11%), hepatic failure (1/38, 3%), and myocardial depression (1/38,
3%). Of th jents, a substantial number (13/35, 37%) required perinatal transfusions. In the

newborn 05/120 (88%) had jaundice; of these, 94/102 (92%) were treated with

photot and 33/99 (33%) with exchange transfusion. Other neonatal therapies included

ursodi

M

, phenobarbital (n=1), and erythropoietin (n=1).

Gallstone

-
O

occurred in 22% (22/101) of non-Amish and 14% (3/21) of Amish children

(Table n-Amish cohort, the frequency significantly increased with age with 0% (0/45)
diagnowren ages 0-5 years, 14% (4/28) of those 5-12 years, and 64% (18/28) of those

>12-<18 years (P&0.0001). The median indirect bilirubin of non-Amish children with gallstones

£

was 5 mg/dl (r. : 1-6.4, n=12) as compared to 2.8 mg/dl (range: 0.3-19.8, n=42) in those who
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were not diagnosed with gallstones. Of the non-Amish children, 19% (20/102) underwent

cholecystectomy at a median age of 6.7 years (2.6-15.7), with 29% (5/17) of these performed at

the time#o splenectomy.

O

Iron overh

Irc@nad was diagnosed in 48% (32/66) of non-Amish children. Of the 102
enrolled mish children, 64 had a ferritin measured in the prior 12 months and only

8hadaT ed MRI. The diagnosis of iron overload did not appear to vary by age

(Fig. 2), omg in 42% (5/12) of children 0-<2 years, 61% (11/18) 2-5 years, 53%
(10/19) >, ars, and 35% (6/17) in those >12-<18 years, or by gender (45% (17/38)

in males vs 5 i (15/28) in females, p=0.6). Of the children with iron overload, 1 in the

0-<2 yea oup, 2 in 2-5 years, 2 in >5-12 years, and 7 in >12-<18 years were not
regula nstused. The median maximum ferritin was 907 ng/ml (range: 22-13,409)
and, o RI, the maximum liver iron was 5.9 mg/g DW (range: 1.9-20, n=8). In

children <18 years of age, there was no correlation between ferritin and LIC (r=0.19,

p=0.6, nh
y population, 28/124 (23%) children received chelation therapy,
includi 19%) <12 years-of-age and 11/36 (31%) 12-<18 years-of-age. The

most co elation regimens were: deferasirox (25/28, 89%), deferoxamine (7/28,

25%), n therapy (3/28, 11%), and deferiprone (2/28, 7%). None of the

<

This article is protected by copyright. All rights reserved.



children received therapeutic phlebotomy. Thirty-seven percent (14/38) of the regularly

transfused and 7% (6/86) of those not regularly transfused were prescribed one of the

{

P

above chelation therapies.

Other findiggs

@] ysigal exam, facial jaundice (23/121, 19%), scleral icterus (53/120, 44%), pallor
(45/120, 38% lenomegaly (30/122, 25%), hepatomegaly (14/122, 11%), dyspnea on exertion

(1/118, 19 ndgbony expansion (7/118, 6%) were documented.

Discussi

Nnu

T HS is an international collaborative effort among 30 hematology centers in

a

North America and Europe, which has increased the understanding of the heterogeneity of the

genetics, cli resentation, complications, and management strategies in this rare anemia. In

\1

the ab idence-based guidelines, the combination of expert-based guidelines and

descriptions of a large pediatric cohorts may provide some guidance to clinicians caring for

I

young pat h PKD (Table 4)."""2

D

@ ances in the diagnostic evaluation for PKD including improved access to

both PK e ctivity and PKLR genetic testing, the age at diagnosis in non-Amish children

1

in this 0-16 years.® The majority of children in this cohort were symptomatic around

1

the time 0 and required RBC transfusions during childhood; thus, the older age at

diagnosis may reflect milder disease with variable, sometimes atypical, symptoms which may go

t

unrecognize result in delayed testing. Delays in diagnosis may also relate to the difficulty

A
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in obtaining accurate diagnostic enzyme assays in transfused patients and/or in accessing
genetic testing.™' This report describes the spectrum of manifestations in childhood with the
goal of iehlng 0 earlier identification, appropriate monitoring and management, genetic

counseling @ e opportunity to explore potential novel therapies.

D

i thisseehort, perinatal and neonatal complications were common and varied in severity.
Most (92°/L children had the expected presentation of hemolytic anemia with associated

jaundice r@quiring) phototherapy, and just 1 in 9 children diagnosed with PKD did not have

C

jaundice i wborn period. Some infants had more severe neonatal presentations including

S

hydrops fe ,¥etal distress, hepatic failure, and myocardial infarction, sometimes mimicking

G

metabolic disord@Fs and sepsis.’*'® Enzyme and/or genetic testing for PK deficiency should be

strongly ¢ d in the setting of newborns with such fulminant presentations.

1

Af wborn period, infants required up to 13 transfusions per year, and overall,

36% requifedireqular transfusions. After infancy, over half of the children <5 years-of-age

dl

continue to remain transfusion-dependent, especially in those with two severe PKLR mutations.

The number nsfusions per year significantly decreased during childhood, which reflects

\l

both th plenectomy and the resultant improvement in anemia as well as a reduction

| Gy

on a regular transfusion regimen was anemia, perceived quality of life was a significant factor in

in hemolytic triggers from infection with age. In this cohort, while the primary reason to remain

the decisit g between providers and patient families along with the obligation to support

growth an pment in these young children.

N

d in Table 2, the transfusion requirement from year-to-year was least variable

t

in children®who were either regularly transfused or who received no transfusions. In children

who received 1-98transfusions per year, the variability from year-to-year during the study was

3

substantial. npredictability likely relates to hemolytic triggers and frequency of intercurrent

A
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illnesses on a year-to-year basis, thus assessing transfusion-dependence, baseline hemoglobin
levels, and/or determinations of clinical severity challenging. Furthermore, these data highlight
the hetemeﬁof PKD with about 13% of non-Amish children never requiring a blood
transfusio

Somesefithe variability in the transfusion practice may be dictated by the provider-family
preferenchvels of 2,3-bisphosphoglycerate in the PK deficient erythrocytes conferring
better tole@ lower hemoglobin, and the practice of splenectomy to improve anemia. This
is further rgfle in the wide range of pre-transfusion nadir hemoglobin values in those
children wmegularly transfused with a median goal nadir of 7 g/dl but with a range from
4.3 to0 10.7 g/dI. Iithe setting of normal growth, development, and absence of clinical evidence

of signific ctive erythropoiesis, the goal hemoglobin is individualized based on a child’s

symptom ivity level. Management would be improved by future research to elucidate
the effect musion management and individualized hemoglobin nadirs on outcomes.

Forty-two percent of children <18 years-of-age were surgically asplenic before

enrollment in tudy. The majority of splenectomies were performed in older children for
y correlate with the increased activity and concentration needed at school
with age and, therefore, a desire for a higher baseline hemoglobin level. Quality of life was an

important indication for splenectomy in 69% of patients. Splenectomy improved anemia in the

majority o but with only a median hemoglobin increase of 0.7 g/dL in this cohort.
Notably, thi e in hemoglobin is difficult to interpret and likely an underestimate, since the
pre-splgemoglobin reflects a pre-transfusion nadir rather than a true baseline. In
addition to*the partial amelioration of the anemia, these patients had an average of ten-fold

increase in ARC @fter splenectomy along with a decrease in LDH reflecting increased survival of

the reti&and mild improvement in hemolysis in some patients post-splenectomy.
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Cosmetic concerns due to jaundice are not insignificant in congenital hemolytic anemias,
particularly in adolescents in whom differences can lead to bullying and other social impacts.”
Given thﬁe ck or change in bilirubin post-splenectomy, jaundice is not an indication for this

procedur and reticulocyte survival improved post-splenectomy in the non-regularly

transfusedsgrempm suggesting that splenectomy may mitigate a severe hemolytic phenotype and
reduce tr&\ burden in many patients.

Thg safety of splenectomy was queried in this registry, both for infections and vascular

€

complicatigmsgRest-splenectomy infections or sepsis occurred in 12% of those <18 years-of-

S

age, and o halt of splenectomized children were prescribed prophylactic antibiotics. Post-

Ul

splenectomy thrainbosis was only reported in 2 patients <18 years-of-age, and its incidence in

the adult iatric PKD NHS cohort at the time of enrollment was 11%. Splenectomy at a

1

younger a ases the time to acquire vascular complications. A 27-year follow-up study in

veterans f@u -times increased risk of thrombosis and increased risk for sepsis and related

d

deaths in those with splenectomy.'®"? The rate of post-splenectomy thrombosis and sepsis in

this patient p tion underline the unmet need for safer treatment approaches in this

M

anemi

Irop overload seen in patients with PKD is secondary to both chronic hemolysis,

f

ineffective erythropoiesis and transfusion therapy.'®?' Forty-eight percent of non-Amish children

had iron o @ across all age ranges. The definition of iron overload for this analysis, which

0:

used ferritj helation data for only the year prior to enroliment, likely led to an

h

under he actual prevalence of iron overload in this population. Given that only

t

64/102 chifdren had ferritin measured in the 12 months prior to enroliment, iron overload is not

only under-reporied, but its awareness is of high importance to the pediatric community due to

W

its significa ct on growth and organs including liver, heart and bones. In a previous report

A
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from the PKD NHS, there was a significant correlation between ferritin and liver iron
concentration (LIC) by MRI (r=0.45, p<0.0001, n=45); however, several individual patients who
had relawl y low ferritin levels, were found to have iron overload by LIC.?' Using a ferritin cut

off of 100€ he sensitivity to predict LIC >3 mg/kg DW was 53% and the specificity was

2

100%, wheseasmfor a ferritin cut off of 500 ng/ml, the sensitivity for LIC >3 mg/kg DW was 90%
with a sphf 67%. Based on this, an MRI is recommended for patients with PKD with a

ferritin >5Q0 ng/mil (Table 4). Chelation therapy was prescribed to 7% of children in this cohort

€

who were got larly transfused, and growth complications were reported in two of these

S

patients. € reasons, close monitoring for iron overload and growth during chelation is

Gl

paramount in patignts with PKD, irrespective of their transfusion status.

Cholglithiasis was reported in less than a quarter of children, and 20% underwent

1

cholecyst efore enrollment to the PKD NHS. Of these patients, one third underwent

cholecystect long with splenectomy. The practice of monitoring for asymptomatic

d

gallstones to prevent complications is variable, and splenectomy does not decrease the risk of
gallbladder e in PKD. Therefore, the rate of gallstones in this cohort may be an
continued awareness and monitoring are needed.

Giyen the natural history of PKD in children and the identification of a low rate of

1

screening for several important complications, such as iron overload, the authors have included

a consens @ agement guideline for children with PKD in Table 4. Once PKD is suspected

and diagn both low PK enzyme activity (compared to other red cell age dependent

N

enzym netic testing, subsequent management is largely supportive with transfusions

t

for symptomatic anemia impacting everyday quality of life or growth. Transfusions to maintain

an arbitrary hemg@globin value should be avoided. Splenectomy should be considered after 5

d

years of a se needing frequent transfusions. It is crucial to counsel families that

A
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response to splenectomy is variable and only partially effective at best and is also associated
with a risk for post-splenectomy complications such as thrombosis and infections. Before and
after spMomy, appropriate immunizations should be administered, and patients should be
provided @ -splenectomy antibiotics and sepsis guidance. Both transfused and non-
transfusedspatiemts require regular monitoring (Table 4). We recommend regular monitoring for
iron overlhj ferritin, and MRI to assess iron in those with ferritin > 500 ug/L irrespective

of transfuslon status. Long-term management decisions should include consideration of clinical

C

trials of pojen disease-modifying treatments, including PK activators and gene therapy. A

S

phase 2 triaPof @PK activator, mitapivat, in adults with PKD demonstrated a hemoglobin

El

increase >1.0 g/dk in 50% of the participants (mean hemoglobin increase of 3.4 g/dl (range: 1.1-

5.8 g/dl)) wi lationship between at least one missense PKLR variant and likelihood of

I

hemoglob nse.? Although hematopoietic stem cell transplant has the potential to cure
PKD, currgnt w oaches are associated with a relatively high rate of morbidity and mortality

compared with standard supportive care.?®** Gene therapy may be a future option for

25-27

transfused p with severe PKLR mutations unresponsive to PK activators.

\

The PKD NHS, like other rare disease observational registries, has limitations and

potential bi@ses, including from those undiagnosed or deceased. To decrease recall bias and

F

missing d o lack of documentation, this analysis includes only the subset of patients

O

who were d when <18 years of age, and does not include data from the childhood of

participantg enrolled at age =218 years. Despite the international nature of the registry, due to

q

the rari limited number of patients are available for data capture, restricting the

:

ability to ociations. Laboratory data from different centers are grouped together and

U

from patie Ifferent ages and genders, both of which are limitations to the interpretation of

A
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the lab findings. Observational data are only available based on provider practices and routine
testing, which is reflected by missing data. Given the medical complexity of patients in this
cohort,Mngmata may lead to biased estimates of the prevalence of symptoms and disease
complicat

in thisspediatric cohort with PKD, a wide spectrum of clinical manifestations was seen
with variahonitoring, management, and complications. In the newborn period, the widest

clinical vaflation Was seen, emphasizing the importance of early recognition and testing for

C

PKD. Signii nd severe complications in childhood are under-recognized underlining the

S

need for tofihg in all patients regardless of transfusion status. Regular monitoring and care

with a pediatric hBmatologist are imperative for the management and health maintenance of all

U

affected ¢
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TABLE 1. gﬁlfrfal characteristics of non-Amish children* with Pyruvate Kinase Deficiency,
P—

N=102

Characteristics n* % or median (range)
Age at diagnosis (years) 98/102 0.7 (0-16.3)
Gender
Female 44/102 43%
Male 58/102 57%
Race
Caucasian 85/102 83%
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Black 5/102 5%
Asian 6/102 6%
Other 3/102 3%
Unknown 3/102 3%
Ethnicity
Hispanic 14/102 14%
Non-Hispanic 83/102 81%
Unknown 5/102 5%
Splenectomy prior to enroliment 33/102 32%
Cholecystectomy prior to enroliment 20/102 20%
Median number of lifetime transfusions**
Overall 89/102 18 (1-312)
Ages 0-<2y 19 6 (1-30)
Ages 2-5y 20 25.5 (3-52)
Ages >5-12y 25 33 (1-149)
Ages >12-<18 y 25 21 (1-312)
Number never transfused
Overall 13/102
Ages 0-<2y 3/22 14%
Ages 2-5y 3/23 13%
Ages >5-12y 3/28 11%
Ages >12-<18 y 4/29 14%
Regularly transfused?
<6 transfusions over 12 months 65/102 64%
=6 transfusions over 12 months 37/102 36%
Complications
Iron Overload*** 32/66 48%
Gallstones” 22/101 22%
Extramedullary Hematopoiesis (hepatic)” 2/94 2%
Pulmonary Hypertension® 3/99 3%

“n/a: not applicabie

*Sample es are those with known data for the given characteristic from the Pyruvate Kinase
Def|C|enc History Study. Those from the Amish community (homozygous R479H

mutation) y cluded from this Table due to homogeneity in genotype, management, and
screenmgh participation in this study.

**Amls£n =22): Transfusion status: Median lifetime transfusions: 11 (1-153), 5%
(1/22) recéivi gular transfusions, 5% (1/22) never transfused; 86% (19/22) splenectomized;

14% (3/271) with gallstones; 13% (2/15) with iron overload. *** Patients were considered to have
iron overl their highest ferritin was >1000 ng/ml, (ii) they received chelation therapy 12
months pri rollment, or (iii) their highest liver iron concentration (LIC) was >3 mg/g dry

welght&m magnetic resonance imaging (MRI) for liver iron quantification (T2*) at any
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time in their history. * The presence or absence of gallstones, pulmonary hypertension, and

extramedullary hematopoiesis were reported by sites but patients may not have been screened
by imaging.

O

TABLER . m@istBUtion of the number of red cell transfusions per year in children with Pyruvate
Kinase D%iencx during a three-year period*

O

Year 2*

Pediat ts with
known fusion
data in YearS 1 and 2

0 transfusions

1-2 transfusions

3-5 transfusions

26 transfusions

(N=11
0 transfusiongi(n=50)
1-2 transfusions

45/50 (90%) 2/50 (4%) 0/50 (0%) 3/50 (6%)
x 3/12 (25%) 3/12 (25%) 4/12 (33%) 212 (17%)
E %Eéjtgaz fusions 3/16 (19%) 4/16 (25%) 5/16 (31%) 4/16 (25%)
26 trangfgioRs (n=34) 2/34 (6%) 3/34 (9%) 3/34 (9%) 26/34 (76%)
Year 3*

Year 1*

0 transfusions

1-2 transfusions

3-5 transfusions

26 transfusions

0 transfusions (n=50)

46/50 (92%)

1/50 (2%)

0/50 (0%)

3/50 (6%)

1-2 transfusions
(n=11)

4/11 (36%)

311 (27%)

2/11 (18%)

2/11 (18%)

3-5tra S

311 (27%)

311 (27%)

3111 (27%)

2/11 (18%)

4/33 (12%)

6/33 (18%)

22133 (67%)

This article is protected by copyright. All rights reserved.
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(n=11)
>6 tra @  (n=33) 133 (3%)
Proportions® entages) of patients are displayed for the rows

*Year 1: 12-month period before enroliment. Year 2: First year of follow-up after enroliment.
ar of follow-up after enrollment.




TABLE 3. Laboratory parameters of children with Pyruvate Kinase Deficiency (n=124)

Laboratory Parameter Non-regularly transfused Regularly Transfused
N=86 N=38
% or median % or median
n* (range) n* (range)
Genotype
Missense/Missense | 40/64 63% 17/35 49%
Missense/Non-Missense 19/64 30% 7/35 20%
Non-Missense/Non-Missense 5/64 8% 11/35 31%
Hemoglobin (g/dL)
Non-splenectomized 43 9.1 (6-12.5) 29 7.6 (4.3-10.7)
Splenectomized 43 8.8 (4.3-12.8) 9 9.3 (7-9.8)
Absolute Reticulocyte Count (x 10%/uL)
Non-splenectomized 15 0.20 (0.13-0.73) 11 0.14 (0.07-0.26)
Splenectomized 16 0.63 (0.31-1.17) 2 0.23 (0.16-0.30)
Reticulocyte Percent (%)
Non-splenectomized 37 6.7 (1.4-82.9) 25 10.35 (0.4-39.1)
Splenectomized 42 24.7 (8.6-61.2) 5 6.05 (2.2-27.7)
Total Bilirubin (mg/dl)
Non-splenectomized 39 3.4 (0.1-33.1) 22 3.82 (1.3-13)
Splenectomized 34 2.4 (1-6.6) 7 5 (3.3-8.43)
Lactate Dehydrogenase (U/L)
Non-splenectomized 25 858 (183-3811) 12 926 (347-1987)
Splenectomized 13 213 (154-504) 4 944 (624-1033)
Maximum Ferritin (ng/ml)**
Non-splenectomized 17 144 (31-13409) 25 979 (22-2988)
Splenectomized 28 552 (170-2786) 9 1440 (423-9679)
*Samp% those with known data for the given characteristic from the Pyruvate Kinase
Deficie al History Study. Regularly transfused: =26 transfusions, N= 38 (9

splenectomized and 29 non-splenectomized); Not-regularly transfused: <6 transfusions per
year, N=86, (43 splenectomized and 43 non- splenectomized).

** Maximu
chelation

erritin was reported in patients independently (prescribed or not prescribed) of

Auth
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TABLE 4: Considerations in the management of Pyruvate Kinase Deficiency in children

Confirmatory testing for PK deficiency

1) reduced PK enzyme activity or reduced PK/HK ratio on full RBC enzyme evaluation* and

2) homozygous or compound heterozygous mutations in the PKLR gene.

PK deficiency should be suspected in patients of any age with unexplained chronic hemolytic
anemia.

PYa

Transfusion management

Indications for Transfusions:

¢ Hemolytic crisis with hyperbilirubinemia in a neonate suspected with PKD**

o Symptomatic anemia with impact on everyday quality of life (rather than using an
arbitrary hemoglobin value as an indication, suggest transfusions based on symptoms,
complications, and/or co-morbidities)

o Promote and sustain growth in young children

e Severe and/or symptomatic anemia during intercurrent iliness or aplastic crisis

e Perioperative management

After an initial transfusion, consider extending the duration between transfusions if the patent
is relatively asymptomatic and with normal growth.

In the setting of worsening anemia without a clear trigger, investigate for secondary causes
such as viral infections, nutritional deficiencies, medication effect, and/or accessory spleen (in
splenectomized patients).

Full splenectomy indications

Symptomatic anemia and regular transfusions ***

Monitoring in transfusion and non-transfusion dependent children

This article is protected by copyright. All rights reserved.



Regularly Not regularly

transfused
transfused
CBC, Reticulocytes Monthly Every 3-6 months
Height velocity, weight, Pubertal assessment Every 6 months Annually
Vitamin D Annually Annually
Serum ferritin Every 6 months Annually
Magnetic resonance imaging of liver and heart for Annually**** Once**** and then
iron (T2%) subsequent frequency
based on findings and
ferritin trends
Ultrasound abdomen for gallstones If symptomatic, and prior to splenectomy
HIV and viral hepatitis testing***** Annually -
Endocrine testing (growth hormone, thyroid Annually -
function, sex hormones)- starting at 5y of age
DEXA After puberty, subsequent frequency based
on findings

Imaging for Extramedullary Hematopoiesis (EMH)  If concerns for paravertebral EMH or pain

* (Al-Sam . 2020). PK- pyruvate kinase, HK- hexokinase DEXA: dual energy x-ray
absorptiometr

-

** Hemol newborn period can be associated with marked hyperbilirubinemia and risk
for kernict PKD is suspected prior to birth (for example; affected sibling, Amish

<
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background) preparation should be made for monitoring and treatment with phototherapy,
simple transfusion(s), and/or exchange transfusion(s) after birth.

{

*** Reco dRadditional immunizations before and after splenectomy and lifelong antibiotic
prophylax % ver guidelines. Recommend deferring until age 5 years, and consider
enrolling on clinical trial(s), if available prior to splenectomy, to assess benefit.

[ |

**** Recongfnhe irst MRI after 10-12 transfusions. In non-transfused patients, consider
delaying | unfif ferritin is over 500 ug/L and/or can be performed without sedation.

Gl

2

**** Parvovirusiters should be obtained with concern for an aplastic crisis. Some centers
follow par
regularly

iters to evaluate the risk of impending infection. Families should be counseled
ns and symptoms of an aplastic crisis.

any

Addonizio, B. Glader, D. H. Morton, S. Chonat, A. A. Thompson, K. H. M.
avindranath, H. Wang, J. A. Rothman, J. L. Kwiatkowski, C. Kung, P. A.

. Al-Sayegh, W. B. London, and R. F. Grace. 2020. 'The pyruvate kinase (PK)
se enzyme activity ratio and erythrocyte PK protein level in the diagnosis and
phenotype of PK deficiency', Br J Haematol.

Author
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FIGURE 1. Hemoglobin level, transfusions, and timing of splenectomy in the follow-up period in
children who underwent splenectomy while enrolled in the PKD NHS, N=14

Figure 1. Hemoglobin level, transfusions, and timing of splenectomy in the follow-up period in children who underwent
splenectomy while enrolled in the PKD NHS, N=14
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FIGURE 2. Iron status by age in children enrolled in the PKD NHS for children with known liver
iron concentration (LIC) at enroliment, N=22

Figure 2. Iron status by age in children enrolled in the PKD NHS for children with known liver iron
concentration (LIC) at enrollment, N=22
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O

Characteristics n* % or median (range)
Age at diagnosis (years) 98/102 0.7 (0-16.3)
Gender
Female 44/102 43%
Male 58/102 57%
Race
Caucasian 85/102 83%
Black 5/102 5%
Asian 6/102 6%
Other 3/102 3%
Unknown 3/102 3%
Ethnicity
Hispanic 14/102 14%
Non-Hispanic 83/102 81%
Unknown 5/102 5%
Splenectomy prior to enroliment 33/102 32%
Cholecystectomy prior to enrollment 20/102 20%
Median number of lifetime transfusions**
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Overall 89/102 18 (1-312)
Ages 0-<2y 19 6 (1-30)
Ages 2-5y 20 25.5 (3-52)
Ages >5-12y 25 33 (1-149)
Ages >12-<18 y 25 21 (1-312)
Number never transfused
Overall 13/102
Ages 0-<2y 3/22 14%
Ages 2-5y 3/23 13%
Ages >5-12y 3/28 1%
Ages >12-<18 y 4/29 14%
Regularly transfused?
<6 transfusions over 12 months 65/102 64%
26 transfusions over 12 months 37/102 36%
Complications
Iron Overload*** 32/66 48%
Gallstones” | 22/101 22%
Extramedullary Hematopoiesis (hepatic)” 2/94 2%
Pulmonary Hypertension® 3/99 3%

Year

2*

0 transfusions

1-2 transfusions

3-5 transfusions

26 transfusions

45/50 (90%)

2/50 (4%)

0/50 (0%)

3/50 (6%)

1-2 transfusions 3/12 (25%)

3112 (25%)

4/12 (33%)

212 (17%)

Year 1*

(n=12)
3-5tra jons 3/16 (19%) 4/16 (25%) 5/16 (31%) 4/16 (25%)
n=16
26 tra SIONs (n=34) 2/34 (6%) 3/34 (9%) 3/34 (9%) 26/34 (76%)

Year

3*

0 transfusions

1-2 transfusions

3-5 transfusions

26 transfusions

46/50 (92%)

1/50 (2%)

0/50 (0%)

3/50 (6%)

4111 (36%)

Year 1*

3111 (27%)

2/11 (18%)

2/11 (18%)

3-5 transfusjo@s

311 (27%)

311 (27%)

311 (27%)

2/11 (18%)
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(n=11)

26 transfusions (n=33)

4133 (12%)

1/33 (3%)

6/33 (18%)

22133 (67%)

T

Laboratory Parameter

Non-regularly transfused

Regularly Transfused

N=86 N=38
% or median % or median
n* (range) n* (range)
Genotype
Missense/Missense | 40/64 63% 17/35 49%
Missense/Non-Missense 19/64 30% 7/35 20%
Non-Missense/Non-Missense 5/64 8% 11/35 31%
Hemoglobin (g/dL)
Non-splenectomized 43 9.1 (6-12.5) 29 7.6 (4.3-10.7)
Splenectomized 43 8.8 (4.3-12.8) 9 9.3 (7-9.8)
Absolute Reticulocyte Count (x 10%/uL)
Non-splenectomized 15 0.20 (0.13-0.73) 11 0.14 (0.07-0.26)
Splenectomized 16 0.63 (0.31-1.17) 2 0.23 (0.16-0.30)
Reticulocyte Percent (%)
Non-splenectomized 37 6.7 (1.4-82.9) 25 10.35 (0.4-39.1)
Splenectomized 42 24.7 (8.6-61.2) 5 6.05 (2.2-27.7)
Total Bilirubin (mg/dl)
Non-splenectomized 39 3.4 (0.1-33.1) 22 3.82 (1.3-13)
Splenectomized 34 2.4 (1-6.6) 7 5(3.3-8.43)
Lactate Dehydrogenase (U/L)
Non-splenectomized 25 858 (183-3811) 12 926 (347-1987)
Splenectomized 13 213 (154-504) 4 944 (624-1033)
Maximum Ferritin (ng/ml)**
Non-splenectomized 17 144 (31-13409) 25 979 (22-2988)
Splenectomized 28 552 (170-2786) 9 1440 (423-9679)

Confirmatory testing for PK deficiency

1) reduced PK enzyme activity or reduced PK/HK ratio on full RBC enzyme evaluation* and

2) homozygous or compound heterozygous mutations in the PKLR gene.

PK deficiency should be suspected in patients of any age with unexplained chronic hemolytic

anemia.
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Transfusion management

Indications for Transfusions:

¢ Hemolytic crisis with hyperbilirubinemia in a neonate suspected with PKD**

e Symptomatic anemia with impact on everyday quality of life (rather than using an
arbitrary hemoglobin value as an indication, suggest transfusions based on symptoms,
complications, and/or co-morbidities)

o Promote and sustain growth in young children

o Severe and/or symptomatic anemia during intercurrent illness or aplastic crisis

e Perioperative management

After an initial transfusion, consider extending the duration between transfusions if the patent

is relatively asymptomatic and with normal growth.

In the setting of worsening anemia without a clear trigger, investigate for secondary causes
such as viral infections, nutritional deficiencies, medication effect, and/or accessory spleen (in
splenectomized patients).

“

Full splenectomy indications

Symptomatic anemia and regular transfusions ***

Monitoring in transfusion and non-transfusion dependent children

Regularly Not regularly
transfused
transfused
CBC, Reticulocytes Monthly Every 3-6 months
Height velocity, weight, Pubertal assessment Every 6 months Annually
Vitamin D Annually Annually
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