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Established Facts

of the disorder.

tions.

o The first step towards the diagnosis of triosephosphate isomerase is clinical suspicion and knowledge

o Patients should be diagnosed prior to neurologic involvement and evaluated for new treatment op-

Novel Insights

levels in acylcarnitine analysis.

« Triosephosphate isomerase should be considered in the differential diagnosis of elevated C3 carnitine
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Abstract

Introduction: Chronic haemolytic anaemia, increased sus-
ceptibility to infections, cardiomyopathy, neurodegenera-
tion, and death in early childhood are the clinical findings of
triosephosphate isomerase (TPI) deficiency, which is an ul-
tra-rare disorder. The clinical and laboratory findings and the

outcomes of 2 patients with TPI deficiency are reported, with
a review of cases reported in the literature. Case Presenta-
tion: Two unrelated patients with haemolytic anaemia and
neurologic findings who were diagnosed as having TPI defi-
ciency are presented. Neonatal onset of initial symptoms
was observed in both patients, and the age at diagnosis was
around 2 years. The patients had increased susceptibility to
infections and respiratory failure, but cardiac symptoms
were not remarkable. Screening for inborn errors of metabo-
lism revealed a previously unreported metabolic alteration
determined using tandem mass spectrometry in acylcarnitine
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analysis, causing elevated propionyl carnitine levels in both
patients. The patients had p.E105D (c.315G>C) homozygous
mutationsinthe TPIT gene. Although severely disabled, both
patients are alive at the ages of 7 and 9 years. Discussion: For
better management, it is important to investigate the ge-
netic aetiology in patients with haemolytic anaemia with or
without neurologic symptoms who do not have a definitive
diagnosis. The differential diagnosis of elevated propionyl
carnitine levels using tandem mass spectrometry screening

should also include TPl deficiency.  ©2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Triosephosphate isomerase (TPI or TIM) is an an-
aerobic glycolysis enzyme that is ubiquitously expressed
in all cells and is responsible for the reversible conver-
sion of dihydroxyacetone phosphate (DHAP) to D-glyc-
eraldehyde 3-phosphate [Schneider et al., 1995]. Chron-
ic haemolytic anaemia, increased susceptibility to infec-
tions, cardiomyopathy, neurodegeneration, and death
in early childhood are the clinical findings of TPI defi-
ciency, which is an ultra-rare disorder. TPI deficiency is
inherited autosomal recessively and caused by muta-
tions in the TPII gene [Sarper et al., 2013]. Fewer than
50 clinically affected patients have been described in the
literature to date. The p.E105D substitution (formerly
identified as p.E104D) is the most common pathogenic
variant, accounting for about 80% of patients with TPI
deficiency [Schneider et al., 1995]. Here, we report the
clinical and laboratory findings and outcomes of 2 pa-
tients with TPI deficiency to highlight the importance of
disease awareness.

Case Presentations

Case 1

A 10-month-old boy with haemolytic anaemia and acquired
loss of developmental functions was referred to the division of pae-
diatric metabolism for differential diagnosis. He was the first child
of non-consanguineous parents with an unremarkable family his-
tory, born with 3,620 g at 39 weeks of gestation with no reported
complications during pregnancy. On the second day after birth,
the newborn was admitted to the neonatal unit with jaundice. To-
tal bilirubin was elevated to 22 mg/dL. When he was aged 1 month,
he was evaluated for prolonged jaundice, and his haemoglobin lev-
el was 3 g/dL. The diagnosis was haemolytic anaemia requiring
multiple blood transfusions until the age of 6 months because of
relapses.
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Neuromotor development history revealed that he had been
able to sit with aid at the age of 6 months, but he was unable to sit
independently thereafter. At the age of 9 months, he was hospital-
ized with pneumonia and respiratory failure requiring intubation.
On physical examination, no dysmorphic appearance was noted.
The liver and spleen were palpable at the costal margins. He had
severe axial hypotonia, hypoactive deep tendon reflexes, poor eye
tracking, extensor Babinski sign, and isochoric pupils. Lower and
upper extremity muscle strength was 3/5.

In laboratory investigations, the blood count was unremark-
able except for macrocytic anaemia (white blood cell count, 7.8 x
10%/L; absolute neutrophil count, 3.4 x 10%/L; haemoglobin level,
8.3 g/dL; erythrocytes, 3.36 x 10%/uL; haematocrit, 26%; platelet
count, 215 x 10%/L; mean corpuscular haemoglobin concentration,
32 g/dL; and mean corpuscular volume, 10? fL). The reticulocyte
count was elevated to 13%, and the direct Coombs test was nega-
tive. In the blood smear, macrocytic erythrocytes were consistent
with haemolysis. Erythrocyte glucose-6-phosphate dehydrogenase
and pyruvate kinase activities were normal. Bone marrow aspira-
tion showed normocellular bone marrow, with moderate hyper-
plasia and dominance in the erythroid series.

Biochemical tests and immunoglobulins were normal. Initial
metabolic screening tests including blood ammonia, lactate, quan-
titative plasma amino acids, urinary organic acids, transferrin iso-
electric focussing, and plasma very long-chain fatty acids were
within normal limits. Blood acylcarnitine profiles determined us-
ing tandem mass spectrometry (MSMS) showed elevated propio-
nyl carnitine (C3) and normal free carnitine (C0) (C0: 52.1 pmol/L,
normal range: 10-90 pmol/L; C3: 8.6 umol/L, normal range: 0-4.9
pmol/L). To exclude metabolic causes of C3 elevation, determina-
tion of urinary organic acid analysis using gas chromatography
mass spectrometry (GCMS) disclosed no pathologic excretions of
organic acids including methylmalonic acid. Plasma vitamin By,
homocysteine, and folate levels were normal.

The ophthalmologic evaluation revealed pallor of the optic
discs bilaterally. Cranial magnetic resonance imaging showed ce-
rebral atrophy, ventricular enlargement, and sulcal widening.
Electroencephalography displayed disorganization and multifo-
cal sharp wave activity. Muscular biopsy disclosed diameter dif-
ference in both fibre types, with angular atrophic fibres. Type I
fibres had single, sparse, and interspersed hypertrophic fibres.
Cardiac evaluation using an echocardiogram showed no struc-
tural abnormalities.

Respiratory symptoms started with wheezing at the age of 7
months. An otolaryngology examination disclosed bilateral vocal
cords to be paralytic, and he had to be tracheostomized at the age
of 11 months. He had multiple hospitalizations due to infections.
The requirement of multiple blood transfusions due to severe
anaemia ensued. After a febrile illness at the age of 2 years, the abil-
ity of eye tracking was lost and social awareness was minimal. He
became ventilator- and wheelchair-dependent with progressive
muscle weakness.

Genetic analysis allowed the identification of a homozygous
pathogenic variant in the TPI1 gene, p.E105D (c.315G>C), consis-
tent with TPI deficiency. Segregation analysis confirmed that both
parents were heterozygous carriers of the pathogenic TPI1 variant.

On the last admission to the outpatient clinic, he had severe
hypotonia and quadriparesis and muscle wasting in all extremities.
He is currently aged 7 years and has recurrent urinary tract infec-
tions. He has been in a vegetative state for almost 4 years (Fig. 1).
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Fig. 1. Progression of clinical features in
case 1. a The 7-month-old boy can sit with
support. b At 11 months, ventilator-depen-
dent with progressive muscle weakness. ¢ At
age 2 years, loss of developmental milestones
after infection. d At 7 years of age, vegetative
state.

Case 2

A 19-month-old girl with haemolytic anaemia and develop-
mental delay was referred to the division of paediatric metabo-
lism. She was the first child of third-cousin parents, born after
38 weeks of an uncomplicated pregnancy. She was hospitalized
in the neonatal intensive care unit for 38 days due to neonatal
jaundice and early sepsis, requiring five blood transfusions im-
mediately after birth, and an exchange transfusion on the sec-
ond day of life ascribed to maternal-foetal ABO incompatibil-
ity. Another blood transfusion was also required at the age of
30 days for non-spherocytic haemolytic anaemia. At 9 months,
when the child was examined because of multiple haemolytic
crises precipitated by infections, there was a mild psychomotor
developmental delay because she was not able to sit indepen-

E105D Mutation in Triosephosphate
Isomerase Deficiency

dently. At 11 months of age, she was diagnosed as having he-
reditary spherocytosis through a pathologic osmotic fragility
test.

The patient was referred to our unit with symptoms of an inabil-
ity to walk and sit without support. On physical examination at the
age of 19 months, her weight was 7.3 kg (<3 percentile; z-score —3),
height was 78 cm (9th percentile; z-score —1.3), and head circumfer-
ence was 44.5 cm (5th percentile; z-score —1.6). The patient had severe
malnutrition, paleness, axial hypotonia with loss of muscle bulk, and
muscle weakness. Decreased deep tendon reflexes, muscle atrophy,
and hyperelasticity of the joints were detected in the extremities.

Laboratory findings showed severe macrocytic anaemia with
haemoglobin 6.5 g/dL, haematocrit 13.1%, mean corpuscular hae-
moglobin concentration 31 g/dL, mean corpuscular volume 104
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NA, not available; M, male; F, female; CPAP, continuous positive airway pressure.

fL, normal white blood cell count 8.868 x 10°/L, platelet count
95,000/mm?, elevated total bilirubin 24.63 mg/dL, and direct bili-
rubin 18.58 mg/dL. Plasma amino acids, very long-chain fatty ac-
ids, serum transferrin isoelectric focussing, and urine organic acids
with GCMS were unremarkable. The acylcarnitine profile by
MSMS revealed normal CO, while C3 was elevated (CO: 62.8
pumol/L, normal range: 10-90 umol/L; C3: 7.1 umol/L, normal
range: 0-4.9 pmol/L) and methylmalonic acid in the urine was
negative by GCMS. The plasma vitamin By, folic acid, and homo-
cysteine levels were all normal.

Bone marrow aspiration was normocellular. The ophthalmo-
logic fundus examination was normal. The brain stem electric
response audiometry (BERA) test was reported as normal. The
electromyography was normal, she had no cardiomyopathy, and
the brain magnetic resonance imaging was unremarkable. No epi-
leptic activity was observed in the electroencephalography. Muscle
biopsy showed signs of myopathy. In the follow-up, multiple hos-
pitalizations were required due to haemolytic crises, recurrent
lower respiratory tract infections, and gastroenteritis. At the age of
3 years, she was admitted to the intensive care unit due to pneu-
monia. Tracheostomy was required, and the patient lost most of
the acquired developmental milestones.

Molecular analysis using next-generation sequencing disclosed
a p.E105D (c.315G>C) homozygous mutation in the TPII gene,
which was previously reported to be associated with TPI deficien-
cy. Currently, the patient is aged 9 years and remains under follow-
up. She is on assisted ventilation with a home-type mechanical
ventilator.

Discussion

We reported 2 unrelated patients with TPI deficiency
and similar mutations. Chronic haemolytic anaemia, re-
current infections, cardiomyopathy, developmental delay,
and progressive neurologic deterioration are variably com-
bined in the different phenotypes in patients with TPI de-
ficiency. Anaemia may be present soon after birth, where-
as severe and life-threatening neuromuscular impairment
develops during or soon after infancy [Rosa et al., 1985].
Sarper et al. [2013] reported a boy with TPI deficiency who
required transfusion on the first postnatal day and at 2
months. During follow-up, haemolytic anaemia was mild
and no transfusions were required, but the boy died at the
age of 17 months because of respiratory failure . Although
patients with TPI deficiency usually need a transfusion in
the neonatal period, Yenicesu et al. [2000] published a case
report of a patient who did not need a transfusion until the
age of 12 months. This patient also had an elevated sweat
chloride test suggestive of cystic fibrosis.

The neurologic development of our patients was nor-
mal during the first 8§ months and then ceased to improve,
especially during infection periods, and loss of acquired
functions was subsequently observed. Aissa et al. [2014]
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reported a girl with TPI deficiency who had distal weak-
ness, respiratory failure, and chronic haemolytic anaemia,
which was always triggered by recurrent bronchiolitis.

Schneider et al. [1995] reported a patient with TPI defi-
ciency with delayed physical milestones. This patient’s men-
tal milestones were normal, and the child was clinically
stable with chronic haemolytic anaemia [Rosa et al., 1985].
Serdaroglu et al. [2011] reported a 15-year-old boy with ho-
mozygosity for the Val231Met mutation who manifested
muscle weakness with normal motor and mental develop-
ment, appearing as weakness of the lower limbs and diffi-
culty with long-distance walking and electrophysiologic and
clinical findings of neuropathy and muscle involvement.
TPI deficiency should be suspected in the presence of my-
opathy accompanying haemolytic anaemia. Valentin et al.
[2000] reported a patient whose electromyographic studies
were consistent with spinal motor neuron involvement, a
muscle biopsy was compatible with denervation, and a nerve
biopsy was normal. Other published articles showed type 2
atrophy [Schneider et al., 1995; Linarello et al., 1998] and
normal muscle biopsy [Harris et al., 2020]. There is no spe-
cific finding for TPI deficiency on muscle biopsy.

In TPI deficiency, symptoms are progressive, and the
condition is usually fatal before the age of 6 years. Both of
our patients are alive with extensive supportive care, in-
cluding assisted mechanical ventilation. To date, only 1
patient has been described in the literature as homozy-
gous for this mutation who was alive at the age of 20 years
with both wheelchair and ventilator dependency [Harris
et al., 2020]. In our patients, cardiac symptoms were not
remarkable. Similarly, cardiomyopathy was not reported
in other patients with the homozygous E105D mutation
in the literature. Table 1 shows the characteristics of pa-
tients with TPI deficiency reported with E1I05D/E105D in
the Human Gene Mutation Database until September
2021, including our patients (case 1 and case 2).

The exact incidence of TPI deficiency is currently un-
known, but fewer than 50 patients have been reported
worldwide to date [Schneider et al., 1995]. TPI deficiency
could be underdiagnosed because TPI activity is not al-
ways assayed in cases of haemolytic anaemia. The TPI ac-
tivity assay is not available in most countries as in our
country and is not routinely assayed. It should also be not-
ed that in patients who are frequently transfused with
erythrocyte suspensions, the TPI activity might be within
the normal range. In this case, the TPI activity of the par-
ents may help in evaluating the heterozygous state.

A deficiency in TPI results in the accumulation of
DHAP because TPI catalyses the interconversion of
D-glyceraldehyde 3-phosphate and DHAP. The accumulat-
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ed DHAP can be cleaved to form advanced glycation end
products that are toxic to cells in large concentrations
[Orosz et al., 2009]. We identified C3 carnitine elevation
using MSMS during haemolysis episodes in both of our
patients. There was no mention of elevation in C3 in any
of the previously published case reports. Other publica-
tions may not have analysed acylcarnitines during hae-
molysis episodes. We suggest that this C3 carnitine eleva-
tion is due to the increased conversion of DHAP to pro-
pionate. Further studies are needed to confirm the
presence of this relationship. The absence of secondary
carnitine deficiency, normal vitamin B;,, homocysteine,
and folate levels in patients and no methylmalonic acid-
uria disclosed other aetiologies of C3 carnitine elevation.

Linarello et al. [1998] published a case report of a pa-
tient who was diagnosed as having TPI, whose osmotic
fragility test was interpreted as abnormal in the hereditary
spherocytosis range, similar to our case 2. Hereditary
spherocytosis was not considered due to the presence of
non-spherocytic haemolytic anaemia and neurologic
findings in the patients. However, defects in only three of
the glycolytic enzymes (TPI, phosphoglycerate kinase,
and glucose-6-phosphate isomerase) should be consid-
ered in the differential diagnosis of patients with neuro-
logic disorders [Harris et al., 2020].

A genotype-phenotype relationship has been pro-
posed, especially because specific mutant alleles acting on
TPI protein dimerization have been shown to correlate
with more severe neurologic findings in patients [Roland
etal, 2016]. In our patients, the TPI deficiency was asso-
ciated with the pathogenic homozygous mutation E105D,
which causes severe clinical symptoms. This mutation is
believed to cause impaired dimerization of the enzyme,
which is crucial for its catalytic activity; other variants can
also impair substrate binding to the active site [Oliver et
al., 2017]. Valentin et al. [2000] reported that an E105D
homozygous patient exhibited a milder phenotype than a
patient with a compound heterozygous mutation in an-
other family.

Currently, no curative treatment is available for TPI
deficiency. Enzyme replacement therapy, bone marrow
transplantation (BMT), and gene therapy are potential
therapeutic strategies for the treatment of inherited met-
abolic disorders. Ationu et al. [1999] established that the
active enzyme contained in transfused red cells could re-
verse the metabolic defect of TPI deficiency and con-
tirmed the feasibility of enzyme replacement therapy for
TPI deficiency. It should be noted that frequent red cell
transfusion therapy increases the risk of viral infections
and iron overload.
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Fogle et al. [2019] showed that a ketogenic diet or trihep-
tanoin treatment was efficacious in improving neurologic
function in a Drosophila TPI model. Conway et al. [2018]
showed that BMT successfully restored all haematologic pa-
rameters in the TpilF57S/F57S mutant strain and increased
red blood cell enzyme function in RBC19 mice. They con-
cluded that the TpilF57S/F57S mouse strain emerged as a
model of haematologic defects associated with TPI deficien-
cy only [Conway et al., 2018]. The effect of BMT on neuro-
logic findings has not yet been demonstrated.

Conclusion

The diagnosis of TPI deficiency is suspected based on
haemolytic anaemia, developmental delay, loss of devel-
opmental milestones, and neurologic findings because
TPI activity is not typically assayed in cases of haemo-
lytic anaemia. Neurologic manifestations are irreversible
and can lead to neurologic deficits and death. If patients
with haemolytic anaemia do not have a definitive diagno-
sis, they should be referred for either a TPI enzyme assay
or molecular genetic testing. Thereby, patients can be di-
agnosed without severe neurologic involvement and eval-
uated for potential treatments. TPI should be considered
in the presence of neonatal jaundice, haemolytic anaemia,
neurologic dysfunction, and in the differential diagnosis
of elevated C3 carnitine levels in acylcarnitine analysis.
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