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Prologue 

YOUNG SCIENTISTS AIM TO 
PRIORITIZE PATIENTS 

 
Remi Stevelink & Gautam Kok 

Published in Nature (2018), vol. 558, page 519 
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Part 1

Translational medicine helps to prevent scientific research from being wasted by 

focusing on the long-term benefits for patients. As early-career researchers, we 

want to accelerate that process - rather than waiting for senior researchers to 

spearhead the necessary changes. 

Our international network of aspiring clinician–scientists, called Apollo, collabora-

tes with senior scientists from the EUREKA Institute for Translational Medicine in Syra-

cuse, Italy. We aim to learn about the goals, opportunities and challenges of translatio-

nal medicine, including finding a more-efficient way to use research funding and ba-

lancing the competing interests of the different parties involved in research. We orga-

nize meetings, student workshops, mentorship programmes and an annual training 

programme. 

We hope to develop the skills to navigate and improve the drug-discovery pipeline. 

Speeding up research delivery from bench to bedside will also entail changing how 

scientists are evaluated, as well as promoting collaboration across disciplines.1 
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Part 1

Translation is derived from translate, defined as “to change words into a different 

language”, and “to change something into a new form, especially to turn a plan 

into something real”.1 This thesis is about translation: translating the need for 

new therapies to laboratory based research, then translating the results back from the 

lab to therapies for these patients. 

Translational medicine: from DNA to RNA to proteins 

Heritable information is stored in the nucleus of every cell, in two copies of DNA. 

The DNA contains thousands of genes, specific stretches of DNA that encode protein 

molecules. Differences in these genes account for people’s inherited traits. The fact that 

there are two full copies of the DNA gives a form of redundancy. With some excepti-

ons, most single gene (monogenetic) traits, and hence also monogenetic diseases, are 

inherited in an autosomal dominant or autosomal recessive fashion.2 An autosomal 

dominant inheritance pattern means that one altered gene copy is sufficient to affect a 

person, while in autosomal recessive inheritance patterns, both gene copies need to be 

altered. 

Genes give rise to specific traits by being translated into enzymes. Enzymes are 

special proteins that carry out all necessary cellular functions, including synthesis, de-

gradation, and transport of nutrients and other molecules. Proteins can also be impor-

tant for cellular structure and stability and function as messengers.3 When needed, 

special proteins (DNA polymerases) transcribe the genes to pre-messenger RNA (pre-

mRNA). Unneeded regions (introns) are then removed from protein-coding regions 

(exons) in a process called splicing, resulting in mature messenger RNA (mRNA). DNA 

and RNA consist of four nucleotides: A, T (DNA) or U (RNA), G, and C. Nucleotides 

triplets are called codons and encode amino acids. There are 20 different amino acids, 

hence multiple codons can encode the same amino acid (Table 1). These amino acids 

are carried to the ribosome by small, highly specific transfer RNA (tRNA) molecules. 

Aminoacyl-tRNA synthetases (ARS1) are the enzymes responsible for charging these 

specific tRNAs with the cognate amino acids in the cytosol.4 Ribosomes then ‘read’ the 

mRNA, pair the codons with the specific tRNA, and attach the amino acids to each 

other. This forms an amino acid chain, called a polypeptide. After translation, polypep-

tides are modified and folded to become mature proteins, and transported to the cor-

rect location to carry out their function.3 

  

16



Chapter 1

Table 1. Nucleotide triplets (codons) encoding each amino acid, and the one- and three-let-

ter abbreviations of the amino acids. Three codons specify a translational stop instead of an 

amino acid (AA). The methionine-codon AUG functions as a start codon. 

Besides the nuclear DNA, each cell contains mitochondrial DNA (mtDNA). Mito-

chondria are subcellular organelles responsible for producing the energy the cell and 

all its processes need. One cell contains multiple mitochondria that all contain many 

copies of mtDNA.3 As mitochondria have an evolutionary bacterial origin, the proces-

ses of DNA replication, transcription and translation differ from the nuclear/cytosolic 

processes. Many of the mitochondrial functions rely on proteins encoded in the nucle-

us. For example, the mtDNA replication and maintenance relies on a nucleus encoded 

protein (POLG).5 Similarly, there are nucleus encoded mitochondrial ARS enzymes 

(ARS2) exist to attach the amino acids to mitochondrial tRNAs.6 Hence, human cells 

and their mitochondria are heavily dependent on one another.  

Inborn errors of metabolism 

Inborn errors of metabolism, also known as metabolic diseases, are caused by pa-

thogenic monogenetic variants and often follow autosomal recessive inheritance.7 The-

se variants cause a change in enzyme function, including a partial or total loss of func-

tion or gained abnormal function. As enzymes are responsible for cellular metabolism, 

e.g., synthesis, breakdown or change of cellular metabolites, these changes disrupt 

cellular homeostasis. Thousands of enzymes, thus thousands inborn errors of metabo-

lism exist with an enormous variation in presentation and symptomology, severity, and 

disease-course.8 

For several of the well-known diseases that are included in newborn screening 

programs, rapid diagnosis led to vast improvements of patient quality of life and survi-

val.9 However, if the disorder is not diagnosed at birth, it is often not diagnosed until 

onset of symptoms. Whole exome sequencing (WES) has significantly increased the 

number of patients diagnosed with inborn errors of metabolism, and at the same time 

AA Ala Arg Asp Asn Cys Glu Gln Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val Stop

A R D N C E Q G H I L K M F P S T W Y V *
Co- 
don

GCA 
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GAA 
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AUU
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CUU

AAA 

AAG

AUG UUC 

UUU
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UGG UAC 
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Part 1

massively increased the number of genes associated with disease. The improved re-

cognition of inborn errors of metabolism has not always improved care for patients. 

Most importantly, for many of these (relatively) new disorders, no treatment options are 

available for the patients. 

Developing treatments for inborn errors of metabolism 

Treatments of inborn errors of metabolism vary, but are generally based on one of 

the following principles: dietary changes to reduce or stop intake of food or medicines 

that cannot be metabolized; replace the dysfunctional or missing enzyme or metaboli-

te; or remove accumulating toxic metabolites.10 These established options offer decent 

therapeutic possibilities for a subset of the many inborn errors of metabolism. Howe-

ver, they are limited to very specific diseases and are not curative. Hence, there is an 

urgent need for (curative) treatment options that are applicable to multiple diseases or 

that can be rapidly adapted for use in different diseases. 

In this thesis, three levels of possible therapeutic interventions are discussed, all 

developed for patients from our own hospital (Wilhelmina Children’s Hospital in 

Utrecht, The Netherlands). 

The conventional approach 

In part 2, using the conventional approach on ARS deficiencies, we utilize charac-

terization of the disease and evaluation of the molecular mechanism to develop and 

test a substrate therapy. This approach is specific to this group of inborn errors of meta-

bolism. 

ARS enzymes, both the cytosolic ARS1, the mitochondrial ARS2, and the combined 

mitochondrial and cytosolic glycyl- and lysyl-ARS1 (GARS1 and KARS1, respectively) 

are responsible for the covalent binding of amino acids to their cognate tRNAs for use 

in protein translation. Pathogenic variants in these genes are increasingly associated 

with disease. Autosomal dominant variants in the cytosolic ARS1 genes cause Charcot-

Marie-Tooth neuropathies, putatively due to a toxic gain-of-function.19 In chapter 2, 

chapter 3, and the addendum to part 2  we gain insights in the phenotype of autoso-

mal recessive variants in these genes, which cause severe multi-organ diseases. Under-

standing of the disease mechanism is essential for development of treatment. As our 

index patient was isoleucyl-ARS1 (IARS1) deficient, our primary interest was IARS1 

deficiency. IARS1 is known to be able to misactivate isoleucine-tRNA with structurally 

18
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similar amino acid valine (1 valine for 180 isoleucine),4 but subsequent editing activity 

ensures extreme specificity (1 valine for 50.000 isoleucine).20–22 In chapter 4, we in-

vestigate the mechanism of IARS1 deficiency. Upon deprivation of specific essential 

amino acids, unicellular organisms may sacrifice translational fidelity to preserve pro-

tein synthesis.23 Recently, a similar mechanism was identified in tryptophanyl-ARS1 

(WARS1) which was found to be able to substitute tryptophan (W) by phenylalanine (F) 

in cancer cells.24 In chapter 5, we re-analyze the publicly available proteomics data to 

investigate whether the mass spec techniques can be used to find other amino acid 

substitutions,25 and to investigate if W>F substitutions are limited to tumor cells or not. 

With increased understanding of the mechanism, in chapter 6 and chapter 7 we de-

velop the first therapeutic strategy for all ARS1 deficiencies. Motivated by the effects, in 

chapter 8 we further elucidate the mechanism of and develop a similar strategy va-

rious mitochondrial ARS2, the combined cytosolic and mitochondrial KARS1, and the 

cytosolic glutaminyl-ARS1 (QARS1) deficiencies, all of which cause a distinctive mito-

chondrial phenotype. 

The novel approach 

In part 3, we target the liver. The liver has a central role in metabolism. Many in-

born errors of metabolism can thus be treated or cured by (pediatric) liver transplanta-

tion. This includes intra- and extrahepatic conditions with and without liver injury.26 

Unfortunately, long-term survival of liver transplantation recipients has remained 

suboptimal. Especially the long-term use of immunosuppressants is associated with 

malignancies, infections and organ dysfunction.27–29 Strategies that reduce the need 

for immunosuppressive therapy can potentially improve long-term quality of life and 

transplantation outcomes. Improved donor-recipient compatibility could help achieve 

this. A strategy that we have been working on is transplantation of bankable stem 

cells.30 Such stem cell transplantations could be either healthy allogeneic cells or auto-

logous cells derived from the patient. Autologous stem cells could be genetically cor-

rected in vitro prior to re-transplantation.14 Allogeneic stem cells could be derived 

from healthy donors, which would allow for accurate matching for nearly every para-

meter. 

Most solid organ transplantations are matched for numerous criteria including hu-

man leukocyte antigen (HLA), but liver transplants are matched only for ABO blood 

group, and hepatitis serology.31 HLA matching has improved outcomes for most solid 
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organ transplantations,32–38 but studies on liver transplantations have been inconsis-

tent.39–44 Most studies have focused on serological HLA typing, which may not detect 

all clinically relevant mismatches. Therefore, in chapter 9, we investigate the effect of 

genetic HLA locus mismatching on liver transplantation outcomes in a meta-analysis. 

Not every mismatch has similar consequences. Therefore, more precise methods for 

HLA matching are being developed.45 HLAMatchmaker uses B-cell epitopes,46 and 

has been shown to corelate with graft outcome in various solid organ transplantations. 

PIRCHE (Predicted Indirectly Recognizable HLA Epitopes) uses T-cell epitopes,47 and 

has been shown to correlate with kidney graft loss.48 In chapter 10, we investigate the 

correlations between both HLAMatchmaker scores and PIRCHE-II scores on liver 

transplantation outcomes in a large cohort of patients transplanted in the Erasmus Uni-

versity Medical Center in Rotterdam, The Netherlands. Additionally, in the addendum 

to part 3, we develop a tool for transcriptomic comparison and selection of the best in 

vitro hepatocyte model systems for experimental use. 

The future approach 

As all inborn errors of metabolism are caused by genetic defects, targeting the un-

derlying genetic defects hold the potential to cure all inborn errors of metabolism. In 

part 4, we use this approach to develop a treatment for DNA polymerase gamma 

(POLG)-related disease. 

There are two major forms of gene therapy. In gene replacement therapy, as cur-

rently in use for spinal muscular atrophy, additional copies of the wildtype gene are 

inserted permanently or temporarily in patient cells.11 These genes are then transcribed 

and translated to functional enzymes. Unfortunately, these genes are not placed under 

endogenous control, and can therefore not respond to environmental influences like 

the original gene. Recent advances in gene editing technologies evolved from the No-

bel Prize winning CRISPR/Cas9 techniques have enabled us to precisely target the pa-

tient-specific genetic defects.12 The most promising of these advances is prime editing. 

This versatile search-and-replace technique does not create double-strand breaks, sig-

nificantly increasing safety.13 This holds the potential to permanently correct any gene-

tic defect in a multitude of cells in theoretically any target organ. We have previously 

genetically and functionally corrected primary, patient-derived liver cells, and in the 

addendum to part 4 develop a dual-fluorescent reporter to improve in vitro editing 

efficiency.14,15 
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We aim to use this technique in vivo to target the most common variant in POLG 

causing Alpers-Huttenlocher syndrome. Combinations of more than 200 known pa-

thogenic autosomal recessive POLG variants cause a wide spectrum of disease, ran-

ging from very severe early onset encephalopathy syndromes to adult-onset spinocere-

bellar ataxia and epilepsy. The Alpers-Huttenlocher syndrome is characterized by a 

triad of refractory epilepsy, psychomotor regression and muscle weakness, often with 

acute onset in childhood or adolescence.16 No curative therapeutic options exist, thus 

treatment is limited to supportive care. Common anti-epileptic drugs may induce acute 

liver failure.17 The most common variant found in patients with Alpers-Huttenlocher 

syndrome and other POLG-related diseases is c.1399G>A p.(A467T), which reduces 

enzyme activity by 96%.18 Therefore, in chapter 11, we pave the way towards the first 

curative in vivo prime editing strategy to treat patients with this common variant. 
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Part 2

Abstract 

Purpose  

Pathogenic variations in genes encoding aminoacyl-tRNA synthetases (ARSs) are 

increasingly associated with human disease. Clinical features of autosomal recessive 

ARS deficiencies appear very diverse and without apparent logic. We searched for 

common clinical patterns to improve disease recognition, insight into pathophysiology, 

and clinical care. 

Methods 

Symptoms were analyzed in all patients with recessive ARS deficiencies reported in 

literature, supplemented with unreported patients evaluated in our hospital. 

Results 

In literature, we identified 107 patients with AARS1, DARS1, GARS1, HARS1, 

IARS1, KARS1, LARS1, MARS1, RARS1, SARS1, VARS1, YARS1, and QARS1 deficien-

cies. Common symptoms (defined as present in ≥4/13 ARS deficiencies) included ab-

normalities of the central nervous system and/or senses (13/13), failure to thrive, 

gastrointestinal symptoms, dysmaturity, liver disease, and facial dysmorphisms. Deep 

phenotyping of 5 additional patients with unreported compound heterozygous patho-

genic variations in IARS1, LARS1, KARS1, and QARS1 extended the common pheno-

type with lung disease, hypoalbuminemia, anemia, and renal tubulopathy. 

Conclusion 

We propose a common clinical phenotype for recessive ARS deficiencies, resulting 

from insufficient aminoacylation activity to meet translational demand in specific or-

gans or periods of life. Assuming residual ARS activity, adequate protein/amino acid 

supply seems essential instead of the traditional replacement of protein by glucose in 

patients with metabolic diseases. 
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Introduction 

Protein translation is essential for all forms of life. Within this process, aminoacyl-

transfer RNA (tRNA) synthetases (ARSs) play an important role. This highly con-

served ubiquitously expressed class of enzymes is responsible for correct cou-

pling of amino acids to their cognate tRNAs,1-3 which base pair with messenger RNA 

(mRNA) triplets.4 This ensures incorporation of correct amino acids in the growing po-

lypeptide chain during protein synthesis. Each proteinogenic amino acid is coupled to 

its corresponding tRNA by a specific ARS,1 as reflected in the ARS nomenclature (for 

example IARS1 for isoleucine-tRNA synthetase; LARS1 for leucine-tRNA synthetase). 

Because protein translation takes place in both the cytosol and mitochondria, mamma-

lian cells possess cytosolic and mitochondrial ARSs. Mitochondrial ARSs are encoded 

by separate nuclear genes (nomenclature: ARS2), with the exception of KARS1, 

GARS1, and QARS1, which encode both the cytosolic and mitochondrial ARSs.1 

Over the past 15 years, an increasing proportion of ARS genes has been associated 

with human disease. In the first description, a heterozygous missense pathogenic varia-

tion in GARS1 was found to cause Charcot–Marie–Tooth disease type 2D, a peripheral 

axonal neuropathy.5 Subsequently, other dominant pathogenic variations in GARS1,6-16 

YARS1,17,18 AARS1,19-24 HARS1,25 KARS1,26 and MARS127 have been associated with 

peripheral axonal neuropathies. In the past 10 years, pathogenic variations in mito-

chondrial ARSs (DARS2, RARS2, EARS2, MARS2, FARS2, YARS2, SARS2, AARS2, and 

HARS2)28 have emerged as a cause of human disease. The clinical presentation of the-

se mitochondrial diseases was reported to depend on the affected ARS, with encepha-

lopathy as the most common manifestation. Only in the past 5 years have homozygous 

and compound heterozygous pathogenic variations been identified in cytosolic 

LARS1,29,30 AARS1,31-32 MARS1,33-35 IARS1,36,37 YARS1,38 VARS1,39 RARS1,40 DARS1,41 

HARS1,42 SARS1,43 and in the combined cytosolic and mitochondrial QARS1,44-47 

GARS1,48-50 and KARS126,51-54 genes. The resulting autosomal recessive diseases show 

considerable clinical variability and involve numerous organs without apparent logic. 

With the increasing number of diagnosed patients, insight in the pathophysiologi-

cal mechanism is crucial for optimal clinical care. To this end, we reviewed literature 

for patients with autosomal recessive ARS deficiencies. We additionally deep phenoty-

ped five patients with novel compound heterozygous pathogenic variations in IARS1, 

LARS1, KARS1, and QARS1 and illustrate the common themes in disease presentation. 
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Materials and methods 

A literature search was performed up to July 2017 in PubMed and Embase (search 

terms tRNA synthetase deficiency, ARS deficiency, (individual) ARS pathogenic variati-

ons) and through references in retrieved publications. Clinical details and laboratory 

results were retrieved from the manuscripts and supplementary material. The search 

was supplemented with all patients seen in our hospital with recessive ARS deficien-

cies diagnosed through exome sequencing. Exomes were enriched using Agilent Sure-

Select XT Human All Exon kit V5 and sequenced on a HiSeq sequencing system (Illu-

mina). Reads were aligned to hg19 using Burrows–Wheeler Aligner. Variants were call-

ed using Genome Analysis Toolkit variant caller and annotated, filtered, and prioritized 

using the Bench NGS Lab platform (Agilent-Cartagenia, Leuven, Belgium) and/or an in-

house designed “variant interface” and manual curation. Patients were evaluated ac-

cording to our clinical practice and all laboratory analyses were performed in ISO 

9001/ISO15189 accredited diagnostic laboratories. Clinical and laboratory findings 

were categorized. Findings reported in >30% (≥ 4/13) of individual ARS deficiencies 

were considered common among ARS deficiencies. 

Results 

We identified 107 children with homozygous or compound heterozygous patho-

genic variations in 10 different cytosolic and 3 combined cytosolic and mitochondrial 

ARS genes (Fig. 1, Table S1). All reported ARS deficiencies were associated with affec-

ted central nervous system (CNS) and/or senses (hearing/sight), most with failure to 

thrive (10/13) and many with feeding problems (6/13), dysmaturity (5/13), and liver 

symptoms (4/13). Signs of mitochondrial dysfunction and facial dysmorphisms were 

common (6/13 and 4/13, respectively, including all three combined cytosolic and mi-

tochondrial ARSs) and various endocrine abnormalities (4/13). Symptoms were most 

33

Fig. 1: clinical symptoms of patients with autosomal recessive ARS deficiencies reported in 

literature (left part) and supplemented with P1–5 (right part). 

Gray squares represent symptoms reported for 1 patient, black squares symptoms reported 

for >1 patient. Categories of symptoms occurring in > 30% of the individual ARS deficien-

cies are marked in orange for patients reported in literature and in red after addition of P1–

5. MRI magnetic resonance imaging, LVH left ventricular hypertrophy. 
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severe in the first year of life (4/13) and during infections and included acute liver fai-

lure and status epilepticus and/or encephalopathy (4/13). 

We additionally identified five patients with pathogenic variations in ARS genes 

(nomenclature according to Human Genome Variation Society [HGVS] guidelines): 

- P1, female, died at age 4 months, compound heterozygous pathogenic variations 

in IARS1 (NM_002161.5): c.1305G>C p.(Trp435Cys) and c.3377dup p.(Asn1126fs) 

- P2, male, now age 5 years, compound heterozygous pathogenic variations in 

IARS1 (NM_002161.5): c.1305G>C p.(Trp435Cys) and c.3377dup p.(Asn1126fs). 

The parents originate from the same region as P1, which may suggest a founder 

effect for their common pathogenic variation 

- P3, female, now age 5.5 years, compound heterozygous pathogenic variations in 

LARS1 (NM_020117.10): c.3420del p.(Ile1141fs) and c.1283C>T p.(Pro428Leu) 

- P4, male, died at age 4 years, compound heterozygous pathogenic variations in 

KARS1 (NM_001130089.1): c1732_1744delGGCATTGATCGAG, p.(Gly578Serfs-

X20) and c.683C>T p.(Pro228Leu) 

- P5, male, now age 4 years, compound heterozygous pathogenic variations in 

QARS1 (NM_005051.2): c.2084+2_2084+3del p.(?) and c.793C>T p.(Arg265Cys) 

Similar to the patients reported in literature, we observed CNS symptoms, growth/

feeding problems, and liver disease (Fig. 1, Table S1). 

CNS symptoms 

P1, P2, and P5 were born and remained microcephalic (< –2 SDS, Fig. 2). Head 

circumference at birth of P3–4 are unknown, but subsequent measurements were 

normal. CNS was most seriously affected in P4–5 with combined mitochondrial and 

cytosolic ARS deficiencies. Both patients had severe global developmental delays. P4 

had an estimated developmental age of 4 months at age 4 years, involving eye contact, 

intentional laugh, recognition of parents, hypotonia, bipyramidal syndrome combined 

with extrapyramidal movements, but no rolling nor independent sitting. P5 had an 

estimated developmental age of 9 months at age 3.5 years, involving independent sit-

ting and standing with support, but no crawling, language development, or interest in 

toys. Both patients had severe epilepsy. P4 had a permanent electroencephalogram 
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(EEG) pattern of a (non)convulsive status epilepticus and from the age of 6 months 

jerky movements of the extremities, head, and/or eyes, somewhat improving with leve-

tiracetam and clonazepam. P5 had a refractory epileptic encephalopathy despite keto-

genic diet, deteriorating with vaccination/infections. In addition, P4 had severe percep-

tive hearing deficit, treated with cochlear implants and P5 severe occipital visual dis-

turbance, with random eye movements and almost absent eye fixation or following. 

Symptoms were milder in P1–3. Due to young age and hospitalization, develop-

ment in P1 was difficult to judge. She was hypotonic, alert, made good eye contact, 

and passed her hearing test. P2–3 showed evidence of delayed global development 

(P2: global hypotonia, developmental quotients for global development, motoric skills, 

and verbal capacities ranging from 49 to 75 at age 3.5 years; P3: motor functioning 

p16, verbal IQ 81, performal IQ 70 at 5.5 years). P1–2 showed no evidence of epilep-

sy. P3 was hospitalized in her second and third year of life for three proven and one 

35

Fig. 2: growth curves of weight, length, and head circumference of P1–5. 

Arrows indicate hospitalization due to feeding problems requiring nasogastric tube feeding 

(P1–4). Striped bars represent periods of feeding by percutaneous endoscopic gastrostomy 

(P2, P3, P5) or nasogastric tube (P4). Notice that the ranges of the x-axes are not synchroni-

zed between patients due to age differences. 

disturbance, with random eye movements and almost
absent eye fixation or following.
Symptoms were milder in P1–3. Due to young age and

hospitalization, development in P1 was difficult to judge. She
was hypotonic, alert, made good eye contact, and passed her
hearing test. P2–3 showed evidence of delayed global develop-
ment (P2: global hypotonia, developmental quotients for global
development, motoric skills, and verbal capacities ranging from
49 to 75 at age 3.5 years; P3: motor functioning p16, verbal IQ
81, performal IQ 70 at 5.5 years). P1–2 showed no evidence of
epilepsy. P3 was hospitalized in her second and third year of life
for three proven and one suspected status epilepticus, all
triggered by infections. Electroencephalogram showed a focal
left temporo-occipital lesion. Lamotrigine was started and no
signs of epilepsy were noted after the age of 4 years.
Brain imaging of P3–5 showed distinct abnormalities

(Fig. 3a). In P3, brain MRI showed periventricular white
matter abnormalities (at age 13 months and 4.5 years),
and focal cerebellar atrophy, without other neurodegenerative
abnormalities or abnormalities of the thalami and basal
ganglia. Magnetic resonance spectroscopy (MRS) showed
elevated lactate peaks in white and gray matter. In P4,
brain MRI at age 11 months showed hyperintense
abnormalities in the substantia nigra. In P5, brain MRI was
relatively normal at age 3 months, but displayed delayed white
matter myelination, gradual loss of frontal periventricular

white matter, and a relatively thin corpus callosum
at age 1 year. At autopsy, microscopic evaluation of the brain
of P1 (age 4 months) showed sparse white matter with
decreased occipital myelination of U fibers. Neuronal damage,
presumably toxic, was seen in the basal ganglia and thalamus
and minor recent hypoxic/ischemic damage in cerebellar
neurons.

Intrauterine growth restriction, feeding problems, and
failure to thrive
Intrauterine growth restriction was noted at 20 weeks of
pregnancy in P1 and 3. P1–3 were born severely dysmature
(P1: 1770 g; P2: 2250 g; P3: 1495 g, Fig. 2), P4 p2.3–5 (2800 g)
and P5 P20–50 (3125 g). There were no signs of placental
insufficiency or infections. In P1–4, the neonatal period
was characterized by feeding problems and grossly

insufficient growth, requiring hospitalization and
nasogastric/duodenal tube feeding (P1: age <1 week, P2:
2 months, P3: 13 months, P4: 13 months), in P3 prompted by
fasting intolerance (4.5–10 h). Percutaneous endoscopic
gastrostomy was performed in P2, P3, and P5. Extensive
analyses including gastrointestinal passage studies and
esophagogastroduodenoscopy showed no anatomic, histologic
abnormalities, nor malabsorption. With enteral feeding,
growth normalized in P2, 3, and 5, but remained deficient
in P4.
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Liver disease
P1–3 had markedly elevated liver enzymes (Fig. 4) in the first
year of life, normalizing with age in P2 and to a lesser extent
in P3. There were no signs of known (metabolic) liver
diseases. During infections, liver enzymes rose dramatically in
these patients, accompanied by transient (P3) and refractory
(P1) ascites in the context of progressive liver failure. Liver

ultrasound imaging showed normal homogeneous aspect at
age 1 month and progressive enlargement from age 2 months
onwards in P1; a slightly enlarged, diffusely hyperechogenic
liver and left lobe hypertrophy, with normalization of
echogenicity from age 2.5 years onwards in P2; and an
enlarged liver with multiple hypoechogenic masses at
13 months, confirmed with MRI abdomen and persistent at
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Fig. 3 Radiologic and histologic findings. (a) Brain magnetic resonance image (MRI) scans of P3, P4, and P5. T2-weighted axial and T1-weighted coronal
MRI in P3 at age 4.5 years show focal atrophy of the cerebellar cortex. T2-weighted MRI in P4 at age 11 months shows abnormalities in the substantia nigra.
T1-weighted MRI in P5 at age 1 year shows delayed myelination with a relatively thin corpus callosum. (b) Histology shows severe cholestasis and steatosis in
liver tissue (P1) in H&E staining (pseudorosette formation around bile plugs (brown). (c) Chest X-rays of P1–5. Interstitial abnormalities are visible in P1–P4.
(d) Thoracic computed tomography (CT) scan in P2 at age 3 months shows extensive bilateral peribronchial consolidations, bronchus dilation, and subpleural
ground glass consolidation with a remarkable dorso-basal distribution; at age 5 years it shows diffuse ground glass abnormalities, cystic lesions in a
paraseptal–subpleural–bronchovascular distribution, and some thickening of interlobular septae. Thoracic CT scan in P3 at age 5 years shows thickening of
interlobular septae in the upper and lower thorax. (e) Histology shows severe pulmonary alveolar proteinosis in lung tissue (P1 and P2) by staining for
pankeratin marker CKAE1/3: (a: highlights the lining of the alveoli with reactive type 2 pneumocytes, b: H&E staining; b: P1 and P2 alveoli are filled with a
dense, eosinophilic, amorphous, protein-lipid precipitate; P2 shows granular material in multivesicular bodies and absent formation of lamellar bodies in type
2 pneumocytes, and c: electron microscopy; c: alveoli contain laminated annular structures [lamellar bodies]). (f) Ultrasound of the kidneys in P4 shows a
hyperechogenic cortex of the kidneys. The global intensity of the kidney cortex versus medulla and liver is too intense
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suspected status epilepticus, all triggered by infections. Electroencephalogram showed 

a focal left temporo-occipital lesion. Lamotrigine was started and no signs of epilepsy 

were noted after the age of 4 years. 

Brain imaging of P3–5 showed distinct abnormalities (Fig. 3a). In P3, brain MRI 

showed periventricular white matter abnormalities (at age 13 months and 4.5 years), 

and focal cerebellar atrophy, without other neurodegenerative abnormalities or ab-

normalities of the thalami and basal ganglia. Magnetic resonance spectroscopy (MRS) 

showed elevated lactate peaks in white and gray matter. In P4, brain MRI at age 11 

months showed hyperintense abnormalities in the substantia nigra. In P5, brain MRI 

was relatively normal at age 3 months, but displayed delayed white matter myelinati-

on, gradual loss of frontal periventricular white matter, and a relatively thin corpus 

callosum at age 1 year. At autopsy, microscopic evaluation of the brain of P1 (age 4 

months) showed sparse white matter with decreased occipital myelination of U fibers. 

37

a, Brain magnetic resonance image (MRI) scans of P3, P4, and P5. T2-weighted axial and T1-

weighted coronal MRI in P3 at age 4.5 years show focal atrophy of the cerebellar cortex. T2-

weighted MRI in P4 at age 11 months shows abnormalities in the substantia nigra. T1-

weighted MRI in P5 at age 1 year shows delayed myelination with a relatively thin corpus 

callosum. b, Histology shows severe cholestasis and steatosis in liver tissue (P1) in H&E stai-

ning (pseudorosette formation around bile plugs (brown). c, Chest X-rays of P1–5. Interstitial 

abnormalities are visible in P1–P4. d, Thoracic computed tomography (CT) scan in P2 at age 

3 months shows extensive bilateral peribronchial consolidations, bronchus dilation, and 

subpleural ground glass consolidation with a remarkable dorso-basal distribution; at age 5 

years it shows diffuse ground glass abnormalities, cystic lesions in a paraseptal–subpleural–

bronchovascular distribution, and some thickening of interlobular septae. Thoracic CT scan 

in P3 at age 5 years shows thickening of interlobular septae in the upper and lower thorax. 

e, Histology shows severe pulmonary alveolar proteinosis in lung tissue (P1 and P2) by stai-

ning for pankeratin marker CKAE1/3: (a: highlights the lining of the alveoli with reactive type 

2 pneumocytes, b: H&E staining; b: P1 and P2 alveoli are filled with a dense, eosinophilic, 

amorphous, protein-lipid precipitate; P2 shows granular material in multivesicular bodies 

and absent formation of lamellar bodies in type 2 pneumocytes, and c: electron microsco-

py;c: alveoli contain laminated annular structures [lamellar bodies]). f, Ultrasound of the 

kidneys in P4 shows a hyperechogenic cortex of the kidneys. The global intensity of the 

kidney cortex versus medulla and liver is too intense.
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Neuronal damage, presumably toxic, was seen in the basal ganglia and thalamus and 

minor recent hypoxic/ischemic damage in cerebellar neurons. 

Intrauterine growth restriction, feeding problems, and failure to thrive 

Intrauterine growth restriction was noted at 20 weeks of pregnancy in P1 and 3. 

P1–3 were born severely dysmature (P1: 1770 g; P2: 2250 g; P3: 1495 g, Fig. 2), P4 

p2.3–5 (2800 g) and P5 P20–50 (3125 g). There were no signs of placental insufficien-

cy or infections. In P1–4, the neonatal period was characterized by feeding problems 

and grossly insufficient growth, requiring hospitalization and nasogastric/duodenal 

tube feeding (P1: age < 1 week, P2: 2 months, P3: 13 months, P4: 13 months), in P3 

prompted by fasting intolerance (4.5–10 h). Percutaneous endoscopic gastrostomy was 

performed in P2, P3, and P5. Extensive analyses including gastrointestinal passage stu-

dies and esophagogastroduodenoscopy showed no anatomic, histologic abnormalities, 

nor malabsorption. With enteral feeding, growth normalized in P2, 3, and 5, but 

remained deficient in P4. 

Liver disease 

P1–3 had markedly elevated liver enzymes (Fig. 4) in the first year of life, normali-

zing with age in P2 and to a lesser extent in P3. There were no signs of known (meta-

bolic) liver diseases. During infections, liver enzymes rose dramatically in these pa-

tients, accompanied by transient (P3) and refractory (P1) ascites in the context of pro-

gressive liver failure. Liver ultrasound imaging showed normal homogeneous aspect at 

age 1 month and progressive enlargement from age 2 months onwards in P1; a slightly 

enlarged, diffusely hyperechogenic liver and left lobe hypertrophy, with normalization 

of echogenicity from age 2.5 years onwards in P2; and an enlarged liver with multiple 

hypoechogenic masses at 13 months, confirmed with MRI abdomen and persistent at 

age 5.5 years, with then also echogenic nodules in the pancreas in P3. Liver biopsy 

showed micro- and macrovesicular steatosis in P1 and combined steatosis and cirrho-

sis in P3. Liver steatosis, cholestasis, and extensive fibrosis were present at autopsy in 

P1 (Fig. 3b). Conversely, P4 only showed elevated liver enzymes in the final stage of 

his disease and P5 only during two episodes of antiepileptic drug introduction. 
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Additional common clinical symptoms 

Hypoalbuminemia 

Blood albumin concentrations were severely decreased P1–4 in their first year of 

age and increased temporarily upon albumin infusions in P1–2 (Fig. 4). There were no 

signs of intestinal or renal protein loss. Protein electrophoresis showed proportional 

protein deficiency, suggestive of a general protein synthesis defect. In P2–4, hypoal-

buminemia resolved spontaneously with age (P2: 11 months, P3: 18 months, and P4: 

30 months, followed by severe hypoalbuminemia in his last episode of life). Albumin 

was only determined after age 17 months in P5 and was normal. 

Inflammation 

In the first 6 months of life, P1 and P2 showed an inflammatory reaction with seve-

re leukocytosis with predominantly neutrophils, varying thrombocytosis (P1: normal to 

600 × 109/L; P2: 400–1400 × 109/L; reference range: 150–450 × 109/L), elevated C-reac-

tive protein (CRP) and ferritin concentrations (P1: 680–1050 µg/L, reference range: 20–

150 µg/L) (Fig. 4). Treatment with corticosteroids temporarily normalized CRP and leu-

kocytes in P1. After age 1 year, leukocytes and thrombocytes gradually normalized in 

P2. However, CRP remains elevated (>15 mg/L) up to his current age of 4.5 years. 

Bone marrow aspiration and blood smear showed myloid and lymphoid dysplasia as 

seen in aberrant stimulation, without evidence of malignancies. P4 also displayed in-

flammatory reactions in the first month of life and during infections, with leukocytosis, 

thrombocytosis (550–600 × 109/L), and elevated CRP, and complete normalization the-

reafter. P3 and P5 had normal CRP and leukocyte concentrations and adequate in-

flammatory response during infections. 

Pulmonary alveolar proteinosis 

Respiratory symptoms were most prominent in P2, with respiratory distress at age 2 

months requiring high-flow nasal oxygen administration and two days of invasive ven-

tilation. Thoracic chest X-ray and high-resolution CT (HR-CT) scan (Fig. 3c,d) showed 

extensive bilateral interstitial pulmonary abnormalities. Lung histology revealed pul-

monary alveolar proteinosis (PAP) (Fig. 3e). He is still dependent on oxygen admini-

stration and recently developed cystic abnormalities (Fig.  3d). P1 required invasive 

ventilation during respiratory syncytial virus infection and could not be weaned from 
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40

Fig. 4: laboratory findings of P1–5.  
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Fig. 4 Laboratory findings of P1–5. Notice that the ranges of the x-axes are not synchronized between patients due to age differences. ALT alanine
transaminase, AST aspartate transaminase, CRP C-reactive protein, gamma-GT, gamma-glutamyltransferase
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the ventilator nor oxygen. At autopsy, severe PAP was evident (Fig. 3e). P3 has been 

hospitalized once for pneumonia. She is easily fatigued, without overt respiratory 

symptoms. She has digital clubbing like her father. Aware of PAP in P1–2, chest X-rays 

were performed (Fig. 3c). Interstitial abnormalities, compatible with PAP, were noted 

and confirmed by thoracic HR-CT scan at age 5 years (Fig. 3d). P4 presented with fe-

ver, dyspnea, and respiratory insufficiency requiring ventilatory support at age 4 years. 

Chest X-ray showed signs of infection without clear interstitial pulmonary abnormali-

ties (Fig. 3c). Further investigations were not conducted. P5 has no history of respirato-

ry symptoms. Thoracic chest X-ray was performed once (Fig.  3c) upon presentation 

with fever and tachypnea. Symptoms resolved after antibiotic treatment. 

Metabolic abnormalities 

Analysis of urine from P1–2 showed increased excretion of galactose (maximal 

1219 mmol/mol creatinine and 2534 mmol/mol creatinine, respectively, reference 

range: < 838 mmol/mol creatinine) and galactitol (maximal 1082 mmol/mol creatinine 

and 378 mmol/mol creatinine, respectively, reference range: < 107 mmol/mol creati-

nine), which normalized after lactose free feeding in P1 and spontaneously in P2. En-

zyme activities involved in galactose breakdown and neonatal screening results for 

galactosemia were reviewed and normal in P1. 

P1–2 and sporadically P4–5 displayed generalized aminoaciduria, which normali-

zed with age in P2. Renal ultrasound in P4 showed bilateral increased renal cortex 

echogenicity (Fig. 3f), but no other signs of renal pathology. 

Other metabolic abnormalities were only seen in individual patients, including for 

P1 increased cholesterol intermediates (cholestanol-7 and 8-dehydrocholesterol), puta-

tively resulting from cholestasis or hypoalbuminemia and abnormal isoelectric focu-

sing of serum transferrins, possibly secondary to liver failure or inflammation; for P2 

increased urinary excretion of ethylmalonic acid (maximally 55 mmol/mol creatinine 

at age 5 months, reference range: < 20 mmol/mol creatinine) and bile acids, and ele-

vated chitotriosidase blood concentration (62.5 µmol/hour/L, reference range: < 37.1 

µmol/hour/L) at age 3 months, putatively reflecting the inflammatory state; for P5 ele-
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vated blood and urine methylmalonic acid concentrations (maximally 3.11 µmol/L; 

reference range: 0.12–0.25 µmol/L; and 102 mmol/mol creatinine; reference range: 0–

20 mmol/mol creatinine, respectively) at age 3 months; there was no evidence of nutri-

tional deficiencies with normal vitamin B12 and homocysteine concentrations. All ab-

normalities normalized with age. 

Metabolic investigations were performed in P3 at age 13 months upon presentation 

with hypoglycemia, abnormal liver enzymes, and status epilepticus. She displayed ele-

vated cerebrospinal fluid (CSF) lactate concentrations, but normal lactate/pyruvate ra-

tio and alanine concentrations. Urinary lactate and pyruvate excretion were elevated, 

but organic acid excretion was normal. Oral glucose tolerance test showed a slight rise 

in lactate and low–normal ketone body production. Muscle biopsy revealed decreased 

substrate oxidation velocity and ATP + CrP production (10.9 nmol/h.mUCS, reference 

range: 15.4–30.2 nmol/h.mUCS), but normal enzyme activities of all respiratory chain 

enzymes, complex V, pyruvate dehydrogenase complex (PDHc) PDHc, and citrate syn-

thetase. There were no signs of mitochondrial depletion syndromes or POLG, DGUOK, 

and MPV17 pathogenic variations. Glycogen storage diseases and lysosomal diseases 

(Niemann–Pick, lysosomal acid lipase deficiency [LALD]) were ruled out by enzyme 

assays and tyrosinemia and aberrant sugar or polyol metabolism by urinary analyses. 

As might be expected, P4 showed evidence of mitochondrial dysfunction with ele-

vated lactate levels in CSF (5.3 mmol/L, reference range: 1.1–2.1 mmol/L) and plasma 

(3.5–10 mmol/L, reference range: 0–2.2 mmol/L). Values rose after glucose challenge, 

with concomitantly increased urinary excretion of citric acid cycle intermediates. Lac-

tate, pyruvate, alanine, and citric acid cycle intermediates dramatically increased in 

the final stage of disease. Muscle biopsy showed decreased substrate oxidation veloci-

ty and ATP + CrP production (7.4 nmol/h.mUCS, reference values 15.4–30.2 nmol/h.-

mUCS), but normal enzyme activities of the respiratory chain enzymes, complex V, 

and citrate synthetase. Pathogenic variation analysis of POLG revealed no pathogenic 

variations. P5 showed normal lactate concentrations in blood and CSF, except during 

the period of epileptic encephalopathy (blood lactate concentration: 5.2 mmol/L). 

Discussion 

Autosomal recessive ARS deficiencies represent a rapidly growing group of severe 

inherited diseases, involving multiple organs, currently without curative options. The 

rising number of recognized patients allows us to search for a potential common clini-
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cal phenotype, which might improve clinical recognition, insight into the disease me-

chanism, and clinical care. To this end, we compared clinical phenotypes of 112 pa-

tients with pathogenic variations in 10 cytosolic and 3 combined cytosolic and mito-

chondrial ARS genes, including all previously described patients with autosomal reces-

sive ARS deficiencies we could identify in literature, supplemented with five new pa-

tients. 

All ARS deficiencies were associated with CNS symptoms, including deficient hea-

ring and/or sight, and most with failure to thrive, feeding, and gastrointestinal pro-
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Fig. 5: putative disease mechanism for autosomal recessive ARS deficiencies. 

a, Overview of the pathogenic variations found in autosomal recessive ARS deficiencies, 

concentrated in the domains associated with the canonical function in protein translation. 

The novel pathogenic variations described for P1–P5 are underlined. b, Schematic represen-

tation of the putative disease mechanism: insufficient aminoacylation to meet translational 

demand in specific organs or periods. tRNA transfer RNA
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blems. Liver disease, chubby cheeks/facial dysmorphisms, various endocrine abnorma-

lities, and mitochondrial dysfunction were reported for >30% of the different ARS defi-

ciencies (Fig. 1, orange) as was the pattern of severe symptoms in the first months of 

life and during infections. Identification of common clinical features from literature 

might underestimate true symptom overlap. Sometimes, not all clinical features were 

described, especially when studies were performed in specific cohorts of patients 

(HARS1)42 or for specific clinical features (intellectual disability [SARS1],43 leukoen-

cephalopathy and leg spasticity [DARS1],41 hypomyelination [RARS1],40 neurogenetic 

disease [VARS1],39 nonsyndromic hearing impairment [KARS1]).51 We emphasize the 

importance of deep phenotyping in novel genetic diseases with five supplementary 

patients and encourage reporting all symptoms, also when not suspected as a core cli-

nical feature. This allowed us to also classify lung disease, hypoalbuminemia, bone 

marrow, and kidney abnormalities as common (Fig. 1, red). Moreover, some symptoms 

might only be noted after specific diagnostic evaluation, as illustrated for restrictive 

lung disease in our IARS1 (P1) and LARS1 (P3) deficient patients. 

Our findings suggest a strikingly common clinical phenotype for LARS1, MARS1, 

and IARS1 and to a slighter extent YARS1 and AARS1 deficiencies. Potentially, all 

symptoms reported for cytosolic ARS deficiencies represent the spectrum of a common 

clinical phenotype. Conversely, some features might be characteristic for specific ARS 

deficiencies. Nine cytosolic ARSs (IARS1, LARS1, MARS1, QARS1, KARS1, RARS1, 

DARS1, and EPRS1) form a multisynthetase complex (MSC). The major role ascribed to 

the MSC is to improve translational efficiency. Putatively, pathogenic variations in this 

subset of ARSs result in common symptoms based on deficient MSC function. Alterna-

tively, symptoms might relate to specific amino acids (individually or to groups like 

branched chain amino acids), based on abundance in specific proteins or to common 

(non)canonical amino acid or ARS functions. Combined cytosolic and mitochondrial 

ARS deficiencies obviously represent a specific subgroup, with mitochondrial dysfunc-

tion reflected in laboratory findings, muscle biopsy, and affected organs with high oxi-

dative metabolism (brain, heart). Similarly, sensorineural hearing impairment is fre-

quently seen in other mitochondrial ARS deficiencies, including LARS2, HARS2, 

RARS2,55 and IARS2.54 However, anemia and hypoalbuminemia in our KARS1 defi-

cient patient and hepatosplenomegaly during infancy in QARS1 deficiencies46 might 

imply involvement of the cytosolic ARS deficiency. Conversely, although the multi-or-

gan phenotype might suggest a mitochondriopathy, we did not find evidence for mito-

chondrial dysfunction caused directly by the cytosolic ARS deficiency. 
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The overlap in clinical phenotype between pathogenic variations in different ARSs 

suggests a general disease mechanism. Pathogenic variations causing recessive ARS 

deficiencies generally reside in catalytic or anticodon binding domains of ARS genes 

(Fig. 5a). The most straightforward hypothesis therefore confers that aminoacylation is 

insufficient to meet translational demand in specific organs, especially during high 

demands in the first year of life and infections (Fig. 5b). Concurrently, aminoacylation 

activity was decreased in mutant alleles from patients with AARS1,31,32 MARS1,33,34 

IARS1,36 HARS1,42 SARS1,43 QARS1,44,46 and KARS126 deficiencies, but never to an 

enzyme activity of < 8% from normal (Table S2). The fact that heterozygous parents of 

patients are unaffected suggests that on the other hand there is some excess capacity in 

ARS activity. 

Intrauterine growth restriction and failure to thrive seem closely related to a disease 

mechanism involving reduced aminoacylation activity, translational slowdown or inef-

ficiency, and consequential decreased proliferation. Indeed, growth was diminished in 

complementation assays in yeast with mutant AARS1,31 IARS1,36 MARS1,34 GARS1,50 

and KARS153 alleles. Similarly, hypoalbuminemia would well align with this disease 

mechanism, because albumin synthesis is very sensitive to amino acid depletion, par-

ticularly for leucine, isoleucine, and tryptophan.56 Moreover, organs most prominently 

affected in recessive ARS deficiencies are the organs with highest amino acid incorpo-

ration rates: liver (2.4 %/hr), lung (1.0 %/hr), brain (0.6 %/hr), and muscle (0.4–0.7 %/

hr)57 or high proliferation rates (intestine). This also concurs with the prominence of 

symptoms during perinatal growth and infections, periods of high translational de-

mand. It remains unclear why other highly proliferative organs like the skin are not 

affected, except in one patient with IARS1 deficiency and skin hyperelasticity,37 and 

two sibs with QARS1 deficiency with a dry rough skin.46 

PAP was previously thought to be a specific feature of MARS1 deficiency.33-35 We 

show that other recessive ARS deficiencies (IARS1 and LARS1) can also cause PAP. 

Furthermore, our IARS1 deficient patient developed cystic abnormalities with time, as 

reported in YARS1 deficient patients.38 PAP results from the accumulation of lipopro-

teins in pulmonary alveoli, leading to restrictive lung disease and respiratory failure.58 

Most commonly involved in the pathogenesis is defective granulocyte-macrophage 

colony-stimulating factor (GM-CSF) receptor activation, either through GM-CSF au-

toantibodies59 or rare pathogenic variations in GM-CSF receptor genes.60 This leads to 

deficient alveolar macrophage maturation, which is essential for macrophages to clear 

and recycle surfactant. Interestingly, among patients with autoimmune antisynthetase 
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syndromes, antibodies against ARSs strongly predict interstitial lung disease.61 In addi-

tion, PAP is also a clinical characteristic of lysinuric protein intolerance (LPI), a rare 

inherited metabolic disease62 caused by a defective cationic amino acid transporter in 

the kidney, small bowel, lung, spleen, monocytes, and macrophages, resulting in leak-

age of cationic amino acids (arginine, ornithine, and lysine). Thus a shortage of amino 

acids, antibodies against ARSs, and genetic ARS deficiencies can all result in PAP, 

putatively through reduced aminoacylation and deficient translation to ensure adequa-

te surfactant composition or homeostasis. Interestingly, LPI patients show considerable 

overlap in clinical phenotype with recessive ARS deficiencies, involving neurological 

impairment, failure to thrive, hepatosplenomegaly, PAP, renal tubulopathy, and hem-

ophagocytic lymophohistiocytosis.62 The fact that both reduced amino acid concentra-

tions and ARS deficiencies can result in common clinical symptoms concurs with in-

sufficient aminoacylation for efficient translation as disease mechanism. 

If reduced aminoacylation leads to symptoms in patients with recessive ARS defi-

ciencies and if patients have some residual enzyme activity, then supplementation of 

the corresponding amino acid or high protein intake might improve symptoms. This is 

in sharp contrast with the traditional management of replacing protein by glucose in 

patients with metabolic hepatic disease, but aligns with the previous advice to patients 

with LARS1 pathogenic variations29-30 to supply a minimum of 2.5 g/kg of whole pro-

tein either enterally or parenterally while unwell. This is supported by the restoration of 

growth upon increased intake with tube feeding in P1–3 (Fig. 2). Similarly, the clinical 

phenotype in a patient with MARS1 deficiency improved after starting parenteral nutri-

tion33 and MARS1 aminoacylation activity and proliferation in yeast with mutant 

MARS1 alleles improved upon methionine supplementation.34 

In conclusion, through deep phenotyping of five patients with novel compound 

heterozygous IARS1, LARS1, KARS1, and QARS1 pathogenic variations, we were able 

to add lung disease, hypoalbuminemia, anemia, and renal tubulopathy to the common 

phenotype we derived from literature for cytosolic ARS deficiencies, involving CNS 

abnormalities, growth restriction, liver symptoms, and facial dysmorphisms. This high-

lights the importance of deep phenotyping in patients with novel rare genetic diseases. 

Identification of a common clinical phenotype implies that recessive pathogenic varia-

tions in newly identified cytosolic ARSs may result in similar clinical symptoms, which 

might improve disease recognition and guide diagnostic work-up. Insufficient aminoa-

cylation activity to meet high translational demand as common disease mechanism 

would also guide therapeutic care. As some residual enzyme activity seems essential 
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for life, adequate supply of protein/amino acids is crucial, especially during periods of 

increased translational demand, including the first year of life and infections. 
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Since publication of our previous paper on aminoacyl-tRNA synthetase (ARS) de-

ficiencies,1 the number of recognized patients suffering from these diseases has 

steadily increased, putatively through progressively genetic diagnostic testing, 

aided by recognition of the clinical phenotype. To further improve disease recognition, 

counseling, prognostic prediction, and potential treatment development and evaluati-

on, further understanding of the disease mechanism, genotypes, and clinical phenoty-

pes remains crucial. 

Shen et al. provide interesting additional clinical information on QARS1 deficien-

cy,2 one of these ARS deficiencies. They show that serum protein levels were consis-

tently decreased in their three patients with QARS1 deficiency, while albumin was 

only slightly and inconsistently decreased, which they attribute to the relatively low 

glutamine content of albumin (3.3%). Hypoalbuminemia is common to multiple ARS 

deficiencies,1 including IARS1, LARS1, MARS1, and possibly KARS1. However, the 

abundance of the corresponding amino acids varies (isoleucine: 1.5%, leucine: 10.5%, 

methionine: 1.1%, and lysine: 9.9%). Therefore, a more general mechanism seems 

more plausible. 

Of the QARS1 deficient patients we previously described,1,3 the first1 displayed 

normal serum albumin concentrations at ages 1.5 years (40 g/l, normal values: 35–50 

g/l), and 3 years (43 g/l), but decreased concentrations at age 5.5 years (28 g/l). The 

second patient3 also displayed mostly normal concentrations except at age 12 years 

(31 g/l, normal values: 34–42 g/l). Total plasma protein concentration was only measu-

red once in both patients and was normal (63 g/l, normal 60–80 g/l) at age 1.5 years in 

the first patient1 and decreased (54 g/l, normal 60–80 g/l) at age 13 years in the se-

cond.3 In this second patient, serum prealbumin concentrations were normal, and 

marginally reduced once (185 g/l, normal 186–335 g/l) at age 9 years. When looking 

at our other ARS deficient patients,1 IARS1 deficient patient 1 also had low plasma pro-

tein levels (33 and 34 g/l at age 1 month and 2.5 months, respectively), but IARS1 de-

ficient patient 2 had normal levels (80 g/l) at age 4 years and so did KARS1 deficient 

patient 4 (64 g/l) at age 1 year. Plasma protein concentration was not determined in 

our LARS1-deficient patients. Collectively, these data suggest that both plasma albumin 

and protein concentrations may be decreased in ARS deficiencies, putatively through a 

common mechanism shared among the ARS deficiencies involving either insufficient 

protein synthesis, mistranslation, and/or increased peptide/protein degradation. Affec-

ted proteins may depend on the specific amino acid corresponding to the ARS defici-

ency. 
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Since QARS1 deficiency is a predominantly neurological disease, Shen et al. 

sought to extend the hypothesis of decreased protein synthesis to the central nervous 

system.2 However, they did not find decreased protein levels in cerebrospinal fluid 

(CSF). Similarly, our QARS1 deficient patients1,3 did not have decreased CSF protein 

levels (0.36 g/l, normal range 0–0.40 g/l, and 0.36 g/l, normal values 0.10–0.35 g/l, 

respectively), nor did our KARS1 deficient patient (0.31 g/l) and our IARS1 deficient 

patient (0.75 g/l; but this sample was contaminated with >80,000 erythrocytes and 

>400 leukocytes). Shen et al. then propose an interesting hypothesis of excitotoxicity 

induced by increased glutamate/glutamine ratios due to QARS1 deficiency.2 Indeed, 

severe neurological symptoms have been associated with increased glutamate/gluta-

mine ratios in several inborn errors of metabolism.4 However, CSF amino acid analysis 

in our reported QARS1 patients1,3 revealed normal glutamate (3 µmol/l, normal range 

0–7.8 µmol/l and < 8.5 µmol/l, normal range: < 8.5 µmol/l, respectively) and nearly 

normal glutamine concentrations (488 µmol/l, normal range 363–785 µmol/l and 688 
µmol/l, normal range 260–684 µmol/l, respectively). The first patient1 also had slightly 

decreased taurine concentrations (2 µmol/l, normal range 4–13 µmol/l) and the second3 

marginally decreased serine concentrations (24.4 µmol/l, normal 25–56 µmol/l). Alt-

hough the proposed disease mechanism would be QARS1 specific, the underlying me-

chanistic hypothesis would suggest alterations in the corresponding amino acids in 

CSF of other ARS deficiencies. However, CSF amino acids were also normal in our 

KARS1-deficient patient. 

As a global central nervous system fluid, CSF may not reflect local concentrations 

of amino acids in the brain. We performed brain magnetic resonance (MR) spectrosco-

py in the white matter of our QARS1 patient,1 which revealed low N-acetyl aspartic 

acid peaks compatible with white matter disease, and prominent glutamate/glutamine 

peaks. Unfortunately, these 3-Tesla MRI scans do not allow distinction between gluta-

mate and glutamine. Further studies with more advanced spectroscopy in different 

brain areas may provide further insight in this hypothesis. Similarly, as also mentioned 
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by Shen et al.,2 the response to treatments affecting the glutamate/glutamine balance 

(like glutamine supplementation) and/or excitotoxicity (like memantine, which antago-

nizes the interaction between glutamate and the NMDA receptor and pyridoxine, 

which is required for the conversion of glutamate to GABA) may provide further sup-

port for this hypothesis and guide therapeutic strategies. Nevertheless, since neurologi-

cal symptoms are shared among many cytosolic, combined cytosolic and mitochon-

drial, and mitochondrial ARS deficiencies, a more common translational deficiency or 

mitochondrial dysfunction may also contribute to the neurological phenotype. 

When interpreting genetic variations, their potential pathogenicity, associated cli-

nical phenotype. and response to specific treatments, their precise genetic location is 

crucial. This is the reason we dedicated Fig. 5 of our previous article1 to the genetic 

locations of all reported ARS variants. We have updated this figure (Fig. 1) with novel 

pathogenic variants,5-10 and hope this genetic information, the additional clinical fea-

tures, and deduced mechanistic hypotheses will aid other researchers and clinicians to 

improve understanding of ARS deficiencies and care for this expanding group of pa-

tients. 
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Abstract 

Aminoacyl-tRNA synthetases (ARSs) couple tRNAs with their corresponding amino 

acids. While ARSs can bind structurally similar amino acids, extreme specificity is en-

sured by subsequent editing activity. Yet, we found that upon isoleucine (I) restriction, 

healthy fibroblasts consistently incorporated valine (V) into proteins at isoleucine co-

dons, resulting from mis-aminoacylation of tRNAIle with valine by wildtype IARS1. 

Using a dual-fluorescent reporter of translation, we found that valine supplementation 

could fully compensate for isoleucine depletion and restore translation to normal le-

vels in healthy, but not IARS1 deficient cells. Similarly, the antiproliferative effects of 

isoleucine deprivation could be fully restored by valine supplementation in healthy, 

but not IARS1 deficient cells. This indicates I>V substitutions help prevent translational 

termination and maintain cellular function in human primary cells during isoleucine 

deprivation. We suggest that this is an example of a more general mechanism in 

mammalian cells to preserve translational speed at the cost of translational fidelity in 

response to (local) amino acid deficiencies. 
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Introduction 

Correct charging of tRNAs with their corresponding amino acid is crucial for 

accurate translation of the genetic code into proteins. Central in this process 

are aminoacyl-tRNA synthetases (ARSs), enzymes that charge tRNAs with their 

corresponding amino acids. For each amino acid (a), a specific ARS (aARS) performs 

this role either in the cytosol (aARS1), in the mitochondria (aARS2), or both (KARS1, 

GARS1). Variants in ARS-genes are increasingly associated with human disease.1 Auto-

somal dominant variants in ARS-genes result in Charcot Marie Tooth 

polyneuropathies.2 The underlying mechanism was recently described for autosomal 

dominant GARS1 disease. By abnormal binding dynamics of GARS1 to Gly-tRNAGly, 

ribosome stalling occurs specifically in sensory neurons, leading to the GCN2-depen-

dent stress response and peripheral neuropathy.3,4 Autosomal recessive variants in 

ARS-genes cause multi organ disease.1 We previously hypothesized that symptoms 

arise in different organs due to insufficient canonical aminoacylation of tRNAs to meet 

translational demands, especially during times of high translation. This formed the ba-

sis for amino acid supplementation therapies for patients with aARS1 deficiencies, re-

sulting in strikingly beneficial effects.5–7 

Nevertheless, the precise mechanism explaining how deficient aminoacylation of 

tRNAs leads to translational failure and organ-specific effects remains elusive. To ad-

dress this, we analysed the molecular consequences of IARS1 deficiency in fibroblasts 

from two unrelated patients with the same compound heterozygous IARS1 variants 

(NM_002161.5): c.1305G>C p.(Trp435Cys) and c.3377dup p.(Asn1126fs) (OMIM 

600709).1,5 Both variants are expected to affect the canonical aminoacylation functi-

on, with the Trp435Cys variant residing in the catalytic domain of IARS1, and the As-

n1126fs variant likely leading to unexpressed protein.1,5 Accordingly, catalytic activity 

for these donors was severely decreased to 23% and 21%.5 We hypothesized that de-

creased catalytic activity would result in insufficient loaded tRNAIle, which may be 

compensated by mis-aminoacylation. To our surprise, we consistently found that upon 

isoleucine restriction, healthy fibroblasts but not IARS1 deficient fibroblasts incorpora-

ted valine instead of isoleucine into proteins. 

Sacrificing translational fidelity may represent a strategy to preserve protein synthe-

sis during deprivation of specific essential amino acids, as is increasingly reported for 

unicellular organisms (bacteria and yeast).8 It is known that aminoacyl-tRNA syntheta-
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ses (ARSs) can mis-activate tRNAs with structurally similar amino acids,9 but subse-

quent editing activity ensures extreme specificity under physiological conditions.10–12 

To explore a putative rescue mechanism for unfavourable circumstances like (local) 

amino acid deficiencies induced by nutrition, physiological stress, or disease states, we 

investigated the nature and consequences of mis-aminoacylation by IARS1. We unco-

vered that IARS1 can indeed induce amino acid substitutions in healthy primary hu-

man cells. These substitutions were beneficial in preserving translation and promoting 

cell viability during nutritional stress. Not only does this contribute to further under-

standing of the consequences of IARS1 deficiency, but this may also represent a more 

general human strategy of aARSs to cope with unfavourable conditions.  

Materials and Methods 

Ethical approval 

Local medical ethical approval (Institutional Review Board of the University Medi-

cal Center Utrecht (STEM: 10-402/K, TC Bio 190489)) was obtained for use of the pa-

tient materials in this study. Written informed consent was obtained from all patients’ 

parents. 

Cell culture 

Fibroblasts were obtained and cultured as described previously.5 Media with spe-

cific amino acid concentrations were based on amino-acid free DMEM/F12 (DF12; US 

Biological cat. D9811), supplemented with all amino acids (compared to advanced 

(A)DF12, ThermoFisher cat. 12634028), 1% GlutaMax, 1% penicillin/streptomycin 

(pen/strep) and 10% dialyzed foetal bovine serum (FBS; ThermoFisher cat. 26400044), 

or custom-made ADF12 (based on ThermoFisher cat. 12634010) without isoleucine/

valine, supplemented with 1% GlutaMax, 1% pen/strep, 1% HEPES and 10% dialyzed 

FBS. HEK293T were cultured in DMEM (ThermoFisher cat. 10569010), supplemented 

with 1% pen/strep and 10% FBS. Cultures were tested for mycoplasma every two 

months. Experimental isoleucine and valine concentrations were calculated as percen-

tage of average plasma concentrations of vegetarians.13 
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Aminoacylation activity 

IARS1 activity was measured as described previously, with four technical replicates 

per condition and donor.5  

Lentivirus production 

Lentiviruses were produced in HEK293T cells (15 cm dish). At 80% confluency, 

they were transfected with 10 µg GFP-α-catenin lentiviral plasmid DNA, 6.6 µg 

psPAX2 (Addgene #12260), 3.3 µg pMD2.G (Addgene #12259) and PEI MAX (3:1 

PEI:DNA), in 1 mL OptiMEM. Both psPAX2 and PMD2.G were a gift from Trono et al. 

Media were refreshed after 24 hrs. Then, media containing the virus was collected after 

48 and 72 hrs. Virus was concentrated using Lenti-X concentrator (Takara, cat. 

631231), resuspended in 2 mL DMEM and stored at 4 °C for short-term use, and at -80 

°C for long-term use. 

Lentiviral transduction 

Fibroblasts were harvested by trypsinization, washed, and resuspended in culture 

medium with 12 µg/mL polybrene, then mixed 1:1 with concentrated virus, and incu-

bated for 1 hr at 37 °C. Cells were plated on a 6-well plate with 6 µg/mL polybrene 

and incubated for 24 hrs. Culture media were refreshed and cells were allowed to 

grow to 70% confluency. Transduced cells were selected by fluorescence-activated cell 

sorting (FACS). 

Amino acid substitution mass-spectrometry 

Stable GFP-α-catenin-expressing fibroblasts were created by lentiviral transduction. 

GFP+ cells were selected by FACS and cultured to 6x15cm dishes per condition. At 

70% confluency, cells were washed once with phosphate-buffered saline (PBS), then 

incubated for 72 hrs. with the desired concentrations of isoleucine and valine. After 

washing with ice-cold PBS, cells were harvested with a cell scraper and pooled per 

condition. Pooled samples were washed twice with PBS and immediately lysed in 

RIPA buffer (ThermoFisher cat. 89900) with 1% Halt (ThermoFisher cat. 87786) for 30 

min. Immunoprecipitation using GFP-Trap Agarose (Chromotek cat. GTA-20) was per-

formed according to manufacturer’s protocol. Cells were additionally washed three 

times in ice-cold PBS, and transferred to new Eppendorf tubes before the final wash. 

Samples were stored at -80 °C before mass spectrometry. 
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Mass spectrometry 

After immuno-precipitation of GFP-α-catenin, proteins were denatured in 8 M 

Urea, 1 M Ammonium BiCarbonate (ABC) containing 10 mM tris (2-carboxyethyl) 

phosphine hydrochloride to reduce and 40 mM 2-chloro-acetamide to alkylate the 

cysteines. After 4-fold further dilution with 1 M ABC and digestion with trypsin (250 

ng/200 µl), peptides were separated from the beads and desalted with homemade C-18 

stage tips (Affinisep). Peptides were separated on-a 25 cm column (75 μm ID fused 

silica capillary with emitter tip, made in house) packed with 1.9 μm aquapur gold 

C-18 material (Dr Maisch, Ammerbuch-Entringen, Germany) using a 2-hour gradient 

(0-80% Acetonitrile), delivered by an easy 1200 nano HPLC (Thermo Scientific). Pepti-

des were electrosprayed directly into a Fusion Tribrid-Orbitrap (Thermo Scientific) and 

analysed in data-dependent mode with the resolution of the full scan set at 240,000, 

after which the top N peaks were selected for Higher energy Collision-induced Disso-

ciation (HCD) fragmentation (set at a normalized energy of 30%) and detection in the 

Iontrap with a target setting of 5000 ions. Raw files were analysed with Proteome Dis-

coverer (PD) software (Thermo, versions 2.4.0.305 & 2.5.0.400). For identification, a 

fasta file of the Homo sapiens protein Catenin alpha-1 (CTNA1, Uniprot P35221) was 

used to perform a search with the standard Consensus Workflow for Label free quanti-

fication of the precursor peptide and the standard Processing Workflow for Orbitrap, 

Sequest and Percolator, with carbamido-methylation of cysteine set as fixed modifica-

tion. The required substitutions from Isoleucine (Ile) to other amino-acids were set as a 

variable modification in consecutive analysis runs. The mass accuracy of the recalibra-

tion (RC) node was set to 20 ppm for the precursor and the fragmentation to 0.5 Da. 

The Main search settings were 5 ppm for the precursor and 0.5 Da for the fragments. 

The traces of the peptides chromatograms were extracted from the result files of PD 

and plotted using R (version 4.0.4) through RStudio (version 1.5.64). The mass spec-

trometry proteomics data have been deposited to the ProteomeXchange Consortium 

via the PRIDE partner repository (http://www.ebi.ac.uk/pride with the dataset identifier 

PXD033426). 

Cloning of dual-fluorescent reporter 

Three custom dual-fluorescent reporters of translation termination were adapted 

from pmGFP-P2A-K0-P2A-RFP (Addgene #105686) and pmGFP-P2A-K20(AAA)-P2A-

RFP (Addgene #105688), which were gifted by Juszkiewicz et al.14 The CMV-GFP-P2A-

K0/K20(AAA)-P2A-RFP cassettes were amplified by PCR and subcloned into a pJET1.2 

66



Chapter 4

backbone vector (ThermoFisher cat. K1231). To create the CMV-GFP-P2A-15xIle-P2A-

RFP reporter, a geneblock containing 15x isoleucine codons was ordered (Integrated 

DNA technologies) and cloned in-frame in-between the P2A sites using In-Fusion HD 

cloning (Takara cat. 639648). The complete sequences of the GFP-P2A-[K0(=empty)/

K20(AAA)(=20xLysAAA)/15xIle]-P2A-RFP cassettes are provided in the Supplementary 

Information. These plasmids can be obtained through Addgene (#185618, #185619, 

#185620). 

Dual-fluorescent reporter of translation 

A 6-well of fibroblasts per condition was washed with PBS, and media were repla-

ced to culture media with normal concentrations of isoleucine and valine, isoleucine 

depletion (0%) or isoleucine depletion with valine depletion or supplementation (1% 

or 1000% of plasma). Cells were immediately transfected with pJET-CMV-GFP-[empty/

15xIle/20xLysAAA]-mCherry using Lipofectamine 3000 according to manufacturer’s 

protocol, except replacing OptiMEM by isoleucine- and valine-free custom-made AD-

F12 without supplements. After 24 hours, cells were washed once with PBS, harvested 

by trypsinization, and kept on ice onwards. Cells were resuspended in ice-cold fluo-

rescence-activated cell sorting (FACS) buffer (PBS with 2 mM ethylenediaminetetraace-

tic acid and 0.5% bovine serum albumin) with 1x DAPI and transferred to filter-capped 

FACS tubes. Fluorescence was measured on a CytoFLEX S (Beckman Coulter) flowcy-

tometer (405→450±45 nm, 488→525±40 nm, 561→610±20 nm). Gating and calcu-

lations were performed in FlowJo V10.8 (BD Biosciences). The gating strategy is atta-

ched in Supplementary Fig. 4. In summary, from single cells selected by FSC/SSC, live 

cells (DAPI-) were selected. From the GFP+ cells, the median ratio between the red- 

and green fluorescence was calculated, and each condition was normalized to the 

normal isoleucine value. Statistical analyses and data visualization were performed in 

GraphPad Prism 9. 

Proliferation assay 

Fibroblasts were seeded in quadruplicate on E-Plate 96 PET (Agilent, cat. 

300600910) at 3,500 cells/well in normal culture medium. After 24 hours, wells were 

washed twice with PBS, and medium with the desired amino acid concentrations was 

applied. Proliferation of fibroblasts was evaluated by continuous impedance analysis 

over two or five days using a real-time cell analyser (xCELLigence MP, ACEA Bioscien-
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ces). Per donor, impedance was normalized against the 100% amino acid concentrati-

on condition. 

Prediction of functional effect of amino acid substitutions 

Lists of all tryptophan (W) and isoleucine (I) residues in human transcripts were 

prepared using the ‘whole human exome sequence space’ (WHESS) database. The ef-

fects of W>F and I>V amino acid substitutions on protein structure and function was 

predicted using Polymorphism Phenotyping v2 (PolyPhen-2) in batch mode and Hum-

Var classifier model.15 

RNA sequencing and analysis 

A 6-well of fibroblasts per condition was washed with PBS, and media were repla-

ced to culture media with normal concentrations of isoleucine or isoleucine depletion 

(1% of plasma). After 72 hours, before confluency was reached in any condition, total 

RNA was isolated using Trizol LS reagent (Invitrogen) and stored at –80°C until further 

processing. mRNA was isolated using Poly(A) Beads (NEXTflex). Sequencing libraries 

were prepared using the Rapid Directional RNA-Seq Kit (NEXTflex) and sequenced on 

a NextSeq500 (Illumina) to produce 75 base long reads (Utrecht DNA Sequencing Fa-

cility). Sequencing reads were mapped against the reference genome (genome sequen-

ce release 33 (GRCh38.p13)) using BWA41 package (mem –t 7 –c 100 –M –R). Nor-

malized counts were obtained by applying the DESeq2 variance-stabilizing transforma-

tion (VST) to the read counts using the DESeq2 R package.16 Principal component ana-

lysis was performed with the 5000 most variable genes and plotted using the DESeq2 

‘plotPCA’ function. Differentially expressed genes between normal and 1% isoleucine 

conditions were calculated using DESeq2, correcting for Control/Patient-batch effects 

(design =   ~type (‘control’ or ‘IARS1’) + isoleucine (‘1%’ or ‘100%’), using thresholds 

of ‘padj’ < 0.05 and ‘log2FoldChange’ > 1. Finally, genes that were upregulated in 

IARS1 patient vs. control lines, which were also upregulated upon isoleucine depleti-

on, were extracted using a threshold of 0.5-fold (log2) increase between the average of 

groups. Similarly, genes that were downregulated in IARS1 patient and downregulated 

upon isoleucine depletion, were extracted using a threshold of 0.5-fold (log2) decrease 

between the average of groups. Heatmaps were created using Microsoft Excel. Gene 

set enrichment analysis of genes that were up/down regulated upon isoleucine deple-

tion, and in IARS1 patient vs. control lines, was performed using Enrichr.17 
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Results 

IARS1 generates I>V substitutions in human fibroblasts upon isoleucine deprivation 

To investigate if isoleucine deprivation causes amino acid substitutions, we created 

primary fibroblast lines derived from healthy donors that stably express a fusion protein 

of green fluorescent protein (GFP) and alpha catenin (CTNA1). We immunoprecipita-

ted the fusion protein from protein lysates and performed mass spectrometry analysis 

to search for isoleucine substitutions in stable CTNA1 peptides containing a single iso-

leucine residue (TSVQTEDDQLIAGQSAR and NAGNEQDLGIQYK) (Fig. 1a). We did 

not observe any I>V substitutions in fibroblasts cultured under normal conditions. 

However, upon isoleucine depletion (1% of normal plasma concentrations), we found 

a strong increase of I>V substitutions in both peptides, which did not further increase 

upon additional valine supplementation (Fig. 1b, Supplementary Fig 1b).  Isoleucine 

deprivation did not introduce I>V substitutions in fibroblasts from patients with impai-
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Fig. 1: detection of I>V substitutions upon isoleucine restriction.  

a, Schematic representation of sample preparation for mass spectrometry to identify amino 

acid substitutions in peptides of the Catenin Alpha 1 protein (CTNA1). b, Identification of 

peptides containing a single isoleucine or isoleucine > valine substitution in healthy fibro-

blasts or fibroblasts from patients with IARS1 deficiency. 

44



Part 2

red catalytic IARS1 activity while supplementation of additional valine led to minimal 

I>V substitutions (Fig. 1b). This suggests that mis-aminoacylation of tRNAIle by wildtype 

IARS1 is responsible for the observed I>V substitutions. Additionally, we found I>M 

substitutions upon isoleucine depletion in both healthy control- and patient-derived 

cells (Supplementary Fig. 1a,b). These likely result from ribosomal mispairing, since 

isoleucine (AUU, AUC, AUA) and methionine (AUG) codons only differ at the third 

codon wobble position.8 We could not reliably identify any other I>X substitutions 

upon thorough screening of the mass-spectrometric data.  

I>V substitutions support translation and proliferation in human fibroblasts 

To test whether isoleucine-deprived cells benefit from a certain rate of I>V substitu-

tion to maintain translation of isoleucine-rich regions, we adapted a dual-fluorescent 

reporter14 to contain a cassette of eGFP and mCherry, interceded by an isoleucine-rich 

region (Fig. 2a). Regular translation of this cassette results in equal amounts of GFP and 

Cherry fluorescence while translational termination in the interceding region decreases 

Cherry to GFP ratios (Supplementary Fig. 2a,b). We transfected the reporter into four 

healthy donor fibroblast lines and the two fibroblast lines from patients with IARS1 

deficiency, incubated the cells for 24 hours in various medium conditions, and analy-

sed translational function by flow cytometry. As expected, isoleucine deprivation im-

paired translation of the isoleucine-rich region, and this effect was stronger in IARS1 

patient fibroblasts than in healthy fibroblasts (Fig. 2b). Supplementation of additional 

valine rescued translation to normal levels in healthy cells but not in IARS1 deficient 

cells (Fig. 2b, Supplementary Fig. 2c). This indicates that I>V substitutions help to pre-

vent translational termination during isoleucine deprivation and that this mechanism 

depends on IARS1 catalytic activity. 

To determine the effect of I>V substitutions on cellular functions, we quantified 

proliferation of human fibroblasts cultured under various medium conditions. In heal-

thy fibroblasts, proliferation decreased upon isoleucine deprivation (1% of plasma 

concentrations) and decreased further upon additional valine deprivation (1% isoleu-

cine and 1% valine, p=0.021) (Fig. 2c). In comparison, fibroblasts from patients with 

IARS1 deficiency were more severely affected by isolated isoleucine deprivation 

(p=0.039) but not by isolated valine deprivation (p=0.422). Strikingly, additional valine 

supplementation (1000% of plasma concentration) could rescue the antiproliferative 

effects of isoleucine deprivation almost completely in healthy cells (p=0.007), while 

additional leucine, methionine, or serine could not (Fig. 2c, Supplementary Fig. 3). In 

70



Chapter 4

71

a

0.0

0.5

1.0

1.5

Re
la

tiv
e 

Ch
er

ry
 / 

GF
P

Healthy

Patients

Isoleucine
Valine

+ + -+ -
+ - -++ ++

*
n.s.

**
n.s. n.s.

**

n.s.

*

n.s.

***

**
**

-
+

+ + -+ -
+ - -++ ++

-
+

b

c

-0.5

0.0

0.5

1.0

1.5

Re
la

tiv
e 

im
pe

da
nc

e 
af

te
r 2

-d
ay

 cu
ltu

re

Healthy

Patients

+
+

+
-

+
++

-
+

-
-

-
++

Isoleucine
Valine

+
+

+
-

+
++

-
+

-
-

-
++

n.s.

n.s.

***

***
****

***

n.s. n.s.

*

n.s.

n.s.

**

EGFP mCherry15x IleCMV 3x FLAGP2A P2A Poly(A)

Fig. 2: I>V substitutions prevent translational termination and maintain cellular growth.  

a, Design of the ribosomal stalling reporter plasmid. b, Relative fluorescence of Cherry / GFP 

in healthy and IARS1 deficient patient-derived fibroblasts under varying concentrations of 

isoleucine and valine (isoleucine: + = 100%, - = 0% | valine: + = 100%, - = 1%, ++ = 1000% of 

plasma); two-sided unpaired Student’s t-test with equal variance, with Bonferroni correction 

for multiple testing: n.s. p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. c, Normalized impe-

dance measured with the xCELLigence MP real-time-cell-analyser as read-out for proliferati-

on after 2-day culture in varying concentrations of isoleucine and valine (isoleucine: + = 
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Fig. 3: reaction to isoleucine deprivation is aggravated by IARS1 deficiency.  

a, Principal component plot of fibroblasts from healthy persons and patients with IARS1 

deficiency cultured in normal (100%) and isoleucine deprived medium (1% of normal plas-

ma concentrations). b, Genes with increased expression in fibroblasts cultured in 1% versus 

100% isoleucine concentrations and corresponding pathways. c, Differentially expressed 

genes between fibroblasts from healthy controls and patients with IARS1 deficiency, which 

further deviate with isoleucine deprivation. d, Proposed IARS1 function and disease mecha-

nism in IARS1 deficiency in response to isoleucine deprivation. Wildtype (catalytically active) 

IARS1 attaches the structurally similar valine instead of isoleucine to tRNAIle upon (local) 

isoleucine restriction. I>V substitutions in proteins are generally benign and thus support 

translation and cellular function. Catalytically deficient IARS1 cannot attach valine instead of 
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IARS1 deficient cells, additional valine supplementation did not rescue the antiprolife-

rative effects of isoleucine deprivation (p=0.511) (Fig. 2c). Together, these findings in-

dicate that I>V substitutions, originating from mis-aminoacylation of tRNAIle with vali-

ne by catalytically active IARS1 help to preserve cellular functions and viability during 

isoleucine deprivation.  

Translation termination and unfolded protein response aggravated by IARS1 deficien-

cy 

As observed with the dual fluorescent reporter, isoleucine deprivation led to trans-

lation termination in fibroblasts and this effect was more pronounced and could not be 

rescued by valine in fibroblasts from patients with IARS1 deficiency. Principal compo-

nent analysis of RNA sequencing data of these fibroblasts discriminated two clusters 

based on isoleucine concentrations rather than on healthy versus patient status (Fig. 

3a). Genes that were upregulated upon isoleucine deprivation were associated with 

mTORC1, amino acid transport, the unfolded protein response, NF-κB signaling, and 

apoptosis and were generally expressed higher in IARS1 deficient than healthy fibro-

blasts (Fig. 3b). Reasoning that IARS1 deficiency may induce an exaggerated physiolo-

gical response to isoleucine deprivation, we found IARS1 specific upregulation of ami-

no acid transporters, cytosolic tRNA amino acid synthetases, the unfolded protein res-

ponse, proteases and ferroptosis, while pathways associated with proliferation (glyco-

lysis, extracellular matrix organization) were downregulated (Fig. 3c). Together, these 

results support a disease mechanism of insufficient tRNAIle aminoacylation to meet 

translational demands, resulting in translation termination at isoleucine codons, lea-

ding to an increase in (poly)peptides terminated prior to isoleucine incorporation and 

increased unfolded protein response, cellular stress, and apoptosis. In case of isoleuci-

ne deprivation, this reaction is more pronounced in IARS1 deficiency because of an 

additional failure to compensate with mis-aminoacylation of tRNAIle with valine (Fig. 

3d). 
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isoleucine, leading to an increase of uncharged tRNAIle which activated GCN2, inhibiting 

translation initiation and proliferation. Termination of translation further activates the unfol-

ded protein response and apoptosis. 
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Discussion 

In this study, we show that healthy human primary cells deprived of isoleucine 

substitute isoleucine for valine and thereby maintain translation and proliferation. 

Using cells derived from patients with catalytically deficient IARS1, we were able to 

attribute the observed isoleucine-to-valine substitutions to IARS1 mis-aminoacylation 

of tRNAIle with valine and not to alternative ribosomal decoding. 

Accurate protein translation (1:3,300) is believed to be essential to life.11 Indeed, 

IleS from Escherichia coli (corresponding to mammalian IARS1) evolved an editing 

domain to hydrolyse non-cognate amino acids such as valine that are frequently mis-

activated by the catalytic domain (1:180).18 This mechanism ensures low error rates 

(1:50,000) under normal conditions.11 Very recently, it was discovered that this IleS 

editing domain does not display higher hydrolysis rates of amino acids that are often 

mis-activated compared to amino acids that are rarely mis-activated.19 This suggests 

that IARS1 evolved to prevent hydrolysis of correctly activated Ile-tRNAIle and not to 

minimize mis-aminoacylation of tRNAIle, thus supporting translational speed at the 

expense of translational fidelity. This is in line with our finding that human IARS1 with 

normal catalytic activity can mis-aminoacylate tRNAIle with valine, especially during 

isoleucine deprivation, and that mis-aminoacylation is largely prevented by patient 

mutations that lead to impaired catalytic but conserved editing activity of IARS1. 

Recently, a similar mechanism of WARS1-induced W>F substitutions was discover-

ed in both cancer cells20 and in adjacent normal tissue (Schene et al., Matters Arising 

to Pataskar et al., manuscript number 2022-08-13333). These W>F substitutions pre-

served translation but generated dysfunctional proteins that were expected to activate T 

cell-mediated killing and reduce survival of cells.20 Besides W>F substitutions, Y>F 

and F>Y substitutions were also observed during tryptophan depletion.20 Although 

many amino acid substitutions may result in dysfunctional proteins (Fig. 4a), we obser-

ved beneficial cellular effects from I>V substitutions in healthy primary fibroblasts. 

PolyPhen-2 HumVar analyses and substitutions in conserved regions support benign 

effects and tolerance to I>V as opposed to W>F substitutions (Fig. 4a,b).21 aARS re-

cognize amino acids primarily based on size and physiochemical properties.22 When 

predicting the effect of an amino acid substitution on protein function as benign based 

on > 50% substitutions with a low probability of damage score according to Poly-

Phen2 HumVar analyses (Fig. 4a), specific substitutions of the essential amino acids 
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isoleucine (I>L/V), lysine (K>R), methionine (M>A/I/L/T/V), threonine (T>A/S/V), and 

valine (V>I/L) may support translational and cellular functions. Of these, I>V, K>R, 

M>I/L, T>A/S and V>I substitutions are indeed common in conserved regions of pro-

teins (> mean + 1 SD; Fig. 4b).23 Although still requiring confirmation, for these amino 

acids, tRNA mis-aminoacylation may help to maintain cellular functions in response to 
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(local) deficiency of essential amino acids and this mechanism may represent a more 

general mechanism to preserve translation in response to (local) amino acid deficien-

cies.. 

With our experiments, we further elucidate the disease mechanism of IARS1 defi-

ciency (Fig. 3d). Autosomal recessive mutations in IARS1 result in decreased aminoa-

cylation of tRNAIle,1,5 which leads to an increase in uncharged tRNAIle. Uncharged 

tRNAs can bind to GCN2 kinase and thereby slow down translation.24 When an isol-

eucine codon is not matched by a charged tRNAIle despite translational slowdown, for 

example in case of repetitive isoleucine codons or (local) isoleucine deprivation, trans-

lation is terminated (Fig. 2b). Abnormal truncated peptides trigger the unfolded protein 

response (Fig. 3c), thereby generating cellular stress and further reducing cellular proli-

feration (Fig. 2c). Effects of insufficiency of isoleucine aminoacylation of tRNAIle in 

IARS1 deficiency may further be aggravated by additional failure of valine mis-ami-

noacylation of tRNAIle as a compensatory response to isoleucine deprivation. This un-

derlines the importance of specific isoleucine supplementation to support tRNA ami-

noacylation, protein translation and cellular function in patients with IARS1 

deficiency.5 

In conclusion, we show that isoleucine to valine substitutions by IARS1 help to 

prevent translational termination and maintain cellular function in human primary 

cells during isoleucine deprivation. We suggest that this is an example of a more gene-

ral mechanism of preserving translational speed at the cost of translational fidelity to 

cope with (local) amino acid deficiencies in mammalian cells.  
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Fig S1: a+b Identification of peptides containing a single isoleucine or isoleucine >  valine or isoleucine > 
methionine substitutions in healthy fibroblasts or IARS1 deficient patient fibroblasts.
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Fig S2. a Design of the ribosomal stalling reporter plasmid, with 20xLysAAA as positive control for ribosomal 
stalling. b+c relative fluorescence of Cherry / GFP in healthy and IARS1-deficient patient derived fibroblasts using 
the (b) reporter with 20xLysAAA insert and (b+c) the reporter without insert (‘empty’) in (b) normal culture media 
or (c) media with varying isoleucine and valine concentrations (c; isoleucine: + = 100%, - = 0% | valine: + = 100%, 
- = 1%, ++ = 1000% of plasma); two-sided unpaired Student’s t-test with equal variance: n.s. p ≥ 0.05, * p < 0.05, 
** p < 0.01, *** p < 0.001. Bars depict mean ± SD. Note that a decrease of the Cherry/GFP ratio of the empty 
reporter upon isoleucine restriction can be explained by the presence of 10x Ile in the fluorescent proteins.
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isoleucine and valine concentrations (c; isoleucine: + = 100%, - = 0% | valine: + = 100%, - = 

1%, ++ = 1000% of plasma); two-sided unpaired Student’s t-test with equal variance: n.s. p ≥ 

0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. Bars depict mean ± SD. Note that a decrease of 

the Cherry/GFP ratio of the empty reporter upon isoleucine restriction can be explained by 

the presence of 10x Ile in the fluorescent proteins.
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Fig S3. Normalized impedance on xCELLigence MP real-time-cell-analyzer as measure for proliferation after 5-
day culture under varying concentrations of isoleucine, valine, serine, leucine and methionine (+ = 100%, - = 1% 
of plasma, ++ = 1000% of plasma); two-sided unpaired Student’s t-test with equal variance, with Bonferroni 
correction for multiple testing: n.s. p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; each dot 
represents the average of four technical replicates; bars depict mean ± SD. 
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Fig S4. a Gating strategy of dual-fluorescent reporter of terminal translational stalling. b GFP (x-axis) to Cherry (y-
axis) signal of IARS1 deficient donor fibroblasts (patient 1: N) with 100% isoleucine (N1) and 0% isoleucine (N2). c
Cherry to GFP ratio for IARS1 deficient donor fibroblasts, with 100% isoleucine and valine (N1), 0% isoleucine
(N2), 0% isoleucine and 1% valine (N4).

P1
35.3

0 1,0M 2,0M

FSC-H :: FSC-H

0

500K

1,0M

1,5M

2,0M

SS
C

-H
 ::

 S
SC

-H

Single Cells 1
92.7

0 1,0M 2,0M

FSC-A :: FSC-A

0

500K

1,0M

1,5M

2,0M

FS
C

-H
 ::

 F
SC

-H

Single Cells 2
90.8

0 1,0M 2,0M

SSC-A :: SSC-A

0

500K

1,0M

1,5M

2,0M

SS
C

-H
 ::

 S
SC

-H

GFP+_on-GFP-vs-DAPI
8.29

GFP+_on-GFP-vs-DAPI-1
8.29

0 104 106

FL1-A :: [488]-525-40-A

0

104

105

106
107

FL
6-

A 
:: 

[4
05

]-4
50

-4
5-

A

a b

c

0 0,400 0,800

RFP610vsGFP525

Sample Name Subset Name Count
I 100 V 100 GFP+_on-GFP-vs-DAPI 3479 
I 0 V 100 GFP+_on-GFP-vs-DAPI 3442 
I 0 V 1 GFP+_on-GFP-vs-DAPI 2453 

0

20

40

60

80

100

M
od

al

0 104 106

FL1-A :: [488]-525-40-A

0

104

105

106
107

FL
11

-A
 ::

 [5
61

]-6
10

-2
0-

A

0 104 106

FL1-A :: [488]-525-40-A

0

104

105

106
107

FL
11

-A
 ::

 [5
61

]-6
10

-2
0-

A

0 104 106

FL1-A :: [488]-525-40-A

0

104

105

106
107

FL
11

-A
 ::

 [5
61

]-6
10

-2
0-

A

Sample Name Subset Name Count
I 0 V 100 GFP+_on-GFP-vs-DAPI-1 3442 
I 100 V 100 GFP+_on-GFP-vs-DAPI-1 3479 

0

20

40

60

80

100

M
od

al

Fig S4: a, Gating strategy of dual-fluorescent reporter of terminal translational stalling. b, 

GFP (x-axis) to Cherry (y-axis) signal of IARS1 deficient donor fibroblasts (patient 1: N) with 
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In their article “Tryptophan depletion results in tryptophan-to-phenylalanine substitu-

tants”, Pataskar et al. describe how interferon-γ (IFN-γ)-stimulated IDO1 upregulati-

on in tumour cells results in intracellular tryptophan depletion and tryptophan-to-

phenylalanine (W>F) substitutions in synthesized proteins.1 The authors first detect 

IFN-γ-induced W>F substitutions in rigorous in vitro experiments. Afterward, they 

search for amino acid substitutions in publicly available proteomes and find that W>F 

are more common than any other W>X substitution, and that W>F substituent (W>F) 

peptides occur more often in tumours than control tissue. Initially, we were unable to 

reproduce this search, resulting from an undescribed filter step. We contacted the au-

thors and they explained how and why filtering was applied for W>X but not for W>F 

peptides present in more than n proteomes, considering those as noise peptides, as 

now published in an Author Correction.2 

In a ‘News and Views’ item accompanying the original article, this proteomics ap-

proach1 was proposed to discover other examples of amino acid substitutions in freely 

available data sets.3 Although we endorse the potential of harnessing the wealth of 

available proteomic resources to answer new biological questions, we would like to 

point out some important caveats. We suspect that a substantial fraction of the W>F 

peptides identified by this approach are false discoveries, leading to an incorrect con-

clusion that IFN-γ-induced W>F substitutions represent a tumour-specific phenome-

non.1 

We first considered the parameters used to detect W>F peptides in large-scale pro-

teomics data,1 because we suspected that standard tolerance settings for delta mass 

(20 ppm) and isotope error (-1, 0, +1, +2, +3) were too high to reliably identify substi-

tutions. This revealed that peptide-spectrum matches (PSMs) identified as W>F pepti-

des displayed the theoretically improbable isotope errors of -1 and +3, which were 

virtually absent from the wildtype peptide PSM distribution (Fig. 1a). Among the PSMs 

with an isotope error of zero, those identified as W>F peptides showed a wider delta 

mass distribution (Fig. 1b). Together, this suggested that a significant fraction of the 

W>F peptides represent false discoveries.  

Since substituent peptides originate from active protein translation, they occur only 

in expressed proteins. A straightforward filter for misidentified ‘W>F peptides’ might 

therefore consist of disregarding peptides in proteins that are not expressed. We disco-

vered that 28% of W>F peptides identified in the LSCC dataset referred to proteins that 

were not expressed according to the original analysis by Satpathy et al. (Fig. 1c,d, Ta-
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bles S1A-B).4 The PSMs of ‘W>F peptides’ in non-expressed proteins more often had 

isotope errors of -1 or +3, and a significantly wider delta mass distribution than PSMs 

of wildtype peptides and W>F peptides in expressed proteins (Fig. 1e,f). This strongly 

suggested that ‘W>F peptides’ in non-expressed proteins more often represent misiden-

tified peptides. Concurrently, the increase in W>F peptides identified in LSCC tumour 

(LSCC) compared with adjacent normal tissue (ANT) samples1 could be fully attributed 

to W>F peptides in expressed proteins (Fig. 1g). 

A considerable portion (57%) of ‘W>F peptides’ in non-expressed proteins repre-

sented immunoglobulin (Ig) variable genes (Fig. 1c, d, Table S1B), which are only ex-

pressed in B-cells and not in the LSCC dataset (Table S1D). All ‘W>F peptides’ in Ig 

proteins mapped to the conserved tryptophan residue in the FR2 region encoded by 

IGHV and IHLV genes and were found in LSCC and ANT in equal numbers (Table S1C, 

Fig. 1g,h).5 Additional examination of pancreatic ductal adenocarcinoma also revealed 

identification of ‘W>F peptides’, but not of wildtype peptides, mapping to IGHV and 

IHLV. (Extended Data Fig. 1, Table S2A-C).6 These genes constitute a large homologous 

set of sequences, sharing highly conserved framework regions interspersed by variable 

complementary-determining regions (Fig. 1h). This overwhelming homology precludes 

correct PSM identification, unless strict delta mass thresholds of <1.5 ppm are used.7 

Given the inaccuracy inherent to peptide identification in variable regions of Ig pro-

teins, these regions should be disregarded in substituent peptide analyses. 

To further filter out misidentified ‘W>F peptides’, we considered previously repor-

ted methods to detect amino acid substitutions in proteomes. Assuming that mistransla-

tion is a rare event, the substituent variant of a peptide should be less common than its 

wildtype counterpart. Consequently, Mordret et al. proposed an algorithm that limits 

the search-space for substitutions in proteomic analyses to peptides with a correspon-

ding wildtype counterpart.8 We assessed whether this approach could filter misidenti-

fied peptides from the dataset of Pataskar, who considered each spectrum that can be 

matched to a substituent peptide in the human proteome as a genuine substituent.1 

We divided the substituent peptides in the LSCC dataset into groups with or without a 

corresponding wildtype counterpart (Table S3). The delta mass distribution of W>F 

peptides with corresponding wildtype counterparts better resembled the distribution of 

wildtype peptides, outperforming the W>F peptides filtered by protein expression only 

(Fig. 2a, Extended Data Fig. 2a). Still, even the PSMs of W>F peptides with wildtype 

counterparts contained outliers (±4%) that may represent false discoveries (Fig. 2a). In 

line with the infrequency of W>F mistranslation, W>F peptides were generally identi-
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fied less often than their corresponding wildtype variant (Fig. 2b, Extended Data Fig. 

2b,c). As expected, the difference in W>F peptides between tumour and ANT samples 

was predominantly attributable to W>F peptides with a wildtype counterpart (Fig. 2c, 

Extended Data Fig. 2d,e). Together, this supports that W>F peptides with identified 

wildtype counterparts mainly represent genuine substituents. 

We then searched for protein-expression signatures associated with W>F peptides 

with or without wildtype counterparts. To this end, we considered protein expression 

89

a, Frequency distribution of the isotope error for peptide-spectrum matches (PSM) identi-

fied as wildtype (WT) peptides (n>106) and W>F substituent (W>F) peptides (n=5,491). 

Note that the W>F peptide PSMs contain theoretically improbable -1 and +3 isotope errors. 

b, Frequency distribution of delta mass between the observed peptide and the calculated 

peptide in parts per million (ppm) for PSMs identified as wildtype peptides (n>106) and 

W>F peptides (n=3,349) with an isotope error of zero. Note that the W>F peptide PSMs dis-

play a significantly broader distribution compared with wildtype peptide PSMs (S.D. = 3.88  

vs. 1.91; p=0, F-test). c, In LSCC tumour and adjacent normal tissue (ANT) samples combi-

ned, 24% of proteins containing W>F peptides in the LSCC analyses of Pataskar et al. were 

not identified to be expressed in the analysis of the same dataset by Satpathy et al. 41% of 

these non-expressed proteins were immunoglobulins (Ig). d, Based on the same data as c: 

28% of W>F peptides were found in proteins that were not expressed. 57% of these pepti-

des in non-expressed proteins belonged to Ig proteins. e, Frequency distribution of the iso-

tope error for PSMs identified as W>F peptides in expressed (n=3,361) or non-expressed 

(n=2,130) proteins. Note that the PSMs with theoretically improbable -1 and +3 isotope 

errors are predominantly identified as peptides in non-expressed proteins. f, Frequency dis-

tribution of delta mass for PSMs identified as W>F peptides in expressed (n=2,508) or non-

expressed (n=841) proteins. Note that the PSMs identified as W>F substituents in non-ex-

pressed proteins have a significantly broader distribution than W>F substituents in expres-

sed proteins (S.D. = 5.14 vs. 3.32; p= 2.4 x 10-61, F-test). g, Density plots of LSCC tumour and 

ANT samples showing the chance of a random sample to contain a specific W>F peptide. 

Mann-Whitney: p = 0.5915 (ns) and 0.6526 (ns) respectively. h, Peptides (11/41 examples are 

shown; see Supplementary Table S1C for the complete list) originating from Ig proteins that 

are identified as ‘W>F substituent peptide’ are found in equal numbers in LSCC tumour and 

ANT samples.

55



Part 2

90

-1
5.

0

-5
.0 5.
0

15
.0

-1
5.

0

-5
.0 5.
0

15
.0

-1
5.

0

-5
.0 5.
0

15
.0

-1
5.

0

-5
.0 5.
0

15
.0

-1
5.

0

-5
.0 5.
0

15
.0

0.0
0.5
1.0
1.5
2.0
10

20

30

40

Delta Mass (PPM)

Fr
ac

tio
n 

of
 P

SM
s 

(%
)

WT
peptides

W>F with
corresponding
WT peptide

‘W>F’ without
corresponing
WT peptide

‘W>F’ in non-
expressed
proteins

W>F in
expressed
proteins

0 5 10 15 20
0

5

10

15

20

Experiments with W>F substituent

Ex
pe

rim
en

ts
 w

ith
 c

or
re

sp
on

di
ng

 W
T

ANT
LS

CC
ANT

LS
CC

2-7

2-6

2-5

2-4

2-3

2-2

2-1

20

21

D
en

si
ty

 o
f W

>F
 p

ep
tid

es
 (h

its
/s

am
pl

es
)

with
without

0.0005 ns W>F peptides

corresponding 
WT peptide

a

b c

ANT
LS

CC
ANT

LS
CC

0

10

20

30

40

50

To
ta

l W
>F

 p
ep

tid
es

 p
er

 s
am

pl
e 

(#
)

<10-6 0.009

CCNB1
MKI67

TP63
ID

O1
-10

-5

0

5

10

15

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 (L
og

2)

ANT LSCC

<0.000001
<0.000001

<0.000001

0.000436

ANT LSCC
0

20

40

60

W
>F

 w
ith

 c
or

re
sp

on
di

ng
 W

T 
pe

r s
am

pl
e

0.045979

0.045979

ANT LSCC
0

20

40

60
‘W

>F
’ w

ith
ou

t c
or

re
sp

on
di

ng
 W

T 
pe

r s
am

pl
e
IDO1 low

IDO1 high

ns 0.035536

d e

0 5 10

Oxidative Phosphorylation
Interferon Alpha Response
Complement
Allograft Rejection
Interferon Gamma Response

Adjusted p-value (-log10)

W>F with WT peptide

0 5 10 15

Inflammatory Response
KRAS Signaling Up
Interferon Gamma Response

Complement
Allograft Rejection

Adjusted p-value (-log10)

‘W>F’ without WT peptide

0 5 10

Protein Secretion
Interferon Alpha Response
Oxidative Phosphorylation
Allograft Rejection
Interferon Gamma Response

Adjusted p-value (-log10)

W>F with WT peptide

0 5 10

mTORC1 Signaling
IL-2/STAT5 Signaling
Inflammatory Response
IL-6/JAK/STAT3 Signaling
Allograft Rejection

Adjusted p-value (-log10)

‘W>F’ without WT peptide

LSCC Tumours Adjacent normal tissue

f

Fig. 2: analysis of reliable, wildtype-matched substituent peptides reveals IFN-y-related W>F 

substitution is healthy tissue.



Chapter 5

91

a, Frequency distribution of delta mass for PSMs identified as wildtype (WT) peptides 

(n>106), and PSMs identified as W>F peptides in expressed (n=2,508) or non-expressed 

(n=841) proteins, and W>F peptides with (n=1,872) or without (n=1,477) an identified cor-

responding wildtype peptide. Note that PSMs identified as W>F substituents with a corres-

ponding wildtype peptide (dark green) have a narrower delta mass distribution compared 

with W>F substituents in expressed proteins (light green) (S.D.= 1.98 vs. 3.32; p=7.3 x 10-115, 

F-test). Also note that the W>F substituents with corresponding wildtype peptides are dis-

tributed much more similarly to wildtype peptides (S.D.= 1.98   vs. 1.91; p=0.0164, F-test). b, 

Scatterplot of the number of 11-plex experiments (from a total of 22 experiments) in which 

a W>F peptide was identified (x-axis) versus the number of experiments in which the cor-

responding wildtype peptide was identified (y-axis). The dotted line indicates equal experi-

ments with W>F and corresponding wildtype peptides. Note that most W>F substituents, 

for which a corresponding wildtype peptide was identified, were identified in less or equal 

experiments when compared with their wildtype counterparts (230/262=88%). c, The den-

sity (hits/samples) of identification of W>F peptides with and without corresponding wild-

type peptide in ANT (n=99) and LSCC tumour (n=108) samples. Note that W>F substituents 

for which a corresponding wildtype peptide was identified (n=262) are significantly more 

common in LSCC tumour compared with ANT samples, whereas W>F substituents without 

an identified corresponding wildtype peptide (n=212) are not (p=0.076 (ns)). Mann-Whitney 

tests. Boxplot: median with inter-quartile range and 97.5% confidence interval. d, Relative 

expression of tumour markers CCNB, MKI67, and TP63, and of IDO1 in ANT (n=99) and LSCC 

tumour (n=108) samples from Satpathy et al. (2021). Note that while tumour marker expres-

sion is increased in LSCC tumour samples, IDO1 expression is decreased in LSCC tumour 

compared with ANT samples. Mann-Whitney tests. e, The total number of W>F peptides per 

sample is significantly increased in samples with high IDO1 expression compared with 

samples with low IDO1 expression. Note that for ANT samples, this difference was only pre-

sent in W>F peptides for which a wildtype peptide was identified. Mann-Whitney tests: ns: 

p=0.0779. f, Gene set enrichment analyses of LSCC tumour and ANT samples. Genes were 

ranked on correlation between protein expression and number of W>F substituents with a 

wildtype counterpart (green) and W>F substituents without a wildtype counterpart (red). 

Note that in LSCC tumour samples, the interferon-γ (IFN-γ) response is increased predomi-

nantly in the group of W>F substituents with wildtype counterparts. Additionally, the IFN-γ 

response is the Hallmark most associated with W>F substituents in ANT, but this association 

is absent when W>F substituents without wildtype counterpart are considered. 
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in the LSCC dataset.4 Tumour markers were strongly upregulated in LSCC compared 

with ANT samples. Conversely, IDO1 expression was higher in ANT than LSCC sam-

ples, suggesting that non-tumour cells are also deprived of tryptophan (Fig. 2d). In-

deed, we found a positive correlation between IDO1 expression and W>F peptides 

with wildtype counterparts in both LSCC and ANT samples. This relation disappeared 

when considering ‘W>F peptides’ without a wildtype counterpart, further negating 

their biological relevance (Fig. 2e). We then performed gene set enrichment analysis 

with all proteins associated with W>F substitutions (Table S4A-B). In line with the pro-

posed biological mechanism,1 W>F substitutions with corresponding wildtype pepti-

des correlated strongly with the IFN-γ response in LSCC samples. Interestingly, the 

IFN-γ response was also the most significantly associated pathway with W>F substitu-

tions in ANT samples, contradicting the putative tumour-specificity of W>F substituti-

ons and instead suggesting a more general physiological mechanism (Fig. 2f). Again, 

the IFN-γ response was not correlated with ‘W>F peptides’ without a corresponding 

wildtype peptide in ANT samples. 

In summary, the proteomics analyses used by Pataskar et al. to detect amino acid 

substitutions in publicly available datasets are biased by high abundancy of noise pep-

tides, rendering conclusions questionable.1 It would be best to reduce false discoveries 

by acquiring mass spectra at higher resolution and identifying peptides using more 

stringent mass tolerance settings. To limit the impact of the false discoveries in their 

current approach, we recommend to only consider putative substitutions in peptides of 

which the wildtype variant is expressed and to exclude ‘substitutions’ in immunoglo-

bulin peptides, which are inherently resistant to unambiguous interpretation by con-

ventional shotgun proteomics.7 Application of such filters strengthened the association 

between W>F substitutions and IFN-γ-induced IDO1 upregulation and revealed that 

W>F substitutions are not tumour specific, but occur in adjacent normal tissue as well.  

Methods 

Data acquisition and processing 

Supplementary Tables 4 and 7, containing lists of W>F peptide peptides detected in 

LSCC and PFA, respectively, from Pataskar et al.1 were downloaded from nature.com. 

The PDC meta- and proteomics data for LSCC and PDA used by Pataskar et al.1 were 

downloaded from pdc.cancer.gov. Supplementary Table 3B from Satpathy et al.4 was 
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downloaded from cell.com. Data were merged and processed using R (version 4.0.5) 

with packages dplyr (version 1.0.9), tidyr (version 1.2.0), and tidyverse (version 1.3.2). 

Datasheets were further studied using Microsoft Excel (version 16.63.1) and Enrichr on 

maayanlab.cloud/Enrichr/ (Ma’ayan lab).9 GraphPad Prism (version 9.4.0) was used to 

perform statistical analyses and to visualise data. 

Identification of wildtype and W>F peptides from large-scale proteomics data 

FragPipe (version 18.0) with MSFragger (version 3.5) and Philosopher (version 

4.4.0) on a CentOS Linux (version 7.9.2009) based high performance cluster with Java 

(version 11.0.16) was used to analyse raw LSCC proteomics data (.mzml files) from 

pdc.cancer.gov, against the UniProt human proteome (UP000005640) fasta from 3 

March 2022 with decoys, and the same proteome with all tryptophans (W) replaced by 

phenylalanines (F). All further settings were equal to those reported by Patasakar et al.1 

Identified peptides (tmt-report/ratio_peptide_None.tsv) were grep-matched (grep -Fwf) 

against lists of all possible peptides containing a single W or W>F, as created with 

Cleaver (version 1.28.0) in R (version 4.0.5), allowing 0-2 missed cleavages. It was va-

lidated that all W>F peptides identified by Pataskar et al.1 were also identified by our 

own FragPipe search; only those W>F peptides were used for further analyses. 

Isotope error and delta mass analysis 

The PSM.tsv files for every TMT-11-plex experiment, containing PSM characteristics 

including the absolute observed peptide mass and absolute delta mass in Daltons (Da), 

were collected and analysed. Relative delta mass in parts per million (ppm) was calcu-

lated as ‘absolute delta mass’ / ‘absolute observed peptide mass’ ´ 106. The ‘peptide’ 

sequence of PSMs were matched with the W>F substituent peptide list as identified by 

Pataskar et al.1 For all PSMs identified as wildtype peptides and W>F peptides, the iso-

tope error was found by binning the absolute delta mass into bins of -1, 0, +1, +2, or 

+3 Da. For all PSMs with an isotope error of 0 Da, the frequency distribution of the 

relative delta mass (ppm) was plotted into histograms. The isotope error and delta mass 

parameters displayed in the frequency distributions are collected in Supplementary 

Table S5. 
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Wildtype peptides and distribution over TMT-11-plex experiments 

Wildtype peptides were extracted from the PDC LSCC and PDA data and matched 

with the W>F peptides for LSCC (Table S4) and PDA (Table S7) from Pataskar et al.1 

W>F peptides per sample and per TMT-11 plex experiment were extracted using the 

same threshold as used by Pataskar et al. (relative Log2 intensity > 0) and categorized 

to tumour or adjacent normal tissue (ANT) samples using the samples key from PDC. 

For each W>F peptide, the total number of TMT-11 plex experiments in which the pep-

tide was identified was extracted (samples with NAs refer to experiments in which 

W>F peptides were not identified). For W>F peptides with matching, corresponding 

wildtype peptides, the number of TMT-11 plex experiment in which the corresponding 

wildtype peptides was identified was extracted from the PDC data. For W>F peptides 

with matching corresponding wildtype peptides, the ratio of ‘experiments with W>F 

peptide’ / ‘experiments with corresponding wildtype peptide’ was calculated and plot-

ted in histograms. The density of specific W>F peptides within groups of tumour and 

ANT samples was calculated as ‘samples with W>F peptide’ / ‘total samples in group’.  

Identification of W>F peptides in expressed and non-expressed proteins 

The LSCC protein expression data were extracted from Supplementary Table S3B 

from Satpathy et al.;4 the PDA protein expression data was extracted from pdc.can-

cer.gov. These expression data contained all proteins that comprised of multiple pepti-

des or comprised of a single excellent scoring peptide that was observed in at least 4 

TMT-plex experiments. The proteins in which Pataskar et al. identified W>F peptides 

were matched to the expression data based on gene symbol. For each protein with 

identified W>F peptides, the presence in the expression data was checked. Based on 

the presence or absence of the corresponding proteins in the expression data, the 

number of W>F peptides in expressed vs. non-expressed proteins was calculated (Ta-

bles S1A and S2A). 

Investigation of W>F peptides in immunoglobulin proteins 

All W>F peptides that resided in immunoglobulin (Ig) proteins were identified ba-

sed on their corresponding gene symbol. The sequence of W>F peptides residing in Ig 

proteins was blasted against a database of human Ig genes, using IgBLAST.5 The Ig re-

gions in which W>F peptides occurred according to IgBLAST were collected and not-

ed in Tables S1C and S2C for the LSCC and PDA databases, respectively. 
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Correlation between W>F peptides and protein expression 

The LSCC protein expression data were extracted from Table S3B from Satpathy et 

al.4 In case multiple entries (multiple protein isoform) existed for a single gene, the 

protein isoform with the highest number of spectral counts was selected for further 

analyses. The reported Log2-expression of proteins was used to plot relative expression 

of tumour markers and IDO1 in LSCC tumour and ANT samples. The Log2-expresion 

of IDO1 was used to calculate the number of W>F peptides in the IDO1-high (IDO1 > 

0 (log2)) vs. IDO1-low (IDO1 < 0 (log2)) samples. Proteins were ranked by correlation 

between protein expression and the number of 1) W>F peptides with a wildtype coun-

terpart, 2) W>F peptides without a wildtype counterpart (Supplementary Table 4A). 

Enrichment analyses 

The top 500 proteins (gene symbols) that correlated most strongly with specific 

groups of W>F peptides were analysed in Enrichr.9 The Hallmark pathways (MSigDB 

Hallmark 2020) that were enriched most significantly (lowest adjusted p-value) for pro-

teins correlating with W>F peptides with and without matching wildtype peptides 

were collected (Supplementary Table 4B, Fig. 2f).  

Statistical analyses 

Statistical significance between distributions was determined using Mann-Whitney 

(Wilcoxon) tests with α = 0.05. Statistical significance of equality of variance across 

groups was determined using two-sample F-tests. 
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Supplementary Figures 
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a b Pancreatic ductal adenocarcinoma (PDA)

Fig. S1: a, In PDA tumour and adjacent normal tissue (ANT) samples combined, 13% of 

proteins containing W>F peptides in the PDA analyses of Pataskar et al. (2022) were not 

identified to be expressed in the original analysis of PDA protein expression extracted from 

pdc.cancer.gov. 48% of these non-expressed proteins were immunoglobulins (Ig). b, Based 

on the same data as a: 19% of W>F peptides were found in proteins that were not expres-

sed. 31% of these peptides in non-expressed proteins belonged to Ig proteins. 
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Fig. S2: a, Frequency distribution of the average mass deviation (AMD) of peptides in the 

denoted groups. AMD was calculated for each peptide as the average of the absolute delta 

mass of all PSMs matching that peptide. b, Frequency distribution of the ‘number of expe-

riments in which a W>F peptide was identified (x-axis in Fig. 2b)’ divided by ‘number of ex-

periments in which the corresponding wildtype (WT) peptide was identified (y-axis in Fig. 

2b)’, for the LSCC dataset. c, Left panel: Scatterplot of the number of 11-plex experiments in 

(from a total of 25 experiments) in which a W>F peptide was identified (x-axis) versus the 

number of experiments in which the corresponding wildtype peptide was identified (y-

axis), for the pancreatic ductal adenocarcinoma (PDA) dataset.6
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Right panel: Frequency distribution of the ‘number of experiments in which a W>F peptide 

was identified’ divided by ‘number of experiments in which the corresponding wildtype 

peptide was identified’, for the PDA dataset. Note that most W>F substituents, for which a 

corresponding wildtype peptide was identified were identified in less or equal experiments 

when compared with their WT counterparts. d, The number of samples in the PDA dataset 

(tumour and adjacent normal tissue (ANT) samples combined) in which each W>F peptide 

was identified by Pataskar et al. (2022). Substituents are divided into substituents with 

(n=125) and without (n=98) an identified corresponding wildtype (WT) peptide. Mann-

Whitney tests: p=0.174 (ns). Boxplot: median with inter-quartile range and 97.5% confiden-

ce interval. e, The density (hits/samples) of identification of W>F peptides with and without 

corresponding wildtype peptide in ANT and PDA tumour samples. 55
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Supplementary tables 

Table S1: W>F peptides identified in the LSCC dataset and the proteins they map to. 

Table S2: W>F peptides identified in the PDA dataset and the proteins they map to. 

Table S3: W>F peptides identified in the LSCC dataset stratified by identification of 

their corresponding wildtype counterpart. 

Table S4: gene set enrichment analysis with all proteins associated with W>F substitu-

tions. 

Table S5: isotope error and delta mass parameters displayed in the frequency distribu-

tions. 

Will be available for download after publication. 
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Abstract 

Purpose 

Recessive cytosolic aminoacyl-tRNA synthetase (ARS) deficiencies are severe mul-

tiorgan diseases, with limited treatment options. By loading transfer RNAs (tRNAs) with 

their cognate amino acids, ARS are essential for protein translation. However, it 

remains unknown why ARS deficiencies lead to specific symptoms, especially in early 

life and during infections. We set out to increase pathophysiological insight and im-

prove therapeutic possibilities. 

Methods 

In fibroblasts from patients with isoleucyl-RS (IARS1), leucyl-RS (LARS1), phenyla-

lanyl-RS-beta-subunit (FARSB), and seryl-RS (SARS1) deficiencies, we investigated 

aminoacylation activity, thermostability, and sensitivity to ARS-specific amino acid 

concentrations, and developed personalized treatments. 

Results 

Aminoacylation activity was reduced in all patients, and further diminished at 

38.5/40 °C (PLARS and PFARSB), consistent with infectious deteriorations. With lower cog-

nate amino acid concentrations, patient fibroblast growth was severely affected. To 

prevent local and/or temporal deficiencies, we treated patients with corresponding 

amino acids (follow-up: 1/2–22/3rd years), and intensified treatment during infections. 

All patients showed beneficial treatment effects, most strikingly in growth (without 

tube feeding), head circumference, development, coping with infections, and oxygen 

dependency. 

Conclusion 

For these four ARS deficiencies, we observed a common disease mechanism of 

episodic insufficient aminoacylation to meet translational demands and illustrate the 

power of amino acid supplementation for the expanding ARS patient group. Moreover, 

we provide a strategy for personalized preclinical functional evaluation. 
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Introduction 

Aminoacyl-tRNA synthetases (ARS) facilitate loading of transfer RNAs (tRNAs) 

with their cognate amino acids,1 a pivotal process in translating messenger 

RNA (mRNA) to protein. ARS function in the cytosol (encoded by ARS1), mi-

tochondria (encoded by ARS2), or both (encoded by GARS1, KARS1, QARS1). Auto-

somal recessive ARS1 variants cause severe symptoms in various organs, especially 

during the first year of life and infectious episodes, and may lead to premature death,2 

putatively through loss of aminoacylation activity.3 To improve care for the increasingly 

recognized group of ARS-deficient patients, we further investigated the disease mecha-

nism for four different ARS deficiencies, and developed a personalized treatment stra-

tegy. 

Materials and methods 

In silico analyses 

Protein structure visualizations were based on pdb entries 1ile, 1ffy, 3l4g, 4rge, and 

6lfp, using molscript, Raster3D, and Bragi.4-6 

Fibroblast cultures 

Fibroblasts were obtained via skin biopsy and cultured in F-12 with 10% FBS and 

1% penicillin–streptomycin (PS). For amino acid sensitivity experiments, amino acid 

free DMEM/F-12 with HEPES and NaHCO3 was supplemented with 1% PS, 1% Glu-

taMAX, 10% dialyzed FBS, and all amino acids except the tested amino acid. Amino 

acid concentrations were related to average plasma concentrations (L-isoleucine: 57 
µM; L-leucine: 100 µM; L-phenylalanine: 58 µM; and L-serine: 136 µM). 

Aminoacylation activity 

IARS1, LARS1, FARS1, SARS1, and GARS1 activities were measured in fibroblast 

lysates, incubated at 37 °C in reaction buffer (50 mM Tris buffer [pH 7.5], 12 mM MgCl, 

25 mM KCl, 1 g/l bovine serum albumin, 0.5 mM spermine, 1 mM ATP, 0.2 mM yeast 

total tRNA, 1 mM dithiothreitol, 0.3 mM [13C6, 15N] isoleucine, 0.3 mM [13C2] leucine, 

0.3 mM, [2H5] phenylalanine, 0.3 mM [13C3, 15N] serine, and 0.3 mM [2H2] glycine). 

Aminoacyl-tRNA was precipitated with trichloroacetic acid (TCA). Labeled amino 

acids were detached from tRNAs with ammonia. [13C, 15N] glycine was added as in-
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ternal standards. Labeled amino acids were quantified by liquid chromatography–tan-

dem mass spectrometry. Analyses were performed in triplicates. To determine thermo-

lability, lysates were incubated at 37  °C, 38.5  °C, and 40 °C. 

Amino acid sensitivity 

Patient and age-matched control fibroblasts were seeded in triplicates (E-Plate 96 

PET, 3,000 cells/well). After 24 hours, medium with the desired L-isoleucine, L-leucine, 

L-serine, or L-phenylalanine concentrations was applied. Proliferation of fibroblasts 

was evaluated by continuous impedance analysis over three days using a real-time cell 

analyzer (xCELLigence MP, ACEA Biosciences). Per donor, impedance at 72 hours was 

normalized against 100% amino acid concentration. 

Medical treatment 

Based on the genetic diagnoses and in vitro functional studies, we developed per-

sonalized intervention and monitoring protocols for objective safety and outcome pa-

rameters (Table S1) as n = 1 studies with parents as partners in care.7,8 

We treated PIARS and PLARS with high doses of L-isoleucine (35–70 mg/kg/day in 

three doses), and L-leucine (35–100 mg/kg/day), respectively, and natural protein forti-

fication (2.5 g/kg/day; during illness 3.5 g/kg/day). PFARSB and PSARS received L-phenyla-

lanine (40–100 mg/kg/day), and L-serine (85.7–97.5 mg/kg/day), respectively (Table S2). 

Similar amino acid dosages were safely used for other disorders.8,9 

Results 

Patient fibroblasts 

We studied fibroblasts from the following: 

1. PIARS (and PIARS-2 with similar phenotype): compound heterozygous IARS1-vari-

ants (NM_002161.5): c.1305G>C p.Trp435Cys and c.3377dup p.Asn1126fs 

(OMIM 600709),2,10-12 previously described as P2 and P1, respectively.2 

2. PLARS: compound heterozygous LARS1-variants (NM_020117.10): c.1503  + 
3A>G p.? and c.1292T>A p.Val431Asp (OMIM 151350).2 
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3. PFARSB: compound heterozygous FARSB-variants (NM_005687.5): c.3G>T p.-

Met1? and c.1118G>C p.Gly373Ala (OMIM 609690).13-15 

4. PSARS: homozygous SARS1-variant (NM_006513.3): c.638G>T p.Arg213Leu 

(OMIM 607529).16 

In silico analyses 

For all variants, we predicted pathogenicity using protein structure analyses (Sup-

plementary Text, Fig. S1). 

Fibroblast studies 

We confirmed pathogenicity of the variants with decreased aminoacylation activity 

in patient-derived fibroblasts to 23% and 21% IARS1 activity in PIARS and PIARS-2, res-

pectively, 27% LARS1 activity in PLARS, 28% FARS1 activity in PFARSB, and 45% and 

50% SARS1 activity in two siblings of PSARS with the same homozygous variants 

(Fig. 1a). Because patients deteriorate during infections,2 we investigated thermostabili-

ty of the affected enzymes. At 38.5 °C and 40 °C, LARS1 activity of PLARS decreased to 

5%, and FARS1 activity of PFARSB to 0% at 40 °C (Fig. 1g/h). Corresponding ARS activi-

ties in fibroblasts from PIARS, PIARS-2, PSARS, and controls, and GARS1 activity (internal 

control) were the same at 37 °C, 38.5 °C, and 40 °C (Fig. 1f/i, S2). 

Based on severe symptoms at young age and during infections, reflecting periods of 

increased translation and decreased amino acid availability, we tested if patient fibro-

blasts were sensitive to ARS-specific amino acid concentrations. Indeed, patient fibro-

blast proliferation was normal at high concentrations, but decreased in a dose-depen-

dent manner at lower concentrations of isoleucine for PIARS and PIARS-2, leucine for 

PLARS, and phenylalanine for PFARSB (Fig. 1b-d), when compared to controls. Fibroblasts 

from PIARS and PLARS died upon combined amino acid deprivation (data not shown). 

Serine deprivation did not affect fibroblasts from PSARS’ two siblings (Fig. 1e). As serine 

is nonessential, effects may have been compensated by biosynthesis from glycine and 

glucose in our culture media. 

Patient treatment 

PIARS was an 8-year-old boy with a history of dysmaturity (Fig. 2e), failure to thrive 

requiring duodenal tube feeding, global developmental delay, autism spectrum disor-
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Fig. 1: fibroblast studies: enzyme activity and amino acid sensitivity. 
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der, interstitial lung disease (ILD, Figure S3) requiring oxygen treatment, and repeated 

(intensive care) admissions for respiratory and circulatory insufficiency during infec-

tious episodes (Fig. 2a). Within weeks after treatment initiation, oral intake increased, 

vomiting decreased, and pulmonary function improved. After three weeks, isoleucine 

supplementation was stopped for two weeks due to pharmacy delivery problems. Vo-

miting, mucus production, and respiratory distress all increased. Upon reinitiation, 

109

a, Enzyme activity is decreased but not absent in all patients. 

Aminoacylation activity in fibroblasts of PIARS, PIARS-2, PLARS, PFARSB, and two siblings with the 

same homozygous variant as PSARS, presented as percentage of age-matched controls. 

GARS1-activity was measured as an internal control. All measurements were performed in 

triplicate (n=3), except IARS controls (n=6) and GARS1 controls (n=12). Error bars show 

standard deviation. Unpaired t-test: ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001. 

b-e, IARS1, LARS1 and FARSB1 patient fibroblasts are sensitive to isoleucine, leucine and 

phenylalanine deprivation, respectively. 

72h proliferation of fibroblasts of PIARS, PIARS-2, PLARS, PFARSB, and two siblings with the same 

homozygous variant as PSARS, compared to age-matched control fibroblasts, exposed to 

decreasing concentrations of isoleucine (b: PIARS/PIARS-2), leucine (c: PLARS), phenylalanine (d: 

PFARSB) or serine (e: two siblings of PSARS), shown as normalized impedance, measured with 

an xCELLigence MP. Amino acid concentrations were compared to average plasma concen-

trations. Every donor was measured once (a; n=1 each) or twice (b-d; n=2 each). Two (a-c) 

or three (d) controls were measured once (n=1 each). Error bars show standard deviation. 

Unpaired t-test: ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.  

f-i, LARS1- and FARS1-activity deteriorate in LARS1 and FARSB patient fibroblasts, respective-

ly. 

Aminoacylation activity in fibroblasts of PIARS and PIARS-2 (f), PLARS (g), PFARSB (h), and two si-

blings with the same homozygous variant as PSARS (i) at 37, 38.5 and 40 °C. Data are presen-

ted compared to the enzymatic activity at 37 °C. All measurements were performed in tri-

plicate (n=3). Error bars show standard deviation. Unpaired t-test: ns p ≥ 0.05, * p < 0.05, ** p 

< 0.01. 
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Fig. 2: summary of symptoms and treatment effects in all four patients.  

a-d, summary of symptoms and treatment effects. 

Summary of the symptoms of PIARS (a), PLARS (b), PFARSB (c), and PSARS (d). Colors indicate the 

generalized treatment effect on the symptom (green: improved; white: stable or stabilized; 

red: progressed). Standard deviation scores (Z) for height, weight, and head circumference 

were calculated using NL reference charts (PIARS; head circumference of PLARS), WHO referen-
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ce charts (PFARSB), CDC reference charts (height and weight of PLARS), and FR reference charts 

(PSARS). CRP; C-reactive protein; FSIQ: Full-Scale Intelligence Quotient; G-tube: gastrostomy-

tube; ILD: interstitial lung disease; FRI: fluid reasoning index; INR: international normalized 

ratio; LI: language index; PAP: pulmonary alveolar proteinosis; PEG: percutaneous endosco-

pic gastrostomy; PIQ: performance intelligence quotient; VIQ: verbal intelligence quotient; 

VCI: verbal comprehension index; VSI: visual-spatial index; WISC-V: Wechsler Intelligence 

Scale for Children, fifth edition;WPPSI-III/IV: Wechsler Preschool and Primary Scale of Intelli-

gence, third/fourth edition. 
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symptoms improved. Similarly, during gastroenteritis and reduced amino acid intake, 

laboratory markers (albumin, coagulation) deteriorated (Table S3; T = 32 months). Du-

ring treatment, PIARS experienced no infections requiring hospital admission, compared 

to five admissions two years prior. Growth improved (height: −2.1ZNL to −1.0ZNL; 

weight: −1.0ZNL to +0.1ZNL), and tube feeding could be stopped after 16 months 

(Fig. 2a/e). Periods without oxygen therapy increased in frequency and duration. Upon 

treatment, progression of ILD ceased as confirmed by computed tomography (CT) 

scans (Figure S3). PIARS became more energetic, interaction increased, and expressive 

speech and language skills improved according to professionals at school. Behavioral 

abnormalities became more apparent, and hindered repeat psychological testing. Alt-

hough incomplete, Dutch  Wechsler Intelligence Scale for Children, fifth 

edition  (WISC-V-NL)17 evaluation showed a disharmonic profile: fluid reasoning and 

processing speed were stronger (fluid reasoning index [FRI]: 82), compared to verbal 

understanding and working memory (verbal comprehension index [VCI]: 50). 

PLARS was a 5-year-old girl with a history of pre/dysmaturity (Fig. 2f), failure to thrive 

requiring tube feeding, global developmental delay, anemia requiring repeated transfu-

sions, neonatal cholestasis, liver disease, and frequent hospital admissions during in-

fections (Fig. 2b). During nine months of protein fortification and erroneous isoleucine 

supplementation, she was not admitted to hospital, and was more energetic. Her 

weight improved, but not height (further deviation), nor head circumference (stable). 

Within one month after switching to leucine, her oral intake increased. Tube feeding 

became unnecessary after six months. Height increased from −3.1ZCDC to −2.7ZCDC, 

weight further increased from −2.4ZCDC to −1.6ZCDC, and microcephaly resolved from 

−2.3ZNL to −1.6ZNL (Fig. 2b/f). Liver transaminases, bilirubin, immunoglobulins, and 

liver ultrasound normalized. Teachers reported more interaction and an accelerated 

speech/language development; on neurologic examination, gross motor skills normali-

zed, fine motor skills improved and muscle mass, tonus, and strength increased. Re-

112

e-h, growth charts: Z-scores of height, weight and head circumference for age. 

Growth charts of height, weight, and head circumference in standard deviation score (Z) of 

e: PIARS (NL reference charts); f: PLARS (CDC reference charts for height and weight, NL refe-

rence charts for head circumference); g: PFARSB (WHO reference charts); and h: PSARS (FR refe-

rence charts). T in months from start of treatment. 
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cently, she suffered COVID-19 with flu-like symptoms, without derailing. Repeat neu-

ropsychologic testing was delayed due to COVID-19 restrictions. 

PFARSB was an 11-month-old boy. Pregnancy was complicated by intrauterine 

growth restriction and placental abruption. His phenotype was dominated by pre/dys-

maturity (Fig. 2g), failure to thrive requiring nasogastric tube feeding and parenteral 

nutrition, hypoalbuminemia (with edema, ascites) requiring frequent albumin infusi-

ons, progressive liver failure, and lung disease (Fig. 2c). After starting treatment, liver 

function initially improved, as did growth in height (−4.5ZWHO to −3.2ZWHO), head 

circumference (−2.9ZWHO to −2.4ZWHO), and parental perception of psychomotor de-

velopment (Fig. 2c/g). After three months, he developed esophageal variceal bleeding. 

Bleeding was stopped via octreotide and sclerotherapy, but hepatic encephalopathy 

and respiratory failure shortly ensued. His death was attributed to disease progression. 

PSARS was a 5-year-old boy, fourth of five children born to consanguineous parents 

(first cousins). Symptoms involved dysmaturity (Fig. 2h), progressive sensorineural de-

afness, and moderate developmental delay (Fig.  2d). Three siblings with the same 

SARS1 variants died following infections. One sibling without SARS1 variants is clini-

cally well. Before treatment, height, weight, and head circumference standard deviati-

ons of PSARS gradually decreased with age. After six months of treatment, height impro-

ved from −2.2ZFR to −0.2ZFR and microcephaly resolved from −3.2ZFR to −1.4ZFR 

(Fig.  2d, h). Development improved. Pretreatment, he had significant difficulties in 

receptive and expressive language, and none of the primary Wechsler Preschool and 

Primary Scale of Intelligence, fourth edition (WPPSI-IV)18 subtests could be completed. 

After one year of treatment, the six primary and five additional subtests of the WPPSI-

IV could be completed. While he scored below average on tests requiring sustained 

attention and working memory and exhibited attentional difficulties in everyday life 

(CBCL),19 he scored within normal limits on tasks assessing spatial visualization and 

constructive skills, as well as logic and perceptual reasoning. 

Figure 2a-d summarizes treatment effects. In all patients, treatment was well tolera-

ted, and safety parameters remained stable (Tables S3-6). 

Discussion 

We report how clinical observations led to targeted studies in patient-derived fi-

broblasts, providing insight in the disease mechanism and a personalized treatment 
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strategy. Based on pronounced symptoms during the first year of life and episodes of 

intercurrent illness, we hypothesized that patient aminoacylation may suffice for cellu-

lar functions under normal conditions, but not during periods of increased translation 

(temporally and spatially controlled tissue formation, rapid growth in early life, illness) 

or decreased amino acid availability (starvation, vomiting), in particular when the cog-

nate amino acid is essential. Indeed, patient fibroblast studies showed increased sensi-

tivity to ARS-specific amino acid deprivation. Further contributing to deterioration du-

ring infections,2 we evidenced strongly decreased aminoacylation activity for LARS1 

and FARSB at feverish temperatures (38.5–40 °C). Variants that decrease protein stabili-

ty decrease the temperature at which the protein unfolds. It is not possible to predict 

whether these variants result in unfolding of the protein around body temperature (as 

for PLARS and PFARSB). The effect of temperature on proteins with variants affecting dime-

rization (PSARS) and/or specific protein domains (PIARS) is even less predictable. 

Motivated by these studies and because protein folds typically stabilize when 

bound to substrates, we initiated supplementation of the ARS-specific amino acid for 

individual patients with IARS1, LARS1, FARSB, and SARS1 deficiencies, with protein 

fortification for PIARS and PLARS. To prevent the ARS proteins from irreversible processes 

of unfolding, aggregation and degradation, we intensified treatment during infections, 

and advised strict antipyretic treatment. Furthermore, we provided an emergency pro-

tocol for triggers such as fasting, fever, and infections. This approach is radically diffe-

rent from the “high glucose, no protein” emergency treatment to avoid metabolic de-

compensations for other inherited metabolic diseases. 

Overall, we found strikingly beneficial effects and good tolerance and safety. Most 

consistent was the improvement in growth (including head circumference) quickly af-

ter initiation of treatment (Fig. 2), leading to independency from tube feeding, impro-

ved development, and coping with infections. In addition, for PIARS, oxygen dependen-

cy decreased and previously progressive pulmonary abnormalities stabilized, and for 

PFARSB, liver function improved. The unstable FARS1 protein, as evidenced by severely 

reduced enzyme activity upon minimal increase over physiological temperature 

(Fig. 1h), may have contributed to the detrimental disease course in PFARSB. 

Because ARS deficiencies were only recently discovered, it is difficult to relate tre-

atment effects to the natural disease course. One FARSB-, two IARS1-, and two SARS1-

deficient patients reached adulthood and retained severe growth retardation, modera-

te-to-severe intellectual disability (IARS1/SARS1), restrictive lung disease (FARSB), and 
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liver dysfunction (IARS1/FARSB).10,14,16 While protein fortification alone caused some 

improvements, the need for treatment with the corresponding amino acid was eviden-

ced by improved effects after leucine instead of erroneous isoleucine supplementation 

in PLARS, and by transient clinical deterioration during two-week delivery failure of iso-

leucine in PIARS. Concordantly, total parenteral nutrition improved liver function of one 

MARS1-deficient patient,20 as did protein fortification in LARS1 deficiency.21 One 

IARS1-deficient patient thrived better upon high-caloric feeding, and isoleucine sup-

plementation decreased susceptibility to infections.10 Recently, protein fortification 

with methionine supplementation resulted in improved growth, pulmonary function 

and neurodevelopment in two MARS1-deficient patients.22 These effects for different 

ARS deficiencies, and prompt onset after initiation suggest a true treatment effect. 

In conclusion, we provide therapeutic recommendations for ARS deficiencies ba-

sed on in vitro and in vivo evidence of beneficial effects of amino acid and protein 

supplementation (up to 22/3rd years) in single patients. This affordable, accessible, and 

safe strategy holds the potential to improve outcomes for the expanding group of seve-

re, often progressive, multiorgan ARS deficiencies. Although further research and vali-

dation for other ARS deficiencies are necessary, our in vitro studies in patient-derived 

cells may guide personalized therapeutic strategies. 
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Supplementary text  

Protein structure analyses  

It is likely that the IARS1-variant p.Trp435Cys is destabilizing the hydrophobic core 

of the transfer domain and thereby impacting on catalytic activity. The frameshift vari-

ant in the second allele is expected to results in loss of functional protein (Figures S1A-

B). The c.1503+3A>G variant in LARS1 is located in a splice site. Abolished splicing 

could cause an in-frame exon skip, which is incompatible with the normal protein 

fold. p.Val431 resides in the hydrophobic core of the editing domain and the variant 

p.Val431Asp is expected to destabilize the protein fold (Figures S1C-D). The variant 

c.3G>T in FARSB changes the start codon preventing normal initiation of translation. 

There are six out of frame ATGs prior to the first in frame ATG that codes for p.Met100. 

It is thus unlikely that the allele results in functional protein. The p.Gly373 forms a turn 

in the backbone of the protein. The constrains imposed by this turn can principally 

accommodate for an alanine, though they disfavor it. The stability of the protein fold is 

thus reduced by the variant p.Gly373Ala (Figures S1E-F). SARS1 forms a dimer, and 

p.Arg213 is located in the dimer interface. The homozygous variant p.Arg213Leu likely 

destabilizes dimer formation (Figures S1G-H). 
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Supplementary figures 
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Fig. S1: Structural context of the variants.  

SUPPLEMENTARY FIGURE S1
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For each transferase the full structure is shown in ribbon representation on the left and a 

detailed view of the local environment of the effected residue on the right. Residues effec-

ted by single nucleotide variants are highlighted in blue and are labelled. tRNA is shown in 

orange and bound small molecule ligands are shown as space filling model in red.  

A, IARS1 from staphylococcus aureus bound to tRNA with Mupirocin (red) in the transfer 

domain. Phe432 corresponds to human p.Trp435.  

B, IARS1 from thermus termophilis with p.Trp424 to human p.Trp435.  

C, LARS1 from homo sapiens with 5'-O-(L-Leucylsulfamoyl)adenosine and 2'-(L-

Norvalyl)amino-2'-deoxyadenosine bound to the transfer- and the editing domain, respec-

tively. LARS is shown in the same in the same orientation as IARS in panel A. The binding site 

for tRNA is indicated. The light blue stretch indicated the missing residues in the 

c.1503+A>G variant if splicing is assumed to be affected.  

D, Local environment of p.Val431.  

E, The heterodimeric complex of FARSA and FARSB from homo sapiens shown in dark and 

light grey, respectively. Phenylalanine bound to FARSA is show in red.  

F, Local environment of p.Gly373. The dotted line indicates a hydrogen bond.  

G, Dimer of SARS1 from homo sapiens bound to tRNA. Serine and Phoshoaminophospho-

nic acid-adenylate ester shown in red are bound to the transfer site.  

H, Local environment of p.Arg213. The dotted line indicates a hydrogen bond. 
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SUPPLEMENTARY FIGURE S2
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Fig. S2: GARS1 activity is thermostable in patient and control fibroblasts. 

GARS1 aminoacylation activity in fibroblasts of PIARS, PIARS-2, PLARS, PFARSB, and two siblings 

with the same homozygous variant as PSARS at 37, 38.5 and 40 °C. Data are presented com-

pared to the enzymatic activity at 37 °C. All measurements were performed in triplicate 

(n=3). Error bars show standard deviation. Unpaired t-test: ns p ≥ 0.05, * p < 0.05, ** p < 0.01. 
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SUPPLEMENTARY FIGURE S3

Fig. S3: high-resolution computed tomography (HRCT) chest scans of PIARS.  

From left to right: at age 3 months old, at start of treatment (T = 0), and after 1 year (T = 12), 

and 2 years (T=24) of treatment. Arrows indicate representative area of abnormalities. The 

first scan at age 3 months shows bilateral consolidations with some reticulation. The follow-

up scans show ground glass changes throughout both lungs with paraseptal and subpleu-

ral thin-walled cysts and overall architectural disturbance of the lung. The abnormalities 

remained stable over the treatment period.  
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Supplementary tables 

Table S1: treatment protocol for isoleucine supplementation and protein fortification 

(example for IARS-deficiency). 

Table S2: clinical symptoms before treatment and treatment response in all treated pa-

tients.  

Table S3: PIARS: clinical details and effect of isoleucine and protein fortification treat-

ment on outcome and safety parameters at different timepoints.  

Table S4: PLARS: clinical details and effect of leucine and protein fortification treatment 

on outcome and safety parameters at different timepoints. 

Table S5: PFARSB: clinical details and effect of phenylalanine supplementation treatment 

on outcome and safety parameters at different timepoints.  

Table S6: PSARS: clinical details and effect of serine and protein fortification treatment 

on outcome and safety parameters at different timepoints. 

May be downloaded from doi.org/10.1038/s41436-021-01249-z. 
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Recently, we described our experience with specific amino acid treatment in four 

patients with IARS1, LARS1, FARSB, and SARS1 deficiency.1 Aminoacyl–transfer 

RNA (tRNA) synthetases (ARSs) are responsible for attaching amino acids to 

their cognate tRNAs. On discerning a common clinical phenotype for different ARS 

deficiencies, we hypothesized that deficiencies in these enzymes result in a common 

disease mechanism of insufficiently charged tRNA to keep up with protein synthesis, 

especially during periods of increased demand, such as infections and rapid growth.2 

We based our treatment strategy on this hypothesis and increased the availability of 

cognate amino acids to support residual enzymatic function and increase the quantity 

of amino acid–charged tRNA available for protein translation.  

In general, patients benefited from the treatment with most striking effects on 

growth in height, head circumference, and development. The rapidly growing number 

of published studies on patients with ARS deficiencies underlines the dire need for a 

treatment strategy, preferably for all ARS deficiencies. Shen3 recognized this need and 

made an attempt at reasoning which ARS deficiencies may and which may not respond 

to this treatment strategy. First, they speculated on the different classes of ARSs and the 

different functions of the various ARS enzymes in the multisynthetase complex (MSC). 

In mammals, the MSC consists of nine synthetases, including IARS1, LARS1, and 

MARS1 but not FARS(B) and SARS1.4 Although the exact function of the MSC still re-

quires elucidation, it is thought to have roles in cellular processes such as transcripti-

on, translational fidelity and efficiency, cell signaling, and tumorigenesis.5,6  

Shen3 proposed that treatment results may be related to MSC effects and may not 

only depend on the cognate amino acid but also on other amino acids as supplied 

with additional protein. Indeed, we supplemented the amino acid treatment with natu-

ral protein in our patients with IARS1 and LARS1 deficiency. This was also done in a 

patient with MARS1 deficiency.6 In our cases, we chose to treat patients with additio-

nal protein because we noticed decreased cell viability in fibroblasts derived from pa-

tients with IARS1 deficiency on combined isoleucine and leucine deprivation (Fig. 1a). 

The patient with SARS1 deficiency was started on L-serine treatment and responded so 

well that further protein fortification was not prescribed. Because the patient with 

FARSB deficiency had severe liver failure, it was deemed too risky to treat this patient 

with protein fortification. None of the patients had deficiency of the specific amino 

acid in plasma before treatment. Similarly, plasma levels of the other amino acids 

(MSC and non-MSC ARS related) were normal before and after treatment in our pa-

tients.  
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Analysis of messenger RNA sequencing results from dermal fibroblasts of our two 

patients with IARS1 deficiency and four healthy controls treated for 72 hours with 1% 

or 100% plasma isoleucine concentrations revealed no differential expression of the 

MSC genes (Fig. 1b). We previously selected 1% and 100% conditions as deficient and 

saturating in vivo peripheral tissue intracellular concentrations, respectively.1 Although 

we recognize the importance of the MSC, we doubt that MSC is a strong determinant 

for treatment effects. We based our treatment strategy on a putative common disease 

mechanism on the basis of a common clinical phenotype that included both MSC 

ARSs (IARS1, LARS1, MARS1) and non-MSC ARSs (AARS1, YARS1).2 In addition, we 

observed similarly beneficial effects of treatment in both patients with MSC deficiency 

and those with non-MSC synthetase deficiency.  

After considering treatment effects for cytosolic ARS deficiencies, Shen3 speculated 

on the use of amino acid supplementation for combined cytosolic and mitochondrial 

ARS deficiencies such as QARS1 deficiency. Although we only described treatment for 

cytosolic ARS (encoded by ∗ARS1 genes) deficiencies, we agree that the strategy of 

amino acid supplementation may also benefit mitochondrial translation. Indeed, we 

analyzed fibroblasts from 1 of our patients with QARS1 deficiency and detected in-
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Fig. 1: a, IARS1 deficient patient fibroblasts display increased sensitivity to combined isoleu-

cine and leucine deprivation. Proliferation of IARS1 deficient patient (n=2) and control (n=2) 

fibroblasts measured using an xCELLigence real-time cell analyzer; these data are supplemen-

tal to our previously reported Figure 1b.1 

b, Multisynthetase complex genes are not differentially expressed when comparing IARS defi-

cient patient fibroblasts with controls. mRNA expression of IARS1 deficient patient (n=2) and 

control (n=4) fibroblasts cultured for 72 hours at 1% or 100% isoleucine concentrations com-

pared to average plasma. Analyses were performed in R (4.0.5) using package DeSeq2 

(v1.30.1). 
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creased sensitivity of this patient’s fibroblasts to glutamine depletion. Consequently, we 

treated this 8-year-old boy with L-glutamine over the past year with preliminary positi-

ve results. Although Shen et al3,7 warn of potential epileptic effects of L-glutamine tre-

atment in QARS1 deficiency, we observed less epilepsy upon treatment. It remains 

difficult to directly relate epilepsy severity to the treatment in this patient because he 

also experienced episodic deteriorations and improvements before the treatment. Ne-

vertheless, after increasing the L-glutamine dosage, the patient was, for the first time in 

his life, seizure-free for five consecutive weeks. His behavior also changed. He beca-

me more alert and open to the environment. Yet, he remains severely disabled. His 

feeding problems improved with significantly less vomiting, but growth (height, 

weight, and head circumference) has not improved as of yet. Further follow-up and 

treatment of other patients will increase our insights in treatment effects, which may 

vary between patients and pathogenic variants.  

Shen3 further described their experience in treating mitochondrial RARS2 deficien-

cy with arginine. At the time of writing, we were also treating various patients with 

mitochondrial ARS2 deficiencies and developing in vitro analyses to predict treatment 

effects. We will soon report our findings separately. Collectively, we hope these studies 

will improve prospects for the increasingly recognized group of patients with ARS defi-

ciencies. 
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Abstract 

Background 

Aminoacyl-tRNA synthetases (ARS) facilitate loading of transfer RNAs (tRNAs) with 

their cognate amino acids in the cytosol (ARS1), mitochondria (ARS2), or both (dual 

ARS). ARS deficiencies cause heterogeneous, severe and life-threatening disease, alt-

hough underlying pathophysiological mechanisms may differ. Supplementing corres-

ponding amino acids has proven an effective treatment for several ARS1 deficient pa-

tients, but this has not been tested for ARS2, dual ARS and QARS1 deficiencies.  

Methods 

To mimic treatment response, we challenged fibroblasts derived from ARS2, 

QARS1 and dual ARS deficient patients with varying amounts of the ARS-specific ami-

no acids. We further performed seven n=1 trials with specific amino acid supplemen-

tation in patients with QARS1, AARS2 and VARS2 deficiencies. 

Results 

Fibroblasts of ARS2, QARS1 and dual ARS – but not ARS1 – deficient patients show 

mitochondrial dysfunction during amino acid deprivation, illustrated by decreased 

membrane potential, decreased basal- and maximal respiratory capacity. In QARS1 

and dual ARS – but not ARS2 – deficiencies, amino acid deprivation decreased prolife-

ration.  

Glutamine treatment in P1QARS1 decreased seizure frequency and gastrointestinal 

symptoms, and improved unaided walking ability in P2QARS1. Neurological symptoms 

of P1QARS1 and P2QARS1 improved, although both patients remained severely neurologi-

cally impaired. During valine treatment, cardiomyopathy resolved in P3VARS2. Amino 

acid treatment was well tolerated. 

Discussion 

Our in vitro studies reveal that for ARS2, QARS1 and dual ARS deficiencies, mito-

chondrial function depends on the availability of the ARS-specific amino acids. Treat-

ment of patients with the cognate amino acid could potentially improve clinical 

symptoms. More extensive clinical studies are required to determine treatment effect. 
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Introduction 

Aminoacyl-tRNA synthetases (ARS) are essential for translating messenger RNA 

(mRNA) to protein by coupling amino acids to their cognate transfer RNAs 

(tRNAs). ARS1 enzymes work for cytosolic translation, ARS2 enzymes for mi-

tochondrial translation, and glycyl-ARS (GARS1) and lysyl-ARS (KARS1) for both. The 

clinical phenotype of patients with ARS deficiencies depends on the cellular location 

and type of ARS that is affected.1–4  

In ARS1 deficient patients, aminoacylation generally suffices in homeostatic condi-

tions, but falls short during increased translational demands (rapid growth, illness) or 

decreased amino acid availability (starvation, vomiting).5 In fibroblasts of ARS1 defi-

cient patients, we found that low cognate amino acid concentrations were detrimental 

for cellular growth. Therefore, we decided to treat patients with the ARS-specific amino 

acids,5 resulting in significant clinical improvements in growth, head circumference, 

development, gastrointestinal- and pulmonary symptoms.5–7  

The regulation of mitochondrial translation differs from the regulation of cytosolic 

translation.8 Hence, it is expected that the cellular response to amino acid variations is 

different for patients with cytosolic and mitochondrial ARS deficiencies. For example, 

mitochondria could use the supplemented amino acids to fuel the TCA cycle instead of 

supporting mitochondrial translation.  

Therefore, motivated by the successful treatment of cytosolic ARS1 deficient pa-

tients, we here investigate the effects of amino acid supplementation in dual ARS and 

mitochondrial ARS2 deficiencies. 

Materials and methods 

Patient inclusion 

Patients with bi-allelic variants in ARS genes were recruited from the Wilhelmina 

Children’s Hospital, Utrecht, The Netherlands. Genetic variants were identified using 

Whole Exome Sequencing, performed as described previously.10 
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Amino acid supplementation 

Supplementation protocols, including dosing strategy, safety assessment and out-

come parameters are available in File S2.  

Fibroblast cultures 

Fibroblasts were obtained from forearm skin biopsies and cultured in Ham’s F-12 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin–streptomycin 

(PS). For amino acid sensitivity experiments, amino acid free DMEM/F-12 with HEPES 

and NaHCO3 (US Biological) was supplemented with 1% PS, 1% GlutaMAX (Gibco), 

10% dialyzed FBS (ThermoFisher) and amino acids. For amino acid sensitivity tests, 

patient- and healthy donor derived fibroblasts were treated with the specific amino 

acid as compared to normal plasma concentrations, indicated as 100% (L-Valine 223 

µmol/L, L-Alanine 350 µmol/L, L-Glutamine 541 µmol/L, L-Lysine 129 µmol/L) and in 

deprivation conditions (1% or 5% of the 100% condition). 

Aminoacylation measurements 

Aminoacylation measurements were performed as previously described,5 with 13C5 

Gln and D4 Lys as substrates, and D3 Glu and 13C6 Arg as internal standard.  

Seahorse MitoStressTest 

Cultured fibroblasts were plated at 10.000 cells/well in Seahorse XF24 V7 Cell Cul-

ture Microplates (Agilent) and treated with the desired amino acid concentrations for 

48 hours. Afterwards, cells were incubated with Seahorse XF DMEM Medium (Agilent) 

for 1 hour in a non-CO2 incubator. Mitochondrial respiration was measured as oxygen 

consumption rate (OCR) using the Seahorse XFe24 Extracellular Flux Assay Kit (Mito 

Stress Test, Agilent) and XFe24 Seahorse Analyzer (Agilent) with 1 µM oligomycin, 1.5 

µM FCCP, 1 µM Rotenone (All MedChemExpress) and 1 µM antimycin A (Sigma) fol-

lowing manufacturer’s protocol and with three or four technical replicates per conditi-

on.11 After analysis, nuclei were stained with Hoechst 33342 (1:1000, Thermo Fisher 

Scientifics), visualized with Leica Thunder Live Imager (Leica Microsystem) with inten-

sive computational clearance method, and counted using ImageJ v1.53o (NIH) for data 

normalization.  

134



Chapter 8

Membrane potential and mitochondrial mass/swelling 

Fibroblasts were incubated with Tetramethylrhodamine, methyl ester (TMRM, Sig-

ma) (30 nM) in Hank Balanced Salt Solution (HBSS, Gibco) for 35 minutes. To assess 

TMRM background, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 

Sigma) (3 µM) was added during the final 5 minutes in 50% of the wells. Cells were 

harvested using TrypLE and visualized using the Amnis Imagestream Mk II (Luminex).  

Cell proliferation 

Cell proliferation was measured using a real-time-cell-analyzer (xCELLigence MP) 

as described previously.5 

Northern blot 

Healthy and QARS1 deficient fibroblasts were cultured in normal media or with 

1% glutamine. Mitochondria were isolated as described previously.12 After isolation, 

mitochondria were incubated at 70 °C in lysis buffer (1% SDS, 10 mM EDTA,10 mM 

Tris-HCl (pH 7.4)) and at 37 degrees with proteinase K to inhibit RNase activity. Mito-

chondrial RNA was isolated using Trizol LS following manufacturer's protocol and sto-

red at -80 °C until use.  

RNA isolated from mitochondria was diluted in 2x RNA loading dye (8M urea, 

0.1M NaOAc/HOAc pH 4.8, 0.05% bromophenol blue, 0.05% xylene cyanol) and 

500 ng was loaded on a 12% acid-urea gel (8M urea, 12% acryl-:bisacrylamide 29:1, 

1x TBE, 0.1M NaOAc/HOAc pH 4.8, 0.01% APS, 0.004% TEMED). Gelelectrophoresis 

was performed in 1x acid TAE (0.1M NaOAc/HOAc pH 4.8) running buffer at 200 V for 

30 min. RNA was transferred to a Hybond-XL membrane (GE Healthcare) in 1x elec-

trophoretic transfer buffer (6 mM trisodium citrate, 8 mM sodium phosphate, dibasic 

(Na2HPO4)) at 350 mA for 2 hours. The membrane was crosslinked by baking at 80 °C 

for 2 hours, pre-hybridised for 5 min with PerfectHyb Plus (Sigma) at 68 °C, then incu-

bated with 3 nM 5'biotin-tRNAGln(CTG) probe (SEQ) in 5 mL PerfectHyb Plus at 68 °C 

overnight. The membrane was washed with low stringency wash buffer, incubated with 

Streptavidin-HRP (1:1000, Genscript) in 5 mL PerfectHyb Plus for 1 hour at room tem-

perature, then washed again in low stringency wash buffer. Chemiluminescence was 

measured using SuperSignal West Dura (Thermo Fisher) following manufacturer's pro-

tocol on a ChemiDoc Imaging System (Bio-Rad).  
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Statistical analyses 

Imagestream data analysis was performed using IDEAS software (version 6.2, Am-

nis). Seahorse data was analyzed using Agilent Wave software (version 2.6, Agilent). 

Statistical analyses were performed in Prism (Version 9.3.0, GraphPad Software) with α 

= 0.05. Welch's T-test was used to compare basal and maximal respiratory capacity 

between healthy controls and patients. Student’s T-test was used to compare membrane 

potential in healthy controls to patients treated with 1% of amino acid concentrations. 

Mann Whitney U-test was used to compare relative cellular growth in patients to heal-

thy controls during amino acid deprivation. 

Results 

Eight patient-derived fibroblast cultures were included in this study (Table S1). We 

determined pathogenicity of ARS genetic variants prior to inclusion (File S1). For the 

twins with VARS2 genetic variants, we could not reliably determine pathogenicity. 

Amino acid deprivation causes mitochondrial dysfunction in mitochondrial ARS2 de-

ficiencies 

Specific amino acid deprivation reduced basal and maximal respiration in fibro-

blasts of AARS2, VARS2, KARS1 and QARS1 deficient patients but not in controls (Fi-

gure 1a-e, File S3). In addition, all patient-derived fibroblasts had significantly decrea-

sed mitochondrial membrane potential during amino acid deprivation (Figure 1g).  

AARS2 deficient fibroblasts shifted towards glycolytic ATP production during ami-

no acid deprivation, while VARS2 and QARS1 deficient fibroblasts only modestly up-

regulated glycolytic ATP production. KARS1 deficient fibroblasts had severely reduced 

oxidative phosphorylation, resulting in increased glycolysis in both normal and depri-

vation conditions (Figure 1a,f). 

Since we could not verify pathogenicity of VARS2 genetic variants, we assessed 

whether valine deprivation-induced mitochondrial dysfunction was specific for VARS2 

deficient fibroblasts. Indeed, we found no effect on mitochondrial function of valine 

depletion in fibroblasts from patients with other mitochondrial diseases (Figure 1c, File 

S3). 
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QARS1 might aid mitochondrial translation 

Glutamine deprivation caused caused mitochondrial dysfunction in QARS1 defi-

cient fibroblasts, but not in other ARS1 deficient fibroblasts (Figure 1a-d, g). We hypo-

thesized that QARS1 might aid mitochondrial translation via import of tRNAGln. To test 

this, we used northern blotting to determine if cytosolic tRNAGln was present in mito-

chondria. We found that in healthy fibroblasts, tRNAGln was present in mitochondria 

both in normal and glutamine deprivation conditions, whereas in P1QARS and P2QARS 

there was no import of tRNAGln in either condition. 

Impaired growth upon amino acid deprivation in QARS1 and dual ARS deficiencies 

During amino acid deprivation, proliferation of KARS1 and QARS1 deficient fibro-

blasts was significantly decreased. However, this was not seen in ARS2 deficient fibro-

blasts. (Figure 2a). 

Clinical outcomes of amino acid supplementation 

Five of eight patients received treatment with the ARS-specific amino acids. The 

KARS1 deficient patient died before treatment initiation, and the AARS2 deficient pa-

tients only recently started treatment. Amino acid supplementation was well tolerated 

in all patients (File S4). Growth parameters in VARS2 deficient patients were between   

-1 and -2 SD before treatment initiation, and were not affected by treatment (File S5). 

VARS2 deficient patients 

At the age of one month, twin brothers P1VARS2 and P2VARS2 were admitted to the 

hospital due to severe agitation, feeding difficulties and seizures. At the age of five 

months, their seizures and encephalopathy worsened, resulting in a palliative trajecto-

ry. In the weeks following, their symptoms stabilized spontaneously as their seizure 

frequency decreased. Valine treatment was initiated four months after symptom-stabili-

zation. After valine supplementation, fenobarbital could be stopped, and the patients 

were less agitated, more comfortable, and made better contact with parents. However, 

patients did not reach any new developmental milestones, continued to show seizures 

- albeit decreased in frequency - and still showed severe axial hypotonia and spastic 

tetraparesis. 
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Fig. 1: ARS2 and dual ARS deficiency patients show mitochondrial dysfunction during ami-

no acid deprivation (1% of plasma).  

a, Oxygen Consumption Rate (OCR; Y-axis) for each measurement (X-axis) with the injection 

of different compounds (Oligomycin, FCCP, Rotenone/AntimycinA, dotted lines) in ARS2 

and dual ARS deficient patient fibroblast lines for blood plasma amino acid concentration 

(indicated at 100%) and amino acid deprivation (indicated as 1%). All patients show a signi-

ficant reduction of oxygen consumption rates during deprivation (1%) conditions. The dots 

represent the average of all donors and technical replicates combined. Error bars represent 

SEM. b, OCR of cytosolic IARS1 and LARS1 deficient fibroblasts with treated with 100% and 

1% isoleucine and leucine, respectively, for 2 days. c, OCR of healthy fibroblasts lines treated 

with 100% valine and 1% valine for 2 days. One representative healthy control is shown. d, 

OCR of a mitochondrial disease patient with a MT-TL1 m.3243A>G mutation treated with 

100% valine and 1% valine for 2 days. a-d, Dots represent the average of technical replica-

tes. The error bars represent SEM. e, Bar graphs showing the basal and maximal OCR of heal-

thy controls, ARS2 and dual ARS deficiency patients. The OCR values of the 1% condition are 

normalized to the 100% condition of the same donor. The bars represent the mean percen-

tage of all donors combined ±SD, the dots represent the mean percentage of all technical 

replicates per donor. Welsch T-test (ns p>0.05, * p<0.05, ** p<0.01) was used to compare all 

technical replicates. For the healthy control, the dots represent the mean per donor per 

individual condition (1% alanine, 1% valine, 1% glutamine and 1% lysine). The bar represents 

the mean of all healthy donors and all conditions combined. f, ATP from glycolysis, compa-

red to healthy donors under similar conditions. ATP produced from glycolysis was calcula-

ted using PER. Total ATP production represents mitochondrial plus glycolytic ATP producti-

on. Mitochondrial ATP production was calculated using the OCR values derived from the 

basal respiration (first three) measurements of the experiments in a. Bars represent mean 

percentage of biological replicates compared to healthy controls ± standard deviation (SD). 

g, Mitochondrial membrane potential during 1% and 100% conditions. In the patients, the 

bars represent membrane potential normalized to healthy controls treated with the same 

condition. In the healthy control, the 1% condition is normalized to the 100% condition of 

the healthy control. The 1% condition of healthy controls was compared to the 1% of each 

group of patients (Students T-test, p>0.05 ns, p<0.05 *). In the KARS1 patient, a t-test was 

not applied since there was only one patient. 
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Two days after birth, P3VARS2 was diagnosed with laryngomalacia, for which she 

was admitted to the hospital. She developed cardiomyopathy, lactic acidosis and respi-

ratory insufficiency after dexamethasone infusion, requiring mechanical ventilation. 

Brain MRI showed a thalamic infarction in the right hemisphere. At the age of one 

month, valine supplementation (25 mg/kg/day) was briefly administered but feeding 

difficulties limited her intake. As her condition worsened, a palliative trajectory was 

initiated, and valine supplementation was stopped. At the age of three months, her 

symptoms stabilized, when her intake improved and her laryngomalacia disappeared. 

At the age of four months valine supplementation (60 mg/kg/day) was reinitiated. One 

month later, protein fortification was added (22.5g protein/day). Since then, her condi-

tion has significantly improved; her cardiac hypertrophy completely resolved. She ne-

ver developed microcephaly or epilepsy, and reached all developmental milestones at 

a normal age. 

QARS1 patients 

P1QARS1 presented with severe developmental delay, seizures and daily vomiting, 

possibly of epileptic origin. Glutamine treatment was started at the age of seven years. 

His vomiting frequency decreased to once a week, and his seizure frequency dropped 

from 40 to five episodes per day. He experienced his first seizure-free interval of five 

weeks. He has become more alert, makes better contact, seems happier and laughs 

more, although his development did not improve significantly. The course of his infec-

tions is milder, with less apathy and seizures, and fewer hospital admissions. His con-

stipation improved, and he stopped using laxatives. His growth parameters remained 

stable with glutamine treatment (Figure S4).    

P2QARS1 presented at the age of seven months with focal febrile status epilepticus 

triggered by viral infections.13 Additionally, she showed delayed development, short 

stature, microcephaly and failure to thrive. With carbamazepine treatment she became 

seizure-free. At four years of age, glutamine supplementation was initiated. Since initi-

ation of glutamine (without any change in carbamazepine dose), she remained seizu-

re-free without epileptiform activity on EEG. Her unaided walking ability improved 

from 5 to 1000 meters, her axial hypotonia improved, and she makes better eye con-

tact. Her height, weight and head circumference remained stable with glutamine tre-

atment (Figure S4).    
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Discussion 

Specific amino acid deprivation triggers significant mitochondrial dysfunction in  

fibroblasts of mitochondrial ARS2, dual ARS and QARS1 deficient patients. To prevent 

mitochondrial dysfunction and subsequent clinical deterioration, we treated VARS2 

and QARS1 deficient patients with cognate amino acids. Amino acid supplementation 

was well-tolerated and safe. Supplementation had variable clinical effects, but was not 

able to reverse neurological damage. 

QARS1 was previously recognized as a dual ARS. However, QARS1 does not have 

a mitochondrial import sequence and is not present in mitochondria. Therefore, it is 

now considered a cytosolic ARS1 enzyme.14 Instead, glutaminyl mt-tRNA (mt-tRNAGln) 

in mitochondria is aminoacylated by an indirect pathway, by the glutamyl-tRNAGln 

amidotransferase protein complex, that transamidates Glu-mt-tRNAGln into Gln-mt-

tRNAGln.15 However, charged cytosolic tRNAGln has been identified in mammalian 

mitochondria in vitro,16 which suggests that under certain conditions, cytosolic tRNA-

Gln can be imported in mitochondria to aid translation. With northern blot, we found 

QARS1 deficient patients had significantly decreased import of cytosolic tRNAGln into 

their mitochondria, which might explain their mitochondrial dysfunction, as cytosolic 
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Fig. 2: a, Real-time-cell-analyzer results of ARS2 and dual ARS deficiency patients. Relative 

impedance as measure for cell proliferation after 72 hours of culture with 5% of the ARS spe-

cific amino acid. Bars represent mean of biological replicates ± standard deviation (SD). Dots 

represent mean values of all technical replicates of individual donors. Mann Whitney U test (* 

p < 0.05). b, Northern blot. Each lane was loaded with 500 ng of RNA isolated from mito-

chondria of healthy and QARS1 deficient fibroblasts treated with 100% or 1% glutamine for 2 

days. Bands display cytosolar tRNAGln(CTG). 
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tRNAGln cannot be used to aid mitochondrial translation. However, cytosolic tRNAGln 

import was similar in normal and deprivation conditions, and therefore cannot solely 

explain the mitochondrial dysfunction that worsens during deprivation conditions. The-

refore, additional studies are needed to  explore the regulation and mechanism of cy-

tosolic tRNAGln import into mitochondria, and how that effects mitochondrial function.  

All VARS2 deficient patients showed clinical improvement before valine treatment 

initiation, which made it difficult to distinguish natural course from treatment effects in 

our cohort. However, while most reported VARS2 deficient patients generally have a 

progressive disease course,2 all of our VARS2 deficient patients showed clinical impro-

vements, although P1VARS2 and P2VARS2 remained severely neurologically impaired. The 

difference in treatment response may relate to the high variability in valine intake prior 

to supplementation, the timing of treatment initiation and the primarily affected organ. 

Additionally, pathogenicity of the VARS2 genetic variant could not be established. Di-

sease severity and exogenous triggers may also affect treatment response. Larger stu-

dies are thus needed to identify factors that influence treatment response, and to dis-

criminate treatment effects from natural disease course. 

We suspect that the clinical deterioration of all patients was caused by feeding dif-

ficulties in combination with high demand for amino acid, leading to a decrease in 

(local) amino acid availability. Our fibroblast studies confirm this correlation between 

amino acid availability and mitochondrial function, suggesting that amino acid sup-

plementation could affect mitochondrial translation directly. Amino acid supplementa-

tion may thus represent a novel treatment strategy for ARS2, QARS1 and dual ARS de-

ficiencies, to prevent decreased amino acid availability and subsequent mitochondrial 

dysfunction. For robust treatment effect analysis, amino acid supplementation should 

be validated on a larger scale and weighed against the natural disease course in a ran-

domized controlled manner. In these studies, it is critical to establish the diagnosis ti-

mely and initiate treatment as soon as possible, to prevent the occurrence of (irreversi-

ble) damage. 
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Abstract 

Aminoacyl-tRNA synthetases (ARS) are ubiquitously expressed enzymes responsi-

ble for ligating amino acids to their cognate tRNA molecules through an aminoacylati-

on reaction. The resulting aminoacyl-tRNA is delivered to ribosome elongation factors 

to participate in protein synthesis. Seryl-tRNA synthetase (SARS1) is one of the cytoso-

lic ARSs and catalyzes serine attachment to tRNASer. SARS1 deficiency has already 

been associated with moderate intellectual disability, ataxia, muscle weakness, and 

seizure in one family. We describe here a new clinical presentation including devel-

opmental delay, central deafness, cardiomyopathy, and metabolic decompensation 

during fever leading to death, in a consanguineous Turkish family, with biallelic vari-

ants (c.638G>T, p.(Arg213Leu)) in SARS1. This missense variant was shown to lead to 

protein instability, resulting in reduced protein level and enzymatic activity. Our results 

describe a new clinical entity and expand the clinical and mutational spectrum of 

SARS1 and ARS deficiencies. 
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Aminoacyl-tRNA synthetases (ARS) catalyze an amino acid's esterification onto 

its cognate tRNA (ligating amino acids to corresponding tRNA molecules).1,2 

Consequently, each proteinogenic amino acid is coupled to its corresponding 

tRNA by a specific ARS. Since protein translation in eukaryotes occurs in the cyto-

plasm and the mitochondria, tRNA synthetase activities are generally required for each 

amino acid in both subcellular locations (ARS1 in the cytosol and ARS2 in the mito-

chondria. The resulting aminoacyl-tRNA is delivered to ribosome elongation factors to 

participate in protein synthesis. 

ARSs fulfill crucial roles in translation: they provide the essential elements for pro-

tein synthesis, but they are also the only enzymes responsible for accurately decip-

hering the genetic code.3,4 Beyond these classical functions, these enzymes are also 

known to have a role in several metabolic and signaling pathways essential for cell 

viability.5 The roles of these enzymes are extremely varied in both physiological and 

pathological conditions and range from RNA processing and trafficking, ribosomal 

RNA synthesis to cellular processes such as apoptosis, angiogenesis, or inflammation.6 

Variants in all ARSs have already been associated with various human diseases 

with both recessive and dominant inheritance patterns.7–9 As well as many other ubi-

quitously expressed housekeeping genes, pathogenic variants in ARS have been impli-

cated in intellectual disability and neurological disorders.10 Autosomal dominant ARS 

pathogenic variations, such as in AARS1, HARS1, GARS1, MARS1, WARS1, and 

YARS1 result in peripheral neuropathy (CMT2).11–16 Recessive ARS1 deficiencies result 

in multiorgan disease associating various but severe symptoms: syndromic intellectual 

disability,17 epileptic encephalopathy,18 leukodystrophy,19 deafness,20 and movement 

disorders.20 Of note, most of the ARS associated with the dominant transmission have 

also been associated with recessive transmission mode. Mitochondrial ARS2 deficien-

cies result in mitochondrial phenotypes: DARS2 is associated with leukoencephalopa-

thy with brain stem and spinal cord involvement and lactate elevation,21 whereas 

CARS2 pathogenic variations cause combined oxidative phosphorylation deficiency 

with severe epileptic encephalopathy and complex movement disorder.22 Bi-functional 

(GARS1, KARS1) deficiencies result in a combination of mitochondrial and multiorgan 

disease.23,24 

The overlap between cytosolic and mitochondrial ARS-associated phenotypes sug-

gested a common pathogenic mechanism. It is probably linked to a shared impossibili-

ty to meet the translational need in specific organs.25 
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More specifically, seryl-tRNA synthetase (SARS1) catalyzes serine's attachment to 

tRNASer leading to tRNA-amino acid complex binding and then release from SARS1.3 

Moreover, selenocysteine is also incorporated by the ribosome thanks to SARS1.26 

Consequently, SARS1 is vital to selenoprotein synthesis. 

Here, we report a Turkish pedigree where the parents were first cousins (Figure 

S1A) and in which whole-exome sequencing (WES) was carried out in four siblings 

with neurodevelopmental delay, deafness, cardiomyopathy, and decompensation du-

ring fever. The first child (patient 1) was diagnosed with deafness at 12 months of age 

and received a cochlear implant at 18 months of age (Table 1). He had a developmen-

tal delay and acquired independent walking at 23 months. At the age of 4 years, he 

was transferred to the pediatric intensive care unit (ICU) for sepsis shock in the context 

of vomiting with erythematous-pultaceous angina. Biologic testing revealed slight he-

patic cytolysis and the presence of an increase in creatine phosphokinase (CPK, 900 U/

L, reference range: 68–293 U/L) with a slight hyperproteinorachia (1.25 g/L, reference 

range: <0.3 g/L). Cardiac ultrasonography showed left concentric hypertrophic cardio-

myopathy with a collapsed ejection fraction (<10%) not improved by vasopressor, lea-

ding to death. Muscle biopsies showed a discrete mitochondrial overload and a discre-

te lipid overload (Figure S2). 

In the second child (patient 2), deafness was diagnosed before the age of 9 months. 

She died 1 week after her older brother at 30 months of age, following status epilepti-

cus triggered by a febrile episode. Evolution has been towards brain death within 48 h. 

Moderate hypertrophic cardiomyopathy was detected by cardiac ultrasound. Magnetic 

resonance imaging (MRI) of the brain showed atrophy of the cerebellum and brain 

stem with a bilateral inferior dysplastic aspect of the cerebellum. Delayed myelination 

and a thin corpus callosum were also reported (Figure S3). Lumbar puncture revealed 

hyperproteinorachia (1.18 g/L, reference range: <0.3 g/L). 

Her dizygotic twin sister (patient 3) had moderate dysmorphic features (strabismus, 

mild midfacial hypoplasia, marked philtrum, bulbous nose, Figure S4), congenital de-

afness, and severe developmental delay. She acquired walking around 2.5 years of age 

and had a significant speech delay. MRI showed delayed myelination with strikingly 

superposing results compared to her twin sister (Figure S3). Cardiological monitoring 

revealed no cardiomyopathy. At age 9, she was admitted to pediatric intensive care 

unit for fever, digestive disorders, and inflammatory syndrome. During this febrile epi-

sode, she developed a status epilepticus followed by sudden brain death, as shown on 
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the continuous electroencephalogram (EEG) monitoring recording despite anticonvul-

sant therapy following recommendation (Figure S5). She had one prior antecedent of 

convulsion at age 3. As for patient 1, muscle biopsies showed a discrete mitochondrial 

and lipid overload. The respiratory chain's activity was normal. 
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We did not find a relationship between the level of enzyme activity

and protein expression, as patient 1 had higher SARS1 protein ex-

pression than patient 3, but similar enzyme activity (45% vs. 50%).

Based on clinical observations, considering, in particular, the age of

death (4 vs. 9 years), protein level does not seem to correlate with the

severity of the disease. It has also been suggested that diet could

influence enzyme activity (Lenz, Stahl, et al., 2020), and other en-

vironmental aspects could also be of influence. Alternatively, the age

of death may also be determined by the timing or type of febrile

exposure since patients 1 and 2 died one week apart.

The p.(Arg213Leu) variation had no impact on cytosolic SARS1

protein localization but resulted in the absence of detectable tRNA[Ser]

(Sec) in patients’ fibroblasts. This observation concurs with the finding

that nonaminoacylated tRNAs are degraded and that mutations in aaRS

decrease the amount of both the aminoacylated and the non-

aminoacylated tRNAs (Belostotsky et al., 2011; Edvardson et al., 2007).

SARS1 has several specificities when compared to other tRNA

synthetases. For many tRNAs, the anticodon is a significant

component determining specificity. That is not the case for serine

aminoacylation. In SARS1, a key feature determining specificity is the

variable arm, which is positioned between the anticodon arm and the

T‐arm (Berg et al., 2018; Dock‐Bregeon et al., 1990). The presence of

an additional UNE‐S domain is also remarkable. It contains a nuclear

localization domain, which plays a significant role in regulating an-

giogenesis as a transcriptional repressor of VEGFA (Shi et al., 2014;

Xu et al., 2012). Besides, SARS1 is also involved in the synthesis of

selenoproteins. Selenocysteyl‐tRNA(Sec) is synthesized by converting

serine through a multi‐step process that depends on tRNA[Ser](Sec).

Indeed, in the first step, the SARS1 enzyme aminoacylates tRNA[Ser]

(Sec) with serine. Deletion of the tRNA[Ser](Sec) gene in neurons in a

murine model leads to cerebellar hypoplasia (Wirth et al., 2014). This

abnormality, also detected by MRI in patient 2, suggests a tRNASec

deficiency in this patient.

The clinical presentation of other aminoacyl‐tRNA deficiencies is

very heterogeneous. It can be distinguished into three main groups

regarding transmission mode and aaRS localization: cytosolic

F IGURE 1 Functional analysis of the
p.Arg213Leu variant. (a) Aminoacylation activity
measured in fibroblasts of controls and patients
as % of average control (measured in triplicate, a
representative experiment is shown).
(b) Quantification of the protein level of SARS.
Left: One representative image of the
quantification of the expression level of SARS1 in
patient or control fibroblasts by western blot.
GAPDH is used as a loading control. Right:
Measurement of the SARS/GAPDH ratio
(mean ± standard deviation, N = 4, *p < .05;
**p < .01, ***p < .005). (c) The wild‐type and
mutant p. Arg213Leu proteins were expressed in
HEK‐293 cells. Twenty‐four hours after
transfection, cells were treated with 75 µg/ml
cycloheximide (CHX) for the indicated times.
Stability of the flag‐tagged protein was analyzed
by western blot. Alpha‐tubulin (Tub) is used as a
control. GAPDH, glyceraldehyde 3‐phosphate
dehydrogenase; SARS, seryl‐tRNA synthetase
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Fig. 1: functional analysis of the p.Arg213Leu variant. a, Aminoacylation activity measured 

in fibroblasts of controls and patients as % of average control (measured in triplicate, a re-

presentative experiment is shown). b, Quantification of the protein level of SARS1. Left: One 

representative image of the quantification of the expression level of SARS1 in patient or 

control fibroblasts by western blot. GAPDH is used as a loading control. Right: Measurement 

of the SARS1/GAPDH ratio (mean ± standard deviation, N = 4, *p < .05; ** p < .01, *** p 
< .005). c, The wild-type and mutant p. Arg213Leu proteins were expressed in HEK-293 cells. 

Twenty-four hours after transfection, cells were treated with 75 µg/ml cycloheximide (CHX) 

for the indicated times. Stability of the flag-tagged protein was analyzed by western blot. 

Alpha-tubulin (Tub) is used as a control. GAPDH, glyceraldehyde 3-phosphate dehydrogen-

ase; SARS1, seryl-tRNA synthetase
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The fourth child (patient 4) had congenital deafness, stunted growth, and moderate 

developmental delay. He had significant oral language difficulties (expression and 

comprehension) and said a few words at 2 years of age. These symptoms were associa-

ted with problems in attention-concentration, agitation, and aggressive behavior. Wal-

king was acquired at 2 years of age. Clinical examination showed dysmorphic features 

similar to those of his sister (Figure S4). An emergency protocol for fever management 

was put in place for this child. He presented numerous episodes of hyperthermia, so-

metimes requiring ICU hospitalization. He is currently 6-year-old and is still being ca-

red for in our unit. Cardiac echography was normal, as well as EEG and MRI. No sign 

of elevated CPK nor cytolysis was detected. We are currently evaluating l-serine sup-

plementation in this patient. 

The fifth child has no symptoms. None of the children presented with neither 

ataxia, muscle weakness, nor thin body, in contrast to the previous report of Musante 

and colleagues.27 

A homozygous NM_006513.3:c.638G>T missense variant in exon 6 of SARS1 lea-

ding to p.(Arg213Leu) was identified in patient 1 by exome sequencing (Figure S1B). 

The amino acid substitution p.(Arg213Leu) is located in the aminoacylation domain 

(Figure S1B), and several different pathogenicity predictors (Polyphen2, 0.687; Mut-

Pred, 0.663; Mutation Taster, 0.5876) predicted that this variant was deleterious. Mo-

reover, SARS1 has a pLI of 1, indicating that this gene is susceptible to haploinsuffici-

ency. Besides, it was absent from the gnomAD v2.1.1 database. Two rare variants affec-

ting the same residue are reported in gnomAD (two counts for p.Arg213Cys and four 

counts for p.Arg213His). That is also consistent with a probable impact of an alteration 

at this residue on protein function. This position is conserved among species, including 

Cnidaria (Figure S1C). 

The other patients were also homozygous for this variant. Both parents are hetero-

zygous as the unaffected brother (Figure S1A). 

SARS1 is a dimeric enzyme that belongs to class II tRNA synthetases. Its catalytic 

domain is composed of 7-stranded antiparallel β-sheets and three conserved motifs. 

The arginine at position 213 is located in motif 1, which forms the dimer interface, 

whereas motifs 2 and 3 contain residues of the active site (Figure S1B). According to 

the crystal structure of human SARS1 dimer complexed with two molecules of tRNASec 

(PDB code 4RQE), the lateral chain of arginine at position 213 not only establishes 
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hydrogen bonds with residues Phe459 and Glu458 (located in motif 3) in one subunit 

but also with Phe459 of the second subunit. 

To evaluate the pathogenicity of the variant, we measured the activity of the SARS1 

enzyme. Analysis of patient fibroblasts showed reduced SARS1 activity around 50% 

(Figure 1A and Table S1). A simultaneously measured enzyme (GARS1) was compara-

ble to controls. In addition, northern blot showed no or only a weak signal for 

tRNA[Ser](Sec) in patients’ fibroblasts compared to control (Figure S6C). 

The quantification of protein expression showed a significant reduction in affected 

patients than in control (Figure 1b). This could be explained by a reduced stability of 

the p.(Arg213Leu) variant, as a flag-tagged mutant protein was not detected as shortly 

as 2 h after adding cycloheximide, compared to the wild-type protein (Figure 1b). To 

further rule out any additional effects of the p.(Arg213Leu) variant, we used constructs 

expressing either the wild-type or the mutant protein fused to a Flag tag transfected 

into HEK 293 cells. There was no noticeable change in the mainly cytoplasmic locali-

zation of the p.(Arg213Leu) mutated SARS1 compared to the wild-type overexpressed 

protein (Figure S6A and S6B) and the endogenous protein.4 The level of wild-type flag-

tagged protein was also consistently higher than for the mutant counterpart (Figure 1b 

and Figure S6). Bioinformatic predictions with ESE finder and Human Splicing Finder 

suggested the creation of a binding site for SRSF5 (SRp40) with a possible impact on 

splicing. Still, the analysis of the splicing pattern of the region of exons 5 to 7 by rever-

se-transcription polymerase chain reaction (RT-PCR) revealed no abnormalities in the 

splicing profile of patient fibroblasts compared to control fibroblasts (Figure S7A), as 

exon 6 was fully spliced and no other isoform could not be detected. The messenger 

RNA level of SARS1 was also not significantly affected by the variant (Figure S7B). In 

this study, we demonstrate that rare bi-allelic variants in SARS1 encoding cytoplasmic 

SARS1 are a cause of a severe syndrome associating deafness, cardiomyopathy, devel-

opmental delay, and febrile decompensation leading to premature death. Muscular 

puncture also highlighted lipidic and mitochondrial overload with normal mitochon-

drial activity in two patients. It is, however, unclear if these elements are part of this 

syndrome. 

To date, SARS1 deficiency has only been reported in one publication.27 They iden-

tified a homozygous missense variant (c.514G>A, p.Asp172Asn) in an Iranian family. 

The patient had an intellectual disability and behavioral disorders (aggressive 

behavior). The cardiac aspect was not specified. However, our patients display a much 
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more severe clinical phenotype, despite the similarity in the affected protein domain. 

The p.Asp172Asn and the p. Arg213Leu variants are localized in the active aminoacy-

lation domain of the SARS1 enzyme (Figure 1b). However, the p.Arg213Leu variant 

affects protein stability as demonstrated by the cycloheximide chase, whereas the p. 

Asp172Asn variant mainly affects the catalytic site and leads to impaired serine-activa-

tion of the enzyme.27 Of note, variants in SARS2, the gene encoding mitochondrial 

enzyme, have been associated with the HUPRA syndrome (hyperuricemia, pulmonary 

hypertension, childhood renal failure, and alkalosis) corresponding to mitochondrial 

cytopathy.28 Reported SARS2 deficient patients were born prematurely, had a devel-

opmental delay, and died before 14 months. 

Fever seems to play an essential role as a trigger for decompensation and death in 

this family. All deaths were indeed preceded by a severe febrile episode. A temperature 

rise has been found to induce a decrease in enzymatic activity in mutated LARS1 pro-

teins.29 Therefore, the deaths of patients 1–3 may be related to decreased SARS1 activi-

ty below the minimum threshold necessary for cell survival. Another—but not mutual-

ly exclusive—hypothesis may involve failure to meet increased energy demands. Since 

the rise in temperature during fever is mainly due to increased thermogenesis, fever 

dissipates a considerable quantity of energy in heat. The metabolic cost of fever is 

high: a temperature increase of 1°C corresponds to a 15%–50% increase in mitochon-

drial metabolism.30,31 Death related to severe febrile episodes has been associated with 

mitochondrial pathologies. For example, in nicotinamide cofactor repair defects, the 

accumulation of damaged metabolites likely triggers devastating effects in high-energy 

consuming tissues such as the brain and heart, eventually leading to death in early 

childhood.32 Our patients displayed a clinical phenotype with neurological symptoms, 

deafness, and cardiomyopathy, suggestive of a mitochondriopathy,33,34 and received 

treatment accordingly. The increase in energy metabolism during febrile episodes may 

thus also have been caused or deteriorated by a failure of the brain (patient 2 and 3) or 

heart (patient 1) (mitochondrial) metabolism. Functional consequences of the newly 

identified p.(Arg213Leu) variant in SARS1 were evidenced by decreased enzymatic 

activity. The 50%-residual enzyme activity is consistent with the need to integrate seri-

nes into protein synthesis and corresponds to enzyme deficiencies reported for other 

ARS deficiencies. Moreover, the fact that this position is not highly conserved across 

species supports the hypothesis of an hypomorphic mutation. Variants resulting in ab-

sent enzymatic activity are most likely incompatible with embryonic development and 

thus are lethal. We did not find a relationship between the level of enzyme activity and 
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protein expression, as patient 1 had higher SARS1 protein expression than patient 3, 

but similar enzyme activity (45% vs. 50%). Based on clinical observations, conside-

ring, in particular, the age of death (4 vs. 9 years), protein level does not seem to corre-

late with the severity of the disease. It has also been suggested that diet could influen-

ce enzyme activity,35 and other environmental aspects could also be of influence. Al-

ternatively, the age of death may also be determined by the timing or type of febrile 

exposure since patients 1 and 2 died one week apart. 

The p.(Arg213Leu) variation had no impact on cytosolic SARS1 protein localization 

but resulted in the absence of detectable tRNA[Ser](Sec) in patients’ fibroblasts. This ob-

servation concurs with the finding that nonaminoacylated tRNAs are degraded and that 

variants in ARS decrease the amount of both the aminoacylated and the nonaminoacy-

lated tRNAs.28,36 

SARS1 has several specificities when compared to other tRNA synthetases. For 

many tRNAs, the anticodon is a significant component determining specificity. That is 

not the case for serine aminoacylation. In SARS1, a key feature determining specificity 

is the variable arm, which is positioned between the anticodon arm and the T-arm.37,38 

The presence of an additional UNE-S domain is also remarkable. It contains a nuclear 

localization domain, which plays a significant role in regulating angiogenesis as a 

transcriptional repressor of VEGFA.4,39 Besides, SARS1 is also involved in the synthesis 

of selenoproteins. Selenocysteyl-tRNA(Sec) is synthesized by converting serine through 

a multi-step process that depends on tRNA[Ser](Sec). In the first step, the SARS1 enzyme 

aminoacylates tRNA[Ser](Sec) with serine. Deletion of the tRNA[Ser](Sec) gene in neurons 

in a murine model leads to cerebellar hypoplasia.40 This abnormality, also detected by 

MRI in patient 2, suggests a tRNASec deficiency in this patient. 

The clinical presentation of other aminoacyl-tRNA deficiencies is very heteroge-

neous. It can be distinguished into three main groups regarding transmission mode and 

ARS localization: cytosolic autosomal dominant and recessive, and mitochondrial (see 

Table S19 for a general review).25,41 Among the recessive group, intellectual disability, 

developmental delay, and epilepsy are quite common. Similarly, severe forms are 

common and often progress to an early death. Cardiomyopathy is, however, uncom-

mon and has not been associated yet with another autosomal recessive ARS. Sensitivity 

to fever has also been described in the case of LARS1 deficiency29 and urges aggressive 

antipyretic management. 
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Since our patients display some residual enzyme activity, supplementation with 

serine or selenocysteine may be beneficial by saturating enzyme activity.42 Similar 

consideration has been made for methionyl-ARS (MARS1) deficiencies.43 Hadchouel 

and colleagues have identified biallelic variations in MARS1 in 26 people from Reu-

nion and neighboring islands and two families from other countries with a specific 

form of pediatric pulmonary alveolar proteinosis. In vitro, MARS1 activity was decrea-

sed in methionine-free medium and restored in a methionine-supplemented medium. 

In patient 4, the surviving patient with SARS1 deficiency we described, we are current-

ly evaluating l-serine supplementation. 

In conclusion, we have identified a new clinical presentation associated with bial-

lelic variants in SARS1, causing a functional deficiency of SARS1. We here extend the 

previously described phenotype of developmental delay and behavioral abnormalities 

to a syndrome with developmental delay, deafness, cardiomyopathy, epilepsy, and se-

vere febrile decompensations. Further identification of SARS1 variants will contribute 

to understanding the full clinical spectrum. In terms of treatment, aggressive antipyretic 

treatment and putatively l-serine or selenocysteine treatment may be considered. 
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Abstract 

Objective 

To investigate the effects of genetically based HLA matching on patient and graft 

survival, and acute and chronic rejection after liver transplantation. 

Background 

Liver transplantation is a common treatment for patients with end-stage liver disea-

se. In contrast to most other solid organ transplantations, there is no conclusive evi-

dence supporting human leukocyte antigen (HLA) matching for liver transplantations. 

With emerging alternatives such as transplantation of bankable (stem) cells, HLA mat-

ching becomes feasible, which may decrease the need for immunosuppressive therapy 

and improve transplantation outcomes. 

Methods 

We systematically searched the PubMed, Embase and Cochrane databases and 

performed a meta-analysis investigating the effect of genetic HLA matching on liver 

transplantation outcomes (acute/chronic rejection, graft failure and mortality).  

Results  

We included 14 studies with 2,682 patients. HLA-C mismatching significantly in-

creased the risk of acute rejection (full mismatching: RR=1.90; 95% CI=[1.08-3.33]; 

P=0.03 | partial mismatching: RR=1.33; 95% CI=[1.07-1.66]; P=0.01). We did not 

discern any significant effect of HLA mismatching per locus on acute rejection for 

HLA-A, -B, -DR, and -DQ, nor on chronic rejection, graft failure, or mortality for HLA-

DR, and -DQ. 

Conclusion 

We found evidence that genetic HLA-C matching reduces the risk of acute rejecti-

on after liver transplantation, while matching for other loci does not reduce the risk of 

acute rejection, chronic rejection, graft failure, or mortality. 
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Introduction  

Despite improvement of short-term survival of liver transplantation recipients 

over the past decades,1,2 long-term survival has remained suboptimal. With 

improved immunosuppressant therapies, the main cause of death after liver 

transplantation shifted from allograft rejection in 1987, to malignancies today. In addi-

tion to malignancies, long-term use of immunosuppressants is associated with infecti-

ons, and renal, neurological, and liver dysfunction.3–5 Strategies to reduce risks of al-

lograft rejection and immunosuppression use may contribute to improved outcomes. 

Allograft rejection is categorized in three subtypes; hyperacute, acute, and chronic 

rejection. Hyperacute rejection, which is rare among ABO-compatible liver transplan-

tations,6 occurs during or immediately after transplantation. It results from the presence 

of preformed anti-donor antibodies that react to vascular endothelium and initiate co-

agulation and complement activation. Acute rejection develops in the first weeks to 

months after transplantation. It is characterized by a humoral and/or cellular immune 

response. The humoral immune response involves presence of donor-specific human 

leukocyte antigen (HLA) and non-HLA antibodies.7,8 Sustained acute rejection can 

lead to tissue damage and is a major risk factor for chronic rejection, which occurs 

months to years after transplantation.9,10 Chronic rejection is characterized by oblitera-

tive arteriopathy and destruction of biliary duct cells that lead to ductopenia in the li-

ver graft.11 Risk factors for chronic rejection are frequent and/or severe episodes of 

acute rejection, an elderly or unrelated donor, and the presence of donor-specific anti-

HLA class I and II antibodies.9,11 Thus, in both acute and chronic rejection, HLA-com-

plexes and alloreactive HLA antibodies play important roles. 

HLA matching has improved outcomes for most solid organ transplantations,12–18 

but studies on liver transplantations have reported inconsistent results.19–24 To date, 

most studies used serological HLA typing methods. Technological progress has enabled 

genetic typing of all HLA-loci, which may reveal clinically relevant mismatches that 

were previously missed.25 With emerging alternatives such as transplantation of bank-

able (stem) cells,26–30 HLA matching becomes feasible, which may decrease the need 

for immunosuppressive therapy and improve transplantation outcomes. We therefore 

conducted a meta-analysis to investigate the effects of genetically based HLA matching 

on patient and graft survival, and acute and chronic rejection after liver transplantati-

on.31 
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Methods 

We systematically searched the PubMed, Embase and Cochrane databases (Figure 

1) up to February 15, 2022, for combinations of search terms: ‘liver transplant*/graft’, 

‘HLA/human leukocyte antigen’, ‘(mis)match*/typing’, and ‘outcome/rejection/survival/

recurrence/graft failure’. Duplicates were removed. Article titles and abstracts were 

screened for description of first liver transplantations with genetic HLA typing. Selected 

full text articles were screened for eligibility based on the following inclusion criteria: 

first liver transplantation, genetic HLA typing, specified HLA locus mismatches in at 

least one locus, specified transplantation outcome with rejection type, patient mortali-

ty and/or graft failure, and association of number of HLA mismatches (zero, one or 

two) to outcomes. Exclusion criteria were: (additional) transplantations other than liver, 

unspecified HLA loci, re-transplantations, articles not available in English, and unavai-

lable full texts (Table 1). 

Quality of included studies was assessed using the Cochrane risk of bias assess-

ment.32 For the meta-analysis, studies describing all primary liver transplantation indi-

cations were combined and the effects of HLA matching on acute and chronic rejecti-

on, graft failure, and mortality were analyzed per locus (HLA-A, -B, -C, -DR and -DQ). 

Risk ratios for these outcomes were determined for zero vs. one, one vs. two and zero 

vs. two mismatches per HLA locus. Findings of combined loci effects were included 

when available. Transplantations for autoimmune diseases were also analyzed separa-

tely to evaluate a putative favorable effect of mismatching to prevent autoimmune di-

sease recurrence. 

All analyses were performed using Cochrane’s Review Manager version 5.4. Risk 

ratios were calculated using a random-effects model.33 Associations between control 

and experimental conditions were tested with a Cochran-Mantel-Haenszel test. Over-

all test effects were estimated using Z-scores and P-values, with α = 0.05. 

Table 1: inclusion and exclusion criteria. 

Inclusion Exclusion
First liver transplantation Transplantations other than liver in history, simultaneous, or during follow-up
Genetic HLA typing Serological HLA typing
Specified HLA locus mismatches (at least 1) Unspecified HLA loci
Specified transplantation outcome (rejection type, patient survival, graft failure)Re-transplantations
Outcome association to HLA match (0, 1 and 2) Article not in English

Full-text not available
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Results 

We identified 14 retrospective cohort studies that met the inclusion criteria. These 

articles were published between 1993 and 2021 and reported a total of 2,682 trans-

plantations (Figure 1a). 13 studies involved liver transplantations for different primary 

disease types, or did not specify transplantation indication, and one study evaluated 

liver transplantations for only autoimmune disease (Tables 2 and S1).  

173

Embase
n = 443

Screen title/abstract
n = 441

Screen fulltext
n = 114

Inclusion
n = 14

Primary disease: mixed
n = 13

-327

-100

PubMed
n = 231

Cochrane
n = 0

Primary disease: auto-immune
n = 1

- 233 duplicates

Fig. 1: a, Flowchart of the systematic search and literature selection. b, Cochrane risk of bias 

summary for all included studies.
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Table 2: characteristics of included articles. 

First authorref Year of 
LTx

Country No. HLA 
Loci

Outcome Immunosuppression Follow-
up

Doran46 1986 to 
1998

Australia 71 A, B ARe, graft survi-
val in patients 
with autoimmu-
ne diseases

Tacrolimus, mycopheno-
late

At least 1 
year

Donaldson45 1984 to 
1991

UK 466 DR, 
DQ

VBDS (CR), graft 
survival 1 year

Cyclosporine, predniso-
lone, azathioprine

At least 1 
year

Francavilla43 1991 to 
1996

England 135 DRB1, 
DQB1

AR, graft survival 
(1 and 5 years), 
patient survival 
(1 and 5 years)

Cyclosporine, methyl-
prednisolone, azathiopri-
ne

At least 1 
year

Poli53 1990 to 
1997

Italy 517 DRB1 Graft survival 2 
years

Mainly cyclosporine, but 
25 tacrolimus with other 
immunosuppressants

At least 2 
years

Oertel36 NA Germany 35 A, B, 
C, DR, 
DQ

AR Cyclosporine, azathiopri-
ne, mycophenolate mofe-
til and prednisolone (22). 
Tacrolimus, prednisolone 
(13)

At least 1 
year

Campos44 2000 to 
2002

Spain 20 DRB1, 
DQB1

AR Cyclosporine A or tacro-
limus with steroids, with 
or without preconditio-
ning with IL-2 inhibitor

3 to 30 
months

Moya-Quiles42 1993 to 
1999

Spain 100 C AR Methylprednisolone, 
azathioprine, cyclospori-
ne

At least 5 
years

Lopez-Alvarez41 NA Spain 300 C AR Cyclosporine A or tacro-
limus, methylprednisolo-
ne and mycophenolate

At least 1 
year

Muro39 1997 to 
2005

Spain 224 A, B, 
DRB1, 
DQB1

AR, CR Cyclosporine A or tacro-
limus, methylprednisolo-
ne and mycophenolate

At least 5 
years

Legaz38 NA Spain 402 A, B, 
C

AR Standard triple-immuno-
suppressive with cy-
closporine or tacrolimus

At least 1 
year

Na37 2008 to 
2013

Korea 270 A, B, 
DR

AR Tacrolimus or cyclospo-
rin, mycophenolate mo-
fetil and prednisolone, IL-
2 inhibitor

Median 
31 
months 
(1–68)

Forner34 2009 to 
2013

Canada 67 A, B, 
C, 
DRB1

AR Calcineurin inhibitor 
(tacrolimus or cyclospo-
rine), anti-metabolite 
(CellCept or Myfortic) 
and prednisolone taper. 
Also basiliximab, anti-
thymocyte globulin and 
methylprednisolone

Mean 
895 days 
(0-1,911)

Boix40 ? Spain 30 A, B, 
DRB1

AR Tacrolimus (TRL) with or 
without mycophenolate 
mofetil (MMF)

At least 1 
year

Ono35 2010 to 
2019

Japan 45 A, B, 
C, 
DRB1, 
DQB1

AR FK-506 and methylpredn-
isolone

1 to 5 
years

LTx: liver transplantation; AR: acute rejection; CR: chronic rejection; VBDS: vanishing bile duct syndrome as symptom for 

CR; NA: not available.
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The effect of HLA matching on acute rejection  

HLA Class I mismatching 

To determine the effect of HLA mismatching on acute rejection, we examined the 

impact of genetic mismatches per class I locus (Table 3). Seven studies explored the 

effect of HLA-A matching in a total of 1,073 patients with various transplantation indi-

cations. One study (n=67) found that two HLA-A mismatches were more frequently 

associated with acute rejection. 13 (19.4%) patients developed acute rejection, 10 

(76.9%) of which had two mismatches for locus HLA-A. All patients were pre-formed 

donor-specific antibody (DSA) naive before transplantation.34 Another study (n=45) 

found that two HLA-A mismatches significantly increased risk of acute rejection over 

one but not zero HLA-A mismatches.35 However, the number of patients with one 

mismatch was very small (n=6).35 The other studies did not find a significant associati-

on between HLA-A mismatching and acute rejection.36–40 When combining all stu-

dies, HLA-A compatibility (partial / full) did not significantly influence acute rejection 

(Figure 3).  

The same seven studies also evaluated the effect of HLA-B matching on acute re-

jection. No significant associations were found between HLA-B mismatching and acu-

te rejection,34–40 individually nor when taken together (Figure 2). 

For HLA-C, six studies comprising a total of 949 patients showed that full mismat-

ching compared to full matching significantly increased the risk of acute rejection 

(RR=1.90; 95% CI=[1.08-3.33]; P=0.03), as did full versus partial mismatching for this 

locus (RR=1.33; 95% CI=[1.07-1.66]; P=0.01, Figure 3). One study found that patients 

with two HLA-C mismatches had a significantly higher rate of acute rejection (34.7%) 

than partially (23%) or totally (17.6%) matched patients (OR=1.85; 95% 

CI=[3.12-1.10]; P=0.02). 84% of all acute rejection episodes happened within the first 

month after transplantation with a mean of 23.8±4.9 days.41 Similarly, another study 

found that higher HLA-C incompatibility increased the incidence of acute rejection 

(defined as <6 weeks after transplantation): two mismatches: 46.3%; one mismatch: 

33.2%, zero mismatches: 16.6%, although not significantly (P=0.12).42 Lastly, a study 

reported that specifically recipient HLA-C genotype seemed to influence the risk of 

acute rejection.38  
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Table 3a: results meta-analyses: events and numbers of patients. 

HLA Class II mismatching 

Of the eight studies that reported the effect of HLA-DR mismatching on acute re-

jection in 824 patients, none found a significant effect.34–37,39,40,43,44 One study found 

an association between HLA-DRB1*13 positive donors and acute rejection. Of the 

patients with acute rejection, 54% had a donor with this variant, compared to only 5% 

of patients without rejection (P=0.02).36 Overall, however, HLA-DR mismatching did 

not significantly influence acute rejection (Figure 2).  

Five studies (n=459) assessed the effect of HLA-DQ matching on acute rejection. 

None of these studies found any association between HLA-DQ mismatching and acute 

rejection (Figure 2).35,36,39,43,44 However, one study (n=135) found a significant increa-

se in the need for high-dose steroids and tacrolimus in patients with one mismatch for 

HLA-DQ, compared with those without mismatches (P<0.03), independent of the inci-

dence or severity of acute rejection.43  

Outcome HLA No. studies Events/patients (%)
0 MM 1 MM 2 MM

Acute rejection
A 7 29/144 (20.1%) 121/486 (24.9%) 133/443 (30.0%)
B 7 10/63 (17.3%) 101/424 (25.1%) 172/587 (29.3%)
C 6 10/60 (16.7%) 88/361 (24.4%) 176/528 (33.3%)
DR 8 16/88 (18.2%) 117/381 (30.7%) 125/355 (35.2%)
DQ 5 14/53 (26.4%) 96/235 (40.8%) 74/171 (41.8%)

Chronic rejection
DR 2 1/14 (7.1%) 24/122 (19.7%) 23/162 (14.2%)
DQ 2 13/43 (30.2%) 26/154 (16.9%) 11/121 (9.1%)

Graft failure
1-year DR 2 26/62 (41.9%) 141/387 (36.4%) 103/340 (30.3%)

DQ 1 3/8 (37.5%) 20/74 (27.0%) 13/53 (24.5%)
2-year DR 1 14/50 (28.0%) 84/320 (26.3%) 76/321 (23.7%)
5-year DR 1 0/1 (0.0%) 21/57 (36.8%) 19/77 (24.7%)

DQ 1 4/8 (50.0%) 22/74 (29.7%) 14/53 (26.4%)
Mortality
1-year DR 1 0/1 (0.0%) 8/57 (14.0%) 10/77 (13.0%)

DQ 1 2/8 (25.0%) 8/74 (10.8%) 8/53 (15.1%)
5-year DR 1 0/1 (0.0%) 13/57 (22.8%) 12/77 (15.6%)

DQ 1 3/8 (37.5%) 12/74 (16.2%) 10/53 (18.9%)

MM: mismatches
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Table 3b: results meta-analyses. A positive risk ratio (RR) indicates increased risk of outcome 

with increased mismatches. 

The effect of HLA mismatching on chronic rejection of liver grafts, graft failure and 

mortality  

We found no studies evaluating mismatching of HLA- class I loci in relation to 

chronic rejection, graft failure or mortality. 

Two studies described the effect of HLA-DR (n=298) and -DQ (n=318) mismat-

ching on chronic rejection (Figure 2, Table 3). In the first study (n=95), 31 patients ex-

perienced chronic rejection (33%), characterized by vanishing bile duct syndrome 

Outcome HLA No. studies 0 vs. 1 MM 1 vs. 2 MM 0 vs. 2 MM
RR [95% CI] P RR [95% CI] P RR [95% CI] P

Acute rejection
A 7 0.92 

[0.64-1.33]
0.67 1.10 

[0.80-1.51]
0.55 1.05 

[0.68-1.62]
0.82

B 7 0.88 
[0.44-1.74]

0.71 1.06 
[0.85-1.32]

0.61 1.06 
[0.52-2.61]

0.88

C 6 1.40 
[0.79-2.49]

0.26 1.33 
[1.07-1.66]

0.01 1.90 
[1.08-3.33]

0.03

DR 8 0.93 
[0.61-1.41]

0.73 0.99 
[0.75-1.31]

0.96 0.98 
[0.63-1.53]

0.93

DQ 5 1.07 
[0.68-1.69]

0.77 1.06 
[0.86-1.31]

0.59 1.17 
[0.67-2.03]

0.56

Chronic rejection
DR 2 2.61 

[0.56-12.13]
0.22 0.82 

[0.40-1.69]
0.59 1.96 

[0.42-9.26]
0.40

DQ 2 0.71 
[0.39-1.29]

0.26 0.75 
[0.29-1.91]

0.54 0.76 
[0.35-1.66]

0.49

Graft failure
1-year DR 2 0.87 

[0.63-1.20]
0.41 0.84 

[0.69-1.04]
0.11 0.75 

[0.54-1.06]
0.10

DQ 1 0.72 
[0.27-1.90]

0.51 0.91 
[0.50-1.66]

0.75 0.65 
[0.24-1.80]

0.41

2-year DR 1 0.94 
[0.58-1.52]

0.79 0.90 
[0.69-1.18]

0.45 0.85 
[0.52-1.37]

0.50

5-year DR 1 1.48 
[0.13-16.74]

0.75 0.67 
[0.40-1.12]

0.13 1.00 
[0.09-11.37]

1.00

DQ 1 0.59 
[0.27-1.29]

0.19 0.89 
[0.50-1.57]

0.68 0.53 
[0.23-1.21]

0.13

Mortality
1-year DR 1 0.59 

[0.05-7.00]
0.67 0.93 

[0.39-2.20]
0.86 0.54 

[0.05-6.34]
0.62

DQ 1 0.43 
[0.11-1.70]

0.23 1.40 
[0.56-3.48]

0.47 0.60 
[0.16-2.35]

0.47

5-year DR 1 0.93 
[0.08-10.74]

0.95 0.68 
[0.34-1.38]

0.29 0.64 
[0.06-7.46]

0.72

DQ 1 0.43 
[0.15-1.22]

0.11 1.16 
[0.54-2.49]

0.70 0.50 
[0.18-1.44]

0.20

CI: confidence interval; MM: mismatches; RR: risk ratio
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(VBDS). There was no significant association between VBDS and HLA-DR or -DQ 

mismatching.45 The other study included 224 patients who received cadaveric liver 

grafts of whom 20 (9%) developed chronic rejection, characterized by disappearing 

interlobular bile ducts with mononuclear portal infiltrates that later became fibrotic 

with enlarged portal tracts. They did not find an association between HLA-DR or -DQ 

178

Fig. 3: forest plots of the effect of HLA-A, B, C, DR, and DQ mismatching on acute rejection, 

chronic rejection and graft failure for patients with mixed primary diseases comparing 0 to 1, 

RR = 0.92 [0.64-1.33]
P = 0.67

RR = 0.88 [0.44-1.74]
P = 0.71

RR = 1.40 [0.79-2.49]
P = 0.26

RR = 1.07 [0.68-1.69]
P = 0.77
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P = 0.73
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P = 0.82

RR = 1.06 [0.52-2.16]
P = 0.88

RR = 1.90 [1.08-3.33]
P = 0.03

RR = 1.17 [0.67-2.03]
P = 0.58
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P = 0.93
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P = 0.55

RR = 1.06 [0.85-1.32]
P = 0.61
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mismatching and chronic rejection.39 When taken together, HLA-DR and -DQ mis-

matching did not associate with chronic rejection (Figure 3).  

Two studies (n=789) reported effects of HLA-DR mismatching on 1-year graft failu-

re, and neither found an effect (Figure 2, Table 3). Causes of graft failure included 
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1 to 2, and 0 to 2 mismatches. Positive risk ratio (RR) indicates increased risk of outcome 

with increased mismatches. 
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chronic rejection, hepatitis, artery thrombosis, primary non-function, sepsis and recur-

rent cholangitis, Budd-Chiari syndrome, and primary biliary cirrhosis (PBC).43,45  

One of the two studies (n=135) also reported the effect of HLA-DR mismatching on 

2- and 5-year graft survival, and the effect of HLA-DQ mismatching on 1- and 5-year 

graft survival. No significant associations were found (Figure S1, Table 3).43 The same 

study further reported 1- and 5-year mortality in relation to HLA-DR and -DQ mismat-

ching. 1- and 5-year mortality rates were 13% and 19%, respectively,43 and no signifi-

cant associations with HLA-subtype were found (Figure S1, Table 3). 

The effect of HLA mismatching for patients with autoimmune diseases 

Finally, we examined the role of HLA-A and -B matching in graft failure for patients 

with autoimmune diseases. A single study reported 63 patients with autoimmune 

chronic active hepatitis and primary biliary cholangitis, and 287 non-autoimmune di-

seases. They excluded primary sclerosing cholangitis from all analyses.46 For patients 

with autoimmune disease, 1-year graft survival seemed to improve with more mismat-

ches, although this was not statistically significant. Conversely, graft survival of patients 

without autoimmune disease decreased with more HLA-A or -B mismatches, with a 

reported statistical significance for HLA-B (0-1 mismatch: 82.8% survival rate; 2 mis-

matches: 75.0% (P<0.01)). Unfortunately, we could not confirm this nor include their 

data in our meta-analysis because of the format of their data on acute rejection. 

Discussion 

Although immune suppressive therapy after liver transplantation has undeniably 

improved short-term outcomes after liver transplantation, it is a major cause of current 

long-term complications. Improved insight in the role of HLA-mismatching may im-

prove liver transplantation outcomes. With our meta-analysis of 14 independent stu-

dies comprising a total of 2,682 patients, we found a significant effect of HLA-C mis-

matching on the incidence of acute rejection, both for one vs. two mismatches 

(RR=1.33; 95% CI=[1.07-1.66]; P=0.01) and zero vs. two mismatches (RR=1.90; 95% 

CI=[1.08-3.33]; P=0.03). Conversely, we did not discern any significant effect of HLA 

mismatching per locus on acute rejection for HLA-A, -B, -DR, and -DQ, nor on chro-

nic rejection, graft failure, or mortality for HLA-DR, and -DQ. The possibility exists that 

such effects were masked by immune suppression use. Associations between mismat-

ching of HLA-DR and 2- and 5-year graft failure, and HLA-DQ and 1-, 2-, and 5-year 
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graft failure could not be meta-analyzed because data were derived from a single study 

(Figure S1).  

Five of the 14 included articles in our meta-analysis carried a potential risk of bias 

(Figure 1b). Campos et al. (2003) failed to mention the statistic methodology.44 Fur-

thermore, Campos et al. (2003), Forner et al. (2018), Oertel et al. (2000), and Ono et 

al. (2021)35 did not report the primary transplantation indication (attrition bias).34,36,44 

Donaldson et al. (1993) selected a subgroup of patients to genetically type HLA-DR for 

analysis of the effect of matching on vanishing bile duct syndrome (VBDS), without 

providing a reason for this subgroup selection (attrition bias).45 Forner et al. (2018) fai-

led to accurately report time to rejection (detection bias).34 Since the data from these 

studies with a potential risk of bias were usable for our research question, we included 

them in our analyses. Nevertheless, these studies should be interpreted with more cau-

tion. We excluded acute rejection data from Doran et al. (2000), because it was 

unclear whether biopsy scores were from all patients or from only those with acute 

rejection.46 

Whether HLA matching for liver transplantation improves outcomes has long been 

a topic of debate. The most recent meta-analysis (2010) included 16 articles including 

serological, not DNA-based HLA typing.31 The main finding was that combined HLA-

A, -B and -DR matching significantly decreased the incidence of acute rejection (0-2 

vs. 3-6 mismatches; n=1,268; RR=0.77; 95% CI=[0.61-0.97]; P=0.03). Similar combi-

ned data were not available for meta-analysis from the articles included in the current 

 study. Unfortunately, the previous meta-analysis did not provide data on HLA-C mis-

matching, the only locus we found to be associated with acute rejection (Figure 2). 

HLA-C eplet mismatching has previously been associated with acute rejection.47 This 

may be explained by the interaction of HLA-C with killer immunoglobulin receptors 

(KIRs) expressed on NK cells and subsets of T-cells. Several other studies suggest that 

the HLA-C allelic subtype and KIR subtype may interplay to either protect or activate 

immune responses.38,41,48 

Not every mismatch has similar consequences. This has stimulated the develop-

ment of new epitope-based matching algorithms. These algorithms use small poly-

morphisms on the outer domains of HLA molecules to calculate a mismatch score. For 

example, HLAMatchmaker uses B-cell epitopes,49 and has shown to correlate with 

graft outcome in various solid organ transplantations.50 PIRCHE (Predicted Indirectly 
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Recognizable HLA Epitopes) uses T-cell epitopes,51 and matching using this algorithm 

has shown to reduce formation of dnDSAs after kidney transplantation.52 A recent stu-

dy shows that PIRCHE-II mismatching may improve outcomes for young patients trans-

planted for autoimmune diseases.50 On the other hand, the use of such algorithms may 

censor the effect of mismatching of a single-locus (e.g., HLA-C). Conversely, our study 

relying on aggregation of reported cases in literature made it impossible to study the 

effects of combined HLA-locus (mis)matching on transplantation outcomes. 

In conclusion, we found evidence that genetic HLA-C matching reduces the risk of 

acute rejection after liver transplantation. Novel techniques to evaluate HLA mismatch-

derived peptides may further help to unravel this longstanding liver transplantation 

paradigm. This is particularly important with the emergence of novel bankable liver 

cell sources for transplantation, which enable precise matching for clinical practice. 
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Supplementary table 

Table S1: characteristics of included studies (continued). 

First authorref 

Year
Primary indication for liver transplantation

Doran46 

2000
Autoimmune diseases: Primary biliary cirrhosis (PBC) (45) and autoimmune chronic 
active hepatitis (auto-CAH) (26)

Donaldson45 

1993
Hepatocellular Carcinoma (HCC), Budd-Chiari syndrome, PBC, viral Hepatitis B (HBV), 
possibly other

Francavilla43 

1998
Extrahepatic biliary atresia (51), acute hepatic failure (30), α1-antitrypsin deficiency 
(15), cryptogenic cirrhosis (9); Alagille's syndrome (9); familiar intrahepatic cholestasis 
(9); tyrosinemia (2); hepatoblastoma (2); hemangioendothelioma (2); autoimmune scle-
rosing cholangitis (2); and primary sclerosing cholangitis (PSC) (1), autoimmune hepati-
tis (1), neonatal sclerosing cholangitis (1), cystic fibrosis (1), copper overload (1), fatty 
acid oxidation defect (1), glycogen storage disease (1), giant cell hepatitis with Coombs' 
positive hemolytic anemia (1), Wilson's disease (1), and congenital hepatic fibrosis (1)

Poli53 

1998
Post-hepatitis and alcoholic liver cirrhosis were the underlying diseases in 278 cases 
(54.7%), other

Oertel36 

2000
NA

Campos44 

2003
NA

Moya-Quiles42 

2003
Alcoholic cirrhosis (35), alcoholic cirrhosis + (HBV or HCV) (24), malignancies (11), 
amyloidosis (7), acute hepatic failures (7), wilsons disease (4), chronic active HBV or 
HCV (4)

Lopez-Alvarez41 

2009
Alcoholic cirrhosis (103), chronic acive HBV and HCV (61), carcinoma (30), autoim-
mune diseases (30), alcoholic cirrhosis and HBV and HCV (17), acute hepatic failure 
(8), other (51)

Muro39 

2012
Alcoholic cirrhosis (71), cirrhosis after HCV (31), alcoholic cirrhosis HCV/HBV (28), 
primary hepatic malignancies (24), amyloidosis (17), PBC (13), acute hepatic failure 
(12), Wilson disease (10), cirrhosis after HBV (7), cryptogenic cirrhosis (7), PSC (3) and 
autoimmune hepatitis (1)

Legaz38 

2013
Alcoholic cirrhosis (138), HCV (77), HCC (59), alcoholic cirrhosis plus HCV or HBV 
(28), autoimmune disease (27), HBV (12), acute hepatic failure (10), viral chronic hepa-
titis other (1) and others (50)

Na37 

270
HBV (172), alcoholic cirrhosis (44), autoimmune (17), others (53)

Forner34 

2018
NA

Boix40 

2020
Alcoholic cirrhosis (viral 6 and non-viral 12), HCV cirrhosis, PBC 6, other (6): Budd-
Chiari syndrome, PSC, cholangiocarcinoma

Ono35 

2021
Alcohol-related liver disease (9), viral (18), HBV/HCV, AIH/PBC/PSC (7), other (11)
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Abstract 

For liver transplantations, human leukocyte antigen (HLA) matching is not routinely 

performed because observed effects have been inconsistent. Nevertheless, long-term 

liver transplantation outcomes remain suboptimal. The availability of a more precise 

HLA-matching algorithm, Predicted Indirectly Recognizable HLA Epitopes II (PIRCHE-

II), now enables robust assessment of the association between HLA matching and liver 

transplantation outcomes.  

We performed a single-center retrospective cohort study of 736 liver transplantati-

on patients. Associations between PIRCHE-II and HLAMatchmaker scores and mortali-

ty, graft loss, acute and chronic rejection, ischemic cholangiopathy, and disease recur-

rence were evaluated with Cox proportional hazards models. Associations between 

PIRCHE-II with 1-year, 2-year, and 5-year outcomes and severity of acute rejection 

were assessed with logistic and linear regression analyses, respectively. Subgroup ana-

lyses were performed for autoimmune and nonautoimmune indications, and patients 

aged 30 years and younger, and older than 30 years.  

PIRCHE-II and HLAMatchmaker scores were not associated with any of the outco-

mes. However, patients who received transplants for autoimmune disease showed 

more acute rejection and graft loss, and these risks negatively associated with age. 

Rhesus mismatch more than doubled the risk of disease recurrence. Moreover, PIR-

CHE-II was inversely associated with graft loss in the subgroup of patients aged 30 ye-

ars and younger with autoimmune indications.  

The absence of associations between PIRCHE-II and HLAMatchmaker scores and 

the studied outcomes refutes the need for HLA matching for liver (stem cell) transplan-

tations for nonautoimmune disease. For autoimmune disease, the activated immune 

system seems to increase risks of acute rejection and graft loss. Our results may suggest 

the benefits of transplantations with rhesus matched but PIRCHE-II mismatched donor 

livers. 
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Introduction 

Human leukocyte antigen (HLA) matching has reduced incidences of acute and 

chronic rejection and improved allograft survival for various types of organ 

transplantations, including kidney,1-4 heart,5 and bone marrow 

transplantation.6 In contrast, studies on liver transplantation repeatedly demonstrated 

conflicting results,7-12 which has resulted in the current clinical practice of matching 

liver donor and recipients only by blood group and not HLA compatibility. Short-term 

outcomes of liver transplantation are currently very good, but long-term outcomes 

remain suboptimal, partially because of the long-term use of immunosuppressants.13 

Better donor–recipient matching holds the potential to improve transplantation outco-

mes but is hampered by the shortage of donor grafts. With the prospect of biobankable 

liver cell sources, including human liver organoids and stem cells, the question of 

whether HLA matching could improve the survival of allogenic cells or tissue con-

structs is becoming increasingly relevant.14 

In recent years, more precise methods for HLA matching have been developed. 

Multiple studies suggest that epitope-based matching algorithms such as HLAMatch-

maker15-17 may predict graft outcome in kidney,18 lung,19 cornea,20 pediatric heart,21 

and pediatric liver transplantation.22 Epitopes are parts of HLA molecules that may be 

present on different HLA antigens. Eplets, small polymorphisms on the outer domains 

of HLA molecules that differ between donor and recipient, are identified by HLA-

Matchmaker and presented in a continuous score.15-17 In addition to the B cell–media-

ted immune response, T cell–mediated alloreactivity plays a role after solid organ 

transplantation. The direct pathway comprises T cell recognition of allogeneic HLA 

molecules on the surface of allogeneic cells. In the indirect pathway, T cells recognize 

mismatched HLA-derived epitopes processed and presented by nonallogeneic cells. 

Indirect T cell alloreactivity plays an important role in the humoral response toward 

HLA. Identification of these indirectly recognizable epitopes provides an alternative to 

epitope-based matching, which is what the Predicted Indirectly Recognizable HLA 

Epitopes (PIRCHE-II) algorithm does.23 This algorithm can estimate the likelihood of 

HLA-derived peptides to bind HLA class II molecules (HLA-DR, HLA-DQ, and HLA-

DP).24 PIRCHE-II was found to correlate with kidney graft loss25 and provides a risk 

classification for the anti-HLA de novo donor-specific antibody (dnDSA) formation af-

ter kidney,26-28 pancreas,28,29 and liver transplantations.30,31 
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Unfortunately, the results from the aforementioned studies investigating these algo-

rithms for liver transplantation have limited use for clinical practice because they were 

limited in size and inclusion criteria22 or only investigated anti-HLA donor-specific 

antibody (DSA) formation, but no clinical outcomes.30,31 Also, previous studies gener-

ally grouped recipients with immunological (autoimmune) and other transplantation 

indications. Yet, mismatching may theoretically decrease disease recurrence and im-

prove allograft survival in patients with autoimmune liver disease.32 In general, the 

activity of the immune system may play a role in rejection reactions. The interplay 

between a more active immune system in younger patients and the use of immuno-

suppressants may influence and/or mask the effects of matching.33 Therefore, we per-

formed a single-center retrospective cohort study that included 736 patients who un-

derwent primary liver transplantation to evaluate the predictive value of PIRCHE-II sco-

res on liver transplantation outcomes in recipients of varying ages with autoimmune 

and other liver diseases. 

Patients and methods 

Study design and patients 

We retrospectively included all consecutive adult patients who received a primary 

liver transplantation in the Erasmus Medical Center, Rotterdam, The Netherlands, bet-

ween January 1, 2000, and June 30, 2019. Patients for whom HLA typing of donor and 

recipient were unavailable and patients who received combined liver and kidney 

transplantation were excluded. We used electronic patient records to collect patient 

and donor characteristics, including transplantation indication, immune serology, 

blood group and HLA typing, surgery details, immunosuppressant use, and follow-up 

markers. The selected timeframe allowed for a minimum follow-up of 1 year. As part of 

the standard care, all patients were seen at least once a year. The date of the last visit 

was considered the latest follow-up. 

PIRCHE-II and HLAMatchmaker scores 

Patients and donors were typed for their HLA by molecular typing methods as per 

transplant protocol. Typings were reported at the serological split level for all loci fol-

lowing the EuroTransplant guidelines. If HLA-C and/or HLA-DQ were missing (see Ta-

ble S1), typings for these loci were imputed for epitope calculations as previously re-

ported.34 PIRCHE-II scores for donor–recipient matches were calculated using the PIR-
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CHE-II Matching Service (Pirche AG) in February 2021 as described previously.25 Be-

cause PIRCHE-II and antibody formation are logarithmically correlated,26 PIRCHE-II 

scores were transformed by natural logarithm (ln(PIRCHE-II +1)) for further analyses. 

For comparison, HLAMatchmaker scores were calculated using HLAMatchmaker (Ver-

sion 2.0). 

Outcome measures 

Primary outcomes included histology-confirmed acute rejection (defined as rejec-

tion activity index [RAI] >2), histology-confirmed chronic rejection, radiology-confir-

med ischemic cholangiopathy, graft loss (defined as retransplantation or graft-related 

death), and mortality (all cause except procedure related). Disease recurrence (except 

malignancies) was a secondary outcome. Follow-up ended if the patient received ano-

ther transplantation (e.g., kidney) or a retransplantation, if the patient died or was lost 

to follow-up, or at the last check of the electronic patient records. 

Statistical analyses 

All statistical analyses were performed with R (Version 4.0.5; R Foundation for Sta-

tistical Computing) packages tableone (0.12.0), survival (3.2–11), survminer (0.4.9), 

and lmtest (0.9–38). All continuous variables were checked for normal distribution. 

Kaplan–Meier curves were used to visualize the effect of ln(PIRCHE-II), divided into 

quartiles, on patient survival and graft survival, and log-rank was used to test for signi-

ficant differences. 

For each of the primary outcomes, univariate Cox proportional hazards models 

with recipient and donor age and sex, ischemia times, ABO and rhesus mismatches, 

and ln(PIRCHE-II) as covariates to determine independent risk factors were used. In 

addition, multivariable Cox proportional hazards models were used, correcting for 

recipient and donor age and sex, ABO and rhesus mismatches, and autoimmune indi-

cation (primary sclerosing cholangitis, primary biliary cirrhosis, acute/chronic autoim-

mune hepatitis). In these multivariable models, interactions between ln(PIRCHE-II) and 

the most common individual induction therapies (steroids, mycophenolate mofetil 

[MMF], tacrolimus, cyclosporin, and basiliximab) were tested. Subgroup analyses were 

performed for patients with autoimmune indications and nonautoimmune indications 

and for autoimmune indications in combination with age 30 years and younger. For 

both univariate and multivariable analyses, adjusted hazard ratios (aHRs) or hazard 

ratios (HRs) with 95% confidence intervals (95% CIs) were calculated. The likelihood 
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ratio test was used to determine the significance of interactions. Logistic regression 

analyses were performed to test the associations between ln(PIRCHE-II) and the prima-

ry outcomes after 1 year, 2 years, and 5 years of follow-up. Linear regression analysis 

was used to determine if there was an effect of ln(PIRCHE-II) on the severity of acute 

rejection (RAI score). 

Results 

Study population 

In the selected timeframe, a total of 873 primary liver transplantations were per-

formed. Of these, 118 patients were excluded because of missing donor or recipient 

HLA typing, and a further 19 patients were excluded because they received combined 

liver and kidney transplantations. As a result, a total of 736 patients were included in 

this study (Figure 1). 

The mean age of the recipients was 50.94 ± 12.26 years, and 479 (65.1%) were 

men. The untransformed PIRCHE-II and HLAMatchmaker scores had means of 
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85.88 ± 42.97 and 39.48 ± 12.45, respectively, and were significantly correlated (coef-

ficient = 0.27, p < 0.001; Figure S1). Among the most common indications for trans-

plantation were autoimmune diseases (229, 31.1%) followed by viral chronic active 

hepatitis (156, 21.2%) and alcohol-induced cirrhosis (115, 15.6%). In addition to the 

primary disease, 215 patients (29.2%) were diagnosed with hepatocellular carcinoma, 

and 10 (1.4%) with cholangiocarcinoma (of which 8 had primary sclerosing cholangi-

tis). Mean follow-up was 5.98 ± 5.47 years. Most patients retained their donor liver 

and were alive at the end of follow-up (438, 59.5%). The rest had died (181, 24.6%), 

received retransplants (86, 11.7%), or received another solid organ transplantation (9, 

1.2%). A total of 22 patients (3.0%) were lost to follow-up, with a mean time to loss of 

follow-up of 6.82 ± 5.27 years. Except ischemia times and perioperative blood loss, all 

continuous variables were normally distributed. All baseline characteristics are sum-

marized in Tables 1-4. The number of patients analysed (slashed) for each variable may 

differ from the total number of patients per (sub)group due to missing data or loss to 

follow-up. 

Table 1: general baseline characteristics divided by PIRCHE-II quartiles. 

Baseline characteristics, 
general

PIRCHE-II and ln(PIRCHE-II) quartiles p
[0, 55.5] (55.5, 78.2] (78.2, 108] (108, 273]
[0, 4.03] (4.03, 4.37] (4.37, 4.69] (4.69, 5.61]
n = 184 n = 185 n = 183 n = 184

Follow-up, years, median 
[range]

4.01 [0.00, 
20.06]

4.85 [0.00, 
20.54]

4.32 [0.00, 
20.57]

4.24 [0.00, 
20.53]

0.52

Reason for end of follow-up, 
n (%)

0.83

Alive 111 (60.3) 111 (60.0) 99 (54.1) 117 (63.6)
Deceased 44 (23.9) 44 (23.8) 50 (27.3) 43 (23.4)
Loss to follow-up 7 (3.8) 6 (3.2) 5 (2.7) 4 (2.2)
Other Tx 1 (0.5) 4 (2.2) 2 (1.1) 2 (1.1)
Re-Tx 21 (11.4) 20 (10.8) 27 (14.8) 18 (9.8)

PIRCHE-II score, mean (SD) 38.98 (11.87) 66.85 (6.67) 92.40 (8.20) 145.44 (31.25) <0.001
HLAMatchmaker score, mean 
(SD)

36.34 (18.00) 38.52 (10.64) 39.22 (9.36) 43.84 (8.21) <0.001

ln(PIRCHE-II), natural logarithm of PIRCHE-II+1; PIRCHE-II, Predicted Indirectly Recognizable HLA Epitopes II; SD, standard 

deviation; Tx, transplantation. 
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Table 2: donor and recipient baseline characteristics divided by PIRCHE-II quartiles. 

Baseline characteristics, donor and 
recipient

PIRCHE-II and ln(PIRCHE-II) quartiles p
[0, 55.5] (55.5, 78.2] (78.2, 108] (108, 273]
[0, 4.03] (4.03, 4.37] (4.37, 4.69] (4.69, 5.61]
n = 184 n = 185 n = 183 n = 184

Donor
Age, years, mean (SD) 51.29 

(15.65)
46.89 
(15.52)

49.53 
(15.69)

48.76 
(14.82)

0.05

Sex, male, n (%) 101/184 
(54.9)

88/185 
(47.6)

88/183 
(48.1)

99/184 
(53.8)

0.36

Recipient
Age, years, mean (SD) 50.03 

(13.20)
51.29 
(11.67)

51.43 
(12.35)

51.01 
(11.81)

0.70

Sex, male, n (%) 116/184 
(63.0)

115/185 
(62.2)

124/183 
(67.8)

124/184 
(67.4)

0.56

BMI, mean (SD) 26.18 (4.65) 25.62 (4.34) 25.76 (4.25) 26.00 (4.46) 0.62
MELD score at Tx, mean (SD) 22.87 (7.23) 23.19 (7.30) 22.25 (6.84) 23.38 (7.28) 0.59
Primary Tx indication, n(%) 0.02

Acute liver failure: autoimmune 2 (1.1) 7 (3.8) 0 (0.0) 0 (0.0)
Acute liver failure: e.c.i. 6 (3.3) 2 (1.1) 4 (2.2) 2 (1.1)
Acute liver failure: other 1 (0.5) 0 (0.0) 0 (0.0) 1 (0.5)
Acute liver failure: viral 3 (1.6) 2 (1.1) 3 (1.6) 5 (2.7)
Biliary atresia 0 (0.0) 0 (0.0) 1 (0.5) 1 (0.5)
Budd–Chiari syndrome 0 (0.0) 1 (0.5) 2 (1.1) 1 (0.5)
Chronic-active hepatitis: 

autoimmune
10 (5.4) 7 (3.8) 6 (3.3) 6 (3.3)

Chronic-active hepatitis: viral 33 (17.9) 36 (19.5) 35 (19.1) 52 (28.3)
Cryptogenic cirrhosis 11 (6.0) 13 (7.0) 14 (7.7) 16 (8.7)
Genetic/metabolic disease 12 (6.5) 13 (7.0) 15 (8.2) 14 (7.6)
Nonalcoholic steatohepatitis 14 (7.6) 9 (4.9) 4 (2.2) 12 (6.5)
Polycystic liver disease 2 (1.1) 10 (5.4) 5 (2.7) 6 (3.3)
Primary biliary cirrhosis 3 (1.6) 10 (5.4) 4 (2.2) 10 (5.4)
Primary liver tumor, n (%) 0 (0.0) 5 (2.7) 1 (0.5) 1 (0.5)
Primary sclerosing cholangitis, n (%) 49 (26.6) 43 (23.2) 43 (23.5) 29 (15.8)
Secondary biliary cirrhosis, n (%) 3 (1.6) 1 (0.5) 2 (1.1) 3 (1.6)
Toxic: alcohol induced, n (%) 29 (15.8) 24 (13.0) 40 (21.9) 22 (12.0)
Toxic: drug induced, n (%) 3 (1.6) 2 (1.1) 3 (1.6) 2 (1.1)
Other, n (%) 3 (1.6) 0 (0.0) 1 (0.5) 1 (0.5)

BMI, body mass index; e.c.i., et cause ignora; ln(PIRCHE-II), natural logarithm of PIRCHE-II+1; MELD, Model for End-Stage 

Liver Disease; PIRCHE-II, Predicted Indirectly Recognizable HLA Epitopes II; SD, standard deviation; Tx, transplantation.
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Table 3: procedure and matching baseline characteristics divided by PIRCHE-II quartiles. 

Baseline characteristics, procedu-
re and matching

PIRCHE-II and ln(PIRCHE-II) quartiles p
[0, 55.5] [0, 
4.03]

(55.5, 78.2] 
(4.03, 4.37]

(78.2, 108] 
(4.37, 4.69]

(108, 273] 
(4.69, 5.61]

n = 184 n = 185 n = 183 n = 184
Procedure
Graft type n/total n/179 n/181 n/175 n/178 0.003

Full, n (%) 179 (100.0) 172 (95.0) 171 (97.7) 177 (99.4)
Split, n (%) 0 (0.0) 9 (5.0) 4 (2.3) 1 (0.6)

Donor type n/total n/184 n/184 n/183 n/184 0.55
Deceased, n (%) 41 (22.3) 51 (27.7) 48 (26.2) 52 (28.3)
Living, n (%) 142 (77.2) 133 (72.3) 135 (73.8) 132 (71.7)
Living related, n (%) 1 (0.5) 0 (0.0) 0 (0.0) 0 (0.0)

Cold ischemia time, h, median 
[range]

6.56 [3.27, 
16.47]

6.20 [2.32, 
13.92]

6.48 [2.90, 
14.90]

6.57 [2.75, 
14.80]

0.35

Warm ischemia time, h, median 
[range]

0.47 [0.25, 
1.17]

0.47 [0.18, 
1.17]

0.47 [0.23, 
1.50]

0.48 [0.27, 
1.42]

0.52

Total ischemia time, h, median 
[range]

6.98 [3.63, 
17.63]

6.72 [2.67, 
14.68]

7.07 [3.53, 
15.38]

7.07 [3.22, 
15.60]

0.39

Blood loss, L, median [range] 4.12 [0.00, 
62.00]

3.50 [0.00, 
39.00]

3.85 [0.50, 
34.00]

3.50 [0.00, 
58.00]

0.17

Donor–recipient matching, n/total 
(%)

ABO mismatch 4/184 (2.2) 1/185 (0.5) 1/182 (0.5) 2/184 (1.1) 0.39
Rhesus mismatch 34/184 

(18.5)
21/185 (11.4) 11/183 (6.0) 22/184 (12.0) 0.003

HBsAg mismatch 0/182 (0.0) 1/182 (0.5) 0/181 (0.0) 0/183 (0.0) 0.39
HCVAb mismatch 0/182 (0.0) 0/183 (0.0) 0/181 (0.0) 0/183 (0.0) NA
CMVIgG mismatch 36/182 

(19.8)
34/183 (18.6) 33/181 (18.2) 27/184 (14.7) 0.61

EBVIgG mismatch 8/163 (4.9) 3/163 (1.8) 6/156 (3.8) 5/165 (3.0) 0.48
HIVAb mismatch 0/182 (0.0) 0/182 (0.0) 0/180 (0.0) 0/176 (0.0) NA

ABO, blood group; CMVIgG, cytomegalovirus IgG; EBVIgG, Epstein-Barr virus IgG; HBsAg, hepatitis B surface antigen; HC-

VAb, hepatitis C virus antibody; HIVAb, human immunodeficiency virus antibody; ln(PIRCHE-II), natural logarithm of PIR-

CHE-II+1; NA; not available; PIRCHE-II Predicted Indirectly Recognizable HLA Epitopes II
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Table 4: details of follow-up divided by PIRCHE-II quartiles. 

Follow-up PIRCHE-II and ln(PIRCHE-II) quartiles p
[0, 55.5] (55.5, 78.2] (78.2, 108] (108, 273]
[0, 4.03] (4.03, 4.37] (4.37, 4.69] (4.69, 5.61]
n = 184 n = 185 n = 183 n = 184

Deceased, n/total (%) 52/180 
(28.9)

57/182 
(31.3)

65/179 
(36.3)

49/180 
(27.2)

0.27

Age of death, years, mean (SD) 55.87 
(12.26)

59.26 
(10.43)

57.95 (9.29) 57.61 
(12.17)

0.45

Cause of death n/total n/52 n/57 n/65 n/49 0.64
Postoperative complications, n (%) 8 (15.4) 11 (19.3) 14 (21.5) 7 (14.3)
Graft related, n (%) 11 (21.2) 10 (17.5) 11 (16.9) 4 (8.2)
Medical comorbidity, n (%) 18 (34.6) 22 (38.6) 22 (33.8) 24 (49.0)
Malignancy, de novo, n (%) 7 (38.9) 13 (59.1) 9 (40.9) 9 (37.5)
Infection/sepsis, n (%) 5 (27.8) 4 (18.2) 7 (31.8) 7 (29.2)
Organ failure, excluding liver, n (%) 2 (11.1) 0 (0.0) 2 (9.1) 2 (8.3)
Hemorrhage, excluding cerebral, n (%) 3 (16.7) 1 (4.5) 0 (0.0) 1 (4.2)
Cardiac event, n (%) 0 (0.0) 2 (9.1) 1 (4.5) 2 (8.3)
Stroke, n (%) 1 (5.6) 1 (4.5) 2 (9.1) 1 (4.2)
Other comorbidity, n (%) 0 (0.0) 1 (4.5) 1 (4.5) 2 (8.3)
Procedure related, n (%) 5 (9.6) 2 (3.5) 2 (3.1) 2 (4.1)
Recurrence: malignancy, n (%) 7 (13.5) 6 (10.5) 6 (9.2) 7 (14.3)
Recurrence: primary disease, n (%) 0 (0.0) 4 (7.0) 5 (7.7) 2 (4.1)
Other, n (%) 2 (3.8) 1 (1.8) 2 (3.1) 3 (6.1)
Unknown, n (%) 1 (1.9) 1 (1.8) 3 (4.6) 0 (0.0)

Re-Tx, n (%) 21 (11.4) 22 (11.9) 28 (15.3) 20 (10.9) 0.57
Loss to follow-up, n (%) 7 (3.8) 6 (3.2) 5 (2.7) 4 (2.2) 0.82
Ischemic cholangiopathy, n (%) 11 (6.0) 13 (7.0) 10 (5.5) 13 (7.1) 0.90
Acute rejection, n (%) 51 (27.7) 48 (25.9) 53 (29.0) 51 (27.7) 0.94
RAI, mean (SD) 5.00 (1.29) 4.82 (1.21) 4.92 (1.51) 5.25 (1.20) 0.40
Chronic rejection, n (%) 6 (3.3) 6 (3.2) 12 (6.6) 5 (2.7) 0.21
Disease recurrence, n (%) 18 (9.8) 26 (14.1) 22 (12.0) 24 (13.0) 0.63
Induction therapy regimen, n (%) 0.39

Steroids + calcineurin inhibitor 3 (1.6) 4 (2.2) 11 (6.0) 5 (2.7)
Steroids + calcineurin inhibitor + IL2 

inhibitor
49 (26.6) 61 (33.0) 62 (33.9) 63 (34.2)

Steroids + calcineurin inhibitor + IL2 
inhibitor + MMF

5 (2.7) 5 (2.7) 5 (2.7) 8 (4.3)

Steroids + calcineurin inhibitor + MMF 11 (6.0) 9 (4.9) 14 (7.7) 11 (6.0)
Steroids + IL2 inhibitor + MMF 99 (53.8) 97 (52.4) 83 (45.4) 89 (48.4)
None 4 (2.2) 1 (0.5) 2 (1.1) 2 (1.1)
Other (n < 10) 13 (7.1) 8 (4.3) 6 (3.3) 6 (3.3)

IL2, interleukin 2; ln(PIRCHE-II), natural logarithm of PIRCHE-II+1; MMF, mycophenolate mofetil; PIRCHE-II, Predicted Indi-

rectly Recognizable HLA Epitopes II; RAI, rejection activity index; SD, standard deviation; Tx, transplantation.
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Table 5: univariable and multivariable Cox regression analyses for ln(PIRCHE-II) on the primary 

outcomes mortality (excluding procedure related), graft loss, acute rejection, chronic rejecti-

on, and ischemic cholangiopathy. 

Table 6: univariable and multivariable Cox regression analyses for HLAMatchmaker scores on 

the primary outcomes mortality (excluding procedure related), graft loss, acute rejection, 

chronic rejection, and ischemic cholangiopathy. 

Cox regression for ln(PIR-
CHE-II) versus outcome

Univariable Multivariable Events per 
total nHR (95% CI) p aHR (95% CI) p

Mortality 1.03 (0.81–1.31) 0.80 0.99 (0.78–1.26) 0.96 212/710
Graft loss 0.88 (0.65–1.19) 0.40 0.91 (0.67–1.24) 0.56 113/736
Acute rejection 1.10 (0.86–1.41) 0.46 1.17 (0.91–1.51) 0.21 203/726
Chronic rejection 1.11 (0.57–2.14) 0.76 1.11 (0.57–2.16) 0.75 29/736
Ischemic cholangiopathy 0.99 (0.60–1.63) 0.97 1.05 (0.63–1.76) 0.85 46/735

aHR, adjusted hazard ratio; CI, confidence interval; HR, hazard ratio; ln(PIRCHE-II), natural logarithm of PIRCHE-II+1; 

PIRCHE-II, Predicted Indirectly Recognizable HLA Epitopes II

Cox regression for HLA-
Matchmaker versus outcome

Univariable Multivariable Events per 
total nHR (95% CI) p aHR (95% CI) p

Mortality 1.02 (0.92–1.13) 0.72 1.04 (0.93–1.17) 0.44 212/710
Graft loss 1.04 (0.90–1.21) 0.56 1.02 (0.88–1.19) 0.75 113/736
Acute rejection 1.11 (0.99–1.24) 0.07 1.09 (0.98–1.21) 0.13 203/726
Chronic rejection 1.03 (0.77–1.38) 0.83 1.03 (0.76–1.38) 0.86 29/736
Ischemic cholangiopathy 0.99 (0.79–1.26) 0.96 1.01 (0.80–1.27) 0.95 46/735

aHR and HR given per 10-point increase of HLAMatchmaker score. aHR, adjusted hazard ratio; CI, confidence interval; HR, 

hazard ratio; ln(PIRCHE-II), natural logarithm of PIRCHE-II+1; PIRCHE-II, Predicted Indirectly Recognizable HLA Epitopes II
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Table 7: logistic regression analyses for ln(PIRCHE-II) on the primary outcomes mortality (ex-

cluding procedure related), graft loss, acute rejection, chronic rejection, and ischemic cholan-

giopathy at the follow-up time points of 1 year, 2 years, and 5 years. 

Analyses 

Patient survival and graft survival did not differ between quartiles of ln(PIRCHE-II) 

scores (Figure 2A,B) nor did acute and chronic rejection (Figure 2C,D).  

In univariable analyses, the continuous ln(PIRCHE-II) and HLAMatchmaker scores 

were not associated with the primary outcomes mortality, graft loss, acute rejection, 

chronic rejection, and ischemic cholangiopathy (Tables 5 and 6). Recipient age was 

independently associated with mortality (HR = 1.03, 95% CI = 1.02–1.05, p < 0.001; 

see Figure S2 for causes of death), graft loss (HR  =  0.98, 95% CI  =  0.96–0.99, 

p = 0.002), and acute rejection (HR = 0.98, 95% CI = 0.97–0.99, p = 0.001). Likewise, 

an autoimmune transplantation indication was independently associated with mortali-

ty (HR = 0.65, 95% CI = 0.48–0.89, p = 0.008; see Figure S3 for causes of death), graft 

loss (HR = 1.47, 95% CI = 1.01–2.14, p = 0.04; see Table S2 for causes of graft loss), 

and acute rejection (HR = 1.74, 95% CI = 1.32–2.30, p < 0.001). Both were not inde-

Logistic regression for ln(PIRCHE-II) versus 
outcome

OR (95% CI) p Events per total n

Mortality
1 year 1.01 (0.65–1.55) 0.98 73/720
2 years 0.96 (0.65–1.40) 0.82 98/719
5 years 0.97 (0.70–1.34) 0.84 146/720

Graft loss
1 year 0.93 (0.60–1.44) 0.75 70/720
2 years 0.88 (0.60–1.30) 0.54 88/719
5 years 0.87 (0.60–1.25) 0.44 101/719

Acute rejection
1 year 1.11 (0.81–1.52) 0.50 174/732
2 years 1.05 (0.78–1.42) 0.73 189/731
5 years 1.06 (0.79–1.42) 0.68 199/730

Chronic rejection
1 year 0.64 (0.31–1.33) 0.24 16/732
2 years 1.02 (0.47–2.19) 0.96 22/731
5 years 1.07 (0.52–2.19) 0.85 26/729

Ischemic cholangiopathy
1 year 1.08 (0.57–2.08) 0.81 32/730
2 years 1.28 (0.67–2.45) 0.46 35/729
5 years 0.99 (0.56–1.73) 0.96 41/727

CI, confidence interval; OR, odds ratio; PIRCHE-II, Predicted Indirectly Recognizable HLA Epitopes II; ln(PIRCHE-II), natural 

logarithm of PIRCHE-II+1
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pendently associated with chronic rejection, ischemic cholangiopathy, or disease re-

currence. 

Logistic regression analyses revealed no associations between ln(PIRCHE-II) and 

any of the primary outcomes after 1 year, 2 years, and 5 years of follow-up (Table 7). 

Furthermore, ln(PIRCHE-II) was not correlated with severity of acute rejection, classi-

fied as RAI score, as determined by linear regression (coefficient = 0.22, p = 0.23). 
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Fig. 2: Kaplan–Meier curves for quartiles of the natural logarithm of PIRCHE-II+1 of A, pa-

tient survival (excluding procedure-related death), B, graft survival, C, acute rejection, and D, 

chronic rejection: quartile 1 = [0, 4.03], quartile 2 = (4.03, 4.37], quartile 3 = (4.37, 4.69], and 

quartile 4 = (4.69, 5.61] 
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Similarly, ln(PIRCHE-II) and HLAMatchmaker scores were not associated with any 

of the primary outcomes in multivariable analyses. However, in the ln(PIRCHE-II) mo-

dels, recipient age was correlated with an increased risk of mortality (aHR = 1.03, 95% 

CI  =  1.02–1.05, p  <  0.001), yet decreased risks of graft loss (aHR  =  0.98, 95% 

CI =  0.97–1.00, p =  0.01) and acute rejection (aHR =  0.99, 95% CI =  0.98–1.00, 

p  =  0.02). Rhesus mismatch led to an increased risk of ischemic cholangiopathy 

(aHR = 2.19, 95% CI = 1.11–4.34, p = 0.03). Those who received transplants for au-

toimmune indications were at an increased risk of acute rejection (aHR = 1.63, 95% 

CI = 1.22–2.19, p = 0.001).Subgroup analyses: autoimmune and nonautoimmune in-

dications 

Multivariable subgroup analyses revealed no statistically significant associations 

between ln(PIRCHE-II) and any of the primary outcomes both for transplantations for 

autoimmune indications (n = 229) and transplantations for nonautoimmune indicati-

ons (n = 507). Likewise, no associations between HLAMatchmaker score and any of 

the primary outcomes were found in these subgroups. Furthermore, ln(PIRCHE-II) and 

HLAMatchmaker scores were not associated with disease recurrence in either 

subgroup. 

As in the full cohort, the association between age and mortality remained intact in 

both subgroups (autoimmune: aHR = 1.04, 95% CI = 1.01–1.07, p = 0.003; nonau-

toimmune: aHR = 1.03, 95% CI = 1.01–1.05, p < 0.001). However, the association 

with graft loss remained only in the autoimmune group (aHR = 0.98, 95% CI = 0.95–

1.00, p = 0.04), and the association with acute rejection was not significant in both 

subgroups. In addition, a male donor increased the risk of acute rejection in the non-

autoimmune subgroup (aHR = 1.66, 95% CI = 1.13–2.44, p = 0.01), and an associati-

on between rhesus mismatch and disease recurrence was found in the autoimmune 

subgroup (aHR = 2.43, 95% CI = 1.05–5.62, p = 0.04). 

Subgroup analyses: young patients with autoimmune indications 

There were no formal interactions between PIRCHE-II and age or age 30 years or 

younger. However, the multivariable subgroup analyses of patients with autoimmune 

indications and age 30 years or younger (n = 31) revealed an inverse association bet-

ween ln(PIRCHE-II) with graft loss (12 events: aHR  =  0.14, 95% CI  =  0.03–0.63, 

p  =  0.01). No such association was observed for the HLAMatchmaker score. The 

ln(PIRCHE-II) score was not associated with acute rejection (14 events). Donor age was 
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associated with decreased graft loss (aHR = 0.95, 95% CI = 0.90–1.00, p = 0.049). 

Insufficient events occurred to reliably determine associations with mortality (5 

events), chronic rejection (3 events), ischemic cholangiopathy (2 events), and disease 

recurrence (6 events). 

Immunosuppressants 

Finally, in the full cohort, no statistically significant interactions were found bet-

ween ln(PIRCHE-II) and the most common individual induction therapy drugs (steroids, 

basiliximab, MMF, tacrolimus, and cyclosporin) for any of the primary outcomes in the 

multivariable analyses. Similarly, these interactions were not present for the HLA-

Matchmaker score. 

Discussion 

In this single-center retrospective cohort study of 736 first liver transplantations, we 

investigated whether the PIRCHE-II score is a predictor of liver transplantation outco-

mes. For comparison, we also performed all analyses using the HLAMatchmaker score. 

We found no associations between PIRCHE-II scores and mortality, graft loss, acute 

rejection, chronic rejection, ischemic cholangiopathy, or disease recurrence. Further-

more, we found no associations in the subgroups of patients with and without au-

toimmune indications. Similarly, there were no associations of HLAMatchmaker score 

with any of the outcomes in the full cohort and subgroups. The finding that both scores 

overall did not predict transplantation outcomes confirms previous failures to show 

consistent advantages of HLA matching and is in line with results from a review of dif-

ferent studies on HLA matching and liver transplantation.35 It also aligns with the cur-

rent recommendation to not routinely use HLA matching for liver transplantation.  

We found an important role for the activated immune system in patients who re-

ceived transplants for autoimmune indications. These patients had a 74% (univariate) 

or 63% (multivariable) increase in risk of acute rejection and a 47% (univariate) in-

crease in risk of graft loss, independent of PIRCHE-II or HLAMatchmaker scores. We 

further found a negative association between age and graft loss, which was most pro-

nounced in the autoimmune group and may well result from decreasing reactivity of 

the immune system with increasing age. It was previously proposed that HLA matching 

could have adverse effects for patients with autoimmune diseases.32 Although we did 
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not find this in the full subgroup of recipients with autoimmune diseases, we observed 

an inverse association between PIRCHE-II and graft loss, thus a decreased risk of graft 

loss upon higher mismatch in young patients (30 years and younger). This may be ex-

plained by the autoreactivity in this group of patients, where more mismatches lower 

the risk of a recurring autoimmune reaction. We would also expect an inverse associa-

tion with disease recurrence, but there were insufficient events in this subgroup to 

reach statistical significance. We further found that rhesus mismatch more than doub-

led the risk of autoimmune disease recurrence, putatively through further activation of 

the immune system. Interestingly, this is not among the known risk factors for autoim-

mune disease recurrence. To improve transplantation outcomes for autoimmune disea-

se, it may thus be advisable to transplant a donor liver that is PIRCHE-II mismatched 

but rhesus matched. 

Donor preformed and anti-HLA dnDSA have been shown to correlate with rejecti-

on in kidney,36 heart,37 pancreas,38 and lung37 transplantations.31 Concordantly, it was 

recently shown that patients with class II anti-HLA dnDSA following liver transplanta-

tion had higher PIRCHE-II scores30 and that PIRCHE-II and HLAMatchmaker scores 

predict class II anti-HLA dnDSA formation after liver transplantation.31 In our cohort, 

we found no association between PIRCHE-II and rejection. Unfortunately, we did not 

have anti-HLA DSA information for the patients in our study to confirm such an asso-

ciation between PIRCHE-II and anti-HLA dnDSA. 

It remains possible that associations between ln(PIRCHE-II) and any of the primary 

outcomes were masked by drug-induced immune suppression. However, the absence 

of interactions between ln(PIRCHE-II) and the individual immunosuppressant drugs 

used suggests that any such influence would be evenly spread over the cohort because 

most patients received similar combinations of induction therapy. A previous study of 

41 patients undergoing calcineurin inhibitor withdrawal found that those with PIRCHE-

II scores <68 (or ln(PIRCHE-II) 4.23) had a significantly decreased risk of graft loss 

compared with those with scores PIRCHE-II ≥68.39 Because of the retrospective nature 

of our study, it was not possible to accurately detect changes in (dosage) of medication 

and therapy withdrawal. 

Our study stands out in the inclusion and follow-up of a large number of patients, 

the length of follow-up, the variety of primary transplantation indications, robustness of 

outcome parameters, and completeness of the data. Limitations of our study include 
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the single-center, retrospective design; the absence of anti-HLA DSA information; and 

limited patient numbers in some of the analyzed subgroups. 

In conclusion, we found no associations between PIRCHE-II and HLAMatchmaker 

scores and mortality, graft loss, acute rejection, chronic rejection, ischemic cholangio-

pathy, or disease recurrence in our single-center cohort of primary liver transplantati-

ons. This implies that HLA matching is not needed for upcoming biobankable liver cell 

sources, which greatly facilitates the generation of a biobank. Our findings of inverse 

associations between liver transplantation outcomes and age, especially in patients 

who received transplants for autoimmune disease, suggest that the activity of the im-

mune system plays an important role and that PIRCHE-II may be an inverse predictor 

of liver graft loss in younger patients (age 30 years and younger) with autoimmune di-

seases. Further studies are needed to evaluate whether PIRCHE-II mismatching and 

rhesus matching should be used to improve outcomes for (young) patients with au-

toimmune disease. 
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Abstract 

The myriad of available hepatocyte in vitro models provides researchers the possi-

bility to select hepatocyte-like cells (HLCs) for specific research goals. However, direct 

comparison of hepatocyte models is currently challenging. We systematically searched 

the literature and compared different HLCs, but reported functions were limited to a 

small subset of hepatic functions. To enable a more comprehensive comparison, we 

developed an algorithm to compare transcriptomic data across studies that tested HLCs 

derived from hepatocytes, biliary cells, fibroblasts, and pluripotent stem cells, alongsi-

de primary human hepatocytes (PHHs). This revealed that no HLC covered the com-

plete hepatic transcriptome, highlighting the importance of HLC selection. HLCs deri-

ved from hepatocytes had the highest transcriptional resemblance to PHHs regardless 

of the protocol, whereas the quality of fibroblasts and PSC derived HLCs varied de-

pending on the protocol used. Finally, we developed and validated a web application 

(HLCompR) enabling comparison for specific pathways and addition of new HLCs. In 

conclusion, our comprehensive transcriptomic comparison of HLCs allows selection of 

HLCs for specific research questions and can guide improvements in culturing conditi-

ons. 
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Introduction 

To accurately study human liver physiology and pathology, in vitro models 

should faithfully replicate in vivo liver functions. These include elimination of 

toxins, production and secretion of plasma proteins and bile, and metabolic 

homeostasis of carbohydrates, amino acids, and lipids. Most of these processes are 

performed by hepatocytes, epithelial cells that constitute 60% of the number of cells 

and 80% of the volume of the liver.1 As such, the pursuit of in vitro models that possess 

robust hepatocyte functionality remains a major goal of biotechnology. 

Freshly isolated primary human hepatocytes (PHHs) represent the gold standard to 

investigate liver functions. However, standard two-dimensional PHH cultures are diffi-

cult to expand and rapidly lose hepatic functions.2 To overcome these limitations, 

many groups have attempted to improve long-term PHH culturing methods, stimula-

ting proliferation or minimizing dedifferentiation.3-7 Additionally, hepatic in vitro mo-

dels were established from other cell sources, including fetal hepatocytes, intrahepatic 

cholangiocytes, pluripotent stem cells, fibroblasts, urinary cells, and mesenchymal 

stem cells.4,8-56 We here collectively designate these models ‘hepatocyte-like 

cells’ (HLCs). 

The hepatic phenotype is likely to differ between different HLCs, depending on the 

cell of origin and culturing protocols. Clarifying these differences and identifying the 

best performing model is required to select the appropriate HLC model to study a spe-

cific biological or clinical question. In this study, we set out to compare hepatocyte 

functionality between the final stage of each HLC protocol. A systematic search of the 

literature and analysis of reported functional assays and expression of individual genes 

of the different HLCs did not allow thorough comparison of the hepatic phenotype 

between studies. Therefore, we developed a computational algorithm for comparison 

of whole transcriptome sequencing (RNA-seq) data across different studies and a web 

application to add additional HLC datasets in the future (HLCompR, https://github.-

com/iardisasmita/HLCompR). This resource will guide selection of HLCs tailored to a 

specific research aim and help to improve HLC culturing protocols. 
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Results 

Reported hepatocyte functions are insufficient for HLC comparison  

We searched the literature for articles that described HLC culture protocols and 

characterized hepatic functions. As cross-study comparison of HLCs requires a univer-

sal standard, we only considered studies that tested HLCs alongside PHHs. This strate-

gy yielded 53 studies describing HLCs derived from pluripotent stem cells (PSCs), fi-

broblasts, mesenchymal stem cells, urinary cells, intrahepatic cholangiocytes, and 

PHHs (Fig. 1a and Supplementary Fig. 1). For our quantitative comparison, we consi-

dered hepatic functional assays that were performed in more than 10 studies, the ex-

pression of associated genes, and genes commonly used as hepatic markers (Supple-

mentary Data 1). 

Some functions, including albumin secretion and CYP3A4 activity were assessed in 

most (>50%) studies, while other important liver functions, including bile secretion, 

cholesterol metabolism, and gluconeogenesis were generally left unaddressed (Fig. 1a 

and Supplementary Data 1). Moreover, many studies did not include PHHs in all func-

tional assays. Similarly, only the RNA expression of ALB, CYP3A4, CYP1A2, and CY-

P2C9 were reported in the majority (>50%) of studies while other important hepatic 

markers were lacking. 

For cross-study comparison of liver functionality we considered functional activity 

of HLCs, calculated as a percentage of the PHH control included in the same study 

(Fig. 1a). Using this method, different hepatic functions seemed to evolve independent-

ly from each other. For example, high albumin secretion correlated with high CYP3A4 

activity in PSC-derived HLCs of Wang et al.,46 but not in PSC-derived HLCs of Boon et 

al.30 This suggests that it is impossible to predict overall hepatocyte maturation using 

only a single hepatic function. 

Importantly, different studies did not specify the culture time of PHH controls. This 

may have caused significant variability in control PHH functionality, as specific hepa-

tic functions, including CYP3A4 activity, are rapidly lost during PHH culturing (Fig. 

1b).12,57 As such, minor variations in culture duration and assay procedures of control 

PHHs may have profound effects on the relative activity of liver functions in HLCs. 
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Together, the frequent omission of PHH controls, the narrow range of functional 

assays performed, and the possible variability of PHH controls made it impossible to 

compare the hepatic phenotype between HLCs based on reported assays. 

Transcriptomic comparison reveals distinct liver-specific molecular signatures in 

HLCs 

To allow transcriptome-wide and standardized comparison of HLCs, we developed 

a computational algorithm to analyze raw bulk RNA-seq data from different HLC stu-

dies, that included PHHs or liver tissue as universal controls (Fig. 2a). This yielded 11 

studies describing HLCs derived from hepatocytes, intrahepatic cholangiocytes, fibro-

blasts, and PSCs (Fig. 2b and Supplementary Data 2). In addition, protocols developed 

by Huch et al.17 and Hu et al.4 are commonly used in our laboratory and elsewhere to 

generate intrahepatic cholangiocyte-derived organoids and (fetal) hepatocyte-derived 

organoids, respectively. Since both studies did not provide bulk RNA-seq data, we ge-

nerated RNA-seq data of HLCs derived from intrahepatic cholangiocytes (Huch-Chol-

HLCs) and fetal hepatocytes (Hu-FHep-HLCs) using the corresponding protocols.4,17,58 

We did not include the adult hepatocyte-derived organoids because we were not able 

to culture them over long periods of time and, to the best of our knowledge, nor were 

other groups.58,59 The protocols used to generate the different HLCs are represented in 

Supplementary Fig. 2. In addition to the HLCs and their respective PHH controls, we 

included fetal hepatocytes, PSCs, fibroblasts, hepatoma cell line HepG2, and common 

bile-duct tissue (CBD,60 i.e., extrahepatic cholangiocytes; Supplementary Data 2). 

Principal component analysis (PCA) showed that samples clustered by cell type 

rather than by study, confirming that our computational approach allows cross-study 

comparison (Fig.  2c). This also confirmed transcriptional homogeneity of PHH/liver 

samples from different studies, which can collectively serve as a common hepatic ben-

chmark. Most HLCs clustered closely to their respective cells of origin, with hepatocy-

te-derived HLCs (Hep-HLCs) clustering most closely to PHHs and liver tissue (Fig. 2c). 

Fibroblast-derived HLCs (Fib-HLCs) from Xie and Du clustered strikingly close to Hep-

HLCs, while Fib-HLCs from Gao grouped closer to fibroblasts. Du and Gao used simi-

lar media compositions but different transcription factors (TFs) for transdifferentiation 

(Fig. 2b), showing better hepatic reprogramming using the TF combination of Du. The 

protocols differentiating intrahepatic cholangiocytes towards hepatocytes (Chol-HLCs) 

resulted in HLCs that clustered with CBDs. Interestingly, the PSC-derived HLCs (PSC-

HLCs) from Mun, which underwent a final maturation step according to the intrahepa-
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Hep-HLCs than the HLCs derived from standard PSCs (Gao,
Mun, Boon, Koui; Fig. 2c).

We established a general hepatic fingerprint, by considering the
top-expressed genes in the liver from the Genotype-Tissue
Expression (GTEx) database. Hierarchical clustering showed that
only Hep-HLCs clustered with PHHs and liver tissue based on

these top-expressed liver genes (Fig. 2d). To quantify the overall
resemblance of HLCs to PHHs according to a given gene set, we
calculated distance-based similarity scores (DBS) (Fig. 2e). Hep-
HLCs showed the highest DBS based on top-expressed liver
genes, followed by Wang-PSC-HLCs, Fib-HLCs, other PSC-
HLCs, and finally Chol-HLCs (Fig. 2e).
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Fig. 1: reported hepatic functional assays and gene expression are insufficient for HLC 

comparison. a, The most commonly reported hepatic functions and gene expression are 

presented. The value in each cell represents the activity or expression level of an HLC as a 

percentage of the PHH control in the same study. HLCs are grouped based on the type of 
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tic cholangiocyte culture protocol of Huch et al. (Supplementary Fig. 3),17,24 also clus-

tered closer to CBDs than to either PSCs or PHHs. This suggests that the culture proto-

col of Huch et al.17 directs differentiation towards cholangiocytes rather than hepatocy-

tes. Considering other PSC-derived HLCs (PSC-HLCS), we observed that the HLCs from 

Wang, which were derived from PSCs with the ability to form extra-embryonic 

tissues,61 clustered closer the Hep-HLCs than the HLCs derived from standard PSCs 

(Gao, Mun, Boon, Koui; Fig. 2c). 

We established a general hepatic fingerprint, by considering the top-expressed ge-

nes in the liver from the Genotype-Tissue Expression (GTEx) database. Hierarchical 

clustering showed that only Hep-HLCs clustered with PHHs and liver tissue based on 

these top-expressed liver genes (Fig. 2d). To quantify the overall resemblance of HLCs 

to PHHs according to a given gene set, we calculated distance-based similarity scores 

(DBS) (Fig. 2e). Hep-HLCs showed the highest DBS based on top-expressed liver ge-

nes, followed by Wang-PSC-HLCs, Fib-HLCs, other PSC-HLCs, and finally Chol-HLCs 

(Fig. 2e). 

Next, we considered several gene sets related to specific hepatic functions. HLCs 

derived from hepatocytes, fibroblasts from Xie, and extended PSCs from Wang were 

generally most similar to PHHs, but clear differences could be observed when conside-

ring particular gene sets (Fig. 2f and Supplementary Figs. 4 and 5). For example, ex-

pression of most gene sets was higher in Hep-HLCs than in Fib-HLCs, except for the 

gluconeogenesis gene set. Among all Hep-HLC samples, Xiang-Hep-HLC-D15 was 

generally most similar to PHHs and liver tissue (Fig. 2f), which may result from the re-

latively short culture time (15 days) of this HLC sample compared to other HLCs (>3 
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cells they were generated from. Pluripotent stem cell (PSC) derived HLCs are further grou-

ped into: GF, standard protocols employing growth factors; SM, protocols solely using syn-

thetic molecules; 3D, protocols utilizing 3D matrices; Co-cult, protocols combining multiple 

cell types; and LN, protocols focusing on the effect of laminin coating. Mesenchymal stem 

cell (MSC) derived HLCs are categorized into the tissue of origin: AT adipose tissue, CB cord 

blood, BM bone marrow. b, mRNA expression (log2) of genes relevant to the commonly 

reported hepatic functions in PHHs cultured for 0, 1, 2, and 4 days and cultured dermal fi-

broblasts, from the study of Gao et al.12 Note that expression of some genes (e.g. CYP3A4, 

CYP1A2, OTC) decreases >4-fold within the first 24 h of culturing, whereas expression of 

other genes (ALB, ASS1, SERPINA1) remains relatively stable. 
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with the finding of Aizarani et al. that intrahepatic cholangiocytes
upregulates intestinal marker genes when cultured as organoids
in Huch expansion medium62.

Besides unwanted adult cell/tissue identities, HLCs may also
display immature hepatic identity, resembling fetal hepatocytes67.
Since CellNet was trained to only distinguish between adult tissue

identities, we created a classification algorithm based on the
transcriptome of adult and fetal hepatocytes. Corresponding with
the CellNet results, the Hep-HLCs of Fu and Xiang best
resembled the adult hepatocyte transcriptome (Fig. 3a, c).
Interestingly, none of the HLCs displayed fully mature hepatocyte
fingerprints, resulting from absence of adult markers or presence
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Fig. 2: transcriptomic comparison reveals distinct liver-specific molecular signatures in 

HLCs. a, Schematic of the algorithm employed to conduct the transcriptomic comparison 

analysis. All steps in gray were performed on the Galaxy web platform. b, Summary of pro-
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weeks).3,5,6 We also observed that Chol-HLCs remained highly similar to CBDs in 

overall gene expression (Fig. 2c), with a slight increase in expression of genes involved 

in cholesterol metabolism and bile secretion (Fig. 2f). In HepG2 cells, specific gene 

sets including cholesterol and glycogen metabolism and complement production were 

relatively well expressed. 

We then evaluated whether the expression of gene sets related to specific liver 

functions reflected differences in zonation between HLCs. To this end, we extracted 

periportal and pericentral gene from the single-cell analysis of human hepatocytes per-

formed by Aizarani and colleagues.62 To ensure that these modules assessed hepatic 

specific genes associated with hepatocyte zonation, we only included zonation genes 

that were enriched (>2-fold) in PHH/liver samples compared to other HLC cell sources 

(Fib, PSC, Chol) (Supplementary Fig. 6). This approach revealed that most HLCs ex-

pressed periportal and pericentral modules in a linear manner (Fig. 2g). This may sug-

gest that either there are no strong zonation patterns in most HLCs (assuming homoge-

nous gene expression profiles in all cells) or there are zonation patterns that cannot be 

discerned due to the nature of bulk sequencing analysis. Single-cell RNA sequencing 

analysis is needed to fully address zonation in HLCs. Interestingly, Chol-HLCs and 

HepG2 cells deviated most from this general linear pattern. Chol-HLCs displayed a 
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tocols used to generate HLCs that were included in the transcriptomic comparison analysis. 

Precursory medium is any medium that was used directly prior to the final maturation me-

dium, including progenitor/expansion medium (hepatocyte-, cholangiocyte-, and fibro-

blast-derived HLCs) and hepatocyte differentiation medium (PSC-derived HLCs). c, Principal 

component analysis created using 5000 genes with the highest variance among all samples 

from different studies. d, Heatmap of top- expressed liver genes according to the Genotype-

Tissue Expression (GTEx) project. Hierarchical clustering was performed using Euclidean 

distance. e, Distance-based similarity score (DBS) calculated using Euclidean distance de-

scribing the resemblance between each sample to all PHH/Liver samples based on the top-

expressed liver gene set. Box-and-whisker plots are shown as median (line), interquartile 

range (box), and data range or 1.5x interquartile range (whisker). f, Heatmap showing the 

median DBS of all samples using various liver function associated gene sets. Red outlines 

indicate the HLC with the highest DBS for each gene set. g, The median DBS of all samples 

relative to PHH/Liver based on the pericentral and periportal modules (see Fig. 2c for le-

gend).
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predominant periportal identity (Fig. 2g) which corresponded to relatively high expres-

sion of gluconeogenic genes (Fig. 2f). In contrast, HepG2 cells exhibited a more peri-

central identity (Fig. 2g), corresponding to higher expression of genes involved in cho-

lesterol metabolism (Fig. 2f).63 

By considering HLCs from all available studies, our approach also revealed the 

relative magnitude of hepatic differences between HLCs generated using various pro-

tocols within individual studies. For instance, the HLCs in the study of Gao were either 

directly transdifferentiated from fibroblasts (Fib-HLCs) or generated through an inter-

mediate iPSC step (PSC-HLCs). Gao et al.12 observed that their Fib-HLCs performed 

better at Phase I and II reactions, whereas their PSC-HLCs modeled hepatic fatty acid 

metabolism better. Our analysis confirmed these findings (Fig. 2f and Supplementary 

Figs. 4e and 5a) but also demonstrated that both the Fib-HLCs and PSC-HLCs from the 

Gao study displayed relatively weak hepatic phenotypes compared to HLCs from other 

studies. Furthermore, Boon et al.30 attempted to enhance the maturation of PSC-deri-

ved HLCs with TF transduction (HNF1A, FOXA3, PROX1) and showed that this appro-

ach resulted in higher albumin secretion and CYP3A4 activity. However, in relation to 

other HLCs, TF transduction only resulted in a slight improvement of hepatocyte diffe-

rentiation (Fig.  2c,f,g). Moreover, TF transduction not only increased (e.g., ALB and 

HPX) but also decreased (e.g., APOA2 and TTR) the expression of some specific liver 

markers in the PSC-HLCs of Boon et al. (Fig. 2d).30 

HLCs display different cell/tissue identities 

The quality of hepatocyte in vitro models should not only be defined by the pre-

sence of hepatocyte identity (Fig. 2) but also by the absence of unwanted cell/tissue 

identities. We therefore analyzed the HLCs using CellNet,64,65 a platform that quanti-

fies resemblance to a larger variety of human cell and tissue types (cell/tissue classifi-

cation score) based on establishment of tissue-specific gene regulatory networks (GRN 

status). 

CellNet classified most HLCs as liver but only the (fetal) hepatocyte-derived HLCs 

attained a pure liver classification. The HLCs derived from PSCs, fibroblasts, and cho-

langiocytes were either classified as multiple cell/tissue types or non-liver tissues 

(Fig. 3a). The unwanted cell identities of these HLCs can be attributed to incomplete 

loss of their original cell identity or undesired gain of non-liver identity. 
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The incomplete loss of original cell identity could be observed in all PSC-HLCs, 

which showed a higher embryonic/pluripotent stem cell (ESC) GRN status compared to 

PHHs (Fig. 3b and Supplementary Fig. 7). Interestingly, despite retaining discernible 

ESC GRN status, the PSC HLCs from Wang displayed similar liver GRN status to Hep-

HLCs (Fig. 3b). For Fib-HLCs, only the samples from Gao failed to fully extinguish their 

fibroblast GRN status (Fig. 3b and Supplementary Fig. 7). This incomplete loss of fibro-

blast GRN and partial gain of liver GRN in Fib-HLCs from Gao resulted in low classifi-

cation scores for all specific cell/tissue types (Fig. 3a). This heterogeneity in cell identi-

ty between HLCs starting from the same cell source (Wang-PSC-HLCs vs. other PSC-

HLCs and Gao-Fib-HLCs vs. other Fib-HLCs) reflects the effects of different culture pro-

tocols applied in each study. 

All non-hepatocyte-derived HLCs manifested undesired gain of intestine/colon 

identity (Fig. 3a). Additionally, PSC-HLCs from Koui also gained lung identity possibly 

due to their protocol involving differentiation towards multiple lineages (Fig. 3a and 

Supplementary Fig. 2). This gain of non-liver identity may occur in all cells or only in a 

subpopulation of cells, resulting from heterogeneous differentiation. Regardless, this 

suggests that all HLC generation protocols are still imperfect and fine-tuning the cell 

fate specification of these HLCs may improve hepatic (trans-) differentiation.66 Surpri-

singly, the Chol-HLCs from Huch and Schneeberger and PSC-HLCs from Mun bore 

higher resemblance to the intestine/colon than to the liver (Fig. 3a). Furthermore, our 

CBD control samples had lower intestine/colon classification than the Huch protocol-

cultured HLCs (Fig. 3a). Nevertheless, PCA-analysis showed that the Huch protocol-

cultured HLCs were more similar to CBD than to intestine/colon samples (Supplemen-

tary Fig. 3b), suggesting that the Huch protocol not only promotes CBD but also intes-

tinal gene expression. This is in line with the finding of Aizarani et al. that intrahepatic 

cholangiocytes upregulates intestinal marker genes when cultured as organoids in 

Huch expansion medium.62 

Besides unwanted adult cell/tissue identities, HLCs may also display immature he-

patic identity, resembling fetal hepatocytes.67 Since CellNet was trained to only distin-

guish between adult tissue identities, we created a classification algorithm based on 

the transcriptome of adult and fetal hepatocytes. Corresponding with the CellNet re-

sults, the Hep-HLCs of Fu and Xiang best resembled the adult hepatocyte transcripto-

me (Fig. 3a,c). Interestingly, none of the HLCs displayed fully mature hepatocyte fin-

gerprints, resulting from absence of adult markers or presence of fetal markers (Fig. 3c). 

The Chol-HLCs were not classified as either adult or fetal hepatocytes (Fig. 3c), under-
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associated with a single gene defect (Fig. 5b). This showed that
multiple HLCs express the SERPINA1 gene on a similar level to
PHHs, and might therefore be appropriate to study protein
secretion and activity in alpha-1-antitrypsin deficiency. In
contrast, only a few HLCs may optimally model the function of
the enzyme affected in glycogen storage disease type 1a (G6PC;

Fig. 5b). The optimal choice for modeling this disease would be
the Fib-HLCs from Xie.

For more complex liver diseases associated with multiple genes,
the distance-based similarity score of the disease-associated gene
set provides a better overview of the modeling capabilities of
various HLCs. For example, Hep-HLCs better resembled the

a

b c
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Fig. 3: HLCs display different cell/tissue identities. a, Cell/tissue classification heatmap 

showing different cell/tissue identities of various HLCs. The classification scores represent 

the probability that the samples express indistinguishable gene regulatory networks (GRN) 

from the training dataset. b, Liver, fibroblast, and embryonic stem cell (ESC) GRN status of 

HLCs and CellNet training datasets expressed as mean values. Each dot and error bar repre-
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lining their weak hepatic differentiation. Among all fibroblast- and PSC-derived HLCs, 

only the Fib-HLCs of Xie attained a strong adult identity, expressing mature hepatocyte 

markers including ADH1B and SRD5A2. Despite convincing liver GRN status in the 

CellNet analysis, the PSC-derived HLCs from Wang still demonstrated a fetal identity 

(Fig. 3b,c). 

For HLC protocols using TF transduction, the extent of hepatic (trans-) differentiati-

on is determined in part by the effectiveness of the TF combinations used. This effecti-

veness can be assessed using the network influence scores from CellNet analysis. 

Network influence scores indicated that TF transduction in Fib-HLCs of Gao (HNF4A, 

FOXA3, HNF1A) and PSC-HLCs of Boon (PROX1, FOXA3, HNF1A) increased TF ex-

pression and activation of associated TF networks, without resulting in activation of 

other liver TF networks (Fig. 3d). In contrast, the additional TFs used in the Fib-HLCs of 

Du (ATF5, PROX1, CEBPA, ONECUT1 (also known as HNF6)) and Xie (ONECUT1, 

FOXA2, GATA4) yielded widespread activation of other liver TF networks. Of note, low 

RNA expression and low network influence scores suggested ineffective transduction 

of ATF5 and PROX1 in one of the Du samples (Du-Fib-HLC-1), but effective transduc-

tion of ONECUT1, which still resulted in broad hepatic TF network activation. To-

gether, this suggests that ONECUT1 is an important factor in the hepatic transdifferen-

tiation cocktail. 

Additionally, we used CellNet to validate our computational algorithm and found 

that the PHH/liver, fibroblast, and PSC samples included in our analysis showed high 

similarity to their corresponding CellNet training datasets (Fig. 3a,b). Furthermore, both 

the ranked CellNet liver classification score and liver GRN status correlated well with 
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sents an individual sample and the standard deviation, respectively. c, Heatmaps showing 

the adult/fetal hepatocyte classification score and expression of representative marker ge-

nes for the adult and fetal hepatocyte identities. d, Heatmap showing the network influen-

ce scores (NIS) and expression values of liver-associated transcription factors (TFs). Asterisks 

and dots indicate the TFs used for transductions. e, Spearman correlation between the rank 

of CellNet liver cell/tissue classification score or f, CellNet liver GRN status and the rank of 

the DBS for all genes. Lower ranks represent higher liver classification, GRN status, and DBS. 

Spearman’s correlation coefficient (r) and P value (p) are shown on the top left of the graphs 

(n = 62 biologically independent samples). Dotted lines represent the 95% confidence in-

terval. 
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Fig. 4 Transcriptomic comparison allows prediction of HLC functionality. a Scatter plot of protein abundance ratios against corresponding mRNA ratios
in HepG2 cells vs. PHHs for proteins/genes that are detected in both transcriptome (from our transcriptomic comparison) and proteome (from Tascher
et al.68). Pearson’s coefficient of determination (R2) is shown at the top left of the plot. b Scatter plot of enriched pathways based on transcriptome and
proteome. Only pathways that are enriched on both the transcriptomic and proteomic levels are shown. c Heatmap and DBS of hepatitis B associated genes
according to the DisGeNET database. Red highlight indicates the predicted optimal hepatocyte in vitro models. d Correlation plot of the gene expression
levels of ALB from the transcriptomic comparison data (x-axis) and the reported relative albumin secretion (y-axis) in included HLCs. Pearson’s coefficient
of determination (R2) and P value (p) are shown on the bottom right of the graph (n= 11 biologically independent samples). Dotted lines represent the 95%
confidence interval. e CYP3A4 activities presented as mean. f Gene expression level of CYP3A4 from the transcriptomic comparison data presented as
mean ± standard deviation. g The DBS of urea cycle genes according to the Reactome database. The combined values of Chol-HLC, fibroblast, HepG2 cell,
FHep-HLC, and PHH/liver samples from different studies are presented. h Urea secretion level presented as mean. i Gene expression level of CPS1 and OTC
from the transcriptomic comparison data presented as mean ± standard deviation. Box-and-whisker plots are shown as median (line), interquartile range
(box), and data range or 1.5x interquartile range (whisker). Source data are provided in Supplementary Data 7.
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Fig. 4: transcriptomic comparison allows prediction of HLC functionality. a, Scatter plot of 

protein abundance ratios against corresponding mRNA ratios in HepG2 cells vs. PHHs for 

proteins/genes that are detected in both transcriptome (from our transcriptomic compari-

son) and proteome (from Tascher et al.68). Pearson’s coefficient of determination (R2) is 

shown at the top left of the plot. b, Scatter plot of enriched pathways based on transcrip-

tome and proteome. Only pathways that are enriched on both the transcriptomic and pro-

teomic levels are shown. c, Heatmap and DBS of hepatitis B associated genes according to 

the DisGeNET database. Red highlight indicates the predicted optimal hepatocyte in vitro 



Addendum to part 3

the DBS score (using all genes) obtained through our own approach (Fig. 3e,f). This 

confirmed that our transcriptomic analysis accurately quantified liver resemblance. 

Transcriptomic comparison allows prediction of HLC functionality 

Our transcriptomic comparison indicated substantial variability in the expression of 

liver-related gene sets between included HLCs (Fig. 2f). To determine if our comparison 

could predict the ability of specific HLCs to model liver functions, we assessed whe-

ther transcriptomic differences translate into proteomic and ultimately functional diffe-

rences. 

We first considered publicly available proteomes of HepG2 cells and PHHs68 and 

found that the transcriptomes of HepG2 cells and PHHs from our dataset correlated 

very well (R2  =  0.40, p  <  0.0001; Fig.  4a) to the proteomes from this independent 

study.68 In fact, this correlation was comparable to within-study transcriptome-proteo-

me correlations (R2 = 0.41).69 Transcriptomic and proteomic enrichment analyses con-

currently indicated that HepG2 cells display higher expression of cell cycle pathways 

and lower expression of liver-related pathways, compared to PHHs (Fig. 4b). 

We next assessed if transcriptional differences translate into functional differences 

by considering Hepatitis B virus (HBV) infection. This disease has been successfully 

modeled using Hep-HLCs from Xiang and Fib-HLC form Xie.6,49 Accordingly, the ex-

pression of the genes associated with HBV infection and propagation was best recapi-
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models. d, Correlation plot of the gene expression levels of ALB from the transcriptomic 

comparison data (x-axis) and the reported relative albumin secretion (y-axis) in included 

HLCs. Pearson’s coefficient of determination (R2) and P value (p) are shown on the bottom 

right of the graph (n = 11 biologically independent samples). Dotted lines represent the 

95% confidence interval. e, CYP3A4 activities presented as mean. f, Gene expression level of 

CYP3A4 from the transcriptomic comparison data presented as mean ± standard deviation. 

g, The DBS of urea cycle genes according to the Reactome database. The combined values 

of Chol-HLC, fibroblast, HepG2 cell, FHep-HLC, and PHH/liver samples from different studies 

are presented. h, Urea secretion level presented as mean. i, Gene expression level of CPS1 

and OTC from the transcriptomic comparison data presented as mean ± standard deviation. 

Box-and-whisker plots are shown as median (line), interquartile range (box), and data range 

or 1.5x interquartile range (whisker). 
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tulated by these two HLCs (Fig.  4c). This confirms that for HBV, our transcriptomic 

comparison could predict suitability for in vitro modeling. 

228

question. We validated that our transcriptomic HLC comparison
allows functional performance prediction in well-established
models in our laboratory. The strong correlation between tran-
scriptional and functional profiles supports the use of our tran-
scriptomic comparison as a resource to select HLCs for specific
research goals. Choosing the optimal HLCs is accommodated by
our web application (HLCompR), which allows filtering by HLC
properties and selecting custom gene sets. This functionality sets
HLCompR apart from other comparison platforms such as
CellNet, which are focused on evaluating the general cell identity
of HLCs. The HLCompR web application also allows researchers
to test HLCs generated in their own laboratories, including
replications of HLC protocols included in this study or devel-
opment of novel HLC protocols, if the PHH control is compar-
able to the training dataset. Therefore, we advise that protocols

describing new HLCs provide publicly available transcriptomic
data alongside PHH controls that serve as a benchmark for cross-
study comparability.

Besides transcriptional and functional similarity to PHHs,
other characteristics may be important when selecting the opti-
mal liver in vitro model, including the ability to derive HLCs
from small biopsies for personalized medicine. This can be
achieved by using skin-derived fibroblasts that are directly
transdifferentiated (Xie, Gao, Du) or reprogrammed to induced-
PSCs (iPSCs) that are subsequently differentiated to HLCs (Koui,
Gao, Mun). Using a specific combination of TFs, direct trans-
differentiation of fibroblasts resulted in HLCs that are tran-
scriptionally closer to PHHs than most PSC-derived HLCs. Our
approach specifies the effects of these TFs. The combination of
TFs used by Xie, for example, not only induced activation of gene
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Fig. 5 HLCompR web application for HLC selection. a The HLCompR web application allows filtering for HLCs based on various properties and enables
easy selection of gene sets relevant to hepatic functions and diseases. b Heatmap showing the relative expression of SERPINA1 and G6PC between samples.
c Boxplot showing DBS of non-alcoholic fatty liver disease-associated genes according to the DisGeNET database. Box-and-whisker plots are shown as
median (line), interquartile range (box), and data range or 1.5x interquartile range (whisker).
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Fig. 5: HLCompR web application for HLC selection. a, The HLCompR web application al-

lows filtering for HLCs based on various properties and enables easy selection of gene sets 

relevant to hepatic functions and diseases. b, Heatmap showing the relative expression of 

SERPINA1 and G6PC between samples. c, Boxplot showing DBS of non-alcoholic fatty liver 

disease-associated genes according to the DisGeNET database. Box-and-whisker plots are 

shown as median (line), interquartile range (box), and data range or 1.5x interquartile range 

(whisker). 
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We further validated the predictive power of our transcriptomic comparison by 

considering reported albumin secretion (Fig. 1a) because the gene expression of ALB 

remains stable for several days in cultured PHHs (Fig. 1b). As such, the relative albu-

min secretion of different HLCs is reasonably unaffected by the variability of the PHH 

controls, and can therefore be compared across studies. The expression of ALB in our 

transcriptomic comparison was a good predictor (R2 = 0.69; p = 0.001) of reported al-

bumin secretion for the 11 included HLCs (Fig. 4d). 

Finally, we validated that our transcriptomic comparison can also predict the acti-

vity of functions that are highly affected by the freshness of the internal PHH controls, 

such as CYP3A4 and urea cycle activity (Fig. 1b). To ensure comparability, we perfor-

med assays of these functions in a uniform setup using HLCs that are well-established 

in our group (Chol-HLCs, FHep-HLCs, and HepG2 cells). We found that the enzymatic 

activity of CYP3A4 was highest in Chol-HLCs (Fig. 4e), which was correctly predicted 

by the transcriptomic comparison (Fig. 4f). Considering urea cycle gene expression, 

FHep-HLCs resembled PHH/Liver most, followed by HepG2 cells and Chol-HLCs 

(Fig. 4g). In line with this, FHep-HLCs displayed highest urea secretion among these 

HLCs (Fig. 4h). The smaller expressional difference between Chol-HLCs and HepG2 

cells (Fig. 4g) did not result in differences in urea secretion levels (Fig. 4h), possibly 

because two essential enzymes of the urea cycle (CPS1 and OTC) are lowly expressed 

in both Chol-HLCs and HepG2 cells (Fig. 4i). In fact, both HLCs had expression levels 

similar to fibroblasts (Fig.  4g,i), which also poorly convert ammonia to urea.70 To-

gether, these findings supported that our cross-study transcriptomic comparison pre-

dicts HLC protein abundance and functionality. 

HLCompR web application for HLC selection 

To allow other researchers to examine the expression of an important gene or an 

entire gene set to select appropriate HLC models, we created HLCompR, a web appli-

cation for easy exploration of the relative expression of any gene (set) of interest 

(https://github.com/iardisasmita/HLCompR). Additionally, HLCompR allows researchers 

to filter HLCs by specific characteristics, including culture duration, expandability, and 

cell source, and easily select function- or disease- associated gene sets (Fig. 5a). 

To illustrate how HLCompR can help to select the optimal HLCs for specific re-

search purposes, we considered liver diseases associated with a single gene defect 

(Fig. 5b). This showed that multiple HLCs express the SERPINA1 gene on a similar level 
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networks regulated by the transduced TFs, but also of other
networks (Fig. 3d). Addition of ATF5 and PROX1, which were
relatively poorly established in the Fib-HLCs of Xie may further
improve hepatic differentiation.

Hepatocyte maturity cannot be solely defined by the tran-
scriptome, but should also be determined by the proteome and
ultimately the functionality. However, reliable comparison of
hepatic functionality between HLCs requires complete standar-
dization of methodology and PHH controls. In practice, this
entails performing the assays in all HLCs simultaneously using

the same experimental setup. Given the difficulties in reproducing
all HLCs, this would be highly challenging. Therefore, tran-
scriptomic comparison may represent the most compelling
solution to ensure standardization of multiple samples from
various studies. Indeed, this allows evaluation of HLCs using a
common benchmark of PHH controls from multiple studies,
preventing over- or underestimation of hepatic characteristics
caused by suboptimal PHH controls in individual studies.
Additionally, transcriptomic comparison enables comprehensive
characterization based on more than a handful of reported

Fig. 6 Addition of new HLC transcriptomes to the HLCompR web application. a Principal component analysis on query datasets. Circles indicate the cell
or tissue types in the query datasets that are also present in the training dataset (e.g., PHH, liver, HepG2, fetal hepatocyte, and PSC) or the HepaRG
samples in Gupta74 dataset. HLCompR compatibility is categorized based on the comparability of PHHs and liver tissue between the query and training
datasets. b Cell/tissue classification heatmap of representative training samples and query samples. c Gene regulatory network status of liver and
embryonic stem cells (ESCs) of all PHH, liver, HepG2, and PSC samples from training dataset and query dataset presented as mean ± standard deviation.
Source data are provided in Supplementary Data 8.
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Fig. 6: Addition of new HLC transcriptomes to the HLCompR web application. a, Principal 

component analysis on query datasets. Circles indicate the cell or tissue types in the query 

datasets that are also present in the training dataset (e.g., PHH, liver, HepG2, fetal hepatocy-

te, and PSC) or the HepaRG samples in Gupta74 dataset. HLCompR compatibility is categori-

zed based on the comparability of PHHs and liver tissue between the query and training 

datasets. b, Cell/tissue classification heatmap of representative training samples and query 

samples. c, Gene regulatory network status of liver and embryonic stem cells (ESCs) of all 

PHH, liver, HepG2, and PSC samples from training dataset and query dataset presented as 

mean ± standard deviation. 
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to PHHs, and might therefore be appropriate to study protein secretion and activity in 

alpha-1-antitrypsin deficiency. In contrast, only a few HLCs may optimally model the 

function of the enzyme affected in glycogen storage disease type 1a (G6PC; Fig. 5b). 

The optimal choice for modeling this disease would be the Fib-HLCs from Xie. 

For more complex liver diseases associated with multiple genes, the distance-based 

similarity score of the disease-associated gene set provides a better overview of the 

modeling capabilities of various HLCs. For example, Hep-HLCs better resembled the 

hepatic expression of genes related to non-alcoholic fatty liver disease (NAFLD) com-

pared to HepG2 cells, which are commonly used to model NAFLD (Fig. 5c).71 In addi-

tion to transcriptional resemblance to PHH, NAFLD modeling requires long-term cul-

turing of fully matured HLCs. Therefore, Hep-HLCs from Xiang, which can be maintai-

ned in a differentiated state for 1 month, may represent the optimal in vitro model for 

this disease. 

Addition of new HLC transcriptomes to the HLCompR web application 

Given the technical challenges and variability inherent to HLC protocols, replicati-

on of such protocols might not yield phenotypically identical HLCs. In addition, new 

HLC protocols are continually developed. We therefore supported addition of new 

RNA-seq data to the HLCompR analysis using read counts processed according to our 

pipeline as inputs (https://github.com/iardisasmita/HLCompR). 

To determine whether new datasets can be compared using HLCompR, we tested 

publicly available RNA-seq datasets of PHH or liver tissue samples in the 

application.72-76 We also included several studies that did not meet our RNA-seq inclu-

sion criteria (query dataset) (Supplementary Fig. 1).43,44 The samples included in Fig. 2 

served as the training dataset for HLCompR. 

The query dataset from Gupta et al.74 was compatible with HLCompR because 

their PHH and liver samples clustered together with the training samples (Fig. 6a). Ac-

cordingly, these samples acquired high liver classification and liver GRN status scores 

in CellNet (Fig. 6b,c). Query datasets of Shi et al.75 and Vieyres et al.76 were also com-

patible with HLCompR, even though their PHH clustered in between the training 

PHH/liver samples and hepatocyte-derived HLCs (Fig. 6a and Supplementary Fig. 8a). 

CellNet classified their PHH samples as liver, but their liver GRN status was slightly 

lower than training PHH/liver samples (Fig. 6b,c and Supplementary Fig. 8b,c). 
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The query dataset from Unzu et al.44 was incompatible with HLCompR, because 

the PHHs from their dataset did not cluster with the training data, but the PSCs did 

(Fig. 6a). Concurrently, analysis with CellNet showed incorrect classification of PHHs 

and correct classification of PSCs (Fig. 6b,c). Similarly, PHHs included in the query 

datasets from ter Braak et al.,72 Wang et al.,48 and Guan et al.73 did not cluster with the 

training dataset (Fig. 6a and Supplementary Fig. 8a), which was also reflected by low 

CellNet liver scores (Fig. 6b,c and Supplementary Fig. 8b,c). Samples from Touboul et 

al.43 clustered close to the respective training samples on principal component 1 (PC1) 

but were separated by principal component 2 (PC2) (Fig. 6a). Still, CellNet analysis 

showed classification scores similar to those of training samples (Fig. 6b,c). Interestin-

gly, when changing the number of genes considered for PCA or reducing the number 

of samples included (Supplementary Fig. 8d), the samples of Touboul et al.43 clustered 

together with the training samples. Nevertheless, we considered the samples from Tou-

boul et al.43 incompatible with HLCompR. We recommend use of HLCompR only 

when control PHH/liver samples are comparable to the training PHH/liver samples. 

We added a Random Forest classifier that automatically reports compatibility of a new 

dataset based on this parameter. 

Since standardized mapping and RNA-seq processing may still result in incompati-

bility with HLCompR, we hypothesized that the type of RNA-seq library preparation or 

sequencer might influence compatibility (Supplementary Data 2). Based on this possi-

bility, we suggest that libraries should be prepared using standard Illumina TruSeq RNA 

sample preparation kit and sequenced with Illumina sequencing machines. As we 

cannot guarantee compatibility, new datasets should always include PHH/liver control 

samples. 

When a dataset is compatible with HLCompR, new HLC samples can be compared 

to the other HLCs in the training dataset. For example, in the query dataset from Gupta 

et al.,74 the hepatically differentiated hepatoma cell line HepaRG showed better re-

semblance to PHHs than HepG2 cells (Fig. 6a). Correspondingly, HepaRG cells have 

also been reported to perform better at hepatic functional assays than HepG2 cells.77 

Discussion 

The availability of myriad hepatocyte model systems gives researchers the option to 

select one that best suits their study, but an educated choice is hampered by the ab-

sence of standardized evaluation. We addressed this by performing a comprehensive 
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cross-study comparison of HLCs, derived from various cell sources. Our literature 

search showed that only a small subset of hepatic functions is routinely tested in direct 

comparison to PHH controls, precluding cross-study comparison of HLCs. Furthermo-

re, as cultured PHHs rapidly lose specific hepatic functions, a major determinant of the 

relative activity of these functions in HLCs is the culture time of control PHHs. Since 

various HLC studies use control PHHs cultured for different durations, the relative acti-

vities of most reported hepatic functions cannot be reliably compared across studies. 

Therefore, we not only recommend that protocols describing new HLCs report a set of 

minimal hepatic characteristics,78 but we also stress the importance of using standardi-

zed assays and inclusion of control PHHs that are cultured for a standardized duration. 

Using currently available RNA-seq data, we developed a computational algorithm 

for in-depth cross-study comparison of HLCs with minimal study-specific batch effects. 

This allowed evaluation of genes that are rarely investigated in individual studies but 

may be important for specific hepatic functions or liver disease models. Our analysis 

revealed that the transcriptomic profile of HLCs is determined by the cell of origin and 

the protocol used, with hepatocyte-derived HLCs most closely resembling PHHs. In 

addition, we identified hepatic marker genes that are lowly expressed in most HLCs, 

including CYP2E1, ADH1A, F9, and SERPINC1. These genes may serve as important 

indicators of mature hepatic differentiation, besides common markers such as ALB, 

CYP3A4, and SERPINA1. 

We found that hepatic genes are differentially expressed between different HLCs. 

This underlines the importance of selecting the most appropriate HLC for a specific 

research question. We validated that our transcriptomic HLC comparison allows func-

tional performance prediction in well-established models in our laboratory. The strong 

correlation between transcriptional and functional profiles supports the use of our 

transcriptomic comparison as a resource to select HLCs for specific research goals. 

Choosing the optimal HLCs is accommodated by our web application (HLCompR), 

which allows filtering by HLC properties and selecting custom gene sets. This functio-

nality sets HLCompR apart from other comparison platforms such as CellNet, which 

are focused on evaluating the general cell identity of HLCs. The HLCompR web appli-

cation also allows researchers to test HLCs generated in their own laboratories, inclu-

ding replications of HLC protocols included in this study or development of novel HLC 

protocols, if the PHH control is comparable to the training dataset. Therefore, we advi-

se that protocols describing new HLCs provide publicly available transcriptomic data 

alongside PHH controls that serve as a benchmark for cross-study comparability. 
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Besides transcriptional and functional similarity to PHHs, other characteristics may 

be important when selecting the optimal liver in vitro model, including the ability to 

derive HLCs from small biopsies for personalized medicine. This can be achieved by 

using skin-derived fibroblasts that are directly transdifferentiated (Xie, Gao, Du) or re-

programmed to induced-PSCs (iPSCs) that are subsequently differentiated to HLCs 

(Koui, Gao, Mun). Using a specific combination of TFs, direct transdifferentiation of 

fibroblasts resulted in HLCs that are transcriptionally closer to PHHs than most PSC-

derived HLCs. Our approach specifies the effects of these TFs. The combination of TFs 

used by Xie, for example, not only induced activation of gene networks regulated by 

the transduced TFs, but also of other networks (Fig. 3d). Addition of ATF5 and PROX1, 

which were relatively poorly established in the Fib-HLCs of Xie may further improve 

hepatic differentiation. 

Hepatocyte maturity cannot be solely defined by the transcriptome, but should also 

be determined by the proteome and ultimately the functionality. However, reliable 

comparison of hepatic functionality between HLCs requires complete standardization 

of methodology and PHH controls. In practice, this entails performing the assays in all 

HLCs simultaneously using the same experimental setup. Given the difficulties in re-

producing all HLCs, this would be highly challenging. Therefore, transcriptomic com-

parison may represent the most compelling solution to ensure standardization of mul-

tiple samples from various studies. Indeed, this allows evaluation of HLCs using a 

common benchmark of PHH controls from multiple studies, preventing over- or unde-

restimation of hepatic characteristics caused by suboptimal PHH controls in individual 

studies. Additionally, transcriptomic comparison enables comprehensive characteriza-

tion based on more than a handful of reported marker genes. This includes assessment 

of multiple cell/tissue identities and the extent of hepatocyte maturation (Fig. 3). 

In summary, this study provides a method and a web application (HLCompR) to 

compare and evaluate HLCs from multiple studies. We found that the transcriptome of 

hepatocyte-derived HLCs is currently most similar to primary hepatocytes. For persona-

lized medicine purposes however, dermal fibroblasts are more readily available and 

improvements in direct transdifferentiation of fibroblasts have resulted in excellent 

HLCs. Importantly, our strategy allows identification of individual TFs or culturing con-

ditions that might improve hepatic differentiation. Moreover, evaluation of HLCs 

alongside relevant control tissues provides insight into their tissue identity. These in-

sights will guide improvement of HLC culture protocols, thereby advancing hepatic in 

vitro modeling and supporting regenerative strategies. Finally, although we focused on 
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in vitro models of hepatocytes, the same method may be applied to evaluate in vitro 

models of other cell types or organs. 

Methods 

Data collection 

The PubMed database was systematically searched for studies that mention the 

development or evaluation of HLC culturing protocols. Search terms were selected to 

include studies performing long-term culturing of human primary hepatocytes or 

(trans)differentiation of human somatic or stem cells into HLCs, including functional or 

transcriptomic evaluation (Supplementary Fig.1). The titles and/or abstracts of all hits 

were screened, including studies describing and evaluating new HLC protocols, and 

excluding studies using previously described HLC protocols. During subsequent full-

text screening, only studies that functionally evaluated new HLC protocols alongside 

PHH as a common standard were selected for functional and expressional comparison 

in Fig. 1. Finally, from selected studies, only those providing publicly available bulk 

RNA-seq datasets with the inclusion of PHH/liver controls were included for analysis 

in our computational algorithm (Supplementary Fig. 1). 

Functional and expressional comparison of HLCs using reported data 

Quantification of functional assays and mRNA expression by qPCR was estimated 

based on the figures and graphs provided in the original studies. Functional and ex-

pressional data of HLCs were normalized to the corresponding PHH data from the 

same study and represented as a percentage. Pearson correlation between assays and/

or gene expression was calculated and visualized using GraphPad Prism 8. 

Study approval and human subjects 

The study was approved by the responsible local ethics committees (Institutional 

Review Board of the University Medical Center Utrecht (STEM: 10-402/K; TcBio 

14-008; Metabolic Biobank: 19–489), Erasmus MC Medical Ethical Committee 

(MEC-2014-060), and the Dutch Ethical Medical Council (Leiden University MC)). Tis-

sue biopsies from livers of healthy donors were obtained during surgery in the Erasmus 

MC, Rotterdam. Human fetal livers were obtained from Leiden University Medical 

Centre (MC). All patient materials were used after written informed consent. 
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Organoid establishment and culture 

Cholangiocyte-derived organoids were established and cultured as described pre-

viously.17 To obtain the cells, liver biopsies were cut into small pieces and digested 

using 10 mg/ml Collagenase D (Sigma, 11088866001) for 20 min at 37 °C. The samples 

were then washed with cold Advanced DMEM/F12 (Gibco, 12634028) supplemented 

with 2 mM GlutaMAX (Gibco, 35050061), 10 mM HEPES (Gibco, 15630080), 100 U/

ml PenStrep (Gibco, 15140122), and spun at 1500 rpm for 5 min. Cell pellet was pla-

ted in matrigel (Corning, 356231) and culture medium was added. Culture media was 

based on Advanced DMEM/F12 supplemented with 2 mM GlutaMAX, 10 mM HEPES, 

100 U/ml PenStrep, 2% B27 without vitamin A (Gibco, 12587010), 10 mM Nicotina-

mide (Sigma, N0636), 1.25 mM N-Acetylcysteine (Sigma, A9165), 10% RSPO1 condi-

tioned media (homemade), 10 nM Gastrin (Tocris, 3006/1), 50 ng/ml EGF (Peprotech, 

AF-100-15), 100 ng/ml FGF10 (Peprotech, 100-26), 25 ng/ml HGF (Peprotech, 100-39), 

50 μg/ml Primocin (Invivogen, ant-pm-2), 5 μM A83-01 (Tocris, 2939/10), and 10 μM 

Forskolin (Tocris, 1099/10). For the first 3 days after isolation from biopsies, the medi-

um was supplemented with 30% Wnt conditioned media (homemade), 25 ng/ml Nog-

gin (Peprotech, 120-10C), and hES cell cloning recovery solution (Stemgent, 

010014500). The medium was changed every 3–4 days and organoids were passaged 

1:4–1:8 each week. Differentiation towards hepatocyte was initiated by culturing the 

organoids in culture medium supplemented with 25 ng/ml BMP7 (Peprotech, 120-03) 

for 5–7 days. The medium was then changed to Advanced DMEM/F12 supplemented 

with 2 mM GlutaMAX, 10 mM HEPES, 100 U/ml PenStrep, 2% B27 without vitamin A, 

1.25 mM N-Acetylcysteine, 10 nM Gastrin, 50 ng/ml EGF, 25 ng/ml HGF, 100 ng/ml 

FGF19 (Peprotech, 100-32), 50 μg/ml Primocin, 500 nM A83-01, 25 ng/ml BMP7, 10 
μM DAPT (Sigma, D5942), and 30 μM Dexamethasone (Sigma, D4902) for 8 days. 

Fetal hepatocyte-derived organoids were established and cultured as described 

previously.58 Human fetal liver tissue was chopped and digested using 100 μg/ml Col-

lagenase Type IV (Sigma, C5138) for 5 min. Cells were washed with Advanced DMEM/

F12 supplemented with 2 mM GlutaMAX, 10 mM HEPES, 100 U/ml PenStrep, filtered 

through 100-μm filter, and plated in matrigel. After matrigel had solidified, HEP medi-

um was added. HEP medium consisted of Advanced DMEM/F12 supplemented with 2 
mM GlutaMAX, 10 mM HEPES, 100 U/ml PenStrep, 2% B27 without vitamin A, 15% 

RSPO1 conditioned media, 2.5 mM Nicotinamide, 1.25 mM N-Acetylcysteine, 3  μM 

CHIR-99021 (Sigma, SML1046), 50  μg/ml Primocin, 50  ng/ml FGF7 (Peprotech, 
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AF-100-19), 50  ng/ml FGF10, 50  ng/ml HGF, 50  μM Y-27632 (Abmole Bioscience, 

M1817), 1 μM A83-01, 20 ng/ml TGFα (Peprotech, 100-16 A), 50 ng/ml EGF, and 10 
nM Gastrin. Medium was refreshed every 2–3 days and organoids were passaged 1:2–

1:5 every week. 

RNA sequencing of intrahepatic cholangiocyte- and fetal hepatocyte-derived orga-

noids 

For RNA sequencing analysis, we included liver samples, intrahepatic cholangiocy-

te-derived organoids, and fetal hepatocyte organoids that were cultured as described 

above. RNA was isolated using Trizol LS reagent (Invitrogen) and stored at –80 °C until 

further processing. mRNA was isolated using Poly(A) Beads (NEXTflex). RNA integrity 

was assessed using the Agilent RNA 6000 Nano kit and concentrations were determi-

ned using the Qubit RNA HS Assay Kit. Only RNA samples with RIN > 8.0 were used 

for sequencing. Sequencing libraries were prepared using the Rapid Directional RNA-

Seq Kit (NEXTflex) and sequenced on a NextSeq500 (Illumina) to produce 75 base 

long reads (Utrecht Sequencing Facility). 

Raw read processing and normalization pipeline 

Raw reads from the RNA-seq data were obtained from the European Nucleotide 

Archive (ENA, https://www.ebi.ac.uk/ena). Raw reads were processed using Galaxy 

(https://usegalaxy.eu/) web-based platform.79 Sample quality was assessed using Fast-

QC tool (Galaxy Version 0.72). Low quality reads and adapter sequences were trim-

med using Cutadapt (Galaxy Version 1.66.6). Alignment of the raw reads and quantifi-

cation of gene expression were performed using RNA STAR tool (Galaxy Version 

2.7.2b). Reads were mapped to Gencode human reference genome sequence release 

33 (GRCh38.p13) and Gencode comprehensive gene annotation v33, using default 

parameters. Read counts were obtained using the “–quantMode GeneCounts” option 

in the RNA STAR tool. Normalized counts were obtained by applying the DESeq2 va-

riance-stabilizing transformation (VST) to the read counts using the ‘DESeq2’ R packa-

ge80 followed by quantile normalization using the ‘preprocessCore’ R package.81 Addi-

tional information regarding our normalization pipeline is provided in Supplementary 

Note 1 and Supplementary Fig. 9. 
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Principal component analysis 

Principal component analysis (PCA) was performed using normalized counts and 

plotted using the ‘ggplot2’ R package by adopting the R function ‘plotPCA’ (including 

top 5,000 highest variance genes) from the ‘DESeq2’ R package. 

Euclidean distance and distance-based similarity 

The Euclidean distance was calculated by applying the R function 

‘dist’ (method=euclidean) to the normalized counts. Distance-based similarity score 

(DBS) was defined so that a DBS of ‘1’ signifies perfect similarity to PHH controls and 

‘0’ signifies the sample least similar to PHH controls. The DBS for each sample was 

obtained using the following formula: 

DBS = (MaxPHH - DistPHH) / MaxPHH 

MaxPHH: the maximum distance value to PHH in the sample matrix of a certain gene 

set. 

DistPHH: the distance value of a sample to PHH. 

Gene expression heatmaps 

To visualize gene expression, normalized counts were mean-centered per row or 

gene (Log2FC RNA Expression) and plotted in heatmaps using the ‘pheatmap’ R pack-

age. When cluster trees were absent in heatmaps, columns were ordered by the type of 

cell source. 

CellNet analysis 

The bulk RNA-Seq CellNet pipeline was employed to quantify gene expression 

estimates as previously described,65 using the ‘cn_salmon’ function for alignment to 

reference genome GRCh38. Classification and gene regulatory network (GRN) status 

analysis were performed using the ‘cn_apply’ function, based on the human cn-

Proc_HS_RS_Jun_20_2017 object trained by 14 types of cells and tissues from 97 stu-

dies. Tissue classification scores were exported and plotted in heatmaps using the 

‘pheatmap’ R package. GRN status scores were exported and plotted in bar graphs 

using the ‘ggplot2’ R package. Network influence scores of tissue-specific transcription 

factors were calculated using the ‘cn_nis_all’ function for ‘liver’. Network influence 
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scores were exported and plotted in heatmaps alongside the normalized expression of 

corresponding genes, using the ‘pheatmap’ R package. 

Classification of adult vs. fetal hepatocyte identity 

Top 5000 genes with the highest variance across different cell types (primary hu-

man hepatocytes, fetal hepatocytes, common bile duct, fibroblasts, and pluripotent 

stem cells) were used to build a Random Forest classifier using the “randomForest” R 

package. Samples used to train the classifier are listed in Supplementary Data 2. Per-

formance of the classifier was evaluated using the out-of-bag error rate. 

Comparison of transcriptomic analysis to proteomes 

The gene expression of various HepG2 cells, relative to the control PHH/livers, was 

compared to the publicly available proteomic data of HepG2 cells and PHHs from 

Tascher et al.68 Of the 3995 identified proteins, 3703 (93%) could be matched to a 

unique gene included in the transcriptomic analysis. Enrichment analysis was perfor-

med in ernichR82 using differentially abundant proteins (Tukey p value < 0.05, lfc > 1; 

data from Tascher et al.68) and differentially expressed genes (padj <0.05, lfc >1) as 

separate inputs. Proteome and transcriptome enrichment scores were defined as log2 

of the odds ratio and log2 of the inverse odds ratio for upregulated and downregulated 

genes in HepG2 vs. PHH samples, respectively. 

Functional assays 

Urea secretion was measured using a urea assay kit (Abcam, ab83362) according 

to the manufacturer’s instructions. Briefly, 1 mM ammonium chloride was added to the 

culture medium. After 24 h, urea concentration in the medium was measured. CYP3A4 

activity was measured using a P450-Glo CYP3A4 assay kit (Promega, V9001) accor-

ding to the manufacturer’s recommendations. All data were normalized to total protein 

content measured using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 

23225). 

PHH/liver quality control for HLCompR inclusion 

Quality of new PHH/liver data was assessed using the Random Forest classifier. The 

RNA-seq data used in Fig. 2 served as a training dataset to build the classifier. A dataset 
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is not recommended to be used when the new PHH/liver samples have PHH/liver clas-

sification probability below 45%. 

Statistics and reproducibility 

Statistical analyses (Pearson’s and Spearman’s correlation) were performed using 

GraphPad Prism 8. Results were considered significant when p < 0.05. Sample sizes are 

generally indicated in the figures. For transcriptomic studies we included a minimum 

of two samples per type of hepatocyte-like cell (HLC) model, if available. In experi-

ments designed to compare the functional capabilities of HLCs, we included at least 

two biological replicates for each HLC model. Unless stated otherwise, bar graphs are 

shown as mean ± standard deviation and box-and-whisker plots are shown as median 

(line), interquartile range (box), and data range or 1.5x interquartile range (whisker). 
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Project goal 

We aim to develop prime editing for in vivo genetic repair of POLG-mutations as 

the first potentially curative treatment of POLG-related disease. We will first optimize 

in vitro effectiveness and safety of prime editing in patient-specific organ and cell mo-

dels. Next, we will perform in vivo prime editing in mouse models of POLG-related 

disease to optimize in vivo distribution and activity and establish functional repair of 

the disease phenotype. As such, our project aims to prepare for the first-in-human trial 

of a disease modifying therapy directly correcting the root cause of POLG-related di-

sease. 
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Introduction 

Autosomal recessive point mutations in the POLG-gene cause a range of severe 

symptoms, including developmental delay, intractable epilepsy, hypotonia, 

gastrointestinal problems, and liver failure.1 POLG encodes DNA polymerase 

subunit gamma, the only polymerase responsible for replication and maintenance of 

mitochondrial DNA (mtDNA). Around 1% of the population carries pathogenic POLG 

variants, suggesting a 1:10.000 prevalence of the disease.1 The majority of patients 

harbors the same single disease-causing POLG point mutation (p.A467T), leading to a 

96% decrease in enzyme function.2 This causes depletion of mitochondrial DNA, de-

fects in the respiratory energy chain and symptoms prominently affecting organs with 

high energy demand such as the brain and liver. Patients with this common POLG va-

riant often have detrimental epilepsy, which usually manifests in infancy or in child-

hood with an explosive onset of intractable seizures. There is currently no causative 

treatment; conventional antiepileptic drugs are commonly ineffective, and children 

typically die within months to years after symptom onset due to status epilepticus, sep-

sis and/or liver failure.3 

Gene therapy holds promise to directly correct the root cause of POLG-related di-

sease. The potential of gene therapy has already been shown for another detrimental 

neurological disease: spinal muscular atrophy type 1 (SMA1). Until several years ago, 

there was no therapy for SMA1 and those affected died in infancy. With a single intra-

venous injection of a virus containing a healthy copy of the affected gene, children can 

now be treated before they develop symptoms.4 Sometimes these children now even 

develop normally.4,5 Similar therapies may also cure other genetic diseases.6 Unfortu-

nately, for most diseases this relatively simple method of viral delivery of an entire he-

althy gene is not possible, for the simple reason that most genes, like POLG, are too 

large to fit in a virus. Moreover, the gene that is virally injected is continuously active 

and lacks normal physiological control, rendering the treatment suboptimal for some 

conditions.    

These shortcomings are overcome by targeted repair in the host genome with the 

CRISPR-Cas9 system. This field progresses rapidly, and the first clinical trials have al-

ready shown potential to permanently cure human diseases.7,8 However, efficiency 

and safety of gene correction strongly depends on the mutation and gene editing stra-

tegy. The most versatile and safe CRISPR-Cas9-derived technique is the recently devel-
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oped “prime editing” strategy.9,10 The versatility and precision of prime editing is pro-

vided by the combination of a Cas9-nickase with a reverse transcriptase protein, and a 

prime editing guide RNA (pegRNA). This pegRNA can target almost any location in the 

genome, and simultaneously provides a template for genetic repair (Figure 1). The ge-

netic location and genomic context of the most common POLG mutation (c.1399G>A; 

p.A467T in exon 7 (Figure 2a) are favorable for prime editing and allow for numerous 

options to design pegRNAs for optimal editing efficacy and safety.11 

Our research group was the first in the world to use prime editing to efficiently re-

pair disease-causing mutations in patient-derived organoids and demonstrate functio-

nal repair of the disease phenotype without unwanted off-target effects.12 Our group is 

now developing a prime editing program to treat children with inherited metabolic 

diseases targeting the liver. The liver is a crucial metabolic organ in which almost all 

metabolic pathways are expressed at least to some extent. Moreover, the liver is a fea-

sible target, because restoration of only 5% of the liver function is thought to reverse 

the clinical phenotype of many metabolic diseases. Furthermore, delivery strategies for 

gene products predominantly target the liver.  

For POLG-related disease, the brain is the most important organ that needs to be 

treated. However, delivery of the gene editing machinery to the brain is complicated 

by the need to pass the blood brain barrier and reach sufficient affected cell types in 

the relevant functional brain areas. We aim to build on current technological advances 

to address these challenges and target the brain. The most promising method to deliver 
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Fig. 1: Schematic representation of the prime editing technology. A prime editing guide 

RNA (pegRNA) guides a Cas9-nickase to the target DNA location. The Cas9-nickase creates a 

nick in the targeted DNA strand. A reverse transcriptase uses the pegRNA encoded templa-

te containing the desired edit for transcription. Image reproduced with permission from 

Schene et al. (2020).12
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gene products to the brain employs adeno associated viruses (AAV). Because the 

 CRISPR-Cas based gene editing machinery is too large to fit in one AAV, ‘split intein’ 

AAVs were developed, in which two separate AAVs carry half of the machinery, which 

is reassembled inside the cell after delivery.13,14 This method was successfully used to 

genetically correct up to 59% of brain cells (and 38% of liver cells) with base editing 

(a technique similar to prime editing) in mice with genetic Niemann–Pick disease type 

C.13 At the moment, AAVs targeting brain cells are being developed and tested for use 

in primates.15,16  

Our hospital is a well renowned tertiary referral center where we regularly diagno-

se and treat patients with POLG-related disease as well as other metabolic disorders. 

We are a nationally accredited expertise center for metabolic disorders and for refrac-

tory epilepsy. Furthermore, we are ERN accredited for pediatric metabolic diseases 

(MetabERN), and epilepsy (EpiCARE). We routinely combine fundamental research 

with translational approaches to directly benefit the treatment of patients with metabo-

lic diseases. We have established a large metabolic biobank, allowing access to prima-

ry cells and organoids from patients with metabolic diseases, including POLG-related 

disease. We can build on our prime editing expertise and translational prime editing 
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Fig. 2: The genomic layout of the p.A467T POLG mutation, and successful repair thereof.     

a, Schematic overview of the c.1399G>A mutation in exon 7 of the POLG-gene, leading to 

an alanine to threonine substitution at position 467 in the POLG-protein. b, Successful repair 

of the c.1399G>A (p.A467T) mutation in a subset of patient-derived fibroblasts. Sanger se-

quencing was performed before and after prime editing. EditR was used to quantify the 

percentage of gene editing, which shows 26% of repair of the p.A467T point mutation 

using prime editing in 2021 and 81-100% using prime editing in 2022. Efficiency still varies 

between attempts. We did not find any unwanted editing of other nucleotides. *Intended 

silent mutation in PAM-site to increase editing efficiency without affecting the resulting 

amino acid. 

POLG c.1399G>A

a b

2021 PE3   46%
*

2022 PE3 100%
*
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program targeting the liver. This specific expertise and embedding makes our group 

particularly suited to prepare prime editing for in vivo treatment of POLG-related di-

sease.  

All in all, we believe that the current technological progress in genetic correction 

techniques and delivery methods makes in vivo prime editing a timely and feasible 

strategy to address the enormous unmet clinical need associated with POLG-related 

disease. Our collaborative expertise in pediatric metabolic diseases and pediatric epi-

lepsy, our experience with prime editing, and current program to develop treatments 

for metabolic diseases and pediatric epilepsy puts our group at the frontline to develop 

the first treatment strategy for POLG-related disease. 

Aims and objectives 

We aim to prepare prime editing for the first in vivo repair of human disease-cau-

sing POLG mutations. We plan to reach the following objectives: 

1. Develop a safe and efficient in vitro gene repair strategy  
2. Generate patient-specific brain and liver models for validation of prime editing 
3. Test and optimize genetic and functional correction in different target organ 

models  
4. Generate AAV vectors for delivery to the brain and liver  
5. In vivo gene repair of POLG-related disease in mouse model  

 With this approach, we aim to pave the way towards eventual causal treatment of 

patients suffering from POLG-related disease as well as provide an overall approach for 

causal treatment of other severe monogenic diseases affecting the brain and liver. 

Detailed workplan  

Develop a safe and efficient in vitro gene repair strategy 

We have already designed and tested editing efficiency of several pegRNAs for the 

p.A467T substitution, one of which resulted in highly efficient repair of the p.A467T 

mutation in fibroblasts from a patient treated in our center (Figure 2b). We will further 

test these pegRNAs for editing reproducibility and editing efficiency in various cell ty-

pes, including patient-derived fibroblasts, and brain and liver cells derived from indu-

ced pluripotent stem cells (iPSC, see further). Furthermore, we will use whole-genome 
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and amplicon sequencing to determine both desired and undesired gene editing effects 

in these cell types. In case of presence of off-target effects, we will design and test fur-

ther pegRNAs. In addition, we will keep testing the most recent prime editors, which 

are published at high frequency. We aim to select the best performing combination of 

prime editor and pegRNA in terms of efficiency, reproducibility, absence of off-target 

effects and minimal undesired on-target effects. This way, we will select the strategy 

with the best efficacy balanced with the best safety-profile for further experiments.  

Generate patient-specific cell and organoid models 

After establishing efficacy and safety in fibroblasts, we will generate disease-rele-

vant organoids and cells, which are required to establish functional repair. We already 

have access to liver organoids from one patient. We have fibroblasts from two patients 

(one homozygous, one compound heterozygous for p.A467T), and have access to ad-

ditional patient fibroblast cultures through our clinical network. We will reprogram 

patient-derived fibroblasts from at least 2 homozygous donors into iPSCs using an 

adapted lentiviral transduction protocol.17 In short, we will transduce these fibroblasts 

with reprogramming vectors Oct4, Sox2, Klf4, c-Myc, and a dTomato fluorescent re-

porter to track reprogramming factor expression and pick reprogrammed colonies. iP-

SCs will be validated by analyzing morphology and staining for pluripotency markers 

(SSEA4, Oct4). We will differentiate the iPSCs into neural stem cells and neurons18 

(dual SMAD inhibition protocol) and validate differentiation by analyzing morphology 

and staining for PAX6, FoxG1, Otx1, and Otx2. Furthermore, we will differentiate the 

iPSCs into liver organoids (endoderm differentiation by Activin A, FGF2, BMP4, hepa-

toblast differentiation by FGF2 and BMP4, hepatic maturation by HGF and oncostatin 

M)19 and validate differentiation by analyzing morphology and validating expression of 

hepatocyte markers (HNF4a, ALB). We will use these syngeneic iPSC derived brain and 

liver cells to test prime editing efficacy, reproducibility, safety (also with AAV vectors, 

see further), and function (see further).  

Test and optimize genetic and functional correction in liver and brain models. 

We have developed functional readouts for fibroblasts and organoids with POLG 

mutations to evaluate functional effects of gene repair (Figure 3). Concurrent with the 

putative POLG-related disease mechanism of mtDNA depletion and consequential 

respiratory energy chain deficiency, we found that POLG-deficient fibroblasts had de-

creased mtDNA concentrations compared to healthy controls, which we were able to 
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restore following genetic correction with prime editing with our pilot constructs. We 

further observed decreased expression of mitochondrial complex proteins and ATP 

production, which normalized following genetic correction. Moreover, we found in-

creased mitochondrial reactive oxygen species (ROS) and increased autophagy, which 

both normalized following genetic correction. We have experience with various other 

methods to determine mitochondrial function, including Seahorse XF mitochondrial 

flux analysis and imaging flowcytometry (Imagestream) analyses. We aim to evaluate 

whether fibroblasts, organoids, and iPSC-derived liver and brain cells from the same 

patients exhibit a normalization of their phenotypes after successful repair of the 

p.A467T POLG mutation. As such, we will measure functional repair of various rele-

vant molecular defects associated with POLG-deficiency, because direct measures of 

the neurological phenotype, including electrical recordings, cannot be evaluated in 

NSCs.20 
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Fig. 3: Functional evaluation of POLG deficiency (homozygous p.Ala467Thr) and correction 

with prime editing (data from single experiments, prime editing experiment from 2021).     

a, POLG-deficient fibroblasts have a significantly lower amount of mitochondrial DNA than 

controls, as determined using quantitative PCR (qPCR) of mitochondrial and nuclear DNA. 

Correction of the POLG-variant with prime editing restores the mitochondrial DNA levels.   

b, POLG-deficient fibroblasts have decreased protein expression of mitochondrial com-

plexes I and V. These complexes are responsible for production of ATP. Correction of the 

POLG-variant with prime editing restores the complex protein expression. c, POLG-deficient 

fibroblasts have decreased ATP production. Correction of the POLG-variant with prime edi-

ting restores ATP production. d, POLG-deficient fibroblasts have increased production of 

mitochondrial reactive oxygen species (ROS), as measured using MitoSOX and corrected for 

total mitochondrial mass. Correction of the POLG-variant decreased the mitochondrial ROS 

production. e, POLG-deficient fibroblasts have increased autophagy (‘recycling’ of damaged 

cellular components). Autophagy is represented by the ratio between proteins LC3B-II and 

LC3B-I. Correction of the POLG-variant with prime editing restores the increased autophagy.

a b

I V
0.0

0.5

1.0

1.5

Complex
N

or
m

al
ize

d 
ex

pr
es

sio
n

co
m

pl
ex

 / 
TO

M
20

Controls

POLG A467T

POLG PE 100%

d

0.0

0.5

1.0

1.5

N
or

m
al

ize
d 

AT
P 

pr
od

uc
tio

n Controls

POLG A467T

POLG PE 100%

**

**c

0

1

2

N
or

m
al

iz
ed

 ra
tio

LC
3B

-II
 / 

LC
3B

-I

Controls

POLG A467T

POLG PE 100%

0

1

2

N
or

m
al

ize
d 

ra
tio

 
m

tD
N

A 
/ g

D
N

A

Controls

POLG A467T

POLG PE 46%

POLG PE 100%
***

****

****

0

1

2

N
or

m
al

ize
d 

ra
tio

 
m

tD
N

A 
/ g

D
N

A

Controls

POLG A467T

POLG PE 46%

POLG PE 100%
***

****

****

e

0

1

2

3

N
or

m
al

izd
 

M
ito

SO
X/

N
AO

0.0

0.5

1.0

1.5
N

or
m

al
ize

d 
ra

tio
 

m
tD

N
A 

/ g
D

N
A

***

****

Controls

POLG A467T

POLG prime edited



Chapter 11

Generate AAV vectors for delivery to the brain and liver 

We aim to use AAV viral vectors for the delivery of the gene editing machinery to 

enable in vivo gene editing of the POLG p.A467T mutation. AAV viral vectors do not 

cause human disease and can efficiently and safely cross the blood-brain barrier to 

transfect human brain cells. This is the same viral vector that is efficiently and safely 

used to treat patients with SMA1.5 Unfortunately, one AAV viral vector is too small to 

carry all components necessary for prime editing. With a new technique called ‘split 

inteins’,21 two different viral vectors can both deliver half of the required gene product, 

which reassemble within the transduced cells. It was recently shown in mice that a 

single systemic injection of such dual AAV viral vectors encoding the base editing ma-

chinery can genetically repair up to 59% of brain cells and 38% of cells in the liver, 

resulting in functional repair of the disease phenotype.13 We will produce dual-AAV 

viral vectors optimized for in vivo repair of the common p.A467T POLG mutation. 

More efficient AAVs to target brain cells are continuously being developed,15,22 and if 

better alternatives arise, we will explore using these. If delivery by AAV vectors proves 

insufficient for functional in vivo gene repair, we will explore alternative delivery opti-

ons that are currently being developed (including those investigated in our group: lipid 

nanoparticles which may be administered intravenously and/or intrathecally, and virus-

like particles).23 

In vivo gene repair of mouse model 

After validating our approach in patient-derived cells and organs, we will test our 

approach in a mouse model of POLG-related disease to test in vivo distribution, gene-

tic and functional effects and safety. The POLG-gene, and especially the mutation-con-

taining region, is highly conserved between humans and mice (98.1% amino acids 

matching), making mice ideal for both generation and repair of human mutations.  

Various mouse models (POLGA449T/A449T, POLGY933C/A449T) have already been 

developed and characterized in collaboration with the POLG Foundation. Phenotypi-

cal characterization of the POLGA449T/A449T mice showed only a mild reduction in 

mtDNA in various tissues and no reduction in lifespan or any obvious age-related phe-

notypes.24 Unfortunately, the mice did not have epilepsy, liver failure and were resi-

lient to valproic acid.24 If the compound heterozygous mouse model (e.g., POLGY933C/

A449T, unpublished) displays a phenotype that is more representative of human POLG-

related disease, we will use that model.  
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Depending on practical issues such as availability of the mouse model, we will 

preferentially perform the experiments in our own animal facility. If that is not possible, 

we will collaborate with the external research group that developed the mouse mo-

dels. In six phenotypically characterized mice, we will inject the dual AAV gene-edi-

ting vectors intravenously and we will use non-targeting pegRNAs in six control mice. 

Previous studies using dual AAV injections of the related CRISPR-Cas9 base editing 

system have shown that systemic injection of 1 µl of AAV mix (containing 4×109 vg of 

each split) in three to six mice per group was sufficient to obtain robust and statistically 

significant results.13,25 We anticipate that systemic injection of AAV gene editing vec-

tors enables sufficient targeting of the brain and the liver. In case we do not manage to 

reach sufficient editing, defined as less than 50% of alleles edited, or a lack of neuro-

logical improvement in a mouse model with a clear neurological phenotype, we will 

consider intrathecal or intraventricular injection of the AAV to increase bioavailability 

in the brain. If we still do not reach the desired efficiency, we may test alternative deli-

very methods (e.g., modified RNA prime editing constructs encapsuled in lipid nano-

particles, see risks and mitigation). For these alternatives, we will use groups and con-

ditions similar to the original experiments. We will perform extensive phenotypic 

characterization to assess whether any POLG-related disease phenotype is functionally 

repaired. Post sacrifice, we will perform genotyping of all organs, with specific focus 

on the brain and liver, to evaluate gene editing efficiency and assess potential off-target 

gene editing. We will assess liver transaminases and platelets to evaluate potential he-

patotoxicity associated with AAV treatment.4 Furthermore, we will use our previously 

developed functional assays to test for repaired function in vitro in relevant tissues and 

organs.  

Risks and mitigation 

We do not expect substantial risks associated with the first half of the project. We 

have ample experience with genetic correction in various cell types, including fibro-

blasts and intestinal- and liver organoids. Moreover, we have already developed prime 

editing constructs with which we can efficiently correct the POLG p.A467T variant. 

We have previously performed whole genome sequencing analyses to determine off-

target effects in liver organoids after prime editing, and we did not find any. We will 

build on the results from developing an in vivo gene editing strategy for metabolic liver 

diseases, which our group is currently actively working on. This includes production of 
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modified RNA (modRNA) of the prime editor and pegRNAs and microfluidic encapsu-

lation in lipid nanoparticles (LNP).  

The main risks we foresee for this project involve (1) the differentiation of iPSCs 

into neurons, (2) in vitro gene editing using AAV vectors, and (3) the availability of a 

mouse model with a clear POLG-related disease phenotype.  

Differentiation of iPSCs into neurons which can be genetically edited.  

While we have experience with culturing induced pluripotent stem cells, we have 

not yet transdifferentiated them into neuronal cells. For this, we will build on the expe-

rience  from within our group and/or other scientists in our Utrecht Science Campus. If 

the arising neurons cannot be gene edited, we will perform the gene editing in the plu-

ripotent state prior to differentiation and evaluate the functional effects. In case we do 

not manage to transdifferentiate the iPSCs into neurons, we may use other (commerci-

ally) available neuronal cell lines, in which we may induce the common POLG variant 

with prime editing (using regular transfection methods of DNA prime editing con-

structs).  

In vitro gene editing using AAV vectors.  

We will use the protocols employed for efficient AAV mediated gene editing in 

brain cells in mice,13,15 and test and optimize the resultant vectors in the different cell 

types. In case we do not reach efficient gene editing (>50% cells) using AAV delivery 

methods, we may use other methods currently explored in our group for in vivo editing 

of metabolic liver disease. Recent literature suggests that the Cas9 nickase and reverse 

transcriptase do not necessarily need to be fused, but may also be delivered 

separately.26 We will also test this strategy to improve AAV delivery. Furthermore, we 

are developing LNPs which carry the prime editing constructs as stable modRNA. In 

case of insufficient targeting of the brain with AAV vectors, we may test intrathecal or 

intraventricular instead of systemic injection with AAVs or LNPs to genetically correct 

the common POLG mutation in the in vivo mouse studies. 

Mouse model with a POLG-related disease phenotype.  

Fortunately, mouse models for POLG-related disease have already been developed 

in collaboration with the POLG Foundation. However, the mouse model homozygous 

for A449T (human A467T) shows a molecular phenotype, but no gross developmental, 

263

1111



Part 4

metabolic or neurological phenotype to test functionally therapeutic effects.24 It is cur-

rently unknown what fraction and which cell types need to be genetically repaired to 

cure the neurological and liver phenotype of POLG-related disease. Therefore, we 

hope that a compound heterozygous mouse model with the common variant shows a 

disease phenotype comparable to humans. Even without a functional disease phenoty-

pe, the mouse studies will allow us to determine in vivo gene editing efficiency (on a 

genetic level). Irrespective of the phenotype, safety can be established by assessing 

unwanted on- and off-target effects, systemic toxic effects and organ-specific effects. 

Future prospects 

Our project aims to lay the foundation for the first-in-human clinical trial of gene 

repair for POLG-related disease and provide the basis for a risk/benefit analysis to eva-

luate if and/or what still needs to be done prior to clinical application. Upon develo-

ping a clinical therapy, the systems and strategies developed in this project can also be 

used to target other organs (e.g. muscles or the gastrointestinal tract) by adapting the 

delivery gene-vectors. Since prime editing techniques are versatile and easily adapta-

ble, the application developed in this project can easily be translated to target almost 

any other mutation that causes an untreatable genetic disease in the brain or liver. Alt-

hough such diseases are all individually rare, together they affect a large proportion of 

patients for whom currently no causative treatment exists.  
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Abstract 

Prime editing is a versatile genome-editing technique that shows great promise for 

the generation and repair of patient mutations. However, some genomic sites are diffi-

cult to edit and optimal design of prime-editing tools remains elusive. Here we present 

a fluorescent prime editing and enrichment reporter (fluoPEER), which can be tailored 

to any genomic target site. This system rapidly and faithfully ranks the efficiency of 

prime edit guide RNAs (pegRNAs) combined with any prime editor variant. We apply 

fluoPEER to instruct correction of pathogenic variants in patient cells and find that pla-

smid editing enriches for genomic editing up to 3-fold compared to conventional en-

richment strategies. DNA repair and cell cycle-related genes are enriched in the trans-

criptome of edited cells. Stalling cells in the G1/S boundary increases prime editing 

efficiency up to 30%. Together, our results show that fluoPEER can be employed for 

rapid and efficient correction of patient cells, selection of gene-edited cells, and eluci-

dation of cellular mechanisms needed for successful prime editing. 
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Introduction 

Prime editing is a precise genome-editing technique able to generate any modera-

tely sized genetic variation without the need for double-strand DNA breaks.1 

This technique allows repair of patient mutations, generation of disease models, 

and in vivo editing.2,3 The prime editor protein consists of a modified Cas9 protein cre-

ating single-strand DNA breaks (nicking Cas9) fused to a reverse transcriptase. This 

fusion protein forms a complex with a prime editing guide RNA (pegRNA). The peg-

RNA consists of a spacer defining the target site, a single-guide RNA (sgRNA) scaffold, 

and an extension encoding the intended edit (Fig. 1a). More specifically, the spacer 

region of the pegRNA is homologous to the genomic target region and guides the pri-

me editor to create a single-strand DNA break (nick) at the specified location. The pe-

gRNA extension consists of a primer binding site (PBS) and a reverse transcriptase tem-

plate (RTT). The PBS is homologous to the target region and binds to the nicked DNA 

strand, priming the reverse transcriptase to elongate the nicked DNA strand based on 

the sequence encoded by the RTT. The elongation of the nicked strand forms a 3′ DNA 

flap containing the intended edit. Finally, the 3′ flap is resolved by cellular DNA repair 

pathways, resulting in genomic incorporation of the intended edit (Fig. 1a). 

The technology of prime editing undergoes rapid optimization, including adaptati-

ons to the pegRNA to increase degradation resistance (epegRNAs4), improvements to 

the prime editor to increase editing efficiency5 and to increase the flexibility to allow 

editing in different genomic contexts.6 Specifically, the increase in flexibility of prime 

editors has improved employability beyond the original prime editor (PE2), which re-

quires a protospacer adjacent ‘NGG’ motif (NGG-PAM) to edit DNA. On average, the 

pathogenic mutations described in the ClinVar database have only one nearby NGG-

PAM (Supplementary Fig. 1). This limits pegRNA design to often suboptimal spacers 

and PBSs and thereby reduces gene-editing efficiency. Prime editor variants with flexi-

ble PAM recognition6-8 provide at least nine additional PAM sites to target the patho-

genic mutations described within the ClinVar database and thereby greatly improve 

gene-editing potential (Supplementary Fig. 1). 

With the rise of new prime editing machinery and the complex mechanisms under-

lying editing efficiency of (e)pegRNAs, designing optimal prime editing strategies 

remains largely elusive. A number of pegRNA design tools have been developed, but 

these are not data-driven and lack extensive validation.9-11 For the original NGG-PAM-

dependent prime editor protein, a deep learning strategy was developed to specify pe-
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gRNA characteristics relevant to editing efficiency.12 Although informative, this deep 

learning algorithm failed to predict a pegRNA efficiency score for >80% of the mutati-

ons in the ClinVar database and does not support non-NGG-pegRNA prediction (Sup-

plementary Fig. 2a,b). As expected, for those pathogenic mutations within the scope of 

the prediction algorithm, a higher number of available PAMs per mutation resulted in a 

higher predicted maximum pegRNA efficiency (Supplementary Fig. 2c). 

To address the shortcomings of current prediction methods and harness the 

strength of next-generation prime editing machinery, we present fluoPEER: a fluores-

cent prime editing and enrichment reporter. Previously developed genome editing re-

porters for cutting Cas9 and base editors are not applicable to prime editing.13-17 Fur-

thermore, pegRNAs designed to repair patient mutations can currently only be tested 

in patient cells. FluoPEER can be tailored to any genomic target site and allows high-

throughput analysis of pegRNA designs and prime editors in the cell line of choice 

using fluorescence-activated cell sorting (FACS) within 7 days from the start of cloning. 

Moreover, fluoPEER provides a selection method to enrich for genomic editing up to 3-

fold relative to conventional selection of transfected cells. 

Results 

FluoPEER guides pegRNA design for efficient genomic editing  

To test the efficiency of various pegRNA and prime editor combinations, we cloned 

genomic target regions (45–100 nucleotides) into the fluoPEER plasmid. Specifically, 

the target region was inserted between an (e)GFP and an (m)Cherry cassette under 

constitutive expression (Fig. 1a). If the genomic target mutation results in a 

premature stop codon  (nonsense) or a frameshift, the unmodified genomic target site 

can be inserted into the fluoPEER plasmid, resulting in a construct that only expresses 

GFP. Successful prime editing of the fluoPEER plasmid results in activation of Cherry 

expression. If the genomic target mutation is not a nonsense or frameshift mutation, 

either one is added to the target insert in the fluoPEER plasmid (Fig. 1a). We hypothesi-

zed that this adaptation would not limit the predictive power of fluoPEER since the 

substitution or insertion of single nucleotides in the RTT-region has minor effects on 

prime-editing efficiency (Supplementary Fig. 3). Importantly, this system allows targe-

ting of the reporter and the corresponding genomic locus with the same pegRNA de-

sign. 
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We transfected fluoPEER together with prime editing machinery into HEK293T 

cells and analyzed reporter editing using FACS after 3 days (Fig. 1b). Based on the ratio 

of Cherry to GFP signal, an efficiency score was established for each editing condition, 

enabling ranking of prime editor variants and pegRNAs (Fig. 1c). To verify the reliabili-

ty of this reporter system, we tested combinations of prime editor variants and peg-

RNAs to convert a genomically integrated GFP gene to BFP. The same prime editor-

pegRNA combinations were used to edit a GFP-derived target region that was inserted 

into the fluoPEER plasmid (Fig. 1d and Supplementary Fig. 4a). When ranking the edi-

ting conditions based on efficiency for both strategies, the correlation between geno-

mic editing and reporter prediction was strong (R = 0.94, Fig. 1d and Supplementary 

Fig.   4b,c). This correlation further confirms that insertion of a 1-nucleotide frameshift 

mutation in the reporter does not affect the predictive capacity. Importantly, Sanger 

sequencing only detected genomic editing in conditions with >10% BFP+ cells (Sup-

plementary Fig. 4c), supporting the need for a sensitive reporter system when targeting 

difficult-to-edit loci. Next, we tested the ability of fluoPEER to predict the efficiency of 

prime editor-pegRNA combinations for three different genomic mutations, including a 

substitution, insertion, and deletion mutation. Again, we found strong correlations 

between the fluoPEER efficiency score and genomic editing as quantified by next-gene-

ration sequencing (Fig. 1e). 

We also compared fluoPEER to the DeepPE pegRNA efficiency prediction algo-

rithm, which only supports pegRNA prediction on NGG-PAM sites. Testing combinati-

ons of NGG-PE2 with three to four different pegRNAs for six genomic target regions, 

we found that fluoPEER outperformed the DeepPE algorithm on all targets (Supplemen-

tary Fig. 5). Furthermore, we confirmed the robustness of the Cherry over GFP ratio as 

a read-out for efficiency by varying the input reporter plasmid concentration (Supple-

mentary Fig. 6a,b). By varying the time point of read-out, we further corroborated that 

the ratio-based ranking was stable over a period of 6 days (Supplementary Fig. 6c). 

Finally, we confirmed that fluorescent activity disappears from fluoPEER-transfected 

cells within around 2–3 weeks (Supplementary Fig. 6d). 

Using the reporter system, we tested pegRNAs and prime editor variant combinati-

ons for various genomic loci. Using available knowledge of characteristics influencing 

editing efficiency,12,18 we designed pegRNAs containing spacers with high Cas9 single 

guide RNA (sgRNA) binding scores, PBSs of 9–15 nucleotides length containing at 

least 5 guanine or cytosine (G/C) nucleotides, and RTTs of 10–20 nucleotides length 

(Supplementary Fig. 7). Selection of the pegRNA-prime editor condition with the hig-
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Fig. 1: fluoPEER instructs pegRNA design for genomic editing. a, The fluoPEER plasmid 

uses a 45–100 nucleotide genomic region containing a stop codon or frameshift between 

sequences encoding two fluorescent proteins (eGFP and mCherry). In case the genomic 

region does not contain a naturally occurring stop codon or frameshift, one is added. The 

prime edit machinery targets and edits the genomic insert, removing the insertion or stop 

codon, leading to expression of mCherry in addition to eGFP. The same prime edit machi-

nery, including the same pegRNA design, can edit the genomic DNA. A finished fluoPEER 

plasmid contains CMV-GFP-P2A-Genomic insert-P2A-Cherry. See method section for more 

details. b, Editing of the genomic insert is visualized by Cherry signal and quantified using 

flow cytometry. c, FluoPEER distinguishes between the efficiency of different prime editor 

Fig. 1 FluoPEER instructs pegRNA design for genomic editing. a The fluoPEER plasmid uses a 45–100 nucleotide genomic region containing a stop codon or
frameshift between sequences encoding two fluorescent proteins (eGFP and mCherry). In case the genomic region does not contain a naturally occurring stop
codon or frameshift, one is added. The prime edit machinery targets and edits the genomic insert, removing the insertion or stop codon, leading to expression of
mCherry in addition to eGFP. The same prime edit machinery, including the same pegRNA design, can edit the genomic DNA. A finished fluoPEER plasmid contains
CMV-GFP-P2A-Genomic insert-P2A-Cherry. See method section for more details. b Editing of the genomic insert is visualized by Cherry signal and quantified using
flow cytometry. c FluoPEER distinguishes between the efficiency of different prime editor (PE2) variants. This is quantified as the average ratio of Cherry signal over
GFP signal of each transfected HEK293T cell, which gives a measure of editing per transfected plasmid. n= 3 biologically independent replicates. d Comparison
between GFP to BFP conversion using prime editing on genomic DNA and the fluoPEER plasmid. HEK293T cells containing a lentivirally integrated genomic GFP
cassette were transfected with prime editing machinery to convert GFP to BFP in 24 conditions. The same conditions were applied to HEK293T cells co-transfected
with the fluoPEER plasmid containing the sequence encoding the GFP to BFP conversion. R= Spearman correlation. Gray area represents 95% confidence interval
of the linear regression line. e For three different genomic targets, various pegRNA designs to install either a substitution, deletion, or insertion mutation were tested
in HEK293T cells and editing outcomes were measured using next-generation sequencing (NGS). Corresponding genomic targets were inserted into fluoPEER and
the efficiency ratio was extracted. R= Spearman correlation and r= Pearson correlation. f Using the optimal pegRNA-prime editor combination based on fluoPEER
ranking (Supplementary Fig. 7), several pathogenic mutations in patient-derived organoids were genetically corrected and organoids with biallelic IARS1 mutations
were generated in wildtype liver organoids. Error bars represent standard deviations from the mean. Source data are provided as a Source Data file.
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hest reporter prediction score enabled quick and efficient repair of disease-causing 

mutations in patient-derived organoids (Fig.  1f). These included common mutations 

causing cystic fibrosis (CFTRF508del and CFTRG542X) that are difficult to edit without the 

use of prime editors with flexible PAM recognition. In addition, we corrected mutati-

ons causing progressive familial intrahepatic cholestasis (PFIC) type 3 (ABCB4E1012X), 

and PFIC type 1 (ATP8B1R600Q). Furthermore, we used fluoPEER ranking to efficiently 

mutate the gene coding for cytosolic isoleucyl-tRNA synthetase (IARS1) in liver-derived 

organoids, generating both biallelic and monoallelic clones (Supplementary Fig. 7b). 

In these disease models, we confirmed that biallelic, but not monoallelic, IARS1I1174N 

mutations impaired organoid expandability, reflecting the failure to thrive observed in 

patients with biallelic IARS1 mutations19,20 (Supplementary Fig. 7b,c). Importantly, pe-

gRNAs targeting a difficult-to-edit locus (low GC-content) to repair a common me-

thylmalonic acidemia mutation (MUTR369H) failed to edit the reporter (Supplementary 

Fig. 7a) and also failed in organoids, demonstrating accurate negative prediction (Sup-

plementary Fig. 7d). 
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(PE2) variants. This is quantified as the average ratio of Cherry signal over GFP signal of each 

transfected HEK293T cell, which gives a measure of editing per transfected plasmid. n = 3 

biologically independent replicates. d Comparison between GFP to BFP conversion using 

prime editing on genomic DNA and the fluoPEER plasmid. HEK293T cells containing a lenti-

virally integrated genomic GFP cassette were transfected with prime editing machinery to 

convert GFP to BFP in 24 conditions. The same conditions were applied to HEK293T cells co-

transfected with the fluoPEER plasmid containing the sequence encoding the GFP to BFP 

conversion. R = Spearman correlation. Gray area represents 95% confidence interval of the 

linear regression line. e For three different genomic targets, various pegRNA designs to in-

stall either a substitution, deletion, or insertion mutation were tested in HEK293T cells and 

editing outcomes were measured using next-generation sequencing (NGS). Corresponding 

genomic targets were inserted into fluoPEER and the efficiency ratio was extracted. R = 

Spearman correlation and r = Pearson correlation. f Using the optimal pegRNA-prime editor 

combination based on fluoPEER ranking (Supplementary Fig. 7), several pathogenic mutati-

ons in patient-derived organoids were genetically corrected and organoids with biallelic 

IARS1 mutations were generated in wildtype liver organoids. Error bars represent standard 

deviations from the mean.  
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Fig. 2: FluoPEER enables characterization of various genome editing techniques. a, 16 fluo-

PEER plasmids were constructed to contain the same pegRNA spacer binding site (HEK3) 

including a stop codon, followed by 16 different 4-nucleotide PAM sequences. Prime editing 

using a pegRNA that converts this stop codon to an arginine-encoding codon results in 

Cherry signal. The heatmap shows the fluoPEER signal for these 16 plasmids, four prime 

editor (PE2) variants, and replicates (n = 2) per condition in HEK293T cells. b, Prime editor 

variants with adapted nuclear localization sequences (PE2*) were tested in HEK293T cells. 

Graphs show a summary of all fluoPEER scores (left panel) and of the conversion efficiency 

of the genomic mutation (right panel), expressed as the fold change (FC) of the PE2* vari-

ants relative to the corresponding PE2 variants. See also Supplementary Fig. 8. n = 2–3 bio-

logically independent replicates. c, FluoPEER was used to evaluate nicking sgRNAs for the 

PE3b technique in HEK293T cells. PE3b designs increased fluoPEER scores (Cherry/GFP rati-

os) as well as genomic editing as measured by NGS. d, Improved prime editing using epeg-

RNAs was measured on fluoPEER. Cherry over GFP was measured on fluoPEER; genomic 

editing was measured using NGS. e, Increased mismatches between the pegRNA RTT and 

the target sequence resulted in higher prime editing efficiency on fluoPEER and the geno-

causing mutations in patient-derived organoids (Fig. 1f). These
included common mutations causing cystic fibrosis (CFTRF508del
and CFTRG542X) that are difficult to edit without the use of prime
editors with flexible PAM recognition. In addition, we corrected
mutations causing progressive familial intrahepatic cholestasis
(PFIC) type 3 (ABCB4E1012X), and PFIC type 1 (ATP8B1R600Q).
Furthermore, we used fluoPEER ranking to efficiently mutate the
gene coding for cytosolic isoleucyl-tRNA synthetase (IARS1) in
liver-derived organoids, generating both biallelic and monoallelic
clones (Supplementary Fig. 7b). In these disease models, we
confirmed that biallelic, but not monoallelic, IARS1I1174N mutations
impaired organoid expandability, reflecting the failure to thrive
observed in patients with biallelic IARS1 mutations19,20 (Supple-
mentary Fig. 7b, c). Importantly, pegRNAs targeting a difficult-to-
edit locus (low GC-content) to repair a common methylmalonic

acidemia mutation (MUTR369H) failed to edit the reporter
(Supplementary Fig. 7a) and also failed in organoids, demonstrating
accurate negative prediction (Supplementary Fig. 7d).

FluoPEER enables characterization of various genome editing
techniques. To better characterize PE2 protein variants with
flexible PAM recognition, we adapted the genomic target region
of fluoPEER to test PAM specificities. We found that SpG-PE2
and NG-PE2 have comparable flexible PAM preferences, but that
SpG-PE2 has higher efficiency scores overall (Fig. 2a). SpRY-PE2
was most flexible in PAM recognition, essentially functioning as a
PAM-less prime editor. Interestingly, a guanine nucleotide on the
4th PAM position led to higher editing efficiency compared to
cytosine (Fig. 2a). Overall, the NG-, SpG-, and SpRY-PE2 protein

Fig. 2 FluoPEER enables characterization of various genome editing techniques. a 16 fluoPEER plasmids were constructed to contain the same pegRNA
spacer binding site (HEK3) including a stop codon, followed by 16 different 4-nucleotide PAM sequences. Prime editing using a pegRNA that converts this
stop codon to an arginine-encoding codon results in Cherry signal. The heatmap shows the fluoPEER signal for these 16 plasmids, four prime editor (PE2)
variants, and replicates (n= 2) per condition in HEK293T cells. b Prime editor variants with adapted nuclear localization sequences (PE2*) were tested in
HEK293T cells. Graphs show a summary of all fluoPEER scores (left panel) and of the conversion efficiency of the genomic mutation (right panel),
expressed as the fold change (FC) of the PE2* variants relative to the corresponding PE2 variants. See also Supplementary Fig. 8. n= 2–3 biologically
independent replicates. c FluoPEER was used to evaluate nicking sgRNAs for the PE3b technique in HEK293T cells. PE3b designs increased fluoPEER scores
(Cherry/GFP ratios) as well as genomic editing as measured by NGS. d Improved prime editing using epegRNAs was measured on fluoPEER. Cherry over
GFP was measured on fluoPEER; genomic editing was measured using NGS. e Increased mismatches between the pegRNA RTT and the target sequence
resulted in higher prime editing efficiency on fluoPEER and the genome. Three pegRNAs with varying mismatches with the genome were adopted from
Chen et al.5. More mismatches resulted in higher editing efficiency on the genome and fluoPEER. Significance was analyzed using a two-tailed unpaired
Student’s t test (*P < 0.05) for n= 3 biologically independent replicates for c–e. f FluoPEER can report base editing when editing of the target nucleotide
resolves a stop codon in any possible reading frame. The genomic region of the POLGA467T mutation was inserted into fluoPEER with a shifted reading
frame to create a stop codon (left). This fluoPEER was transfected into fibroblasts with biallelic POLGA467T mutations to show base editing on the reporter
(middle) and the genome (right). Error bars represent standard deviations from the mean. Source data are provided as a Source Data file.
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FluoPEER enables characterization of various genome editing techniques 

To better characterize PE2 protein variants with flexible PAM recognition, we adap-

ted the genomic target region of fluoPEER to test PAM specificities. We found that SpG-

PE2 and NG-PE2 have comparable flexible PAM preferences, but that SpG-PE2 has 

higher efficiency scores overall (Fig. 2a). SpRY-PE2 was most flexible in PAM recogniti-

on, essentially functioning as a PAM-less prime editor. Interestingly, a guanine nucleo-

tide on the 4th PAM position led to higher editing efficiency compared to cytosine (Fig. 

2a). Overall, the NG-, SpG-, and SpRY-PE2 protein variants displayed PAM-specificity 

patterns highly similar to their corresponding cutting Cas9 proteins.8 We also tested 

PE2* protein variants with improved nuclear localization,3 but these variants did not 

display higher efficiency of reporter editing and genomic editing compared to standard 

PE2 protein variants in HEK293T cells for the tested mutations (Fig. 2b and Supple-

mentary Fig. 8a,b). 

We continued to characterize the ability of the fluoPEER system to report genome 

editing techniques beyond the standard prime editing strategy of combining a pegRNA 

and a prime editor. The addition of a nicking sgRNA that only binds on the unedited 

strand after successful editing of the edited strand is known as PE3b and can increase 

prime editing efficiency.1 Indeed, fluoPEER accurately predicted PE3b conditions to 

increase genomic editing efficiency (Fig. 2c). Next, we tested the recently reported 

degradation-resistant epegRNAs4 and found higher editing efficiency compared to the 

original pegRNAs, both on the fluoPEER system and genomic DNA (Fig. 2d). Recently, 

DNA mismatch repair (MMR) was found to inhibit the installment of substitution muta-

tions by prime editing. By increasing the number of mismatches between the RTT and 

the genome, MMR may be evaded and editing efficiency enhanced.5 We confirmed 

277

me. Three pegRNAs with varying mismatches with the genome were adopted from Chen et 

al.5 More mismatches resulted in higher editing efficiency on the genome and fluoPEER. 

Significance was analyzed using a two-tailed unpaired Student’s t test (*P < 0.05) for n = 3 

biologically independent replicates for c-e. f, FluoPEER can report base editing when edi-

ting of the target nucleotide resolves a stop codon in any possible reading frame. The ge-

nomic region of the POLGA467T mutation was inserted into fluoPEER with a shifted reading 

frame to create a stop codon (left). This fluoPEER was transfected into fibroblasts with bialle-

lic POLGA467T mutations to show base editing on the reporter (middle) and the genome 

(right). Error bars represent standard deviations from the mean.
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Fig. 3: FluoPEER enriches for genomic editing. a, FACS sorting based on transfection of the 

reporter plasmid (GFP+) and presence of reporter editing (GFP+Cherry+) shows enrichment 

for genomic editing of various genes for PE2 and PE3(b) in the reporter-edited HEK293T 

cells. Successful editing was quantified by NGS. Note that the HEK3 4-bp insertion PE2 con-

dition was performed with NGG-PE2, while the corresponding PE3b condition was perfor-

med with SpG-PE2, resulting in lower editing. b, FluoPEER-enrichment of genomic editing 

does not increase unwanted indels in HEK293T cells, as quantified by NGS. Significance was 

analyzed using a two-tailed unpaired Student’s t test (*P < 0.05) for n = 3 biologically inde-

pendent replicates for a and b. c, Activating CTNNB1 mutations in liver-derived organoid 

cells allow sustained organoid growth despite removal of Wnt-activator Rspo1 from the 

culture medium.2 When creating an activating 6-bp deletion in CTNNB1 by prime editing, 

fluoPEER-enrichment resulted in outgrowth of more Rspo1-independent liver organoid 

clones, compared to regular transfection sorting. From the clones with activating CTNNB1 

mutations, only the clones obtained by fluoPEER-enrichment contained biallelic CTNNB1 

mutations. d, Use of an unrelated fluoPEER allows enrichment for a genomic edit. Either 

HEK293T cells were transfected with the fluoPEER corresponding to the genomic mutation 

variants displayed PAM-specificity patterns highly similar to their
corresponding cutting Cas9 proteins8. We also tested PE2* pro-
tein variants with improved nuclear localization3, but these var-
iants did not display higher efficiency of reporter editing and
genomic editing compared to standard PE2 protein variants in
HEK293T cells for the tested mutations (Fig. 2b and Supple-
mentary Fig. 8a, b).

We continued to characterize the ability of the fluoPEER
system to report genome editing techniques beyond the standard
prime editing strategy of combining a pegRNA and a prime
editor. The addition of a nicking sgRNA that only binds on the
unedited strand after successful editing of the edited strand is
known as PE3b and can increase prime editing efficiency1.
Indeed, fluoPEER accurately predicted PE3b conditions to

increase genomic editing efficiency (Fig. 2c). Next, we tested the
recently reported degradation-resistant epegRNAs4 and found
higher editing efficiency compared to the original pegRNAs, both
on the fluoPEER system and genomic DNA (Fig. 2d). Recently,
DNA mismatch repair (MMR) was found to inhibit the
installment of substitution mutations by prime editing. By
increasing the number of mismatches between the RTT and the
genome, MMR may be evaded and editing efficiency enhanced5.
We confirmed this mechanism, which increased editing efficiency
both on the reporter and the genome (Fig. 2e). To evade MMR, a
new prime editor construct was developed, expressing a dominant
negative MMR-disrupting MLH1, called PE4max5. Interestingly,
we found no significant differences in editing efficiency between
PE3 (PE2+ nicking sgRNA) and PE5 (PE4max+ nicking

Fig. 3 FluoPEER enriches for genomic editing. a FACS sorting based on transfection of the reporter plasmid (GFP+) and presence of reporter editing
(GFP+Cherry+) shows enrichment for genomic editing of various genes for PE2 and PE3(b) in the reporter-edited HEK293T cells. Successful editing was
quantified by NGS. Note that the HEK3 4-bp insertion PE2 condition was performed with NGG-PE2, while the corresponding PE3b condition was performed
with SpG-PE2, resulting in lower editing. b FluoPEER-enrichment of genomic editing does not increase unwanted indels in HEK293T cells, as quantified
by NGS. Significance was analyzed using a two-tailed unpaired Student’s t test (*P < 0.05) for n= 3 biologically independent replicates for a and b.
c Activating CTNNB1 mutations in liver-derived organoid cells allow sustained organoid growth despite removal of Wnt-activator Rspo1 from the culture
medium2. When creating an activating 6-bp deletion in CTNNB1 by prime editing, FluoPEER-enrichment resulted in outgrowth of more Rspo1-independent
liver organoid clones, compared to regular transfection sorting. From the clones with activating CTNNB1 mutations, only the clones obtained by fluoPEER-
enrichment contained biallelic CTNNB1 mutations. d Use of an unrelated fluoPEER allows enrichment for a genomic edit. Either HEK293T cells were
transfected with the fluoPEER corresponding to the genomic mutation or transfected with a fluoPEER unrelated to the genomic mutation. It should be noted
that enrichment with the ‘related’ fluoPEER still yields the highest editing percentage. Significance was analyzed using a two-tailed unpaired Student’s t test
(*P < 0.05) for n= 3 biologically independent replicates. e Pathogenic mutations in patient colon (CFTRF508del) and liver (ABCB4E1012X) organoids were
targeted by PE3 and sorted 72 h after transection based on fluoPEER editing. Reporter-edited organoid cells were enriched for genomic editing compared to
reporter-unedited organoid cells. Error bars represent standard deviations from the mean of n= 2–3 biologically independent replicates. Source data are
provided as a Source Data file.
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this mechanism, which increased editing efficiency both on the reporter and the ge-

nome (Fig. 2e). To evade MMR, a new prime editor construct was developed, expres-

sing a dominant negative MMR-disrupting MLH1, called PE4max.5 Interestingly, we 

found no significant differences in editing efficiency between PE3 (PE2  +  nicking 

sgRNA) and PE5 (PE4max + nicking sgRNA) for two edits on the genome and fluoPEER 

in HeLa cells (Supplementary Fig. 8c). This confirms that the effect of suppressing 

MMR differs greatly between edits.5 

Finally, we tested fluoPEER for base editing, which is possible when base editing 

resolves a stop codon in any of the six possible reading frames of the genomic target 

region. We integrated the genomic region of the common POLGA467T mutation into the 

fluoPEER plasmid with a reporter-shifted (+1) reading frame that resulted in a stop co-

don (Fig. 2f). Adenine base editing (ABE8e-TadA) corrected this mutation on both the 

plasmid and the genomic DNA of patient-derived fibroblasts (Fig. 2f), showing that 

fluoPEER could be used for testing base editing gRNA design as well. 

FluoPEER enriches for genomic editing 

The selection of cells with a detectable edit has been shown to enrich for a simul-

taneously introduced edit at another locus.21,22 To test whether fluoPEER allows such 

enrichment, we sorted HEK293T cells that were plasmid-edited (GFP+Cherry+, fluo-

PEER-enriched population) and found that these cells showed up to 3-fold increases in 

genomic editing compared to the complete transfected cell population (GFP+) (Fig. 3a). 

This enrichment of genomic editing did not result in an increase of unwanted insertion 

and deletion mutations (indels) in the target region (Fig. 3b). In line with previous fin-

dings,1 no mutations could be detected at off-target sites in either transfected or fluo-

PEER-enriched cell populations (Supplementary Table 1). FluoPEER enrichment of liver-

derived organoid cells yielded higher numbers of edited organoid clones. Strikingly, 
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or transfected with a fluoPEER unrelated to the genomic mutation. It should be noted that 

enrichment with the ‘related’ fluoPEER still yields the highest editing percentage. Significan-

ce was analyzed using a two-tailed unpaired Student’s t test (*P < 0.05) for n = 3 biologically 

independent replicates. e, Pathogenic mutations in patient colon (CFTRF508del) and liver 

(ABCB4E1012X) organoids were targeted by PE3 and sorted 72 h after transection based on 

fluoPEER editing. Reporter-edited organoid cells were enriched for genomic editing compa-

red to reporter-unedited organoid cells. Error bars represent standard deviations from the 

mean of n = 2–3 biologically independent replicates.
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Fig. 4: Endogenous DNA repair proteins and the cell cycle affect prime editing outcomes. a, 

Schematic overview of RNA-sequencing set-up. FluoPEER-edited and -unedited HEK293T 

cells were sorted separately and RNA was sequenced. b, PCA plot and c, gene set enrich-

ment analysis of RNA sequencing of the fluoPEER-edited and -unedited cell populations 

show expression-based differences in DNA repair- and cell cycle-associated genes. d, Left 

panel shows a heatmap of the expression of DNA-repair-associated genes which were enri-

ched in the transcriptome of fluoPEER-edited vs. fluoPEER-unedited HEK293T cells from a–c. 

Right panel shows expression of the same genes in publicly available transcriptome profiles 

(GSE94479) of MCF-7 cells stalled in different cell cycle phases.49 For both transcriptomic 

datasets, log2-transformed expression values were mean centered per gene for visualizati-

on. e, Cell cycle synchronization at the G1/S boundary (double thymidine block) or G2/M 

phase (nocodazole block) affects genomic prime editing efficiency in HEK293T and Caco-2 

cells. HEK293T replicates were normalized to the average editing of the control condition for 

each of three repeated, independent experiments; Caco-2 replicates (n = 3) were normali-

zed to the average editing of the control condition for a single representative experiment 

with three biological replicates. Error bars represent standard deviations from the mean. 

sgRNA) for two edits on the genome and fluoPEER in HeLa cells
(Supplementary Fig. 8c). This confirms that the effect of
suppressing MMR differs greatly between edits5.

Finally, we tested fluoPEER for base editing, which is possible
when base editing resolves a stop codon in any of the six possible
reading frames of the genomic target region. We integrated
the genomic region of the common POLGA467T mutation into the
fluoPEER plasmid with a reporter-shifted (+1) reading frame that
resulted in a stop codon (Fig. 2f). Adenine base editing (ABE8e-
TadA) corrected this mutation on both the plasmid and the genomic
DNA of patient-derived fibroblasts (Fig. 2f), showing that fluoPEER
could be used for testing base editing gRNA design as well.

FluoPEER enriches for genomic editing. The selection of cells
with a detectable edit has been shown to enrich for a simulta-
neously introduced edit at another locus21,22. To test whether
fluoPEER allows such enrichment, we sorted HEK293T cells that
were plasmid-edited (GFP+Cherry+, fluoPEER-enriched popu-
lation) and found that these cells showed up to 3-fold increases in
genomic editing compared to the complete transfected cell
population (GFP+) (Fig. 3a). This enrichment of genomic editing
did not result in an increase of unwanted insertion and deletion

mutations (indels) in the target region (Fig. 3b). In line with
previous findings1, no mutations could be detected at off-target
sites in either transfected or fluoPEER-enriched cell populations
(Supplementary Table 1). FluoPEER enrichment of liver-derived
organoid cells yielded higher numbers of edited organoid clones.
Strikingly, enrichment also enabled generation of clonal organoid
lines with biallelic edits (Fig. 3c), which may facilitate in vitro
modeling of recessive genetic disorders.

We hypothesized that enrichment of a genomic mutation does
not require the use of a ‘related’ fluoPEER with an insert of the
corresponding genomic target region. To test this, we transfected
cells with a mix of (1) a pegRNA that targets the genomic DNA,
(2) a second pegRNA that targets, (3) an unrelated fluoPEER
plasmid, and (4) a prime editor. Indeed, we found that editing of
the ‘unrelated’ fluoPEER plasmid by the second pegRNA enriched
for genomic editing by the first pegRNA (Fig. 3d). Importantly,
enrichment using a ‘related’ fluoPEER resulted in slightly higher
genomic editing than using a second, unrelated pegRNA-
fluoPEER combination (Fig. 3d). Finally, we used the mechanism
of fluoPEER enrichment to efficiently generate gene-corrected
patient-derived organoids (Fig. 3e). These results establish
fluoPEER as a highly dynamic prime-editing read-out, enabling
enrichment of genomic editing based on plasmid co-editing.

Fig. 4 Endogenous DNA repair proteins and the cell cycle affect prime editing outcomes. a Schematic overview of RNA-sequencing set-up. FluoPEER-
edited and -unedited HEK293T cells were sorted separately and RNA was sequenced. b PCA plot and c gene set enrichment analysis of RNA sequencing of
the fluoPEER-edited and -unedited cell populations show expression-based differences in DNA repair- and cell cycle-associated genes. d Left panel shows a
heatmap of the expression of DNA-repair-associated genes which were enriched in the transcriptome of fluoPEER-edited vs. fluoPEER-unedited
HEK293T cells from a–c. Right panel shows expression of the same genes in publicly available transcriptome profiles (GSE94479) of MCF-7 cells stalled in
different cell cycle phases49. For both transcriptomic datasets, log2-transformed expression values were mean centered per gene for visualization. e Cell
cycle synchronization at the G1/S boundary (double thymidine block) or G2/M phase (nocodazole block) affects genomic prime editing efficiency in
HEK293T and Caco-2 cells. HEK293T replicates were normalized to the average editing of the control condition for each of three repeated, independent
experiments; Caco-2 replicates (n= 3) were normalized to the average editing of the control condition for a single representative experiment with three
biological replicates. Error bars represent standard deviations from the mean. Source data are provided as a Source Data file.
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enrichment also enabled generation of clonal organoid lines with biallelic edits (Fig. 

3c), which may facilitate in vitro modeling of recessive genetic disorders. 

We hypothesized that enrichment of a genomic mutation does not require the use 

of a ‘related’ fluoPEER with an insert of the corresponding genomic target region. To 

test this, we transfected cells with a mix of (1) a pegRNA that targets the genomic 

DNA, (2) a second pegRNA that targets, (3) an unrelated fluoPEER plasmid, and (4) a 

prime editor. Indeed, we found that editing of the ‘unrelated’ fluoPEER plasmid by the 

second pegRNA enriched for genomic editing by the first pegRNA (Fig. 3d). Important-

ly, enrichment using a ‘related’ fluoPEER resulted in slightly higher genomic editing 

than using a second, unrelated pegRNA-fluoPEER combination (Fig. 3d). Finally, we 

used the mechanism of fluoPEER enrichment to efficiently generate gene-corrected 

patient-derived organoids (Fig. 3e). These results establish fluoPEER as a highly dyna-

mic prime-editing read-out, enabling enrichment of genomic editing based on plasmid 

co-editing. 

Endogenous DNA repair proteins and the cell cycle affect prime editing outcomes 

We considered whether enrichment of genomic editing was caused by higher co-

transfection rates of all prime editing plasmids in fluoPEER-edited cells.23 We therefore 

transfected a mix of up to four fluorescent plasmids (mTurq2, eGFP, mKO2, mCherry) 

and tested co-transfection efficiency using FACS. We found that >90% of the cells re-

ceiving one fluorescent plasmid also received the three other fluorescent plasmids 

(Supplementary Fig.  9). This suggests that variance in editing efficiencies within the 

transfected cell population is not due to unequal co-transfection. In order to investigate 

differences between reporter-edited and -unedited cells, we compared the transcrip-

tomes of these two populations (Fig. 4a). The transcriptome of reporter-edited cells was 

enriched for genes associated with DNA repair, specifically homologous recombinati-

on, and cell cycle progression (Fig. 4b,c and Supplementary Fig. 10a-d, and Supple-

mentary Data file 1). To further elucidate the association between expression of repor-

ter-enriched DNA repair genes and the cell cycle, we compared our data to publicly 

available transcriptomes of cells stalled in different cell cycle phases. Interestingly, 

DNA repair genes upregulated in edited cells were generally higher in cells stalled at 

the G1/S boundary using a double thymidine treatment (Fig. 4d). We stalled cells at the 

G1/S and G2/M boundary through application of a double thymidine or nocodazole 

block, respectively. Directly after releasing cells, we introduced the prime editing ma-

chinery and tested genomic editing two days later. For both HEK293T and Caco-2 
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cells, we observed a general increase in editing efficiency in cells stalled at the G1/S 

boundary but not in the G2/M phase (Fig. 4e). Using Hoechst staining and fluoPEER, 

we evaluated prime editing in cycling cells. We found a >40% increase of Cherry sig-

nal in cells that were in G2 one day after transfection of prime editing plasmids (Sup-

plementary Fig. 10e). This further confirms an important effect of cell cycle-associated 

mechanisms, but in this experiment, the precise cell cycle stages that benefit prime 

editing are difficult to infer due to the delay in Cherry expression. Taken together, suc-

cessful prime editing was associated with higher expression of DNA repair genes, spe-

cifically those expressed at the G1/S boundary. As such, thymidine treatment of cells 

increased editing efficiency. 

Discussion 

We developed fluoPEER as a customizable tool to guide pegRNA design, and to 

select and optimize prime editor proteins for almost any mutation in patient-derived 

cells. Furthermore, fluoPEER provides a transient selection method to enrich for geno-

mic editing up to 3-fold compared to conventional selection of transfected cells. Given 

near-complete co-transfection in our experiments (Supplementary Fig. 9), we used a 

separate GFP-expressing plasmid and not a prime editor plasmid containing a GFP 

cassette for this comparison. In contrast to previously developed base-editing reporter 

and enrichment systems,21,22 this versatile tool is only transiently active, does not re-

quire transfection of a second pegRNA, does not rely on genomic integration of a se-

lection cassette, nor requires generation of an additional genomic edit. Moreover, we 

use fluoPEER to gain insight in the cellular mechanisms underlying prime editing and 

find cell cycle-related effects on editing efficiency. 

Several tools and strategies have been developed to support pegRNA design. 

DeepPE is a data-driven pegRNA efficiency prediction algorithm, which yielded impor-

tant insights in general characteristics for pegRNA design.12 However, the algorithm 

lacks predictive capacity beyond the NGG-PAM PE2 version of the prime editor. Fur-

thermore, the DeepPE algorithm performs in silico predictions, based on experimental-

ly derived parameters, and can be unreliable in predicting the in vitro efficiency of 

new pegRNA designs (Supplementary Fig. 5). An in vitro strategy to evaluate pegRNA 

designs in high throughput is the use of lentiviral libraries of pooled pegRNAs paired to 

a DNA target sequence. These pegRNA-target pairs are transduced into cells after 

which a prime editor is transfected and editing efficiency can be assessed through 

deep sequencing.12,24 However, this method only allows testing of pegRNAs with a 
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single prime editor. Conversely, we uncovered optimal combinations by testing peg-

RNA designs with various (flexible) prime editors. 

One proposed method to test combinations of pegRNAs and various prime editors 

is the Prime Edit Activity Reporter (PEAR). The PEAR depends on the removal of a 

dysfunctional splice site by prime editing, resulting in activation of GFP expression.25 It 

was reported that PEAR can be adjusted to test different pegRNA spacers and PBSs. 

However, the same splice site-restoring RTT has to be used in all PEAR-targeting peg-

RNAs, making it impossible to test actual genome-targeting pegRNAs in this system. A 

more straightforward, but less high-throughput method of testing pegRNA-prime editor 

combinations is targeting the native genomic site in an easily transfectable cell line, 

followed by quantification of editing using Sanger sequencing or NGS. However, San-

ger sequencing lacks sensitivity, missing sequence variants consisting of up to 15% of 

total reads (Supplementary Fig. 11). This may lead to underestimation of pegRNA effi-

ciency. Furthermore, although NGS is much more sensitive and reliable than Sanger 

sequencing in quantifying sequence variants, it is more expensive and time-consu-

ming. Finally, cell lines have wild-type genomes and might therefore be inadequate to 

test designs that correct pathogenic mutations, such as the CFTRF508del mutation targe-

ted in this work. 

Because fluoPEER is more flexible than pooled pegRNA screens, more truthful in 

pegRNA design than PEAR, more sensitive than Sanger sequencing, and quicker and 

cheaper than NGS, fluoPEER forms an attractive alternative for optimization of prime 

editing strategies. Although fluoPEER requires an additional cloning step, this can be 

performed simultaneously with pegRNA cloning, thereby not requiring additional time. 

Nevertheless, the preferred method for prime editing optimization might differ bet-

ween projects and groups, depending on the application and availability of techniques 

and resources. 

The cellular mechanisms underlying successful prime editing are an active topic of 

research. Our data suggest that the activity of DNA repair mechanisms, specifically 

homologous recombination, and the cell cycle may influence the outcome of prime 

editing. A role for the cell cycle has recently been confirmed, with ±1.5 times more 

efficient prime editing in cycling compared to non-cycling cells.26 Our results indicate 

that prime editing is most efficient in cells that are released after stalling in G1/S, 

which can be linked to the activity of homologous recombination during late S/early 

G2.27 Still, while homology directed repair is restricted to dividing cells, prime editing 
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is also active in non-dividing cells.1,26,28 Furthermore, a large CRISPR interference 

screen elucidated the effect of 476 DNA repair-related genes on prime editing outco-

mes.5 Interestingly, genes involved in homologous recombination were found to main-

ly prevent indel formation by prime editing, whereas inhibition of mismatch repair-as-

sociated genes increased successful editing. 

To conclude, fluoPEER is a straightforward and versatile tool that facilitates effecti-

ve prime editing in various relevant cell types and increases our understanding of cel-

lular processes underlying this genome editing technique. 

Methods 

Study approval and human subjects 

The study was approved by the responsible local ethics committees (Institutional 

Review Board of the University Medical Center Utrecht and University Medical Center 

Groningen (STEM: 10-402/K; TcBio 14-008; Metabolic Biobank: 19-489)). For cystic 

fibrosis organoids, collection of patient tissue and data was performed following the 

guidelines of the European Network of Research Ethics Committees (EUREC). Tissue 

biopsies from the liver of a patient with ABCB4 deficiency (PFIC3) were obtained du-

ring a liver transplant procedure in the UMCG, Groningen. Rectal biopsies used for 

intestinal organoid culture from a patient with ATP8B1 deficiency (PFIC1) and skin 

biopsies used for fibroblasts culture from a patient with homozygous POLGA467T muta-

tions were obtained at the outpatient clinic in the UMCU, Utrecht. Biobanked intesti-

nal organoids are stored and cataloged (https://huborganoids.nl/) at the foundation 

Hubrecht Organoid Technology (http://hub4organoids.eu). All biopsies were used after 

written informed consent. 

ClinVar database computational analysis 

Information for all pathogenic mutations shorter than 51 bp was obtained from the 

ClinVar database,29 accessed October 2020. Genomic sequences flanking these muta-

tions were obtained from RefSeq30 accessed October 2020, using the SPDI data mo-

del31 and a custom python script. The −10 to +4 bp region around the target sites were 

searched for NGG, NAN, or NGN PAMs. The efficiency of prime editing using NGG 

PAMs was predicted using PE_Position and PE_type random forest models, provided by 
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Kim et al.12 Figures were made in python using Matplotlib.32 The code used for this 

analysis is available on GitHub (https://github.com/JBaijens/PE_prediction). 

Plasmid cloning 

FluoPEER plasmids were cloned using the backbone of the pmGFP-P2A-K0-P2A-

RFP (Addgene #105686) stalling reporter (SR) plasmid, which was a gift from Ramanu-

jan Hegde. This plasmid was cut directly upstream of the K0-SR domain with SalI and 

Acc65I for 16 hours at 37 °C, creating ‘TCGA’ and ‘GTAC’ overhangs, after which the 6 
kb fragment was isolated from gel. Genomic insert oligos containing 5′ ‘TCGACC’ and 

3′ ‘G’ overhangs on the top oligo, and 5′ ‘GTACC’ and 3′ ‘GG’ overhangs on the 

bottom oligo were annealed and inserted using a conventional ligation protocol (see 

Supplementary Note 1). Note that a finalized fluoPEER plasmid still contains the K0-SR 

domain, which is not shown in the schematic representations in Figs. 1a,d,e and 2a,f  

as it is not important for the working mechanism of fluoPEER. Cloning of pegRNA and 

epegRNA plasmids was performed according to previously described protocols.1,4 In 

brief, the pU6-pegRNA-GG-Vector (Addgene #132777) or the pU6-tevopreq1-GG-ac-

ceptor (Addgene #174038) was digested for 16 h with BsaI-HFv2 (NEB), after which 

the 2.2 kb fragment was isolated from gel. Oligonucleotide duplexes of the pegRNA 

spacer, pegRNA extension, and pegRNA scaffold sequences were ordered containing 

the appropriate overhangs and subsequently annealed. The annealed pegRNA du-

plexes were ligated into the pU6-pegRNA-GG-Vector using Golden Gate assembly 

with BsaI-HFv2 (NEB) and T4 DNA ligase (NEB) in a protocol of 12 cycles of 5 min at 

16 °C and 5 min at 37 °C. For cloning of sgRNAs used for PE3, we replaced the BsmBI 

restriction sites of the BPK1520 plasmid with BbsI restriction sites using PCR, which 

allowed direct ligation of sgRNA-spacer duplexes.33 All fluoPEER insert, pegRNA, and 

sgRNA sequences used in this work are listed in Supplementary Data file 2 and were 

synthesized by Integrated DNA Technologies (IDT). pCMV-PE2 (Addgene #132775), 

pU6-pegRNA-GG-acceptor (Addgene #132777), and pU6-tevopreq1-GG-acceptor 

(Addgene #174038) were gifts from David Liu; BPK1520 (Addgene #65777) was a gift 

from Keith Joung. 

Cloning of flexible PE2s, flexible PE2*, and SpRY-PE4max 

Using PCR and In-Fusion cloning (Takara Bio), the NGG PAM-recognition domain 

of the prime editor protein (PE2) was replaced with the corresponding domains in NG-

ABEmax,34 SpG-ABEmax, or SpRY-ABEmax,8 to create NG-, SpG-, and SpRY-PE2, res-
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pectively. NG-ABEmax was a gift from David Liu (Addgene #124163). SpG- and SpRY-

ABEmax were gifts from Benjamin Kleinstiver (Addgene plasmids #140002 and 

#140003). PE2* variants with improved nuclear localization sequences (NLSs) were 

adapted from the NGG-PE2* developed by Liu et al.3 and were cloned by PCR and In-

Fusion cloning (Takara Bio). Successful cloning of all plasmids was confirmed by San-

ger sequencing. Using PCR and In-Fusion cloning (Takara Bio), SpRY-PE4max was cre-

ated by replacing the PAM-recognition domain of PE4max5 (#174828) with the corres-

ponding domain of SpRY-ABEmax (#140003).8 pCMV-PEmax-P2A-hMLH1dn (PE4max, 

Addgene #174828) was a gift from David Liu. 

Organoid culture 

Liver and intestinal organoids were grown under standard culture conditions ac-

cording to previously described protocols.35,36 In short, liver organoids were plated in 

matrigel (Corning) and maintained in human liver expansion medium (hL-EM), consis-

ting of AdDMEM/F12 (Gibco) supplemented with, GlutaMAX (1x, Gibco), HEPES (1x, 

Gibco), PenStrep (1x, Gibco), 2% B27 without vitamin A (Gibco), 1.25 mM N-Acetyl-

cysteine (Sigma), 10 mM Nicotinamide (Sigma), 10 nM gastrin (Sigma), 10% RSPO1 

conditioned media (homemade), 50 ng/ml EGF (Peprotech), 100 ng/ml FGF10 (Pepro-

tech), 25 ng/ml HGF (Peprotech), 5 mM A83-01 (Tocris), and 10 mM FSK (Tocris). Small 

intestine and colon organoids were plated in matrigel and maintained in human small 

intestine expansion medium (hSI-EM), consisting of AdDMEM/F12 (Gibco) supplemen-

ted with, GlutaMAX (1x, Gibco), HEPES (1x, Gibco), PenStrep (1x, Gibco), 50% 

WNT3A-, 20% RSPO1-, and 10% NOG(gin)-conditioned medium (all homemade), 

2% B27 with vitamin A (Gibco), 1.25 mM N-Acetylcysteine, 10 mM Nicotinamide, 50 
ng/ml murine-EGF (Peprotech), 500 nM A83-01, and 10 mM SB202190 (Sigma). The 

medium was changed every 2–4 days and organoids were passaged 1:4–1:8 each 

week. After thawing, organoids were passaged at least once before electroporation. 

Cell culture, lentiviral production, and lentiviral transduction 

HEK293T, Caco-2 and HeLa cells were obtained from the ATCC. 

Fibroblasts were maintained and split every 7 days in standard medium, consisting 

of F-12 Nut Mix (Ham) (Gibco), 10% FBS (Gibco), and PenStrep (1x, Gibco). HEK293T, 

Caco-2, and HeLa cells were maintained and split every 4-5 days in standard medium, 

consisting of DMEM + GlutaMAX (1x, Gibco), 10% FBS (Gibco), and PenStrep (1x, 

Gibco). For production of lentivirus, HEK293T cells were plated in a 145 mm CELL-
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STAR dish (Corning) in standard medium without PenStrep and transfected 24 hours 

later (at 50–60% confluence) with a mix of 10 μg of the pLenti-CMV-GFP-Hygro plas-

mid, 5 μg of psPAX2, 5 μg of pMD2.G, and 60 μl of polyethylenimine (1 mg/ml). pLen-

ti-CMV-GFP-Hygro was a gift from Eric Campeau & Paul Kaufman (Addgene #17446). 

psPAX2 and pMD2.G were gifts from Didier Trono (Addgene plasmids #12260 and 

#12259). 24 h after transfection, the medium was replaced with standard medium with 

PenStrep, and virus-containing medium was harvested at 48 and 96 hours after trans-

fection. Medium was centrifuged at 400 × g for 5 min and supernatants were filtered 

through a 0.22-μm filter, after which virus particles were concentrated by ultracentrifu-

gation at 50,000 × g for 2 hours and resuspension in 1 ml DMEM. HEK293T cells were 

transduced at an MOI of 2 for 24 h in the presence of polybrene (8 μg/μl) and analyzed 

by FACS 14 days after transduction to confirm stable GFP expression. 

Transfection of HEK293T cells 

HEK293T cells were plated in standard medium at a density of 50,000 cells per 

well in a 96-well plate 1 day prior to transfection. HEK293T cells were transfected with 

0.1 µg fluoPEER plasmid, 0.25 µg prime editor plasmid, 0.1 µg pegRNA plasmid, and 

optionally 0.05 µg nicking-gRNA plasmid in a mix of 25 µl OptiMEM and 0.5 µl lipo-

fectamine 2000 for each well. 

Electroporation of organoid cells 

Before electroporation, organoids were grown under standard culture conditions. 

Four wells containing organoids were then dissociated for each condition using TrypLE 

(Gibco) for 4–5 min at 37 °C, after which mechanical disruption was applied through 

pipetting. Cells were washed once using Advanced DMEM/F12, resuspended in 80 µl 

OptiMEM containing Y-27632 (10 µM), and 20 µl DNA mixture was added. For prime 

editing, the DNA mixture contained 4 µg fluoPEER, 12 µg prime editor plasmid, 4 µg 

pegRNA plasmid, and 2 µg nicking sgRNA plasmid. The cell-DNA mixture was trans-

ferred to an electroporation cuvette and electroporated using a NEPA21 electroporator 

(NEPA GENE) with 2× poring pulse (voltage: 175 V, length: 5 ms, interval: 50 ms, pola-

rity: +) and 5× transfer pulse (voltage: 20 V, length: 50 ms, interval: 50 ms, polarity ± ), 
as previously described.37 Cells were removed from the cuvette and transferred into 

500 µl OptiMEM containing Y-27632 (10 µM). After 20 minutes, cells were plated in 

120 µl matrigel divided over four wells. Upon polymerization of the Matrigel, hl-EM or 

hSI-EM was added containing Y-27632 (10 µM). 

287

AdAd



Part 4

Transfection of fibroblast and HeLa cells 

Skin-derived fibroblasts were grown under standard culture conditions and plated 

on 12-well plates 3 days prior to transfection so that confluency was 60–70% at trans-

fection. HeLa cells were grown under standard culture conditions and plated on 24-

well plates 1 day prior to transfection so that confluency was 60–70% at transfection. 

For prime editing experiments, fibroblasts and HeLa cells were transfected with 0.12 µg 

fluoPEER plasmid, 0.19 µg prime editor plasmid, 0.05 µg pegRNA plasmid and 0.05 µg 

nicking-gRNA plasmid in a mix of 8.4 µl OptiMEM, 0.6 µl lipofectamine 3000, and 0.4 
µl P3000 reagent. For base editing experiments, the DNA mix consisted of 0.14 µg 

fluoPEER plasmid, 0.2 µg ABE8e-TadA (V106W) plasmid, and 0.06 µg sgRNA. ABE8e 

(TadA-8e V106W) was a gift from David Liu (Addgene #138495). 

FACS 

Organoids and cell lines were harvested and dissociated to single cells using Try-

pLE (Gibco) or Trypsin (Gibco), respectively, after which cells were resuspended in 

FACS buffer (phosphate-buffered saline with 2 mM ethylenediaminetetraacetic acid and 

0.5% bovine serum albumin). Prior to FACS, cells were filtered through a 5 ml Falcon 

polystyrene test tube (Corning). Flow cytometry was performed on the FACS Fortessa 

(BD) and sorting was performed on the FACS FUSION (BD) using FACS Diva software 

(BD). Sorted cells were collected in culture medium and spun down. Gating strategy 

for cells included for fluoPEER analysis is shown in Supplementary Fig. 12a. The ratio 

was calculated by dividing the average measured Cherry signal by the average measu-

red GFP signal for all GFP+ cells. 

Genotyping 

Sorted cells were harvested using the Quick-DNA microprep kit (Zymogen) accor-

ding to manufacturer’s protocols. PCR was performed on the genomic region of interest 

using the Phusion polymerase (ThermoFisher) or Q5 polymerase (NEB) and purified 

using the QIAquick PCR Purification Kit (Qiagen) according to manufacturer instructi-

ons. The PCR product was sent for Sanger sequencing to EZSeq Macrogen Europe. All 

PCR and sequencing primers used are listed in Supplementary Data file 2. 
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High-throughput DNA sequencing of genomic DNA samples 

Genomic sites of interest were amplified from genomic DNA samples and sequen-

ced on an Illumina iSeq 100 as previously described.38 In short, PCR primers contai-

ning Illumina forward and reverse adapters (Supplementary Data file 2) were used in a 

first amplification reaction (PCR1) of 25 µl using Q5 polymerase (NEB) to amplify the 

genomic region of interest. In a second round of PCR (PCR2, 25 µl), 1 µl of each PCR1 

was barcoded with unique Truseq DNA Index primers (Illumina) and isolated from gel. 

DNA concentration was measured by fluorometric quantification (Qubit, ThermoFisher 

Scientific) and sequenced on an Illumina iSeq 100 instrument according to the manu-

facturer’s protocols to create 2 × 150 bp paired-end reads. The resulting FASTQ files 

were analyzed with the RGEN PE-analyzer, using the unedited sequence as the refe-

rence sequence and the prime-edited sequence as the intended sequence.39 Prime edi-

ting efficiency was calculated as the percentage of (RGEN PE-reads/RGEN more than 

minimum frequency reads). For unwanted byproduct analysis at the pegRNA or nicka-

se sgRNA site, a comparison range (R) of 30 bp or 70 bp was used so that 60 bp or 140 
bp flanking the predicted nicking site were considered. Frequency of indels was calcu-

lated as the percentage of (RGEN reads with unwanted inserts and deletions/RGEN 

more than minimum frequency reads). 

RNA sequencing 

HEK293T cells were transfected with fluoPEER, PE2, pegRNA, and nicking sgRNA 

plasmids and FACS sorted after 48 h. Total RNA was isolated using Trizol LS reagent 

(Invitrogen) and stored at –80  °C until further processing. mRNA was isolated using 

Poly(A) Beads (NEXTflex). Sequencing libraries were prepared using the Rapid Directi-

onal RNA-Seq Kit (NEXTflex) and sequenced on a NextSeq500 (Illumina) to produce 

75 base long reads (Utrecht DNA Sequencing Facility). Sequencing reads were map-

ped against the reference genome (hg19 assembly, NCBI37) using BWA40 package 

(mem –t 7 –c 100 –M –R). Raw reads were further analyzed as described under ‘Data 

analysis’. 

Chemical cell cycle synchronization 

Chemical cell cycle synchronization using thymidine and nocodazole was perfor-

med as described previously.41,42 In short, 50,000 HEK293T cells or 10,000 Caco-2 

cells were plated in 24-well plates. After 8 h, 2 mM thymidine was added to the cells. 

17 h later, cells were washed twice and medium was replaced with standard culture 

289

AdAd



Part 4

medium. 8 h later, 2 mM thymidine was readded to the cells. At the same time point, 

200 ng/ml nocodazole was added for the nocodazole treatment. 20 h later, cells were 

washed twice, medium was replaced with standard culture medium, and prime editing 

was performed by transfection of 0.25 µg prime editor plasmid and 0.1 µg pegRNA pla-

smid in a mix of 100 µl OptiMEM and 0.3 µl lipofectamine 2000 for each well. 48 h 

later, transfected cells were sorted using flow cytometry and genotyping was performed 

as described above. 

fluoPEER cell cycle analysis 

200 ng/ml nocodazole was added to HEK293T cells 20 h before FACS analysis as a 

control for cells in G2 phase. 24 h before fluoPEER read-out and genomic Sanger se-

quencing, HEK293T cells were transfected. 60 min before harvesting for FACS analysis, 

10  µg/ml Hoechst 33342 (ThermoFisher) was added to the culture medium. Gating 

strategy for G1, S, and G2 phases of the cell cycle is shown in Supplementary Fig. 12b. 

Data analysis 

Flow cytometry data were analyzed using FlowJoTM Software. RNA sequencing was 

analyzed using DESeq2 in RStudio,43 gene set enrichment analysis,44 and enrichR.45 

All figures were made in Prism (GraphPad Software) or GGPlot246 in RStudio. Sanger 

sequencing was quantified using EditR47 or Tide.48 Sanger sequencing chromatograms 

were made in Benchling. NGS data were quantified and analyzed using RGEN PE-ana-

lyzer.39 

Statistics and reproducibility 

No pre-specified effect size was calculated, and no statistical method was used to 

predetermine sample size. For comparisons of multiple groups, an ordinary one-way 

ANOVA with Holm–Sidak correction for multiple comparisons was used and perfor-

med in Prism (GraphPad Software). Statistical tests were appropriate for comparisons 

being made; assessment of variation was carried out but not included. Experiments 

were not randomized. Reproducibility: Fig. 1c representative of three biologically in-

dependent replicates from one experiment. In Fig. 1d, each point in the dot-plot repre-

sents the mean of three (reporter rank) or two (genomic rank) replicates in two inde-

pendent experiments. Each point in graphs of Fig. 1e represents the mean of at least 

two biologically independent replicates for each prime editing condition in a single 

experiment. Figure 1f representative of (1) 14/20 clonally picked intestinal organoids 
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from two different patients with biallelic CFTRF508del mutations, that showed swelling 

after addition of 1 µM forskolin to the medium, (2) 2/10 clonally picked liver-derived 

organoids from a patient with biallelic ABCB4E1012X mutations, (3) 3/10 clonally picked 

intestinal organoids from a patient with biallelic ATP8B1R600Q mutations, and (4) 2/10 

clonally picked liver-derived organoids from a healthy control, in which biallelic 

IARS1I1174N were created; 4/10 clonally picked organoids from the same experiment 

showed monoallelic IARS1I1174N mutations. 

Figure 2a is representative of two replicates in two independent experiments. In 

Figure 2b each dot represents the ratio of two bars (PE2* vs. PE2) in Supplementary 

Figures 8a,b. In Supplementary Figures 8a,b, each bar represents the mean of 2–3 bio-

logically independent replicates. Figures 2c,d,e are representative of three biologically 

independent replicates from one experiment. Figure 2f shows representative data from 

one experiment. Figures 3a,b are representative of at least two biologically indepen-

dent replicates from one experiment. Data from Figure 3c is based on one transfection, 

of which 8 conditions of 100 GFP + cells and 2 conditions of 100 GFP+RFP+ cells were 

sorted. Figure  3d is representative of three biologically independent replicates from 

one experiment. Figure 3e is representative of two or three biologically independent 

replicates from one experiment. Figure 4b–d are data from RNA sequencing of two 

biologically independent replicates for both conditions (GFP+RFP-/GFP+RFP+) for each 

edit (CTNNB1/IARS1) from one experiment. In Figure 4e HEK293T, each dot represents 

the mean of three biologically independent replicates, three independent experiments 

were performed. In Figure 4e Caco-2, each dot represents a biologically independent 

replicate from one experiment. 

Supplementary Figure 4 is representative of two replicates from two independent 

experiments. The fluoPEER data in Supplementary Figures 5a,b are representative of 

three biologically independent replicates in one experiment; fluoPEER data in supple-

mentary Figure 5c is representative of two biologically independent replicates in one 

experiment that was characteristic of two repeated experiments. Supplementary Figu-

res 6a-c are representative of two biologically independent replicates per condition in 

one experiment; for representation of the percentage of GFP+ cells, data from different 

conditions were pooled. Supplementary Figure 6d is based on data from three biologi-

cally independent replicates of sorted cells to seed 100% GFP+ conditions. Each peg-

RNA-PE2-fluoPEER combination from Supplementary Figure  7 was tested in at least 

two independent transfection experiments. Supplementary Figure 7 is representative of 

two or three biologically independent replicates from one characteristic experiment. 
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Supplementary Figures 7b,c are representative of clonally picked liver organoids with 

monoallelic (two clones) or biallelic (two clones) IARS1I1174N mutations. Supplementa-

ry Fig. 7d representative of 20 clonally picked liver-derived organoids from a patient 

with biallelic MUTR329H mutations. Supplementary Figure 8c is representative of three 

biologically independent replicates from one experiment. Supplementary Figure  9 

shows FACS plots of single conditions that are representative of two independent trans-

fection experiments. Supplementary Figure 10a-d represent data from two biologically 

independent replicates for each experimental group. Supplementary Figure 10e repre-

sents data from three biologically independent replicates for two independent biologi-

cal replicates. Supplementary Figure 11 data is representative of three biologically in-

dependent replicates from NGS. Supplementary Figure 12 is representative FACS data 

for all FACS experiments shown. 
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Inborn errors of metabolism, also known as metabolic diseases, affect the body's abi-

lity to properly process or produce cellular metabolites. These diseases have signifi-

cant impact on a child's health, development, and overall quality of life. Current tre-

atment options are often limited and may include dietary modifications and enzyme 

replacement therapy. There are thousands of different metabolic diseases, and many of 

them are ultra-rare, which makes it difficult if not impossible to develop new treat-

ments for each disease individually. Consequently, there is a critical unmet need for 

the development of new therapeutic strategies that target multiple diseases. 

Doing the right research right 

Many years ago, I decided to dedicate my scientific career to address unmet needs. 

I wanted my research to be translational and have a positive impact on patient care 

(prologue).1 In this thesis, I explore various approaches to develop new therapeutic 

strategies for metabolic diseases, all initiated for patients from our hospital. First, for 

cytosolic isoleucyl-ARS1 (IARS1) deficiency, I gained insight into the molecular me-

chanism (adaptive translation) and tested substrate therapy with isoleucine. To use this 

conventional approach beyond a single disease, I then further expanded this treatment 

to patients with various other ARS1 deficiencies and studied the mitochondrial ARS2 

deficiencies. Next, I briefly explored a new approach to treat various metabolic liver 

diseases, by investigating if matching for human leukocyte antigen (HLA) would im-

prove transplantation outcomes. Liver stem cell transplantations, with or without ex 

vivo genetic correction, could potentially treat children with a large variety of metabo-

lic liver diseases. During my research, genetic editing techniques rapidly improved, 

and in vivo genetic editing became more feasible. With the potential to cure almost all 

metabolic diseases, I propose a plan to use in vivo genetic editing of the brain and liver 

for a mitochondrial disease caused by a common pathogenic POLG variant.  

Protein synthesis: aminoacyl-tRNA synthetases, and their role in disease 

Any error in decoding DNA to RNA (transcription) or RNA to protein (translation) 

can result in wrongly synthesized proteins. For example, errors in transcription (or 

splicing) can lead to exon skipping, causing synthesis of incomplete and nonfunctional 

proteins. Errors in the decoding of mRNA can lead to the incorporation of incorrect 

amino acids. Similarly, charging tRNAs with the wrong amino acids can lead to the 

incorporation of wrong amino acids into proteins. Many years ago, it was calculated 
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that an error rate of no higher than 1 in 3,300 is required for sufficient translational 

fidelity to be compatible with life.2 

Fortunately, nature has found ways to cope with translational errors. The most esta-

blished translational ‘mistake’ is codon wobbling. Ribosomes translate mRNA to pro-

teins at a speed of 4-22 amino acids per second at 37 °C.3 To safeguard this speed, 

ribosomes may sometimes allow an incorrect tRNA in their A-site to bind to a codon to 

prevent ribosomal stalling, ribosomal collision, and +1 frameshifting.4,5 This usually 

concerns a codon with a single nucleotide mismatch, often the third, but sometimes 

also the first.6 Fortunately, most amino acids are encoded by multiple codons, mostly 

differing by a single nucleotide. This decreases the risk of incorrect amino acid incor-

poration following incorrect codon pairing.  

Similarly, computational analyses revealed that various amino acids are interchan-

geable without a negative effect on protein function (chapter 4). Many of these inter-

changeable amino acids have highly similar codons, often only different in the first or 

last nucleotide. For example, the codons of isoleucine (AU[A/C/U]) and valine (GU[A/

C/G/U]) are highly similar. Likewise, codons of methionine (AUG) are very similar to 

those of isoleucine and leucine (UU[A/G]). Thus, mistakes at this level could then still 

result in a functional protein.  

Table 1. Editing function of cytosolic aminoacyl-tRNA synthetases (ARS1) and their currently 

known target amino acids. Summarized data from Gomez et al.13 Classes are defined by en-

zymatic features.  

ncaa: non-coding amino acids, may include any of: homocysteine, norvaline, 4-hydroxyproline, homocysteyine thiolactone, 

serine hydroxamate, ornithine, homoserine, γ-hydroxyleucine, δ-hydroxyleucine, γ-hydroxyisoleucine, δ-hydroxyisoleucine, α-

aminobutyrate; n.d.: not determined. Members of the multisynthetase complex are marked with an asterix (*). 

Class 1 Class 2
ARS Editing: amino acid ARS Editing: amino acid
MARS1* Yes: ncaa SARS1 Yes: Thr, Cys, ncaa
VARS1 Yes: Thr, Cys, Ala, TARS1 Yes: Ser
LARS1 Yes: Ile, Met, ncaa AARS1 Yes: Ser, Gly
IARS1* Yes: Val, Cys, Thr, ncaa GARS1 No
CARS1 n.d. HARS1 No
RARS1* n.d. DARS1* No
EPRS1* Yes: Ala, Cys NARS1 No
QARS1* n.d. FARS1 Yes: Tyr, Ile
YARS1 n.d. KARS1* Yes: ncaa
WARS1 n.d.
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Protein mistranslation  

Yet, our observation of isoleucine to valine substitutions caused by cytosolic IARS1 

challenges the basic principles of aminoacylation. There are two variants of misacylati-

on: a cognate amino acid on a noncognate tRNA, and a noncognate amino acid on a 

cognate tRNA. Regarding the first form, ARS are highly selective for their tRNAs 

through multiple minor and major recognition sites. There is one known exception: 

methionyl-ARS1 (MARS1) misacylation of noncognate tRNAs under oxidative stress is 

thought to be a protective response to oxidative damage, by allowing oxidation of the 

highly reactive sulphur in methionine.7 There are no other known examples of incor-

rect binding and charging of tRNAs by ARS enzymes.8,9 Regarding the second form of 

misacylation, ARS can bind and activate structurally similar but smaller amino acids.9 

Hence, it is known that bacterial IARS1 can bind and misactivate tRNAIle with valine 

instead of isoleucine with an error rate of 1 in 180.10 Subsequent pre- and post-transfer 

editing activity safeguard translational fidelity, decreasing the error rate to 1 in 50,000 

in rabbits.2 Despite this editing function, we found that by decreasing the availability 

of isoleucine in the medium, healthy isoleucyl-ARS1 (IARS1) charged tRNAIle with va-

line at a higher rate, leading to amino acid substitutions in proteins (chapter 4). Putati-

vely, the editing function of IARS1 was overwhelmed and unable to correct for the 

continuous mischarging of valine instead of isoleucine onto tRNAIle, which would fol-

low basic enzyme kinetics. Misacylation may be explained by the evolutionary desire 

to preserve translational speed at the cost of translational fidelity, as exemplified by the 

beneficial effects on protein translation and cellular survival of isoleucine to valine 

substitutions during isoleucine deprived conditions.11 Not all amino acid substitutions 

are expected to be beneficial for cellular function. A good example is the recent fin-

ding of tryptophan to phenylalanine substitutions caused by tryptophanyl-ARS1 

(WARS1) misacylation under tryptophan depletion in tumor cells.12 In contrast to 

IARS1, WARS1 does not have known editing function (Table 1).13 Our in silico experi-

ments show that tryptophan to phenylalanine substitutions would be detrimental to 

protein function. Indeed, the authors describe that these substitutions both follow and 

promote a T-cell-mediated response and are potentially harmful to the tumorous cells. 

After repeating their computational analyses,14 we found that such substitutions also 

occur in healthy tissue (chapter 5). Whereas we did find an association with the inter-

feron-gamma (IFN-γ) pathway in the datasets we analyzed, we cannot rule out such 

substitutions occurring in normal or other inflammatory conditions as well. Unfortuna-
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tely, the publicly available data were of insufficient resolution to draw any definitive 

conclusion. In an editorial accompanying the original publication, Baranov and Atkins 

were surprised that similar substitutions were not yet discovered by other scientists.15 I 

indeed believe they exist and that we will find more examples once identification me-

thods become more refined. 

Charged tRNA fraction and ribosomal stalling  

Despite our efforts, some ARS1-related questions remain unanswered. We hypothe-

sized that deficiency of IARS1 would result in a decreased fraction of charged tRNAIle. 

To quantify this, I wanted to perform an acid-denaturing northern blot of tRNA isolated 

under acidic conditions to retain the amino acid-tRNA bond. The deprecated techni-

que using radioactive probes was no longer in use in our proximity, so I developed a 

biotin-based protocol. Despite countless twenty-four-hour attempts and several succes-

sful northern blots without two bands (one for charged, one for uncharged tRNA), I 

gave up. Nevertheless, we are still able to use my protocol to test other hypotheses 

(chapter 8). In recent years, sequencing techniques have been developed to accurately 

determine tRNA charge status.16 These methods make use of the periodate resistant 3’-

ends of the charged tRNAs, allowing for quantification of charged versus uncharged 

tRNA by sequencing and calculating tRNA’s with 3’ CCA (charged) and 3’ CC (unchar-

ged) tRNAs.17 These techniques are complex and require further improvements before 

they can be successfully employed by other labs. I hope that in the near future these 

will help to finally determine the charged fraction in our patient fibroblasts under va-

rious conditions.  

We further hypothesized that a decrease in charged tRNAIle would result in a trans-

lational problem at isoleucine codons. Indeed, using a dual-fluorescent reporter, we 

found that IARS1-deficient cells were less efficient in translating an isoleucine-rich re-

gion than IARS1-proficient cells (chapter 4). To investigate whether this was caused by 

translational stalling on isoleucine codons, we took various attempts at ribosome se-

quencing. In this technique, we pause the ribosomes using a selective translation elon-

gation inhibitor, digest all mRNA except the ribosome protected fragments and se-

quence these fragments. This relatively new technique thus allows for sequencing of a 

snapshot of the actively translated mRNA strands.18 From the 28 or 29 nucleotide ribo-

some protected fragments, it is possible to deduct the location of the ribosomal A-

site.19 We expected to find an increase in abundancy of isoleucine codons in the ribo-
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somal A-sites in actively translating fibroblasts derived from patients with IARS1-defici-

ency. Unfortunately, we were not able to confirm this, despite various attempts. In our 

first attempt, we snap froze the isolated ribosomes, which may have caused ribosomal 

shifting. We then skipped the freezing step, but did not find any increase of isoleucine 

codons in the A site, despite including isoleucine deficient conditions. Recent literatu-

re suggested that a ribosomal conformational change upon stalling could result in 

smaller 21 nucleotide ribosome protected fragments that were removed in processing 

steps prior to sequencing.19,20 In a final attempt, we used a variant of ribosome se-

quencing optimized for single-cell analyses which also takes the smaller fragments into 

account.21 However, we remained unable to identify an overrepresentation of isoleu-

cine codons in these smaller fragments. Based on our experiments demonstrating failu-

re to translate isoleucine rich regions and an increased sensitivity to isoleucine deple-

tion for expansion, we expect that ribosomes in IARS1 deficient cells are unable to fill 

all isoleucine codons, especially in isoleucine deprived conditions (chapter 4). Putati-

vely, ribosomal stalling occurs, but our analytical strategy is not optimal yet. Alternati-

vely, there is no ribosomal stalling due to 1) binding of alternative(ly charged) tRNAs; 

2) ribosomal frameshifting, or 3) a change of translational speed. 

There are more intriguing ARS1 characteristics that require further research. For 

example, I do not yet understand what causes the organ-specific symptoms associated 

with the various ARS1-deficiencies. I can imagine that different amino acid compositi-

on of proteins, differential amino acid utilization or expression of the different ARS1 

enzymes or tRNAs in each specific organ could be of importance. Alternatively, loss of 

noncanonical function plays a role. Since the main symptom of ARS1 deficiency is 

growth failure, we were unable to expand organoids from ARS1 deficient patients. The-

refore, we performed all experiments in patient derived fibroblasts, while ARS1 defi-

cient patients seldom have skin symptoms. Development and use of other organ mo-

dels may help to answer the intriguing open questions related to ARS1 enzymes. 

The role of noncanonical functions in disease 

The canonical functions of ARS1 enzymes are now relatively well-established. In 

addition to the essential role in protein translation, ARS1 enzymes have increasingly 

been associated with noncanonical functions, making use of domains and active sites 

that are involved in (regulation of) other pathways, and cellular processes including 

gene expression.22 This noncanonical signal transduction may be activated by 1) ARS1 

post-translational modifications following cytokine or growth factor stimulation, 2) 
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altered cellular localization following stimulation, 3) interaction to form new functio-

nal protein complexes, and 4) binding of DNA. For example, glutamyl-prolyl-ARS1 

(EPRS1) is rapidly phosphorylated upon stimulation with IFN-γ in human macropha-

ges, releasing it from the multisynthetase complex (MSC) to function in anti-inflamma-

tory, anti-viral, pro-adiposity, and pro-fibrosis pathways. With other proteins, EPRS1 

may form the tetrameric gamma-interferon activated inhibitor of translation (GAIT) 

complex, which inhibits translation of various inflammation-related transcripts.22 Ano-

ther example is leucyl-ARS1 (LARS1). Besides its canonical function, it serves as a sen-

sor for starvation by sensing leucine. Independent of tRNA charging activity, the C-ter-

minus of LARS1 binds the GTPase of the mTORC1 complex only in the presence of 

leucine, which is required for activation of mTORC1. Other known noncanonical 

functions include roles in allergy response (lysyl-ARS1: KARS1), vascular development 

(seryl-ARS1: SARS1), stress transduction (tyrosyl-ARS1: YARS1; and tryptophanyl-ARS1: 

WARS1).22 Unfortunately, the noncanonical functions of IARS1 remain unknown.23 I 

expect that further understanding of these noncanonical functions may help us better 

understand ARS1-related diseases.  

Deep phenotyping  

When we started our investigation into the ARS1 deficiencies, we tried to determi-

ne the cellular problems at the molecular level to understand and if possible, treat the 

clinical symptoms. Because of the rarity of these diseases, it is crucial to register all 

reported patients. To simplify this, I designed a prototype web application that allows 

you to keep track of all reported patients and their symptoms as classified by Human 

Phenotype Ontology (HPO). The extracted symptoms can then be rapidly analyzed. In 

this prototype, I included the gene occurrence ratio, which can distill the most distinc-

tive features per gene.24 Other analyses, such as comparing various genes and disea-

ses, may be added in the future. Advances in artificial intelligence may one day allow 

the tool to automatically scan scientific literature for patients and extract their sympt-

oms into the tool. The tool is available freely at www.hpodp.nl.  

Amino acid treatment for cytosolic ARS1 deficiencies 

For autosomal recessive ARS deficiencies, we translated the combination of basic 

phenotypical features (symptoms related to growth and fast-growing tissues such as 

dysmaturity, failure to thrive, microcephaly, hypoalbuminemia, and anemia) and in-

creased symptom severity during periods of high translational demands such as 
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growth, infections, and the first year of life; chapter 2)25 with basic laboratory findings 

(decreased aminoacylation activity, decreased translation of isoleucine rich regions, 

decreased cellular viability upon isoleucine restriction; chapter 4) into a specific ami-

no acid treatment. While initially designed primarily for one of our own patients, we 

were able to successfully test this treatment in three other patients, and we are current-

ly asked for advice by physicians from all over the world.26 We aim to determine the 

optimal dosage for the various deficiencies. We are currently working on an internati-

onal registry of all ARS1 deficient patients, including their genotype, phenotype, treat-

ment, and reaction to treatment. Furthermore, we are considering a large-scale (> 20 

patients), multi-center randomized clinical cross-over study for LARS1, IARS1, and 

MARS1 deficiencies, which could be expanded to other ARS1 deficiencies. If the re-

sults from this trial confirm a strong treatment effect, I believe we should proceed to 

introduce the cytosolic ARS1 deficiencies into (genetic) neonatal screening programs. 

In this way, we might be able to treat ARS1 deficiencies before severe symptoms arise. 

Treatment of mitochondrial ARS2 deficiencies 

Based on the beneficial effects of the treatment of ARS1 deficiencies, we questio-

ned whether we could also treat mitochondrial ARS2 deficiencies. Despite their mito-

chondrial function, the ARS2 enzymes are encoded by nuclear genes. All 17 ARS2 ge-

nes have been associated with disease.27 Unsurprisingly, autosomal recessive variants 

in these genes present with a typical mitochondrial phenotype, affecting primarily or-

gans with high energy demand, such as the brain (e.g., leukoencephalopathy, Alpers 

syndrome, ataxia), heart (e.g., cardiomyopathy), and liver.28 Interestingly, there is quite 

some heterogeneity in symptoms between patients with variants in the different ARS2 

genes. This may be explained by highly varying percentages of amino acids in mito-

chondrial proteins.28 Amino acid variation in proteins may be worth to further explore 

for both ARS1 and ARS2 deficiencies. However, clinical phenotypes may also strongly 

vary between patients with mutations in the same ARS2-gene.  

Unfortunately, most of the laboratory assays we used to characterize the cytosolic 

ARS1 deficiencies did not work for ARS2 deficiencies. Most importantly, we are still 

unable to quantify aminoacylation activity in mitochondria (despite collaboration with 

the Amsterdam UMC). Patient-derived fibroblasts did not show any proliferation de-

fects upon amino acid restriction, but they did show mitochondrial defects. Based on 

our experience with patients with ARS1 deficiencies and the beneficial safety profile of 

amino acid treatment, we decided to start treating patients with ARS2 deficiency 
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(chapter 8). We are still uncertain about the treatment effects, and it is difficult to relate 

the disease course to the natural disease evolution. In addition, maybe treatment is 

able to prevent further deterioration but is unable to repair damage. Moreover, cells 

and mitochondria may metabolize supplemented amino acids, decreasing bioavailabi-

lity for mitochondrial translation.29 In addition, amino acid treatment may well fail to 

compensate for the loss of noncanonical function.28 Further research into the mecha-

nism of disease and well-designed trials combined with careful observation and fol-

low-up of patients will hopefully help us differentiate treatment effects from the natural 

disease course.  

QARS1: cytosolic and mitochondrial, or not? 

Based on the absence of a QARS2 enzyme, QARS1 was long regarded as an en-

zyme needed for both cytosolic and mitochondrial translation.30 Indeed, patients with 

QARS1 deficiency, including our own patients, have a severe neurological, putatively 

mitochondrial phenotype (chapters 2, 3, and 7). However, QARS1 is not expressed in 

mitochondria, nor does it have a mitochondrial transfer sequence. It is therefore unli-

kely that it exhibits a direct mitochondrial function. Instead, mitochondrial glutamyl-

ARS (EARS2) misacylates mt-tRNAGln to mt-Glu-tRNAGln, which is then transamidated 

by glutamyl-tRNA amidotransferase (GAT) to the correct mt-Gln-tRNAGln. Interestingly, 

studies of in vivo human and rat liver mitochondria showed that nucleus-encoded cy-

tosolic tRNAGln can be imported into mitochondria.31 In vitro, this process was shown 

to be ATP-dependent, and independent of the import of other factors.31 This combina-

tion suggests that there is use for cytoplasmic tRNAGln in mitochondria. Indeed, in ab-

sence of QARS2, this may represent some form of backup for mitochondria. Indeed 

using northern blotting we found high levels of cytosolic tRNACUGGln in mitochondria 

from healthy fibroblasts but not in mitochondria from two QARS1 deficient patient-

derived fibroblast lines (chapter 8). Putatively, deficiency of cytosolic tRNACUGGln in 

mitochondria from QARS1 patients contributes to the mitochondrial dysfunction.  

In short, our work on the molecular mechanism of IARS1 deficiency led to devel-

opment of an amino acid treatment, which we were able to expand to various other 

ARS1 deficiencies. We continue to investigate other ARS1, and ARS2 deficiencies. 

More or improved strategies to target more different metabolic diseases are deeply 

needed. We have been working on two such strategies. 
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Liver stem cells transplantations for metabolic liver diseases 

Liver stem cell transplantations form a potential treatment strategy for many diffe-

rent metabolic liver diseases. It aims to reintroduce the deficient enzymatic function in 

the liver. The liver stem cells putatively differentiate into various liver cell types, inclu-

ding hepatocytes and cholangiocytes, which can then produce the deficient enzyme. 

For many metabolic diseases, it is estimated that only 5% restitution of the enzymatic 

function in the liver is sufficient to treat the symptoms of the patient.32 

Undeniably, one of the main challenges in the liver field involves identifying and 

culturing the optimal liver stem cells. For many years, we have been using liver orga-

noid models,33 which expand very well, yet do not represent all liver functionalities 

optimally. Using an extensive transcriptomic comparison method, my colleagues dis-

covered that the “liver organoids” we generally use rather resemble cholangiocytes 

than hepatocytes (addendum to part 4).34 Based on their progeny from a bipotent cho-

langiocyte progenitor, we now refer to these organoids as intrahepatic cholangiocyte 

organoids, or ICOs.35 To allow other researchers to compare their own hepatocyte 

models to cellular systems, I developed a free online application of the aforementio-

ned comparison method, named HLCompR (utrecht-university.shinyapps.io/

HLCompR).  

This rather cholangiocyte than hepatocyte phenotype may well explain the poor 

engraftment in the liver upon transplantation in animal models.33,36,37 Various research 

groups, including our own, try to improve insights into factors that regulate hepatic 

differentiation and function, not only to improve in vitro modeling but potentially also 

to enhance engraftment upon transplantation. Yet, even upon engraftment cell survival 

is not secure, as illustrated by immunological rejection following liver transplantations. 

To gain insight into potential rejection mechanisms, I focused on the role of HLA com-

patibility between donors and recipients of a transplant liver (chapters 9 and 10). This 

is one of the potential determinants of rejection that we would be able to control in 

liver stem cell transplantations, where we can set up a biobank of healthy liver stem 

cell donors, which can be rapidly matched and expanded to the required amounts be-

fore allogeneic transplantation. 

For many other solid organ transplantations, mismatching between donor and reci-

pient HLA may cause rejection, increasing the need for immunosuppressive treatment. 

For liver transplantation, however, study outcomes have remained contradictory. For 
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this reason, we performed a large meta-analysis on the effect of genetic HLA mismat-

ching on liver transplantation outcomes. We found an effect of HLA-C mismatching on 

acute rejection (chapter 9). Additionally, we wanted to determine whether HLA mat-

ching algorithms including HLAMatchmaker and PIRCHE-II performed better for pre-

dicting negative outcomes following liver transplantation, which was generally not the 

case (chapter 10).38 

Based on the results of our meta-analysis, it may be advisable to match liver stem 

cell transplantations for HLA-C to reduce the chance of developing an acute rejection. 

Additionally, when concerning a young patient with autoimmune liver disease, one 

may consider transplanting cells from a PIRCHE-II mismatched donor to reduce the 

risk of graft loss,38 as more mismatches may lower the risk of a recurring autoimmune 

reaction in the autoreactive environment.39 Unfortunately, the limited number of pa-

tients in this subgroup in our cohort did not support the expected inverse correlation 

with disease recurrence.38 Hence, before mismatching for this subgroup is applied in a 

clinical setting, further validation in a larger cohort is required. 

Since all patients receive extensive immunosuppressant therapy following trans-

plantation, it is possible that this treatment concealed rejection reactions. Our interest 

would be to minimize immunosuppressant therapy. In our retrospective study cohort, 

only a minority of patients was without immunosuppressant therapy, and all but one 

showed signs of rejection.38 Furthermore, it is important to note that all data were ob-

tained from adults only and that the situation in children may be different. It would be 

interesting to perform similar studies in cohorts of pediatric liver transplantation pa-

tients. 

Ex vivo genetic correction of autologous liver stem cells 

In recent years, rapid advances have been made in gene editing technology. CRIS-

PR/Cas9 was first discovered in bacteria, where it functions as part of the immune sys-

tem, protecting against viral infections.40 While the repeating DNA sequences and vi-

rus-derived ‘spacers’ were already identified in 1987,41 it wasn’t until 2005 that their 

function was discovered. In 2012, it became clear that these spacers could be combi-

ned with a Cas9 nuclease to make precise cuts in the genome of any organism.42,43 

Since then, new variants of the system have been developed. These expanded the ge-

nomic locations that could be targeted and allowed for single- instead of double-strand 
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breaks, reducing unwanted and potentially harmful effects – one of the major risks in-

volved with using these technologies. 

Correction of the genetic cause of disease holds the promise to revolutionize out-

comes for patients with metabolic diseases. We have successfully used most of these 

techniques on our liver organoids. We then considered autologous transplantation with 

patients’ own cells following ex vivo genetic correction. As this transplantation would 

involve the patient’s own cells, this would eliminate the need for matching for any pa-

rameter, ultimately reducing or eliminating the need for immunosuppressive therapy.  

While our work on improving liver organoid differentiation and enhancing en-

graftment could still provide an interesting treatment, I now believe that in vivo gene 

editing directly in the liver of patients is more promising. However, I still see potential 

in liver stem cell transplantations, either using allogenic, or autologous ex vivo geneti-

cally corrected cells. This may be particularly relevant for (metabolic and non-metabo-

lic) liver diseases in which the damage has progressed to a stadium where in vivo ge-

netic repair would no longer be a feasible option. 

In vivo genetic correction is the future 

The latest gene editing technology, prime editing, was published in 2019.44 It al-

lows for the editing of DNA at nearly any genomic location with extreme specificity. In 

a recent study, we show that there were no off-target effects in both human intestinal 

and liver organoid systems after prime editing.45 Combined with the versatility, high 

efficiency, high reproducibility, and our tool to select the most efficient prime editing 

strategy,46 this technology holds the potential to revolutionize treatments for genetic 

diseases.  

Before clinical translation, several challenges of in vivo genetic correction need to 

be addressed. One of the most significant challenges is the delivery of genetic editing 

components to the correct target tissues in the body. For in vivo genetic correction to 

be effective, the gene editing components must be delivered to the correct cells in the 

body in sufficient quantities, and without causing harm to the patient.47 This may re-

quire innovative delivery methods and technologies, like for example packaging the 

editing components in lipid droplets (lipid nanoparticles), that are readily taken up by 

liver cells. It may, however, prove challenging to target other organs specifically. A se-

cond important challenge is the (long-term) safety of in vivo editing. Both the genetic 
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editing and the delivery approach pose potential risks of unwanted off-target effects or 

genomic integration of vehicle nucleic acids.47 Fortunately, we did not see any off-tar-

get effects with prime editing in vitro,45 and with carefully selecting the delivery me-

thod, we may be able to avoid any unwanted effects in the first in vivo trials. When 

proven effective and safe, in vivo genetic correction may be considered controversial 

and may raise ethical concerns. These ethical concerns include the potential long-term 

consequences of genetic modifications, the risk/benefit determination for a new thera-

py, the possibility to give informed consent in the context of severely affect patients 

and/or children, the effects on justice and equity, and the possibility of editing in em-

bryos and the germ-line.48 It will be important to address these issues to ensure the 

responsible and ethical development of this new therapeutic strategy. Some may be 

addressed by thorough experimental work (e.g., long-term consequences and risks and 

benefits), others by engaging in extensive public and political discussions, nationally 

and internationally (informed consent, embryos, germ-line editing).  

With in vivo editing, it may become possible to treat genetic diseases in patients 

before symptom onset. After the onset of symptoms, gene correction may stop the pro-

gression or even permanently cure the disease. This will likely eliminate the need for 

ex vivo editing and liver stem cell transplantations and open the avenue to potentially 

cure many more diseases. In addition, it may prove valuable for metabolic diseases for 

which no other curative therapeutic options exist. Recently, we started a project to de-

velop the first in vivo genetic repair of the brain, focusing on patients with POLG-rela-

ted disease (chapter 11). By primarily focusing on the most common POLG variant, we 

hope to develop a safe and effective curative strategy to eventually treat patients before 

the onset of symptoms. With this project, we hope to tackle the challenges that await 

us, paving the way to treat patients with POLG-related diseases and other genes that 

cause genetic neurological diseases in the future. 

Concluding remarks and final thoughts 

These are exciting times for the field of metabolic diseases. We live in an era 

characterized by limitlessness. We have access to the complete human genome, unli-

mited computational power, artificial intelligence that can process incredible amounts 

of data to learn recognize patterns. New, efficient, and seemingly safe gene editing 

techniques are readily available. New omics techniques are rapidly being developed 

and help understand cellular mechanisms to depths that we never did before.  
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When I started my university studies, it was hard to imagine that twelve years later, 

it would be possible to edit any location of DNA precisely and efficiently. Even when I 

started my PhD research five years ago, various of the techniques I ended up using had 

not yet been developed. I can only imagine what the combination of computational 

power, artificial intelligence, new omics, even further improved gene editing techni-

ques, and techniques we can’t yet imagine will bring us in the next years.  

I am happy to have worked on improving the molecular understanding of ARS de-

ficiencies and developing a treatment for these severely affected patients. While further 

research is needed to fully understand the variations between the diseases, with new 

treatments available, we may perhaps soon include ARS deficiencies into a genetic 

newborn screening to start treatment as soon as possible to prevent further deteriorati-

on. In fact, I believe that in the future many more treatable metabolic diseases may be 

included in genetic newborn screening programs. Depending on the diagnosis, a per-

sonalized in vivo genetic editing strategy could be developed. Rapid, personalized tre-

atment would minimize the disease's impact on the newborn and potentially perma-

nently cure the disease. Such treatments will be developed routinely and continuously, 

and I wish they will become available at an affordable price. As germline editing will 

likely remain controversial and thus prohibited, and since to prevent is better than to 

cure, decent education of future parents (e.g., grown-up in vivo genetically corrected 

children) and pre-conception and pre-natal screening will be increasingly important. 

New diseases that affect all organ systems will continue to be discovered, as will 

new variants in new genes with unknown functions. The conventional approach for 

understanding individual disease mechanisms and developing tailored therapies 

remains important and cannot be completely replaced by genetic correction. Yet, by 

directly modifying the underlying genetic cause of the disease, in vivo genetic correc-

tion has the potential to provide a more permanent and potentially more effective solu-

tion than other existing therapies.  

With my research targeting various aspects of finding treatments for metabolic di-

seases that affect various organs, I believe to have contributed to the development of a 

general therapeutic strategy that may affect the future of patients with metabolic disea-

ses.  
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Abstract 

Inborn errors of metabolism, also known as metabolic diseases, are caused by mono-

genetic variants and often follow autosomal recessive inheritance. These variants 

cause a change in enzyme function, including a partial or total loss of function or 

gained abnormal function, leading to changes in cellular metabolism, e.g., synthesis, 

breakdown or change of cellular metabolites. Thousands of enzymes, thus thousands 

of metabolic diseases exist. There is an urgent need for (curative) treatment options that 

are applicable to multiple diseases or that can be rapidly adapted for use in different 

diseases. In this thesis, three levels of possible therapeutic interventions are discussed, 

developed for patients from our own hospital. First, using the conventional approach 

for IARS1 deficiency, we utilize characterization of the disease and evaluation of the 

molecular mechanism to develop and test a substrate therapy. This approach is specific 

to a single disease. We continue to test similar treatments for patients with other ARS1 

deficiencies, and further explore its use in patients with various ARS2 deficiencies. 

Second, we target the liver, as it has a central role in metabolism. Many metabolic di-

seases can be treated or cured by liver transplantation, but long-term survival of trans-

plantation recipients has remained suboptimal. With the emergence of alternatives 

such as bankable liver stem cells, allogenous matched or autologous ex vivo geneti-

cally corrected stem cells could be transplanted. Improved donor-recipient compatibi-

lity could help improve outcomes. We therefore investigate the effect of HLA matching 

on liver transplantation outcomes. Third, we explore the use of in vivo genetic correc-

tion using prime editing, a precise search-and-replace genetic editing technique, 

which has the potential to cure almost any metabolic disease by directly targeting the 

underlying genetic defect. We pave the way towards the first in vivo genetic correction 

therapy of the brain and liver of patients with POLG-related disease. 
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Nederlandse samenvatting 

Het DNA bevat duizenden genen:  locaties waarin de code voor eiwitten ligt 

opgeslagen. Overerfbare eigenschappen van mensen komen voort uit kleine 

verschillen in deze genen. Op enkele uitzonderingen na, erven de meeste van 

deze monogenetische eigenschappen autosomaal dominant of autosomaal recessief 

over. Bij autosomaal dominante overerving is het voldoende dat één van de twee ko-

pieën van DNA is veranderd om de eigenschap tot uiting te laten komen; bij autoso-

maal recessieve overerving moeten beide kopieën van het DNA zijn veranderd. 

Enzymen zijn speciale eiwitten die alle noodzakelijke cellulaire functies 

uitvoeren,  waaronder de aanmaak,  afbraak en het transport van voedingsstoffen en 

andere moleculen.  Eiwitten kunnen ook belangrijk zijn voor cellulaire structuur en 

stabiliteit en werken als boodschappers.  

DNA en RNA bestaan uit vier nucleotiden: A, T (DNA) of U (RNA), G, en C. Drie 

nucleotiden samen heten codons. Codons kunnen worden vertaald naar een amino-

zuur, de bouwstenen van eiwitten. Er zijn twintig aminozuren, dus meerdere codons 

kunnen voor hetzelfde aminozuur coderen. Deze aminozuren worden naar het ribo-

soom gedragen door transfer RNA (tRNA) dat specifiek is voor de aminozuren. Amino-

zuren worden gekoppeld aan tRNA door aminocyl-tRNA syntethases (ARS1). Na trans-

latie worden de gevormde polypeptides bewerkt tot eiwitten en naar de juiste locatie 

vervoerd.  

Mitochondriën zijn organellen die verantwoordelijk zijn voor de energieproductie 

van de cel. Mitochondriën zijn evolutionair ontstaan uit bacteriën en hebben dus apar-

te processen voor DNA kopiëren (POLG) en vertalen (mitochondriële ARS2). Menselij-

ke cellen en hun mitochondriën zijn sterk afhankelijk van elkaar. 

Metabole ziekten ontstaan uit ziektemakende monogenetische mutaties en zijn 

vaak autosomaal recessief overerfbaar. Doordat enzymen voor alle cellulaire proces-

sen verantwoordelijk zijn, kunnen deze veranderingen de cellulaire stabiliteit versto-

ren. Er bestaan duizenden enzymen en dus ook duizenden metabole ziekten met een 

enorme variatie in ziektebeeld en symptomen, ernst en ziektebeloop. Enkele bekende 

metabole ziekten zijn opgenomen in de hielprikscreening. Snelle diagnose van deze 

ziekten leidt tot een sterke verbetering van levenskwaliteit en overleving. Als de ziek-

ten niet bij geboorte worden gediagnosticeerd, worden deze vaak niet ontdekt totdat er 
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symptomen ontstaan. Door verbeterde genetische diagnostiek worden er meer patiën-

ten met metabole ziekten ontdekt en verschillende genen voor het eerst met deze ziek-

ten geassocieerd. De toegenomen herkenning leidt echter nog niet tot verbeterde zorg 

voor de patiënten, omdat er veelal geen behandeling voorhanden is. 

Behandelingen voor metabole ziekten zijn gevarieerd. Er is een urgente noodzaak 

voor nieuwe behandelingen die toepasbaar zijn voor meerdere ziekten of die snel 

aangepast kunnen worden voor verschillende ziekten.  In dit proefschrift worden drie 

aangrijppunten voor behandelingen besproken. Deze zijn allemaal ontwikkeld voor 

patiënten uit ons eigen ziekenhuis, het Wilhelmina Kinderziekenhuis, Utrecht. 

In deel 2 richten we ons op de conventionele benadering voor ARS deficiënties. 

Deze benadering is specifiek voor deze groep metabole ziekten.  

ARS enzymen, zowel cytosolaire ARS1, mitochondriële ARS2 en gecombineerd 

mitochondriële glycyl- en lysyl-ARS1 (GARS1, KARS1, resp.) zijn verantwoordelijk 

voor het binden van aminozuren aan de bijbehorende tRNA’s. Mutaties in deze genen 

worden in toenemende mate geassocieerd met ziekte. In hoofdstuk 2, hoofdstuk 3 en 

het addendum bij deel 2 verkrijgen we essentieel inzicht in ARS deficiënties. Omdat 

onze eerste patiënt IARS1 mutaties had, hebben we daar een bijzondere interesse in. 

IARS1 kan isoleucine-tRNA laden met valine, een aminozuur dat lijkt op isoleucine, 

maar normaal gesproken wordt deze fout hersteld. In hoofdstuk 4 onderzoeken we het 

mechanisme van IARS1 deficiëntie. Bij gebrek aan essentiële aminozuren die cellen 

niet zelf kunnen maken, kunnen eencellige organismen soms andere aminozuren in-

bouwen in eiwitten. Dit vonden wij ook in gezonde menselijke cellen. Recent werd 

een vergelijkbaar mechanisme gevonden in menselijke tumorcellen: tryptofanyl-ARS1 

(WARS1) kan tryptofaan (W) door fenylalanine (F) vervangen. In hoofdstuk 5 analyse-

ren we de vrij beschikbare data opnieuw om te onderzoeken of dezelfde technieken 

bruikbaar zijn voor het vinden van andere aminozuur verwisselingen. In hoofdstuk 6 

en hoofdstuk 7 ontwikkelen en testen we de eerste behandelstrategie voor ARS1 defi-

ciënties. In hoofdstuk 8 onderzoeken we of deze behandelstrategie ook werkt voor 

QARS1 deficiëntie, voor gecombineerd cytosolaire en mitochondriële KARS1 deficiën-

tie en mitochondriële ARS2 deficiënties. 

In deel 3 richten we ons op de lever. De lever heeft een centrale rol in het metabo-

lisme. Veel metabole ziekten kunnen worden behandeld door een levertransplan-

tatie. Helaas blijven langetermijnoverleving en kwaliteit van leven van patiënten na 
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levertransplantatie suboptimaal, voornamelijk door het gebruik van medicijnen die het 

immuunsysteem onderdrukken. Strategieën die de noodzaak voor immunosuppressiva 

verlagen kunnen de levensverwachting en -kwaliteit verbeteren. Dit zou kunnen door 

de donorlever en de ontvanger beter op elkaar af te stemmen. Voor levertransplantaties 

wordt enkel gematcht op bloedgroep en hepatitisserologie. HLA-matching heeft de 

uitkomsten voor de meeste orgaantransplantaties verbeterd, maar bij levertransplanta-

ties is nog niet duidelijk of het werkt. Daarom onderzoeken we in hoofdstuk 9 of ge-

netische HLA-matching een positief effect heeft op de uitkomsten na levertransplanta-

tie. HLAMatchmaker en PIRCHE zijn voorbeelden van nieuwe algoritmes om HLA-

matching te verbeteren. In hoofdstuk 10 onderzoeken we of de scores van deze algo-

ritmes correleren met de levertransplantatie uitkomsten. Aanvullend ontwikkelen we in 

het addendum bij deel 3 een online toepassing om lever cel modellen te vergelijken 

en het beste model te kiezen voor laboratoriumonderzoek. 

In deel 4 willen we gencorrectietechnieken gebruiken om een behandeling te ont-

wikkelen voor DNA polymerase gamma (POLG) gerelateerde ziekten.  In genvervan-

gingstherapie, zoals op dit moment in gebruik voor spinale spieratrofie, worden extra 

kopieën van een gezond gen permanent of tijdelijk in patiëntcellen ingebracht. Recen-

te ontwikkelingen in gencorrectietechnieken, die ontstaan zijn uit de Nobelprijs win-

nende CRISPR/Cas9 technieken, maken het mogelijk om heel precies patiëntmutaties 

te repareren. Prime editing is de meest belovende techniek, waarmee het mogelijk is 

om heel precies en veilig nagenoeg elke mutatie te corrigeren. In het addendum bij 

deel 4 ontwikkelen we een methode om de techniek efficiënter te maken. 

We willen deze techniek gebruiken om de meest voorkomende ziekteverwekkende 

mutatie van POLG te corrigeren. Er zijn meer dan 200 ziekteverwekkende mutaties in 

POLG en combinaties daarvan leiden tot een veelvoud aan verschillende ziekten. De 

meest voorkomende mutatie is c.1399G>A p.(A467T) en kan Alpers Huttenlocher syn-

droom veroorzaken, een ernstige ziekte met onbehandelbare epilepsie, neurologische 

achteruitgang en spierzwakte waarvoor nog geen behandeling bestaat. Kinderen over-

lijden vaak snel na het ontstaan van symptomen. In hoofdstuk 11 timmeren we aan de 

weg om de eerste behandeling met gencorrectietherapie te ontwikkelen voor de meest 

voorkomende POLG mutatie.  
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veel respect voor. Maaike, jij hebt de uitdaging dit project naar een nog hoger niveau 
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Allerleukste borrel club, Suze, Maaike, Irena en Marliek, ik heb genoten van onze 

ongedwongen samenkomsten. Door jullie was ik continue op de hoogte van de laatste 
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Irena, ik waardeer in jou een hardwerkende collega die altijd met volle moed en ener-

gie een project instapt. Je bent niet bang mij nu en dan terecht te wijzen. Ook bewon-

der ik je bereidheid om spontaan een biertje te drinken. Wat was het genieten om door 

weer en wind, covid-lockdowns en avondklokken de week te breken aan de singel. 

Arrien, Derek, Casper, wat prijs ik me gelukkig dat ik jullie al sinds het begin van 

de middelbare school tot mijn beste vrienden mag rekenen. Wat hebben we samen 

veel meegemaakt. Hoewel we over de jaren heen allemaal heel andere richtingen op 

zijn gegroeid en heel andere levens hebben, voel ik me ontzettend vertrouwd bij jullie 

en weet ik dat jullie me door dik en dun steunen. Ik kijk steeds weer uit naar een ste-

dentrips met jullie, een avondje borrelen, de eindeloze klaagzangen om alles en om 

niets op Whatsapp. Arrien, met jou proefde ik op mijn 18e tijdens onze roadtrip de 
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smaak van vrijheid. We waren jong en onbezonnen, maar hadden de tijd van ons le-

ven. Ook de vele avonden in Nijmegen met je studievrienden waren heerlijke aflei-

ding van de dagelijkse drukte. Derek, goed om te zien dat na de nodige jaren stude-

ren, het werkende leven je beter af gaat. Het is telkens weer genieten je op willekeuri-

ge doordeweekse avonden over de vloer te hebben. En wat ontzettend bijzonder dat jij 

en Marcella ons dit jaar hebben verrast met Nore. Ik kijk er nu al naar uit haar over 

een aantal jaar in geuren en kleuren over onze avonturen te vertellen. Casper, ik heb 

in jou een vriend die wat serieuzer in het leven staat. Je staat altijd open voor een goed 
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Lieve Tulsi, wat ben ik blij met jou als zusje. Samen konden we altijd de hele we-

reld aan en dat zal nooit veranderen. Ik geniet intens van onze weekendjes weg, eten-
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