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Background: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is

a heritable heart muscle disorder that predominantly affects the right

ventricle. Mutations in genes that encode components of desmosomes,

the adhesive junctions that connect cardiomyocytes, are the predominant

cause of ARVC. A case with novel heterozygous mutation in the LAMA2

gene is reported here. The protein encoded by LAMA2 gene is the α2

chain of laminin-211 protein, which establishes a stable relationship between

the muscle fiber membrane and the extracellular matrix. We explored

the potential mechanism and the relationship between the mutation and

ARVC.

Case Presentation: At the age of 8, the patient developed syncope and

palpitation after exercise. Dynamic electrocardiogram recorded continuous

premature ventricular beats, and MRI showed the right ventricle was

significantly enlarged and there were many localized distensions at the

edge of the right ventricular wall. The patient was diagnosed with ARVC

and received heart transplantation at the age of 14 due to severe heart

dysfunction. The myocardial histological pathological staining revealed a large

amount of fibrosis and adipose migration. Whole exome sequencing (WES)

identified the heterozygous mutation in the LAMA2 gene [NM_000426.3:

c.8842G > A (p.G2948S)]. This is the first report of these variants.

Analysis was performed on genetic disorders to reveal splice site changes

and damage to protein structure. LAMA2 p.G2948S predicted unstable

protein structure and impaired function. Induced pluripotent stem cell-

derived cardiomyocytes (iPSC-CMs) were established. RNA-seq and the

western blot were performed on IPSC-CMs to explore the ARVC-related

signaling pathway.
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Conclusion: This is the first case report to describe an ARVC phenotype in

patients possessing a novel LAMA2 c.8842G > A (p.G2948S) mutation. Our

results aid in understanding of the pathogenesis of ARVC. The molecular

mechanism of LAMA2 leading to ARVC disease still needs further study.

KEYWORDS

LAMA2, ARVC, iPSC, case report, literature review

Introduction

Arrhythmogenic right ventricular cardiomyopathy is an
inherited cardiomyopathy characterized by the fibrofatty
replacement of the myocardium predominantly in the right
ventricle. Progressive loss of right ventricular myocardium
and its replacement by fibrofatty tissue is the pathological
hallmark of the disease (1, 2). Mutations in the genes encoding
desmosome complex, which is important in regulating cell-
to-cell adhesion and maintain cellular integrity, may affect
protein structure of desmosome complex. The degradation of
desmosome has been believed to be involved in the pathogenesis
of ARVC. Until now, most of the ARVC-related genetic
variants have been located in the desmosome complex. In
addition, other non-desmosome genes, which participate in
mediating cellular adhesion and intercellular connection, would
also contribute to induce ARVC, and increasing numbers of
mutations have been underlined. In detail, the reported genetic
mutations of ARVC encoding proteins cover a large diverse
range of biological functions, including cytoskeletal architecture
formation, calcium handling, sodium transport, and cytokine
signaling (2). Nevertheless, negative genetic results have been
found in 35–50% of patients, suggesting that there may be
unknown genes involved in the pathogenesis of ARVC (3, 4).

The LAMA2 gene encodes the α2 chain of laminin-
211 protein, which establishes a stable relationship between
the muscle fiber membrane and the extracellular matrix
(ECM). Laminin 211 is dominantly expressed in the basement
membrane of myocytes and Schwann cells. The mutations of
LAMA2 have been proved to be involved in the initial of
congenital muscular dystrophy type 1a (MDC1A) and limb
girdle muscular dystrophy (LGMD) (5, 6). Laminin-α2 has also
been proved to be expressed in other organ tissues, such as the
heart (7). However, current evidence suggests that only a small
proportion of patients with MDC1A is associated with cardiac-
related clinical manifestations, and the correlation between
LAMA2 mutation and ARVC remains unknown (8, 9). And
only one record from the ClinicalVar database demonstrated
LAMA2 might be related with primary dilated cardiomyopathy.
Induced pluripotent stem cell-derived cardiomyocytes (iPSC-
CMs) have been used as a fully mimic platform to study
the biological and molecular mechanism of any identified

uncertain genetic variant. Several cell lines had been established
to demonstrate the essential changes on ARVC-related genetic
mutations. Thus, we attempt to explore the relationship between
LAMA2 mutation and ARVC via iPSC-CMs.

Herein, we report a rare case with ARVC carrying a novel
heterozygous mutation in the LAMA2 gene. This should be
the first case report of ARVC due to a LAMA2 mutation, and
we also established the first iPSC line of LAMA2 associated
with ARVC, which would be differentiation into cardiomyocytes
to address the potential activated ARVC-related pathogenic
signaling pathways.

Case presentation

Ethics compliance

The parents of the patient provided written consent for
participating in the study carried out at the West China
Hospital, Sichuan University, China. This research study was
approved by the Ethics Committee of West China Second
University Hospital, Sichuan University, China (2014–034).

Clinical presentation and outcomes

This proband was a male who had been admitted to
our hospital due to aggressive fatigue, chest tightness, and
fainting for 2 years. He experienced significant chest pain
and palpitations shortly before syncope, with a decrease in
tolerance of daily activities. A pale face, dull heart sound,
and third-degree systolic murmur in the fourth intercostal
space were observed. Results of physical examination of the
respiratory and nervous systems were negative. The parents of
the patient declined any cardiovascular symptoms. Myocarditis
has been excluded at first due to the patient, and his parents
declined any no related nearby infection history. Furthermore,
the patient declined any symptoms of muscular dystrophy.
Then, any potential virus antibodies were negative after serum
analysis. Electrocardiogram (ECG) demonstrated inversion of
T waves in leads V1–V5, and epsilon waves were visible in
some leads (Figure 1A). Holter presented 5,443 premature
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FIGURE 1

Clinical presentation of the proband. (A) The patient’s preoperative ECG showed inverted T waves in lead V1, V2, V3, V4, and V5, with typical
Epsilon waves visible in V4. (B) Preoperative cardiac MRI of the patient indicated that the right atrium was significantly enlarged, the right
ventricular wall was thinner, the right ventricular wall edge was localized in many places, and the amplitude of myocardial contraction of the
right ventricle was significantly reduced. (C) The myocardium was replaced by extensive fibrous adipose tissue in the wall of the right ventricle
(RV), the right ventricle was bag like and thinly dilated, part of the ventricular septum (IVS) was adipose, and part of the myocardium in the
anterior and lateral wall of the left ventricle (LV) was replaced by adipose fibers. (D) HE staining of the myocardium of the right ventricle: Left:
the blue arrow indicates the adipose tissue, and the myocardium of the right ventricle is surrounded by the adipose tissue and divided into
cords. The black arrow shows abnormal hypertrophic cardiomyocytes with large, dark-stained nuclei and oddly shaped nuclei, broken muscle
fibers in the cytoplasm of the cardiomyocytes (magnified 100×). Right: The black arrow indicates the presence of inflammatory cell infiltration
between cardiomyocytes at magnified 200×. (E) Masson staining of the myocardium of the right ventricle. Note that the myocardium (the
yellow arrow) is surrounded by large amount of fibrous adipocytes (the black arrow) and divided into cords or islands. The collagenous fiber
bundles around small blood vessels (red arrows) are increased.

multisource ventricular beats in 24 h, with unequal pairing
intervals, ventricular fusion wave, and insertion ventricular
premature beats. MRI identified enlargement of the right
ventricle, the thinner right ventricular wall, and localized
distensions at the edge of the right ventricular wall. The
myocardial contraction of the right ventricle was significantly
reduced, and ejection fraction of the right ventricle was 15%.
Right ventricular end-diastolic volume index = 142 ml/m2

(Figure 1B), so that, according to Task Force Criteria (10),
this patient received a clinical diagnosis of ARVC based on his
clinical manifestation, classic ECG presentation, and a cardiac
phenomenon recorded by MRI.

Unfortunately, due to severe and irreversible heart
dysfunction, the patient received heart transplantation at
the age of 14. The examination of the heart tissue revealed
generally adipose infiltration in the interventricular septum
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and partial fiber-adipose infiltration in the myocardial tissue
of the posterior wall of the left ventricle (Figure 1C). The wall
of the right ventricle is extensively fiber-adipose, and only a
small amount of myocardial tissue remains. The whole right
ventricle is obviously dilated. And the myocardial histological
pathological staining revealed a large amount of fibrosis and
adipose migration (Figures 1D,E).

After the heart transplantation, the patient had a good
quality of life and was followed for 3 years.

Molecular results

A peripheral blood sample was obtained from the patients
in an EDTA anticoagulant blood sample tube stored at 4◦C
for less than 6 h, and DNA was extracted. Protein-coding
exome enrichment was performed using the Agilent SureSelect
Human All Exon V6. The whole exon sequencing (WES) of
the patient and his parents were performed using the NovaSeq
6000 platform (Illumina, San Diego, CA, United States), and
the raw data were processed using FastP to remove adapters
and filter out low-quality reads. Paired-end reads were aligned
with the ENSEMBL GRCh38/hg38 reference genome using
the BWA software (version 0.7.12-r1039). Then, the SAMtools
software (Version 1.3.1) was used to compare and order the
results, and Sambamba (Version 0.7.1) was used to mark the
repeated reads. Variant annotation was performed in accordance
with database-sourced minor allele frequencies (MAFs) and
practical guidelines on pathogenicity issued by the American
College of Medical Genetics. The annotation of MAFs was
performed based on the 1,000 Genomes, dbSNP, ESP, ExAC,
Provean, Sift, Polypen2_hdiv, Polypen2_hvar, and Chigene in-
house MAF databases using R software (R Foundation for
Statistical Computing, Vienna, Austria). The sequencing data
have been deposited in the GSA database.

Whole exon sequencing identified de novo heterozygous
mutations in the LAMA2 gene at c.8842G > A, which has
not been reported in any publication. This mutation was
absent from the patients’ parents (Figure 2). This mutation
site could be retrieved in 1000G and the ExAC database.
There were 3 records of allele carriers in 1000G and 46
records of allele carriers in ExAC. Its clinical associations were
found in congenital muscular dystrophy (RCV000764636.1),
LAMA2-related dystrophy (RCV001086813.1), and primary
dilated cardiomyopathy (RCV001293224.1). All the records
were submitted by a gene sequencing company, and no
available publication demonstrated the molecular mechanism
and provided a detailed clinical report. Until now, no
research has declaimed a clear relationship between LAMA2
c.8842G > A and ARVC. According to the American College of
Medical Genetics, the variant has uncertain pathogenicity. SIFT,
Polyphen_HumDiv, Polyphen_HumVar, and Mutation Taster
were used for mutation locus screening. Analysis performed
with MutationTaster revealed that this mutation was considered

disease causing due to amino acid sequence changes, protein
features affected, and splice site changes (probability = 0.999).
The PolyPhen tool predicted protein structural and functional
damaging for p.G2948S (Polyphen_HumDiv score = 1.000, the
Polyphen_HumVar score = 0.999). The SIFT prediction on the
protein batch demonstrated a damaging change as a score of
0.006. And the PROVEAN prediction on the protein batch
revealed a deleterious change as a score of −4.34. All analyses
were based on the P24043 FASTA sequence of the G2948S
variant. However, it failed to identify any other known ARVC-
related gene mutations both in exons and introns.

To understand the molecular architecture of the human
LAMA2 gene, we performed comparative modeling using the
SWISS-MODEL1. We estimated the change in the free energy of
the model using the mutation cut-off scanning matrix (mCSM)
method2, the Site Directed Mutator (SDM)3, and the DyanMut
method, which can be used to analyze and visualize protein
dynamics by sampling conformations and assess the impact
of mutations on protein dynamics and stability4. To assess
the impacts of mutations on the stability of LAMA2. We
also used the DUET server5 that integrates mCSM and SDM
to improve the overall prediction accuracy of the mutations
under consideration. The signature vector that was ultimately
generated was employed to train the predictive classification and
the regression model used to calculate the change induced by
mutations in terms of Gibbs folding free energy (11G).

The SWISS-MODEL tool was used to analyze stability
after amino acid changes. Ramachandran plots indicated that
amino acid positions were altered (Figure 3A). Rebuilding
molecular structure based on a 1okq.1.A template resulted
in residue changes between Gly and Alaat 2948 (Figure 3B).
Five types of calculation methods all demonstrated significant
destabilizing change (DynaMut −0.950 Kcal/mol; NMA-Based
Predictions, 0.298 Kcal/mol; mCSM, −1.404 Kcal/mol; DUET,
−1.505 Kcal/mol; SDM, −2.480 Kcal/mol; Figure 3C). Besides,
change in vibrational entropy energy between wild-type and
mutant Figure 3D demonstrated a decrease of molecule
flexibility as −0.372 kcal/mol K. The blue-colored amino acids
sequence according to the vibrational entropy change upon
mutation represented a rigidification of the structure.

Induced pluripotent stem cell
reprogramming and validation

Peripheral blood mononuclear cells (PBMCs) were isolated
from 20 ml of blood obtained from the patient with LAMA2
c.8842G > A. And the wild-type control was obtained

1 https://swissmodel.expasy.org/

2 http://biosig.unimelb.edu.au/mcsm/

3 http://marid.bioc.cam.ac.uk/sdm2

4 http://biosig.unimelb.edu.au/dynamut/

5 http://biosig.unimelb.edu.au/duet/
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FIGURE 2

Information of LAMA2 c.8842G > A in the family of the proband. (A) Family map of gene mutation. (B) Sequencing of mutations. Blue arrow:
The normal group showed single peak of base G, while the patient showed heterozygous state of base G peak and A peak.

from a healthy donor, who was confirmed without any
pathogenic variant, including LAMA2, by another WES.
The third-generation PBMCs cells with good growth status
were induced to differentiate into pluripotent stem cells.
The PBMCs cells were cultured in a StemPro-34 complete
medium containing cytokines IL-3, IL-6, SCF, and FLT-3
for 4 days. Sendai virus containing four reprogramming
transcription factors [OCT3/4 (MOI = 3), SOX2 (MOI = 5),
KLF4 (MOI = 3), and C-MYC (MOI = 5)] was added into
the StemPro-34 complete culture medium (provided with
a Sendai virus reprogramming kit) and cultured in a cell
incubator for 24 h. For the first 3 days after transfection,
the cells were maintained in the StemPro-34 complete culture
medium without virus. Sendai virus-infected PBMCs were
transferred to Matrigel-coated 12-well plate containing an
E8 medium. iPSCs, (WCHi002-A) were manually picked at
around day 20 post transfection and plated onto a Matrigel-
coated 12- well plate. iPSCs differentiated to cardiomyocytes
by modulating WNT signaling with CHIR99021 and IWR-1.
iPSC-CMs were enriched by culture in lactate-containing
media. Spontaneous beating activity can be observed in
iPSC-CMs and the expression of myosin light chain 2
(MYL2) and cardiac troponin T (CTNT) can be detected by
immunofluorescent staining.

Induced pluripotent stem cell-derived CMs were fixed in
4% paraformaldehyde overnight. The cells were incubated
in a blocking medium (PBS containing 5% donkey serum,
0.2% Triton X-100) at 4◦C overnight. For immunostaining,
the sections were incubated with primary antibodies at 4◦C
overnight and secondary antibodies for 2 h. The primary
antibodies used were as follows: sarcomeric alpha-actinin (1:200,
Abcam, ab137346). After washing with a blocking buffer,
the slices were incubated with optimal secondary antibodies
with DAPI at room temperature for 2 h. After washing, the

samples were imaged using an Olympus FV1000 confocal
microscope (Figure 4A). Flow cytometry had been applied to
demonstrate the purity of iPSC-CMs. Non-differentiated iPSC
and differentiated iPSC were stained with cardiac troponin I
(1:200, Abcam, ab56357). More than 80% of CMs had been
identified (Figure 4B).

The TRIzol method was used to extract total RNA from
iPSC-CMs of ARVC (n = 3) and WT (n = 3) groups, and the
DNase I method was used to remove DNA in the samples. An
Illumina HiSeq XTEN/NovaSeq 6000 sequencing platform was
used for high-throughput sequencing. Transcript abundance
was determined by TopHat alignment followed by HTSeq-
Count and statistical analysis by DESeq2. Enrichment analysis
of differentially expressed genes (DEGs) was implemented
by the clusterProfiler R package, in which gene length bias
was corrected. KEGG pathways with corrected P-value less
than 0.05 were considered significantly enriched by DEGs.
According to the established pathophysiological characteristics
of ARVC, five enrichment sets were established, including
fibrosis, adipogenesis, apoptosis, intracellular calcium, and
cellular connectivity (Figure 5A). The KEGG pathways of
fibrosis were enriched in PI3K-Akt signaling and regulation of
actin cytoskeleton (Supplementary Figure 1). The enrichment
analysis for lipid metabolism revealed a general alternation
of lipid metabolic dysfunction (Supplementary Figure 2). In
addition, apoptosis had been recorded by KEGG enrichment
(Supplementary Figure 3). Most important, ARVC was
characterized as misleading calcium handling and cellular
connection disorders. After KEGG analysis based on DEGs,
the significant calcium signaling pathway and cGMP-PKG
signaling pathway were identified (Supplementary Figure 4).
Furthermore, the changes in adherens junction, cell adhesion
molecules, and the hippo signaling pathway had been proved
to be participated in pathological remodeling of cardiomyocyte
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FIGURE 3

The effects of LAMA2 c.8842G > A mutation on the molecular structure of the protein. (A) Individual crystal structures of wild type and G2948S
according to the 1okq.1.A model template. (B) Ramachandran plots of amino acid with wild type and p.G2948A. (C) The comparisons of free
energy on crystal structure of the wild type sequence and the p.G2948A variant. (D) The structural changes due to the mutation of LAMA2
G2948S.

due to LAMA2 mutation. And the enrichment of ARVC was
definitely identified among all DEGs (Figure 5B).

We queried all possible related signaling pathways of ARVC
through KEGG website6, and found the LAMA2 and its related
proteins integrin beta 1 (ITGB1) and β-muscle dystroglycan
1 (β-DG) are involved in the ARVC signaling pathway. The
protein expressions of LAMA2, ITGB1, and β-DG were further
detected by the Western blot. Normal healthy human PBMCs
were successfully reprogrammed and inversely differentiated

6 https://www.genome.jp/kegg

into iPSCs according to the above scheme, and were induced
into cardiomyocytes as the control group. Both groups were
continuously cultured in a myocardial maintenance medium
for 50 days. Differentiated iPSC-CMs were lysed in RIPA lysis
buffer system (Santa Cruz Biotechnology, sc-24948) with Mini
Protease Inhibitor Cocktail Tablets (cOmplete, 4693124001).
Total protein concentrations were normalized using BCA
analysis (Life Technologies, 23227). After boiling with a 4X
loading buffer for 5 min, 20-µl cell lysate of each sample was
separated on a 10% gel, transferred to a PDVF membrane,
and blocked by 4% BSA/TBST. Primary antibodies of LAMA2
(1:2,000, Abcam, ab140482), β-DG (1:2,000, Abcam, ab3125),
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FIGURE 4

Quality control of iPSC-derived CMs. (A) Immunostaining of sarcomeric alpha-actinin (SAA) demonstrated the high ratio of CMs. (B) Flow
cytometry revealed 82.5% iPSC had been differentiated into CMs.

ITGB1 (1:2,000, Abcam, ab52971), Adiponectin (1:2,000,
Abcam, ab181281), FABP4 (1:2,000, Abcam, ab92501), CTGF
(1:2,000, Abcam, ab209780), and GAPDH (1:2,000, ProteinTech,
60004-1-lg). The data were analyzed with GraphPad Prism 8.0
statistical software by t-test. LAMA2 protein expression in the
ARVC group demonstrated significant decreased (p = 0.02),
ITGB1 (p = 0.001), and β-DG (p = 0.004) protein expressions
were significantly upregulated (Figures 5C,D).

Discussion

This study demonstrated a rare clinical case with a LAMA2
genetic heterozygous mutation (c.8842G > A, p.G2948S). The
patient was initially diagnosed with ARVC based on clinical
presentation and radiological images examinations according
to Task Force Criteria. After several years of medication
administration, the irreversible heart failure and aggressive
cardiac pathological remodeling led this patient to receive
a heart transplantation at the age of 14. Before the heart
transplantation, WES had been applied to this boy. Interestingly,
the LAMA2 c.8842G > A variant had been identified at the
first time among patients with ARVC. However, the patient was
absent from any other potential-related variants. So that it is
critical to demonstrate the relationship between LAMA2 and
ARVC. Within this research, we enrolled histological section
assessment to explore the pieces of evidence on standard ARVC
changes. Most important, we reprogrammed the PBMCs of this
proband to iPSC. After differentiating iPSC-CMs successfully,
bulk RNA-seq was involved to reveal the molecular alternations
post LAMA2 mutation, which would definitely help to underline
the association between LAMA2 and ARVC.

Arrhythmogenic right ventricular cardiomyopathy has been
characterized as a heritable disorder with palpitations, syncope,
ventricular tachycardia (VT), or fibrillation. Ventricular
dysfunction and heart failure can also develop can be found
in some patients. This kind of disease was initially considered

to be a developmental abnormality of the right ventricle.
With the emerging pieces of evidence on molecular diagnosis,
a novel genotype-based clinicopathology classification of
arrhythmogenic cardiomyopathy (ACM) has been well
established. Several specific mutations within desmosome
would result in biventricular or only left ventricular phenotype,
such as DSP, PLN, and CTNNA3. Besides, large unknown
mutations have been claimed to be associated with left
ventricular failure, leading to heart transplantation. For this
patient, LAMA2 c.8842C > A could be one of the potential
mutations to cause cluster 4 ACM. After the research database,
only four reports have been retrieved on LAMA2 c.8842C > A.
Three of them were identified among patients with muscular
dystrophy, and only one record demonstrated a potential
link with primary dilated cardiomyopathy. In addition, the
iPSC-CMs provided a good platform to study the molecular
mechanisms due to an uncertain mutation. The bulk RNA-seq
results demonstrated alternations among calcium handling,
impaired cell-cell interaction, reduced cellular adhesion,
and dysfunction of lipid metabolism. All the changes in
gene expressions and regulation fall within the pathological
remodeling of ARVC. Taking the histological studies of the
proband’s abandoned heart, it would draw a highly convinced
association between LAMA2 c.8842C > A and ARVC.

After reviewing all the published cases of LAMA2 missense
mutation, a case series of 57 particular variants was assembled
and summarized in Table 1. Most of the mutations were
correlated with the symptom of muscular dystrophy, and there
was no association with cardiac-related clinical manifestations
in theses mutations. Among them, 15 variants were located
in the N-terminal domain, 18 variants were located in EGF-
like domains, and 16 variants were located in LG domains.
But there was no reported pathogenic missense mutation
in the LG5 domain.

The laminin-211 structure consists of α2, β1, and γ1 chains.
The polymeric activity of laminin-211 maps to three domains
of LN: nidogen binds γ 1-Leb3, agrin binds the curl γ1
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TABLE 1 A summary of reported cases of LAMA2missense mutation.

References Exon Variants Predicted amino acid change Protein domains Phenotype

Oliveira 1 c.112G > A p.Gly38Ser N-terminal MDC1A

Oliveira 2 c.245A > T p.Gln82Leu N-terminal Late-onset LAMA2-related MD

Ganapathy 2 c.250C > T p.Arg84Ter N-terminal MDC1A

Oliveira 3 c.437C > T p.Ser146Phe N-terminal MDC1A

Gavassini 4 c.454T > G p.Trp152Gly N-terminal LGMD

Geranmayeh 4 c.470C > T p.Ser157Phe N-terminal MDC1A

Di Blasi 4 c.500A > C p.Gln167Pro N-terminal MDC1A

Harris 4 c.611C > T p.Ser204Phe N-terminal LGMD

Dean 5 c.713C > A p.Ala238Asp N-terminal LGMD

Gavassini 5 c.728T > C p.Leu243Pro N-terminal LGMD

Oliveira 5 c.745C > T p.Arg249Cys N-terminal MDC1A

Marques 5 c.812C > T p.Thr271Ile N-terminal Epileptic encephalopathy

Oliveira 5 c.818G > A p.Arg273Lys N-terminal MDC1A

Beytía 6 c.830C > T p.Ser277Leu N-terminal MDC1A

Gavassini 6 c.850G > A p.Gly284Arg N-terminal LGMD

Oliveira 10 c.1326T > G p.Cys442Trp EGF-like 3 MDC1A

Töpf 10 c.1466A > G p.Lys489Arg EGF-like 4 LGMD

Xiong H 11 c.1553G > A p.Cys518Tyr EGF-like 5; first part MDC1A

Tezak/Valencia 11 c.1580G > A p.Cys527Tyr EGF-like 5; first part MDC1A

Ganapathy 12 c.1749C > G p.Tyr583Ter IV type A 1 MDC1A

Beytía 14 c.2089A > G p.Ile697Val IV type A 1 MDC1A

Marques 18 c.2461A > C p.Thr821Pro EGF-like 7 Epileptic encephalopathy

Xiong H 18 c.2462C > T p.Thr821Met EGF-like 7 MDC1A

Tezak 19 c.2584T > C p.Cys862Arg EGF-like 7 MDC1A

Allamand 21 c.2954G > A p.Cys985Tyr EGF-like 10 MDC1A

Guicheney 21 c.2986T > C p.Cys996Arg EGF-like 10 MDC1A

Valencia 22 c.3154A > G p.Ser1052Gly EGF-like 11 MDC1A

Töpf 23 c.3235T > C p.Cys1079Arg EGF-like 12 LGMD

Oliveira 23 c.3235T > G p.Cys1079Gly EGF-like 12 Late-onset LAMA2-related MD

Xiong H 27 c.3931T > G p.Trp1311Gly IV type A 2 MDC1A

Ganapathy 27 c.4048C > T p.Arg1350Ter IV type A 2 MDC1A

Ganapathy 29 c.4198C > T p.Arg1400Ter EGF-like 14; second part MDC1A

Di Blasi 30 c.4405T > C p.Cys1469Arg EGF-like 16 MDC1A

Oliveira 31 c.4523G > A p.Arg1508Lys EGF-like 16 MDC1A

Wang 32 c.4640C > T p.Thr1547Met EGF-like 17 MDC1A

Oliveira 32 c.4654G > A p.Ala1552Thr EGF-like 17 MDC1A

Allamand 32 c.4690C > T p.His1564Tyr EGF-like 17 MDC1A

Tezak 33 c.4750G > A p.Gly1584Ser Domain II and I MDC1A

Afshin 33 c.4840A > G p.Asn1614Asp Domain II and I MDC1A

Geranmayeh 38 c.5530C > A p.Arg1844Ser Domain II and I MDC1A

Oliveira 46 c.6548T > G p.Leu2183Arg G-like 1 MDC1A

Giugliano 47 c.6599G > A p.Arg2200His G-like 1 MDC1A

Töpf 47 c.6624G > C p.Trp2208Cys G-like 1 LGMD

Oliveira 47 c.6707G > A p.Arg2236Lys G-like 1 LGMD

Töpf 49 c.7040G > T p.Gly2347Val G-like 2 LGMD

Ganapathy 50 c.7147C > T p.Arg2383Ter G-like 2 MDC1A

Gavassini 52 c.7431A > T p.Arg2477Ser G-like 2 LGMD

Oliveira 54 c.7571A > T p.Glu2524Val – MDC1A

Afshin 55 c.7681G > A p. Gly2561Ser G-like 3 MDC1A

He 55 c.7691T > C p.Leu2564Pro G-like 3 MDC1A

Ganapathy 56 c.7816del p.Met2606Ter G-like 3 MDC1A

Geranmayeh 56 c.7881T > G p.His2627Gln G-like 3 MDC1A

Xiong H 56 c.7898G > C p.Gly2633Ala G-like 3 MDC1A

Magri 60 c.8544C > G p.His2848Gln G-like 4 LGMD

Töpf 61 c.8654T > A p.Leu2885Gln G-like 4 LGMD

Liang 61 c.8654T > C p.Leu2885Pro G-like 4 MDC1A

Fattahi 61 c.8665G > A p.Gly2889Arg G-like 4 MDC1A
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FIGURE 5

The analysis of iPSC-derived CMs indicated an ARVC-associated phenotype. (A) Histogram of KEGG signaling pathway classification. (B) KEGG
enrichment analysis of the adherent signaling pathway. (C) Western blot results showed the protein expressions of LAMA2, CTCF, Integrin-β1,
β-Dystroglycan, FABP4, and Adiponectin in myocardium cells of the control group and the ARVC group, with GAPDH as internal reference.
(D) Histogram shows the protein expression differences of LAMA2, CTCF, Integrin-β1, β-Dystroglycan, FABP4, and Adiponectin between the
control group and the ARVC group (N.S. The difference is meaningless; *p < 0.05; **p < 0.01; ***p < 0.001).

subunit, integrin α7β1 binds LG1-3, α-dystroglycan (α-DG)
binds to LG4-5 with sulfated glycolipids. LG interactions
provide anchoring for the cell membrane and cytoskeleton.
α-DG is coupled to transmembrane β-DG, β-DG binds to

cytoskeletal dystrophin, and dystrophin binds to the actin-
rich cytoskeleton; this critical interaction creates a link from
the basement membrane to actin cytoskeleton (11). Previous
studies demonstrated homozygous or compound heterozygous
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mutations that result in deletion of the α2 subunit or diverse
aggregation of laminin-211 lead to muscular dystrophy with
peripheral nerve defects like MDC1A or LGMD.

In this case, the heterozygous mutation was located in the
LG5 domain. We used SFIT, PolyPhen-2, and MutationTaster
to predict the impact of this mutation on protein structure
and function, showing that p.G2948S is a diseasing-causing and
protein-damaging mutation. The Western blot showed that the
expression of LAMA2 protein decreased in the ARVC group,
and the expression of LAMA2-interacting proteins (ITGB1,
β-DG) increased as a compensatory regulation. Using bulk
RNA-seq, it confirmed that DEGs in iPSC-CMs of the ARVC
group were abundant in signaling pathways of inflammation,
fibrosis, adipose, cell connection, and apoptosis. Thus, we
elucidated that p.G2948S of LAMA2 induced the change of
the LG5 domain and induce the compensatory expression of
ITGB1 and β-DG, and led to the activation of ARVC changes.
Moreover, the impaired binding function of the LG5 domain
would reshape the cytoskeleton, leading cardiac failure as a
major clinical concern. There are still some limitations in this
study. We did not perform the isogenic iPSC line based on
this patient. At the same time, the distribution of LAMA2 by
immunostaining of iPSC-CM had not been investigated, which
we would carry out further analysis in the following studies.

Conclusion

In summary, this is the first case report to describe an
ARVC phenotype with a LAMA2 mutation of c.8842G > A
(p.G2948S), which is located in the LG5 domain. In addition, the
first iPSC cell line has been established based on the proband.
Histological studies and bulk RNA-seq have demonstrated
a convinced association between LAMA2 c.8842C > A and
ARVC. Considering 35–50% of patients with a clinical diagnosis
of ARVC fail to address a particular disease-causing gene
mutation, this research expands the understanding of the
pathogenesis of ARVC. However, the molecular mechanism of
LAMA2 mutation inducing ARVC still requires further study.
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Immunoglobulin A vasculitis (IgAV) nephritis, also known as Henoch-Schönlein

purpura nephritis (HSPN), is a condition in which small blood vessel inflammation

andperivascular IgA deposition in the kidney causedby neutrophil activation,which

more often leads to chronic kidney disease and accounts for 1%–2% of children

with end-stage renal disease (ESRD). The treatment principles recommended by

the current management guidelines include general drug treatment, support

measures and prevention of sequelae, among which the therapeutic drugs

include corticosteroids, immunosuppressive agents and angiotensin system

inhibitors. However, the concentration range of immunosuppressive therapy is

narrow and the individualized difference is large, and the use of corticosteroids

does not seem to improve the persistent nephropathy and prognosis of children

with IgAV. Therefore, individualized maintenance treatment of the disease and

stable renal prognosis are still difficult problems. Genetic information helps to

predict drug response in advance. It has been proved that most gene

polymorphisms of cytochrome oxidase P450 and drug transporter can affect

drug efficacy and adverse reactions (ADR). Drug therapy based on genetics and

pharmacogenomics is beneficial to providing safer and more effective treatment

for children. Based on the pathogenesis of IgAV, this paper summarizes the current

therapeutic drugs, explores potential therapeutic drugs, and focuses on the

therapeutic significance of corticosteroids and immunosuppressants in children

with IgAVnephritis at the level of pharmacogenomics. In addition, the individualized

application of corticosteroids and immunosuppressants in children with different

genotypes was analyzed, in order to provide a more comprehensive reference for

the individualized treatment of IgAV nephritis in children.
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1 Introduction

Immunoglobulin A vasculitis (IgAV), previously known as

Henoch-Schönlein purpura, is the most common systemic vessel

vasculitis in children. It’s a kind of immune sediment dominated

by IgA and usually self-limiting, which often affects the skin

(which can touch purpura), gastrointestinal tract, lungs, joints,

nervous system, urinary system, and renal (Nicoara and

Twombley, 2019). The incidence of IgAV is about 3–27 cases

in every 100,000 children (Piram et al., 2017), and it can appear at

any age, with the highest incidence being about four to 6 years old

and 90% of cases happening under 10 years old (Oni and

Sampath, 2019). Males are slightly dominant (the ratio of men

to women is 1.5: 1), and the incidence tends to decrease with age

(Gardner-Medwin et al., 2002). The prognosis for IgAV in

children is generally reasonable. However, serious

complications can still occur, including renal involvement,

with IgAV nephritis progressing in the acute phase of IgAV

involving the kidneys, which can occur in 20%–80% of IgAV

cases (Ozen et al., 2019). Most children with IgAV nephritis are

slightly ill, exhibiting only hematuria or light proteinuria, and

likely to recover independently. However, the long-term

prognosis of patients with IgAV is determined by the severity

of renal involvement; a small percentage of patients develop

nephrotic syndrome or renal impairment that may progress to

renal failure or end-stage renal disease. Therefore, it is very

crucial for children and families to choose the most

appropriate therapeutic drugs based on a clear understanding

of the pathogenesis and clinical manifestations of IgAV nephritis.

The management of IgAV is still highly controversial, with few

international management guidelines and no consensus between

regions.

Currently, in addition to the widely recognized renin-

angiotensin system (RAS) inhibitors, drugs such as

corticosteroids (CS) and various immunosuppressive agents

are often recommended for IgAV nephritis in the presence of

proteinuria to stifle renal damage (Ozen et al., 2019). However,

the therapeutic range of immunosuppressive drugs is very

narrow, which suggests that immunosuppression can easily

fall between efficacy and toxicity (Casati et al., 2017). Since

the dosage and monitoring target concentrations of drugs

used to treat IgAV nephritis in children are inferred from

experience with adults, these drugs have not been sufficiently

validated for use in children and are prone to imprecise dosages,

which can adversely affect growth and development in children.

Genetics is and mayone of the most common factors

associated with drug response, and having genetic information

about patients can help predict drug response in advance. Due to

the narrow concentration range of immunosuppressive drug

therapy, pharmacogenomics is expected to be one of the most

promising tools in the field of immunosuppressive drug therapy.

It may help select appropriate drugs for children with IgAV

nephritis and individualize the dose (Collins and Varmus, 2015).

In this review, we compare the current major international

guidelines, summarize the current therapeutic use based on

the analysis of the mechanisms of IgAV occurrence and

explore potential therapeutic agents. We focus on the impact

of genetic polymorphisms of cytochrome oxidase P450, drug

transporters, and pharmacodynamic drug targets on hormones

and immunosuppressants, and analyze the individualized

application of hormones and immunosuppressants in children

with different genotypes in order to achieve precise drug use in

children with IgAV nephritis and provide a more comprehensive

reference for the individualized treatment of IgAV nephritis in

children. This review is dedicated to supplying some information

for future individualized treatment based on pharmacogenomics

and pharmacogenetics.

2 Immunoglobulin A vasculitis
nephritis

2.1 Pathogenesis of immunoglobulin A
vasculitis nephritis

IgAV nephritis is a typical acute glomerular inflammatory

disease caused by autolytic vasculitis. It is due to mesangial

proliferative changes caused by aberrant glycosylation of

IgA1 sedimentation in the glomerulus. At present, the precise

mechanism for this situation is unclear. Kiryluk et al. (2017)

proposed that crucial gene abnormalities may cause it in the

glycosylation pathway. Such aberrant glycosylation leads to the

exposure of residues in the IgA hinge region, which constitutes

antigens and triggers humoral autoimmune responses, and its

cycle immunity compound and immune deposition include

IgA1. Aberrant glycosylation may be associated with serum

galactose deficiency variation, which is seldom seen in normal

circulating IgA1 but is more frequently seen in IgAV people.

Specifically, transferrin receptors preferentially bind to galactose

deficient IgA1 in the renal and express it on its mesangial cells,

forming deposits through enhanced cell multiplication, cytokine

release, completement activation, induction of Pro cell-

extracellular matrices (ECM), ultimately leading to local renal

tissue inflammation (Oni and Sampath, 2019). Studies have

shown that the primary circulating sediment is a large (>19S)
circulating IgA1-o-sugar-containing immune complex (IgA-IC)

(Nicoara and Twombley, 2019). It is unclear whether these

circulating complexes and immune deposits are temporary

phenomena in the acute phase or even present in the

quiescent phase of the disease (Nicoara and Twombley, 2019;

Oni and Sampath, 2019).

In addition to IgA1 deposition, IgAV nephritis has also been

found to be correlated with immune factors, including immune

complexes, and its incidence is positively correlated with plasma

IgG and IgE levels and type 1 allergic reactions (Nicoara and

Twombley, 2019).
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2.2 Clinical manifestations of
immunoglobulin A vasculitis nephritis

IgAV is a vasculitis of small vessel leukocyte fragmentation;

compared with the clinical manifestations of adult IgAV

nephritis, children’s IgAV nephritis clinical manifestations are

different (Oni and Sampath, 2019). In 95% of patients, a skin rash

will have a symmetrical red spot or palpable purpura rash; most

start in the legs and hips and can extend to the arms and less

common trunk (Oni and Sampath, 2019). Facial involvement is

sporadic. With the exception of skin symptoms, the disease is

characterized by typical triad symptoms, namely, involving the

skeletal, muscle and kidney systems, rarely involving the

respiratory system, and very rarely involving the nervous

system. In the brachychronic phase, patients with

musculoskeletal involvement up to 70%–90%, manifested as

joint pain or arthritis. The incidence of arthritis is relatively

low, about 61%–64%; the most common involvement is lower

limb joints, which are likely to occur in the same area as rashes,

but joint symptoms are usually transient and do not cause long-

term abnormalities (Oni and Sampath, 2019). As many as 72% of

patients develop gastrointestinal symptoms, usually

gastrointestinal colic, which may precede skin manifestations

for several days or even a week. In severe cases, acute

gastrointestinal bleeding, such as melena, or severe and life-

threatening vomiting may be developed. However, asymptomatic

fecal occults are common (Oni and Sampath, 2019). Renal

involvement, called IgAV nephritis, is the most severe

manifestation of IgAV. About 20%–80% of children may be

involved in the renal, which is usually asymptomatic and requires

activity screening.

IgAV nephritis can be manifested as hematuria with or without

albumin urine, nephropathy and/or idiopathic nephrotic syndrome

under the microscope (and/or visible to the naked eye), and/or

purpura, colic, bloody stools, edema, and joint pain. In general, IgAV

nephritis is somewhat self-limited and may recover without

treatment. Children with mild IgAV nephritis have a good

prognosis but may develop permanent renal damage and

scarring if not diagnosed and treated early (Chan et al., 2016).

IgAV nephritis in children is generally restricted to abnormal urine,

but there are no clinical symptoms. At the same time, the blood

pressure and renal function of children are standard, making it

difficult to monitor and manage IgAV nephritis in children. Indeed,

the long-run risk of lasting renal dysfunction in patients with minor

urinary abnormalities is low but significantly higher in children with

nephrotic and/or nephrotic syndrome (Narchi, 2005). The risk of

developing chronic kidney disease in children with mild renal

involvement is only between 5 and 20 percent (Bogdanovic,

2009). Therefore, it is important for all children suspected of

IgAV to be actively examined for renal involvement during

diagnosis. At least 6–12 months of monitoring and follow-up are

required, even though the original blood pressure and urine test are

not abnormal.

Renal involvement needs to be evaluated by measuring blood

pressure, morning urine test, and glomerular filtration rate

(GFR) to evaluate the comprehensive renal function. Urine

analysis (morning urine samples) should confirm hematuria,

proteinuria, and/or proteinuria quantification and urine

protein: urine creatinine ratio (UP: UC ratio) (Foster and

Brogan, 2018). The calculation method of GFR in children is

different from that in adults. The simplest and most commonly

used method is the improved Schwartz formula to estimate the

renal function of children aged 1–17. The accuracy of calculation

and diagnostic accuracy of the formula has been verified, that is,

eGFR (ml/min/1.73 m2) = 36.2 × height (cm)/serum creatinine

(μmol/L). However, the formula is derived from GFR in children

15–75 ml/min/1.73 m2, and it may be invalid if GFR exceeds this

range (Bhowmick et al., 2022). The classical Schwartz formula

was used to estimate renal function in 0–12 months infants. The

GFR of low-birth-weight infants with a birth weight less than

2.5 kg was 29.1 × body length (cm)/serum creatinine (μmol/L),

and the GFR of full-term infants was 39.7 × body length (cm)/

serum creatinine (μmol/L). At the same time, renal biopsy should

be performed for histological classification based on GFR

impairment or severe or persistent proteinuria to more

accurately assess the severity of IgAV nephritis.

3 Genetic susceptibility to
immunoglobulin A vasculitis nephritis

Recent studies have confirmed that individuals with IgAV

nephritis have a strong genetic susceptibility. It is correlated with

human leukocyte antigen (HLA), especially in its type II region

(Gonzalez-Gay et al., 2018). Currently, genetic susceptibility to

IgAV nephritis is mainly studied in The European population. A

study of 349 patients with IgAV showed that Caucasian people

have associated with HLA type I alleles, especially HLA-B*41:02.

This study is inconsistent with the previous research (Lopez-

Mejias et al., 2015b), which was relevant to the HLA-DRB1*01

allele (Lopez-Mejias et al., 2015a). The claim that HLA Class II

regions constitute a significant susceptibility locus for IgAV has

been supported by the largest ever genetic study of IgAV patients

of European descent, which confirmed that the mapping of a link

disequilibrium region between HLA-dqa1 and HLA-dqb1 to the

intergenic region (IGR) of HLA class II was closely related to the

susceptibility of disease. The values of HLA-DRB1*13 and HLA-

DRB1*11 were very high; weak correlation with HLA class I

regions and latent signals other than HLA were found (Lopez-

Mejias et al., 2017).

Other studies have also shown that susceptibility to IgAV

nephritis is associated with genetic polymorphisms outside the

HLA region, containing genetic polymorphisms that regulate

vascular homeostasis, new angiogenesis, and gene

polymorphisms that encode aberrant glycosylation of

IgA1(Lopez-Mejias et al., 2018). It was also confirmed that
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T cells, pro-inflammatory cytokines, or homocysteine

metabolism might be related to the susceptibility to IgAV and

the universality of IgAV (Lopez-Mejias et al., 2018). Another

study evaluated the relevance of cytokines and immune globulin

with glomerulonephritis in IgAV children and observed

IgA1 levels in serum galactose deficiency and IgA, IgG, IgM,

IL-6, IL-8, and IL-10 complex levels in urine were predictors of

glomerulonephritis in IgAV children (Berthelot et al., 2018).

4 Drug therapy for immunoglobulin A
vasculitis nephritis in children

4.1 Renin-angiotensin system blockers

It has been shown that blocking the RAS is beneficial to renal

function (Selvaskandan et al., 2019). Regardless of whether

prednisolone or other immunosuppressants are used in

treatment, the panel recommended that angiotensin-

converting enzyme inhibitors (ACEI) or angiotensin II

receptor blockers (ARBs) for IgAV in children with

continuous proteinuria (>3 months) and renal involvement to

prevent or restrict subsequent glomerular injury (Coppo et al.,

2007). Also, the Kidney Disease Improving Global Outcomes

(KDIGO) group approved RAS blockers for treating persistent

proteinuria, and the KDIGO guidelines (Rovin et al., 2021)

recommend that children with persistent proteinuria with

IgAV nephritis (defined as > 0.5–1 g/d/1.73 m2) should be

treated with ACEI or ARBs.

The efficacy of RAS blockers on IgAV cannot be clearly

demonstrated. Still, clinical studies suggest that RAS blocker use

has a favorable impact on the nephritic outcomes of patients with

IgAV. In a recent study (Nagai et al., 2022), proteinuria was

resolved in cases of moderate-to-severe IgAV nephritis with RAS

inhibitors as the initial treatment regimen, regardless of relapse.

Irrespective of the status of pathological findings in children

diagnosed with IgAV, RAS inhibitor therapy at an early stage has

shown excellent results and beneficial effects on renal outcomes

(Kurt-Sukur et al., 2021; Nagai et al., 2022). This suggests that

timely assessment of patients’ clinical and pathologic outcomes

prior to therapeutic intervention and early introduction of RAS

inhibitors as a treatment strategy for IgAV nephritis is

exceptionally beneficial. Some guidelines recommend that in

the absence of crescentic nephritis (>50% of crescents) with

worsening renal function and nephrotic syndrome, treatment

with only ACEI or ARBs alone may be used initially for

3–6 months (Radhakrishnan and Cattran, 2012). Other

experts, however, believe this approach may leave acute and

potentially aggressive glomerulonephritis undetermined or its

immunosuppressive management deferred for months, leading

to undertreatment (Davin and Coppo, 2013). Relapse is more

likely with RAS blockers alone, especially when the patient has

global/segmental sclerosis or tubular atrophy/interstitial fibrosis

(Nagai et al., 2022). Therefore, RAS blockers combined with

other therapies such as CS and immunosuppressive agents can be

considered in more complex cases.

4.2 Corticosteroids

The potent anti-inflammatory effect of CS can inhibit the

rapid deterioration of renal pathology in the IgAV patients’

population to a certain extent, especially in diminishing

urinary protein and postponing the renal function decline. In

patients’ serum, CS can reduce the aberrant o-glycosylation of

IgA1, thereby reducing the latter’s deposition in the glomerular

capillary wall and mesangial. The guideline of 2012 KDIGO

recommended that patients with persistent proteinuria be treated

with CS for 6 months after using ACEI or ARBs (KDIGO, 2012).

In the latest guidelines of KDIGO in 2021, oral prednisone/

prednisone or pulsed intravenous (IV) methylprednisolone (MP)

were recommended for the treatment of patients with mild and

moderate IgAV nephritis (Rovin et al., 2021). Recommendations

for CS use in China are basically consistent with the

2012 KDIGO. For children with severe clinical symptoms,

diffuse renal pathological changes, or with > 50% crescent

formation, methylprednisolone can be used for shock therapy

in addition to oral CS (see Table 1 for the severity of the

condition) (Subspecialty Group of Renal Diseases and Chinese

Medical Association, 2017). The SHARE (Single Hub and Access

Point for Paediatric Rheumatology in Europe) initiative issued

first the international evidence-based recommendation on

treating IgAV in children, and CS application in children with

kidney injury was made more evident (Ozen et al., 2019). Oral or

IV CS runs through severe, moderate, and even mild IgAV

nephritis treatment, with a 10–30 mg/kg recommended dosage

of pulsed MP. Patients can use it for 3 days, up to 1 g daily.

Subsequently, in the latest evidence-based consensus in Egypt,

oral prednisolone or pulsed MP is recommended for mild,

moderate, and severe nephritis (see Table 1: Comparison of

guidelines for the severity of the condition) (Abu-Zaid et al.,

2021). The publication of these guidelines and consensus has

given the international community a clearer understanding of the

treatment of IgAV in children. However, there are still many

problems here.

Significantly, long-term CS administration can induce the

inhibition of growth and development, osteoporosis, diabetes,

adrenal inhibition, and Cushing syndrome (Caplan et al., 2017;

Adami and Saag, 2019; Tan et al., 2019). More importantly, a

considerable number of patients in the clinical use of CS will not

respond or show increased disease, CS resistance phenomenon,

which may be related to pharmacogenomics. Pharmacogenomics

of CS has been extensively studied in many conditions. Related

studies have shown that the key reasons for the individualized

diversity of CS in humans are single nucleotide polymorphisms

(SNPs) of nuclear receptor subfamily 3 group C member 1
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TABLE 1 Comparison of guidelines.

Guideline Severity of IgAV
nephritis and definition

Treatment recommendations

Evidence-based guideline for diagnosis and treatment
of Henoch-Schönlein purpura nephritis (2016)
Subspecialty Group of Renal Diseases and Chinese
Medical Association (2017)

Isolated hematuria or pathological grade I (slight
glomerular abnormality).

Only complementary treatment for HSP.

Isolated microalbuminuria or combined with
microscopic hematuria or pathological grade Ⅱ a (focal
segmental simple mesangial hyperplasia).

ACEI or ARBs can be routinely used.

Non-nephropathic proteinuria or pathological grade II
b (diffuse simple mesangial hyperplasia), grade III a
(focal segmental mesangial hyperplasia, with < 50%
glomerular crescent formation/segmental lesions).

CS for 6 months.

Nephropathy level proteinuria, nephrotic syndrome,
acute nephritis syndrome or pathological grade III b
(diffuse mesangial hyperplasia, with < 50% crescent
formation/segmental glomerular lesions), grade IV
(lesions the same as grade III, 50%–75% glomeruli with
the above lesions).

Available regimens:

1. CS combined with CYC pulse therapy: prednisone
1.5–2 mg/kg/d, oral administration for 4 weeks, and then
oral administration every other day for 4 weeks, followed
by IV pulse therapy with CYC based on CS. CYC
accumulation ≤ 168 mg/kg.

2. CS combined with CyA: CyA was taken orally four
times at 6 mg/kg/d every 12 h. The serum concentration
was measured 1–2 weeks after administration, and the
trough concentration was maintained at 100–200 μg/L.
The induction period was 3 μg/L for 6 months.

3. CS combined with MMF: MMF 20–30 mg/kg/d was
taken orally twice and gradually decreased after
3–6 months. The complete course of treatment was
12–24 months.

4. CS combined with AZA: AZA 2 mg/kg/d, the general
course of treatment was 8 months to 1 year.

Acute nephritis or pathological grade V (lesions the
same as grade III, > 75% of glomeruli with the above
lesions), grade VI (mesangial proliferative
glomerulonephritis).

A combination of 3–4 drugs:

1. Prednisone + CYC (or other immunosuppressants) +
heparin + dipyridamole were taken orally after
1–2 courses of MP pulse therapy.

2. MP combined with urokinase shock therapy + oral
prednisone + CYC + heparin + dipyridamole.

European consensus-based recommendations for
diagnosis and treatment of immunoglobulin A
vasculitis—the SHARE initiative Ozen et al. (2019)

Mild IgAV nephritis: normal GFR (>80 ml/min/
1.73 m2) and mild proteinuria (UP: UC ratio < 100 mg/
mmol) or moderate proteinuria (UP: UC ratio
100–250 mg/mmol).

1st line: oral prednisolone.

2nd line: AZA, MMF, pulsed MP.

UP: UC is tested in an early morning urine sample. ACEI can be considered a preventive drug for (persistent)
albuminuria.

Moderate IgAV nephritis: < 50% crescents on renal
biopsy and GFR damage (<80 ml/min/1.73 m2) or
severe persistent proteinuria (>250 mg/mmol for
4 weeks).

1st line: oral prednisolone (1–2 mg/kg/d) or pulsed MP
(10–30 mg/kg, up to 1 g/d for 3 days).

2nd line: AZA, MMF, IV CYC.

Oral CyA or CYC is not routinely indicated.

Severe IgAV nephritis: > 50% crescents on renal biopsy
and GFR damage or severe persistent proteinuria. (The
definition is the same as the corresponding in Moderate
IgAV nephritis.)

1st line: High-dose CS and IV CYC as induced therapy.

2nd line: Low-dose CS + AZA/MMF as maintenance
therapy.

Executive summary of the KDIGO 2021 guideline for
the management of glomerular diseases Rovin et al.
(2021)

Persistent proteinuria (>0.5–1 g/d/1.73 m2) for more
than 3 months.

ACEI or ARBs (the combination of these two drugs is not
recommended).

Glucocorticoids are not recommended to prevent
nephritis in patients with isolated extrarenal IgAV.

Mild or Moderate nephritis Oral prednisone/prednisolone or pulsed MP.

Nephrotic syndrome or rapid deterioration of renal
function

CYC + glucocorticoids (usually as pulsed MP).

1st line: oral prednisolone.

(Continued on following page)
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(NR3C1), corticotropin-releasing hormone receptor 1 (CRHR1),

glucocorticoid-induced transcript 1 gene (GLCC1), stress-

induced phosphoprotein 1 (STIP1), histone deacetylase

(HDAC), ATP-binding cassette transporter (ABC), and

plasminogen activator inhibitor-1 (PAI-1). We also

summarized the impact of intermediate target mutations on

drug outcomes in Supplementary Table S1.

Glucocorticoid is a kind of CS classification, and NR3C1 is a

gene that codes glucocorticoid receptor (GR). NR3C1 mutations

can reduce the transcriptional activity of genes or even lose the

activity of protein expression products, affecting GR’s formation

and then impacting GR’s response to CS, resulting in CS

resistance. Many studies have shown that NR3C1 is closely

related to CS resistance in nephrotic syndrome (Ye et al.,

2003; Liu et al., 2018; Parvin et al., 2021). These SNPs sites

that mainly affect the sensitivity of GR include Tth111I, BclI,

ER22/23EK, and N363S (Panek et al., 2015; Cheng et al., 2016).

CRHR1 is the key factor that mediates corticotropin-

releasing hormone (CRH) to stimulate adrenocorticotropic

hormone (ATCH) to secrete CS, which is indispensable in the

secretion of human CS. If the CRHR1 gene is mutated, it can

reduce or lose the gene’s function and inhibit the increased

secretion of CS stimulated by inflammation by decreasing the

secretion of ACTH. Therefore, the genetic variation of

CRHR1 may be the most useful marker to identify the

deficiency of endogenous CS and respond better to exogenous

CS. Based on this theory, studies have shown that CRHR1 gene

variants (including rs739645, rs1876831, rs1876829, and

rs1876828) can enhance the efficacy of CS in asthma (Mougey

et al., 2013).

Moreover, a variety of GLCCI1 mutated alleles are mainly

associated with the efficacy of CS (Tantisira et al., 2011; Izuhara

et al., 2014). Current studies have focused on asthma, where

GLCCI1 gene variability is related to a noticeable decline in

response to inhaled glucocorticoids in asthmatic patients

(Tantisira et al., 2011). Current studies have focused on

asthma, where GLCCI1 gene variability is related to a

noticeable decline in response to inhaled glucocorticoids in

asthmatic patients (Cheong et al., 2012). Whether this applies

equally to IgA vasculitis is unknown.

STIP1 is a coordinated GR receptor chaperone protein that

participates in CS binding and activating of intracellular GR

complex and plays an anti-inflammatory role. STIP1 gene

variation may regulate the CS response of asthma patients

with impaired pulmonary function (Hawkins et al., 2009).

Furthermore, HDAC is related to the activation mechanism of

CS. The recruitment of HDAC2 is an essential step in the process

of CS inhibiting inflammatory genes. In some diseases, the

activity of HDAC2 is low, resulting in a weak answer to

glucocorticoids (Barnes et al., 2004). Therefore, HDAC2 may

become the target medium for predicting CS reactions in the

future.

In addition, in idiopathic nephrotic syndrome pediatric, the

1236C > T polymorphism, one of the ABCB1 (belonging to ABC)

gene mutations, may be associated with CS resistance, and the T

allele and TT genotype may be closely associated with resistance

TABLE 1 (Continued) Comparison of guidelines.

Guideline Severity of IgAV
nephritis and definition

Treatment recommendations

Consensus evidence-based recommendations for
treat-to-target management of immunoglobulin A
vasculitis Abu-Zaid et al. (2021)

Mild nephritis: normal eGFR (>90 ml/min) and mild or
moderate proteinuria, microscopic hematuria.

2nd line: AZA, MMF, pulsed MP (drug-resistant cases
with no response).

Moderate nephritis: < 50% crescents on renal biopsy
and eGFR damage (60–89 ml/min/1.73 m2) or severe
persistent proteinuria.

1st line: oral prednisolone and/or pulsed MP.

2nd line: AZA, MMF, IV CYC.

Severe nephritis: > 50% crescents on renal biopsy and
eGFR damage (<60 ml/min) or severe persistent
proteinuria.

1st line: IV CYC + pulsed MP and oral prednisolone for
6–9 months as induction therapy.

2nd line: AZA/MMF + CS as maintenance therapy.

Persistent proteinuria (UP: UC ratio > 250 mg/mmol
for 4 weeks or UP: UC ratio > 100 mg/mmol for
3 months or UP: UC ratio > 50 mg/mmol for
6 months), drug-resistant cases, incurable or recurrent
IgAV.

1. Children with persistent proteinuria (0.5–1.0 g/d)
should be treated with ACEI or ARBs.

2. After ACEI or ARBs tests, children with persistent
proteinuria > 1 g/d and GFR > 50 ml/min/1.73 m2 should
be treated with CS for 6 months (oral administration of
0.5 mg/kg prednisone or 0.8–1 mg/kg prednisone every
other day for 2 months, followed by a monthly decrease of
0.2 mg/kg/d in the next 4 months).

3. Plasmapheresis and IV immunoglobulin can be used in
drug-resistant cases.

4. Rituximab is recommended as replacement therapy for
recurrent or incurable IgAV.

IgAV, IgA vasculitis; HSP, Henoch-Schönlein purpura; ACEI, angiotensin-converting enzyme inhibitors; ARBs, angiotensin II, receptor blockers; CS, corticosteroids; CYC,

cyclophosphamide; IV, intravenous; CyA, cyclosporine A; MMF, mycophenolate mofetil; AZA, azathioprine; MP, methylprednisolone; GFR, glomerular filtration rate; UP, UC; urine

protein, urine creatinine ratio; eGFR, estimated glomerular filtration rate.
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and may require other therapeutic strategies (Safan et al., 2017).

Here, we highlight the genetic polymorphisms associated with

CS-induced osteonecrosis of the femoral head (ONFH), an

essential gene for which several meta-analyses have shown its

mutant phenotype (3435C > T) is a protective gene for CS-

induced ONFH (Zhang et al., 2017; Chen et al., 2018; Lee et al.,

2022). In other words, the T allele can significantly reduce the

risk of CS-induced ONFH compared to the C allele. However, in

a meta-analysis in 2015, ABCB1 rs1045642, the mutant

phenotype (3435C > T), was an increased risk factor for the

development of ONFH in women under the allele model. Still,

this association was not found under the dominant model (Zhou

et al., 2015). Another gene known to be associated with CS-

induced ONFH is PAI-1. The well-studied mutant PAI-1 4G/5G

(rs1799889) increases the risk of CS-induced ONFH

development (Sobhan et al., 2018). A recent meta-analysis

concluded that patients with 5G were at a lower risk than

those with 4G during CS-induced ONFH development (Lee

et al., 2022). Further studies are yet to be done in the future.

4.3 Immunosuppressants

4.3.1 Cyclophosphamide
Cyclophosphamide (CYC) can inhibit the function of T cells

and B cells and then reduce or prevent abnormal immune

complexes sludging in glomeruli (Kanigicherla et al., 2018).

CYC is one of the immunosuppressants with high-quality

evidence and has been widely recognized by scholars at home

and abroad for treating IgAV nephritis. As the only

immunosuppressant recommended by KDIGO in 2012, CYC

combined with CS can be used in children with crescentic IgAV

nephritis complicated with nephrotic syndrome and/or renal

function deterioration (KDIGO, 2012). Fortunately, with the

continuous development of relevant research, the guidelines

and consensus on using CYC recommendations are also more

positive. The latest KDIGO guideline published in 2021 suggests

that CYC should be used for IgAV nephritis with nephrotic

syndrome or rapid deterioration of renal function (Rovin et al.,

2021). IV CYC can be taken into account as second-line therapy

for moderate IgAV nephritis and induction therapy

(6–9 months) for severe IgAV nephritis (Ozen et al., 2019;

Abu-Zaid et al., 2021), and second-line therapy for mild IgAV

nephritis (Ozen et al., 2019). Considering the adverse reactions

(ADR) of CYC, sequential maintenance therapy with other

immunosuppressants after induction therapy is recommended.

It is worth mentioning that the guidelines do not recommend

oral CYC therapy because of insufficient evidence.

Although using CYC in IgAV nephritis has beenmore widely

recognized and recommended, it varies significantly among

individuals. The exposure of metabolites in vivo can be ten

times different when ordinary people take the same amount

of CYC (de Jonge et al., 2005). Moreover, the drug is prone to

hemorrhagic cystitis, ovarian toxicity, leukopenia, male semen

toxicity, and other ADR (Chong et al., 1983; Koetter, 2009; Rocha

et al., 2009; Sharma et al., 2020). CYC is an inactive prodrug that

needs to be metabolized into active 4-hydroxycyclophosphamide

(4-OHCPA) through CYP2B6, 2C9, 2C19, and 3A4 in vivo (Roy

et al., 1999), and then glutathione S-transferase (GST) will

inactivate the latter. Besides, multidrug resistance-associated

proteins (MRPs, such as MRP1 and MRP4) and ALDHs play

an essential role in CYC transport and metabolism.

There are many types of CYP2B6 genemutations, and studies

have shown that many kinds of SNPs are related to their efficacy

and safety. In terms of the coding region, CYP2B6*2 (c.64C > T)

and CYP2B6*4 (c.785A > G) mutations increased enzyme

activity, which significantly increased the risk of ADR

(hemorrhagic cystitis and oral mucositis, respectively) for

people with these allele mutations (Rocha et al., 2009). In

contrast, CYP2B6*5 (c.1459C > T) mutation led to a decline

in enzymatic activity and prominently increased the risk of

reduced efficacy (Takada et al., 2004; Uppugunduri et al.,

2014). Also, similar results have been obtained in breast

cancer group patients treated with CYC, with CYP2B6*2, *4,

*8, and *9 alleles related to poor clinical outcomes (Bray et al.,

2010). Interestingly, the same CYP2B6 (c.516G > T) can increase

or decrease enzyme activity in different researches (Xie et al.,

2006; Joy et al., 2012), showing contradictory results. The

conflicting results may be related to the diseases studied, the

research methods, the mode of administration, the medication

timing, and the medicine combination. Except for the coding

region, a study in Japan found that CYP2B6 (g.−2320T > C,

g.18492T > C, and g.−750T > C) in the non-coding region was

also significantly associated with ADR (including leukopenia) of

CYC (Nakajima et al., 2007).

The metabolism of CYC in CYP2C19 is less than that in

CYP2B6, and it has a more negligible effect on the activation of

CYC. CYP2C19*2 can induce a deficit of enzyme activity, which

reduces the activation level of CYC and the risk of ADR (ovarian

toxicity) (Singh et al., 2007; Tatarunas et al., 2014). Whereas, if

the dose of CYC exceeds 1 g/m2, the mutation does not affect the

metabolic level of CYC (Timm et al., 2005). It is speculated that

the reason may be that the offset of CYP2B6 induced by CYC

itself even exceeds the loss of enzyme activity caused by

CYP2C19*2 (Martin et al., 2003). Oppositely, homozygous

individuals carrying CYP2C19*1/*1 show an increased risk of

ovarian toxicity (Ngamjanyaporn et al., 2011).

CYP2C9 and CYP3A4 play fewer roles in CYC activation.

CYP2C9*2 (c.430C > T) and *3 (c.1075A > C) may increase the

risk of leukopenia, but, interestingly, they may have a preferable

effect on the therapeutic regimen (Schirmer et al., 2016). A better

therapeutic response may be since the higher 4-hydroxylase

activity of wild-type proteins than those encoded by

CYP2C9*2 and *3, and the lower activity leads to slower

activation of its intermediates by prodrug CYC (Timm et al.,

2005). Notably, the formation of chloroacetaldehyde, a toxic
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metabolite of CYC, can be significantly reduced in combination

with CYP3A4 inhibitors such as triptolide and ketoconazole,

reducing the risk of nephrotoxicity and neurotoxicity (Zhang X.

F. et al., 2014; Yang et al., 2018). This drug interaction seems to be

beneficial to children.

Glutathione S-transferase (GST) is a phase II metabolic

enzyme that can inactivate CYC and its intermediate

metabolites, including GSTA1, GSTP1, GSTT1, and GSTM1.

In a recent study on the mutation of GSTA1, it was found that

compared with wild-type and heterozygous carriers carrying

GSTA1 (−69C > T, rs3957356) T allele, patients with a

homozygous mutation of GSTA1 (−69C > T, rs3957356) T

allele were prone to unresponsiveness to CYC and more likely

to be toxic (Attia et al., 2021). Increased risk of severe leukopenia

was found in GSTA1*B carriers (Afsar et al., 2012). Compared

with wild-type GSTM1 allele, only defective GSTM1 alleles are

associated with more ADR (Hajdinak et al., 2020). Inversely, the

GSTP1 I105V allele can reduce the enzyme activity, and the

response rate of mutant individuals to CYC treatment is

significantly higher. In addition, some studies have found that

a mutation in ABCC4 (rs9561778) encoding MRP4 is

significantly correlated with CYC-induced ADR

(gastrointestinal toxicity and leukopenia/neutropenia) (Low

et al., 2009).

4.3.2 Mycophenolate mofetil and azathioprine
Mycophenolate mofetil (MMF) and azathioprine (AZA) are

often regarded as immunosuppressants of the same

recommended level in IgAV glomerulonephritis, and both are

prodrugs. In vivo, a vital substance first converted from MMF is

Mycophenolic acid (MPA). The MPA can downregulate the

activity of inosine monophosphate dehydrogenase (IMPDH)

in the critical pathway of purine synthesis, blocking the T and

B lymphocytes proliferation and differentiation, thus effectively

inhibiting the renal damage caused by abnormal immune

reactions (Allison and Eugui, 2000). After entering our body,

AZA is activated into cytotoxic thioguanine nucleotides. The

latter can alleviate inflammation by restraining DNA replication

and arresting CD28 co-stimulatory signals but will be inactivated

by thiopurine methyltransferase (TPMT).

Compared with the 2012 KDIGO guidelines, the

recommendations of immunosuppressants such as CYC,

MMF, and AZA were more positive by subsequent evidence-

based consensus or guidelines. In China, experts support CS

combined with immunosuppressants in treating severe IgAV

nephritis in children (Subspecialty Group of Renal Diseases and

Chinese Medical Association, 2017). The recommended usage of

MMF/AZA combined with CS was as follows: MMF

20–30 mg/kg/d, oral twice, gradually reduced after

3–6 months, and the entire course of treatment was

12–24 months, or the dose of AZA is 2 mg/kg/d for 8 months

to 1 year. AZA and MMF can be taken into account as second-

line therapy for mild IgAV nephritis and the first-line or second-

line therapy for moderate patients. Considering the ADR of CYC,

it is suggested that MMF or AZA should be the maintenance

therapy after CYC induction treatment for the severe IgAV

nephritis group (Ozen et al., 2019; Abu-Zaid et al., 2021).

Besides CYC, KDIGO was skeptical about

immunosuppressants, so no other immunosuppressants were

recommended. The SHARE initiative and the consensus of

Egyptian experts agreed that effective immunosuppressants

could prevent/minimize the risk of renal kidney disease or

renal failure, especially in rapidly progressive acute vasculitis

(Ozen et al., 2019; Abu-Zaid et al., 2021), so the recommended

intensity of immunosuppressants was also stronger. However, for

MMF or AZA, which is more suitable for priority

recommendation, there is a lack of corresponding research,

and high-quality evidence is needed to distinguish the

advantages and disadvantages.

MPA has biological activity as an intermediate from MMF

and can inhibit IMPDH. It is catalyzed and transformed by

uridine diphosphate glucuronosyltransferase (UGT). Most MPA

is transformed by UGT1A9 into 7-O-MPA-glucuronide (7-O-

MPAG) without activity, and a small part of MPA is transformed

into Acyl-MPA-glucuronide (AcMPAG) by UGT2B7 (Picard

et al., 2005). Remarkably, MPAG has the characteristic of the

enterohepatic circulation process. Part of MPAG can be secreted

into the bile and then converted into MPA in the intestine, which

enters the body again after entering the blood through the portal

vein. The transporters involved include organic anion

transporting polypeptide (OATP) and multidrug-resistant

protein-2 (MRP2) (Barraclough et al., 2010). In conclusion,

IMPDH involved in the pharmacodynamics of MMF, UGT

involved in metabolism, and OATP and MRP2 engaged in the

transport process are related to the individual differences of

MMF in patients.

It is reported that IMPDH can be divided into IMPDH type I

and type II (Natsumeda et al., 1990). A study on renal transplant

patients demonstrated that a mutation of IMPDH type II

(3757T > C, rs11706052) was related to improving IMPDH

bioactivity, which explained 8.0% of the patient-to-patient

variance of IMPDH bioactivity (Sombogaard et al., 2009). The

increase in IMPDH bioactivity is detrimental to MPA

immunosuppression. Furthermore, studies have shown that

IMPDH type I (rs2278293 and rs2278294) is related to a

decrease in acute rejection 1 year after renal transplantation

(Keown et al., 1996). Paradoxically, in an extensive research

on 1,040 renal transplant patients, the results suggested that the

above three IMPDH variants had no significant effect on acute

rejection, MMF tolerance dose, 1-year allograft function, and 5-

year allograft survival (Shah et al., 2012). The researchers believe

that the main reason for the difference in the results may be

longer follow-up (5 years) and a larger population cohort

(1,040 patients) than in previous studies. Besides, they also

found that patients carrying IMPDH type I (rs2278294)

mutant A allele had a remarkable difference in the 2-year
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graft survival rate compared with other genotypes but was not

proved at 5 years. It is the above research that demonstrated the

essentiality of long-term follow-up. Of course, the differences in

medical level and ethnicity between studies also contribute to

differences in the results. Therefore, the current research results

do not support the prior detection of IMPDH allele

polymorphism in renal transplant recipients, let alone children

with IgAV nephritis.

Among the mutants of UGT, UGT1A9 is the most studied.

UGT1A9 is one of the most studied UGT variants. Firstly, the

decrease in MPA exposure was found in the renal transplant

population carrying the UGT1A9 (−2152C > T, rs17868320)

or UGT1A9 (−275T > A, rs6714486) mutation genes located

in the gene promoter region (Kuypers et al., 2005; Mazidi

et al., 2013), which may be due to the blocking of the intestinal

and liver circulation process of MPAG. Secondly, several

studies have shown that in the same region of the gene

coding UGT1A9, the other two SNPs (−440C > T

and −331T > C) significantly impact the in vivo metabolic

process of MPA in patients with renal transplantation

(Baldelli et al., 2007; Levesque et al., 2008). However, the

subjects are also renal transplant recipients. In a new Chinese

renal transplantation study, researchers have not found that

various SNPs of UGT1A9 are related to the pharmacokinetics

of MPA or MPAG (Yang et al., 2021). This difference remains

to be discussed. The sample size is too small, there are

differences in the combination of drugs, and even the

sampling methods may affect the study results. The

polymorphisms of UGT1A1, UGT1A7, and UGT1A8, and

the polymorphisms of MMF transporters including OATP,

MRP2, ABCC2, and SLCO, all contribute to the individualized

differences of MMF. Still, the evidence quality of clinical

studies is not high enough to influence clinical decision-

making.

AZA is prone to myelosuppression, mainly caused by

excessive induction of thioguanine nucleotides, an

intermediate metabolite. The prevailing view is that the

TPMT alleles are critical in this step because mutations in

the TPMT gene result in reduced or absent enzyme activity,

causing a considerable accumulation of approximately 90% of

thioguanine nucleotides that cannot be converted. Compared

with adults, the TPMT activity of children is almost the same

as that of adults (Schaeffeler et al., 2004). Although 40 variants

of the TPMT allele (Appell et al., 2013) have been identified,

more than 90% of the decrease in enzyme activity is mainly

associated with TPMT*2 (c.238G > C), *3A (c.460G > A,

c.719A > G), *3B (c.460G > A) and *3C (c.719A > G)

polymorphisms. Patients with homozygous TPMT

mutations had low TPMT activity. In contrast, patients

with heterozygous TPMT mutations had moderate TPMT

activity, and those without mutations had high TPMT

activity. TPMT has good genotypic and phenotypic

consistency (inconsistencies may be due to blood

transfusion since TPMT is measured in red blood cells)

(Yates et al., 1997). Myelosuppression is more prone in

patients with low and moderate TPMT activity than in

those with high TPMT activity. Nevertheless, the latter

population needs more doses to resist rapid intermediate

metabolite inactivation (Yates et al., 1997). Studies have

shown that TPMT genotyping and dose adjustment before

using AZA can reduce the incidence of ADR in intermediate

metabolites to a level similar to normal metabolism in the

Spanish population (Casajus et al., 2022).

Furthermore, mutations in the nucleoside diphosphate-

linked moiety X-type motif 15 (NUDT15) gene have been

reported as a more predictive predictor of AZA-induced

leukocytopenia in Asian patients than TPMT. The low

frequency of TPMT mutations in Asian populations may

make NUDT15 more dominant in the use of AZA. A meta-

analysis found that NUDT15*2 and *3 were critical genetic

markers of early myelotoxicity elicited by thiopurine drugs

(including AZA) in Asians (Khaeso et al., 2021). The

NUDT15*3 mutant is a predictive factor for AZA-elicited

myelosuppression in Chinese, so it has been suggested that

patients carrying homozygous NUDT15*3 should avoid using

AZA (Chen et al., 2021; Miao et al., 2021). Compared with

TPMT, NUDT15 variant genotyping has higher accuracy in

predicting AZA-induced leukopenia in the Indian population

and can be used to optimize azathioprine dose (Banerjee et al.,

2020).

In addition to the gene polymorphisms of TPMT and

NUDT15, the allelic variation of inosine triphosphate

pyrophosphatase (ITPA) during AZA metabolism also

affects ADR. Most mutations in ITPA genes lead to a

decrease in the bioactivity of ITPA, and the primary

mutations are ITPA (c.94C > A, IVS2 + 21A > C, c.138G >
A, IVS3+101G > A), in which c.94C > A pure and mutation

almost inactivate the enzyme (Marsh et al., 2004; Simone et al.,

2013). Low ITPA activity increases the risk of

granulocytopenia, liver damage, or influenza-like

symptoms, rash, fever, nausea, and vomiting (Simone et al.,

2013; Wang et al., 2014). Nevertheless, a trial of about

550 adults with inflammatory bowel disease (IBD) showed

that the ITPA allele has nothing to do with treatment-related

ADR (Steponaitiene et al., 2016). Whether this is related to the

sample size needs more research to prove the hypothesis.

4.3.3 Cyclosporin A
Cyclosporin A (CyA) has rich application experience in

various immune diseases and organ transplantation as a

calcineurin inhibitor, but few studies have been conducted

in children with IgAV nephritis. Koskela et al. (2019) studied

42 children with IgAV nephritis who used the MP and

20 children who used CyA and found that the long-term

efficacy of the two groups was better. In the study, 5 years

later, 38% of patients receiving MP treatment and 10% of

Frontiers in Pharmacology frontiersin.org09

Yang et al. 10.3389/fphar.2022.956397

24

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.956397


patients receiving CyA treatment needed additional

immunosuppressive therapy because of their condition.

Therefore, Koskela et al. (2019) believed that these

children with poor responses to MP maybe require long-

term CyA therapy to inhibit the progression of IgAV

nephritis. Jauhola et al. (2011) also followed up

24 children with severe IgAV for an average of 6 years

and found that CyA treatment achieved the goal of

complete remission of proteinuria faster than the MP

group, while 6 of 13 MP patients needed additional

immunosuppressive therapy, one of them had ESRD and

received renal transplantation. This study suggests that CyA

is more effective and safer than MP in treating severe IgAV.

Studies have also shown that CyA may be effective in patients

with CS resistance (Ohara et al., 2013). However, CyA

treatment is easy to develop into CyA-dependent nephritis

(Ronkainen et al., 2003; Park et al., 2011). Moreover, most

researches have few cases and insufficient evidence, so the

guidelines pointed out that CyA cannot be routinely

recommended for moderate IgAV nephritis patients.

However, CyA should be considered in patients with CS

resistance or other immunosuppressants that are ineffective

and relapsed.

The ADR of CyA includes hepatorenal toxicity,

hypertension, neurotoxicity, gastrointestinal symptoms, and

hairiness (Phan et al., 2021), especially hepatorenal toxicity

showing a significant dose-effect relationship. CyA is

biotransformed mainly by CYP3A4 and CYP3A5 into primary

metabolites, including AM1, AM9, and AM4N, and then into

secondary and tertiary metabolites AM1c, AM19, and AM1c9

(Lensmeyer et al., 1988; Christians et al., 1991a; Christians et al.,

1991b). CyA principally relies on CYP3A4 metabolism in vivo,

while a similar drug, Tacrolimus (TAC), is mainly metabolized

by CYP3A5. Compared with CYP3A5, which mainly plays a role

in the kidney, CYP3A4 metabolizes most CyA in the liver, and its

variant CYP3A4*22 (c.522-191C > T, rs35599367) was related to

the decline of enzyme bioactivity expressed in the liver, which is

also related to individual clearance declining and renal toxicity

(Elens et al., 2011; Wang and Sadee, 2016), such as worse

creatinine clearance rate. As for CYP3A5, it is generally

believed that carrying wild-type CYP3A5*1 allele (including

homozygous and heterozygous) is considered

CYP3A5 expression type, while CYP3A5*3 and *6 are

considered to be CYP3A5 low expression or non-expression

type due to incorrect mRNA splicing (Kuehl et al., 2001; Lin

et al., 2002). Zheng et al. (2013) observed that individuals with

CYP3A5 expression type (including homozygous and

heterozygous) showed an enhanced formation of secondary

metabolites AM19 and AM1c9, which may augment the risk

of nephrotoxicity (Dai et al., 2004; Zheng et al., 2013).

Except for CYP3A4 and 3A5, P-gp and P450 oxidoreductase

genes (POR) also have affected the pharmacokinetics (PK) of

CyA. As one of the sensitive substrates of P-gp, the bioavailability

of CyA is low. P-gp, a member of the ABCmembrane transporter

family (including ABCC2 and ABCG2), is a product of human

multidrug resistance gene 1 (MDR1). It has been discovered that

adults carrying the POR*28 allele require more CsA dose

(Cvetkovic et al., 2017), while ABCC2 (c.-24C > T, rs717620)

and ABCG2 (c.421C > A, rs2231142) may increase the exposure

of CyA in vivo, which in turn increases the risk of hepatorenal

toxicity (Wang et al., 2021).

4.3.4 Other immunosuppressants
4.3.4.1 Tacrolimus

TAC is a widely used immunosuppressive drug whose

mechanism of action is to bind to the cytosolic receptor FK-

binding protein 12 in T lymphocytes to form a composite that

combines with calcium-regulated neurophosphatase to

prevent dephosphorylation and nucleus translocation of

nuclear factors in inflamed T cells, eventually inhibiting the

expression of interleukin 2 and activation of T lymphocytes

(Bowman and Brennan, 2008). The demethylation and

hydroxylation occur via CYP3A isoforms (CYP3A4 and

CYP3A5) in the hepar and intestine, while TAC is the

substrate of the multidrug efflux transporter P-glycoprotein

which is epitomized by the ABCB1 gene and previously known

as MDR1; and it is represented on a multitude of epithelial

cells, endotheliocyte, and lymphocytes (Birdwell et al., 2015).

The restricted therapeutic index and pharmacokinetic

differences between patients with TAC are partly due to the

CYP3A5 gene variation, and CYP3A5 is the primary enzyme

of TAC metabolism (Dai et al., 2006). Although TAC is

currently used empirically in the treatment of childhood

IgAV nephritis (Ichiyama et al., 2017; Zhang et al., 2018)

and is believed to be a prospective non-steroidal medicine for

treating severe IgAV nephritis, proof-based clinical

information available are still modest. As a calcium-

regulated neurophosphatase inhibitor (CNI), the critical

mechanistic effects of TAC in childhood IgAV nephritis

include inhibition of calcium-regulated neurophosphatase

redistribution in the cleft septum, which may potentially

reduce proteinuria (Namgoong, 2020). TAC has been

proposed to potentially alleviate proteinuria through

stabilization of the podocyte cytoskeleton primarily by

inhibiting the expression of calcium-regulated

neurophosphatase (Zhang et al., 2012). A recent

retrospective clinical study concluded that TAC for the

treatment of IgAV nephropathy in children was shown to

reduce proteinuria, hematuria and improve renal function

with relatively mild side effects, with major adverse events

likely to include respiratory and urinary tract infections (Wu

et al., 2022). The evidence for the safety of TAC in the

treatment of IgAV nephritis in children is insufficient,

however, if proteinuria persists after a course of CS,

tacrolimus may also be considered for the

immunosuppressive treatment of children with IgAV
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nephritis, with attention to the detection of relevant indicators

and clinical symptoms in the child at the time of use.

The CYP3A5 expression phenotype exhibits negative or mildly

decreased levels of CYP3A5 mRNA and expressed analogous

vasoactive protein CYP3A5; in contrast, the CYP3A5 non-

expression phenotype expresses low expression of the vasoactive

CYP3A5 protein due to a CYP3A5*3 allelic variant encoding an

enzyme with reduced activity (Hustert et al., 2001; Kuehl et al.,

2001). This variant is most common in whites, with 80%–85% of

whites being CYP3A5 non-expression (Van Schaik et al., 2002).

Zhang et al. (2018) performed a study on the use of TAC beyond

instructions in children with IgAV nephritis. They found that

children with the CYP3A5*1 allelic variant had significantly

lower dose-adjusted trough concentrations than children with the

CYP3A5*3/*3 allelic variant. However, there was no difference in

short-term efficacy between the two groups, probably due to the

small sample size. Massive retrospective studies of current TAC use

in renal transplant patients have shown that CYP3A5 expression

renal transplant recipients require approximately twice the dose of

TAC than non-expression patients (Birdwell et al., 2012). A

controlled trial indicated that patients carrying the CYP3A5*1/

*1 or CYP3A5*1/*3 genes (CYP3A5 expression) required an

equal dose of TAC compared to patients carrying the

CYP3A5*3/*3 genes (CYP3A5 non-expression) patients, with

comparable blood intensities requiring 1.5 to 2 times the dose

(Haufroid et al., 2004). And in the immediate first year after

kidney transplantation, patients carrying the CYP3A5*3/*3 gene

had 1.8–2.5 fold higher dose-adjusted trough concentrations than

patients expressing CYP3A5 (Rojas et al., 2015). This proved that

patients with CYP3A5 expression phenotypes metabolize TAC

more strongly than patients with CYP3A5 non-expression

phenotypes and that the required dose to maintain the target

blood concentration should be higher. Based on the impact of

CYP3A5 genotyping on the pharmacokinetic parameters of TAC,

the guideline (Birdwell et al., 2015) gives recommendations for the

dose of TAC to be used, with CYP3A5 expression patients will

demand an upper recommended initial dose, while patients who do

not express CYP3A5will demand the standard recommended initial

dose, and for faster achievement of therapeutic drug concentrations,

it is recommended that taking TAC CYP3A5*3 allele testing is

recommended for patients taking TAC prior to initiation of TAC.

Also, considering risks of arterial constriction, hypertension, and

renal toxicity that may develop with supra therapeutic

concentrations of TAC, dose adjustment based on observed

serum concentrations should be made for intermediate

(CYP3A5*1/*3) or rapid (CYP3A5*1/*1) metabolizers using TDM.

There is still a lack of evidence that CYP3A5 genotyping

guides the efficacy of TAC dosing in pediatric IgAV nephritis

patients, and CYP3A5 genotyping does not replace therapeutic

TDM due to the existence of many other factors that influence

the dosing requirements of TAC, such as drug interactions with

glucocorticoids and immunosuppressants commonly used in the

treatment of IgAV nephritis and genetic variants that affect TAC

pharmacodynamics. The two methods should be used in

combined for individualized treatment of pediatric IgAV

nephritis patients. Future clinical trials on the affection of

CYP3A5 genotyping in guiding the effectiveness of using TAC

in pediatric IgAV nephritis patients are needed, which will be of

great significance for the precise dosing of TAC in pediatric IgAV

nephritis patients.

4.3.4.2 Mizoribine and leflunomide

Mizoribine (MZB) is an antimetabolic drug that exerts

immunosuppressive effects by inhibiting lymphocyte

proliferation (Yokota, 2002). The reported immunosuppressive

effect of MZB is due to the suppression of DNA in the S phase of

the cell cycle. There are clinical cases of using MZB instead of

CYC in combination with pulsed MP as part of the treatment of

severe IgAV nephritis in children, and this therapy has shown

improvement in histological severity as well proteinuria in

children with IgAV nephritis (Kawasaki et al., 2011). A

clinical trial using MZB as a complementary therapy to

prednisolone monotherapy in patients with IgAV nephritis

showed that MZB may have a prophylactic effect in patients

with IgAV nephritis at risk of relapse (Kawakami et al., 2010).

MZB is a reliable and well-tolerated drug, and no significant

adverse effects, including bone marrow suppression, have been

reported in the treatment of children with IgAV nephritis. This

suggests that MZB is likely to be a potential drug for managing

IgAV nephritis in children.

In clinical experience, many patients and their families are

reluctant to undergo treatment with CTX primarily because of its

gonadal toxicity. The high cost of MMF may have an impact on

treatment choice. Leflunomide (LEF) is a comparatively new oral

immunosuppressant that disrupts T and B cell function by

inhibiting dihydronucleic acid dehydrogenase (the rate-

limiting enzyme for ab initio synthesis of pyrimidine

nucleotides), specifically inhibits T-dependent autoantibody

formation; and a few tyrosine kinase signaling molecules

involved in immune function are also inhibited by LEF

(Siemasko et al., 1996; Lou et al., 2006). The current clinical

trial results showed that LEF combined with steroids improved

the renal prognosis of patients with IgAV nephritis with

nephrotic proteinuria more significantly than steroids alone,

with no apparent adverse effects (Zhang Y. et al., 2014; Hou

et al., 2021). LEF, which has been reported to be rapidly

biotransformed to its active metabolite, is usually undetectable

in plasma and therefore has only a tiny in vivo exposure (and no

pharmacological activity). In vitro studies suggest that activation

of LEF may be associated with CYP4501A2, CYP2C19, and

CYP3A4 (Rozman, 2002; Kalgutkar et al., 2003), and only

limited pharmacogenetic data are available for LEF or its

active metabolite. When LEF is used for the treatment of

rheumatoid arthritis (RA), individuals carrying the

CYP1A2*1F CC gene are more likely to have a 9.7-fold higher

risk of overall toxicity than those carrying the CYP1A2*1F A
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allele (Bohanec Grabar et al., 2008). Furthermore, ABCG2, as an

efflux transporter, is involved in the disposal of various

chemotherapeutic drugs, and it has been reported that LEF

and its active metabolites are substrates of ABCG2 in vitro

(Kis et al., 2009). So ABCG2 gene polymorphism may be a

major determinant of interindividual differences in the

disposition of the active metabolite of LEF-teflunomide. A

study investigated the effect of the ABCG2 (c.421C > A and

c.34G > A) gene on teflunomide PK in 24 healthy volunteers and

concluded that ABCG2 c.421C > A polymorphism seems to be

the main determinant of inter-individual pharmacokinetic

differences in teflunomide (Kim et al., 2011). Overall, LEF can

be considered an alternative drug with good efficacy and safety

profile in pediatric patients with IgAV nephritis who are

intolerant to commonly used immunosuppressive agents.

4.3.4.3 Monoclonal antibodies

Rituximab (RTX), a monoclonal antibody against the B-cell

CD20 antigen, was initially conceived and endorsed in 1997 for

the therapy of non-Hodgkin’s B-cell lymphoma and, as such, has

been used in many immune-mediated diseases, for example, has

become the standard therapy for inducing remission and

maintaining resolution in patients with anti-neutrophil

cytoplasmic antibody (ANCA)-associated vasculitis (Modena

et al., 2013; Clark, 2020). Studies evaluated the major

lymphocyte subsets in the peripheral blood of children with

IgAV and showed an increased percentage of B lymphocytes as

well as increased serum IgA in children with IgAV (Wiercinski

et al., 2001), and RTX, by depleting B cells, may reduce the

formation of IgA-containing immune complexes and limit the

activity of IgA disease (Fenoglio et al., 2017). Although RTX

should not deplete terminally differentiated, immunoglobulin-

secreting plasma cells, the benefit of depleting B cells by RTX in

other B cell-mediated diseases guarantees its use in refractory

IgAV (Donnithorne et al., 2009). RTX has therefore been

suggested as an alternative therapy for refractory or recurrent

IgAV (Abu-Zaid et al., 2021) and is a potential therapeutic tool

for IgAV nephritis that is attractive in refractory IgAV nephritis.

In case reports with adult patients with IgAV nephritis (Pindi

Sala et al., 2014; Bellan et al., 2016; Fenoglio et al., 2017), RTXwas

primarily used as a salvage treatment for the onset of IgAV

nephritis, where patients received RTX for refractory/recurrent

disease or because conventional CS/immunosuppressive therapy

was contraindicated, and complete renal remission was achieved

after treatment, during which all patients were in sustained

remission. No serious adverse events associated with RTX

were usually observed, and only a minimal number of patients

experienced gastrointestinal norovirus infection in patients

3 months after RTX. However, this infection may have been

associated not only with RTX treatment but also with other

immunosuppressive therapies previously received. Meanwhile, a

report by Katherine et al. (Donnithorne et al., 2009)

demonstrated the effectiveness of RTX in children with severe

IgAV nephritis who had failed to respond to conventional

interventions. A clinical study on IgA nephropathy (IgAN)

patients conducted by Richard et al. (Lafayette et al., 2017)

yielded different results, with RTX treatment failing to

significantly reduce proteinuria or improve renal function in

IgAN patients during the period studied. When RTX was used

for renal disease, the older the patient was used, the better the

outcome, such as the lower risk of relapse, longer B-cell recovery,

and lower risk of hypogammaglobulinemia; however, these

associations have not been universally confirmed (Sinha et al.,

2021). Overall, RTX is a potential therapeutic agent for severe

childhood IgAV nephritis where conventional interventions have

failed. However, pediatric data regarding the use of RTX for

IgAV nephritis in children are still sparse. The lack of

randomized controlled trials is insufficient to conclude that

RTX is equally secure and effective in pediatric patients, and

more clinical data are needed.

4.4 Others

4.4.1 Complement inhibitors
The complement system, a critical player in the body’s

response to defense, exerts a powerful effect upon many

physiological systems. However, unintentional activation of

the complement system may turn the scales in favor of self-

aggression, leading to an over-reaction to self-aggression and

auto-inflammatory illnesses (Ort et al., 2020), where the kidney is

particularly vulnerable, and abnormal complement activation is

associated with many renal diseases. Patients with IgAV have an

increased number of IgA immune complexes that are deposited

on the glomerular thylakoid because of the lack of C1q binding

sites IgA fails to activate the classical pathway of complement but

activates the complement system via the alternative or lectin

pathway (Chen and Mao, 2015; Heineke et al., 2017), ultimately

leading to podocyte and glomerular injury, fibrosis and ESRD

(Ort et al., 2020).

The availability of eculizumab (eculizumab) in

2007 demonstrated that complement inhibitors could treat

rare (auto) inflammatory diseases (Ort et al., 2020). Many

next-generation complement inhibitors, including humanized

monoclonal antibodies, small proteins that bind to specific

complement components, and recombinant proteins, are

currently being evaluated in clinical trials (Zipfel et al., 2019).

Mannan-binding lectin-associated serine protease 2 (MASP-2),

an effector enzyme activated by the complement lectin pathway,

is a potential drug target for IgAV nephritis (Lafayette et al.,

2020). Narsoplimab, a fully human monoclonal antibody, is

designed to treat diseases mediated by the complement

agglutinin pathway by inhibiting of MASP-2. The classical

complement activation pathway, which is not interfered with

by inhibition of MASP-2, plays a vital role in the immune

response to acquired infections (Lafayette et al., 2020);
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therefore, the use of narsoplimab has not increased the risk of

infection or autoimmune disease. Currently, guidelines suggest

that patients need meningococcal vaccination and appropriate

prophylaxis when complement deficient or treated with

complementing inhibitors (Rovin et al., 2021).

The current results of many basic studies support the idea

that complement activation can play a critical role in the

development and progression of IgAN disease; for example,

narsoplimab appears to significantly reduce proteinuria and

increase the stability of EGFR in renal function in high-risk

IgAN patients (Edström Halling et al., 2010). Since the

pathophysiology of IgAV nephritis is similar or identical to

that of IgAN (Chen and Mao, 2015) and is also accompanied

by IgA deposition, complement factors, and massive neutrophil

infiltration (Heineke et al., 2017), narsoplimab would be equally

very promising as a complement inhibitor in patients with IgAV

nephritis.

4.4.2 Anticoagulants and antiplatelet drugs
Abnormalities in the coagulation and fibrinolytic systems can

contribute to the development of IgAV nephritis (Prandota et al.,

2001); and activation of intra-glomerular coagulation is an

aggravating factor in IgAV nephritis, which may be related to

fibrin deposition in the glomerulus contributing to the crescent

formation (Shin et al., 2005). In experimental models,

defibrinolysis reduced the number of crescent bodies and the

severity of renal insufficiency (Tipping et al., 1986). Therefore,

the use of appropriate fibrinolytic and anticoagulant drugs may

have significance for preventing and treating IgAV nephritis in

children. Although still controversial, evidence-based guidelines

in China suggest that anticoagulants and/or antiplatelet

aggregating agents can be used to treat IgAV nephritis

(Subspecialty Group of Renal Diseases and Chinese Medical

Association, 2017). Common anticoagulants and antiplatelet

agents, including warfarin, heparin, pentoxifylline, and aspirin

(Chartapisak et al., 2009), and the fibrinolytic drug urokinase.

Iijima et al. (1998) suggested that various combinations of

glucocorticoids and anti-immune drugs with heparin/warfarin

and pansentin are effective in histologically severe IgAV

nephritis. However, a recent case report (Kalay-Yildizhan

et al., 2020) reported the development of skin ulcerated

plaques and proteinuria in IgAV patients treated with

warfarin, as well as a rare complication with heparin, namely

heparin-induced thrombocytopenia (HIT), which activates

platelets and leads to thrombocytopenia and a prothrombotic

state. Treatment with anticoagulants in patients with IgAV

should be vigilant for these rare but serious consequences, and

immediate discontinuation of the drug is essential to prevent

renal failure and other organ involvement. Watanabe et al.

(Kawasaki et al., 2004b) affirmed urokinase’s efficacy in

treating severe IgAV nephritis and recommended fibrinolytic

therapy to alleviate the intra-glomerular hypercoagulable state

resulting from renal injury to protect renal function in patients

with severe IgAV nephritis. A clinical trial (Kawasaki et al., 2003)

showed that hypercoagulable in IgAV nephritis improved with

urokinase shock treatment compared to pre-treatment, with

lower urinary protein excretion and lower volume of cases of

renal disfunction after treatment, and no ADR such as bleeding

tendency were observed. Meanwhile, a study (Shin et al., 2005)

found that children with IgAV nephritis who develop the disease

at an age older than 9 years have relatively severe fibrinogen

deposition, suggesting that age of onset affects the process and

prognosis of fibrinogen deposition. Moreover, childhood IgAV

nephritis is a heterogeneous disease with multiple

histopathological manifestations. The increase of crescent

bodies in children with IgAV nephritis is not always

dependent on fibrinogen, so fibrinolytic therapy should be

tailored to the child’s characteristics to achieve individualized

treatment.

4.4.3 Chinese medicine
Chinese medicine treatment has been considered an effective

treatment for children with IgAV nephritis; its combination with

immunosuppressants and CS produces additional positive

effects, such as alleviating blood hypercoagulability in

children, reducing proteinuria, and decreasing the recurrence

rate of IgAV nephritis in children (Ding et al., 2019; Jin et al.,

2021). Tripterygium wilfordii, a vine grown in southeastern

China for thousands of years, is the most widely used Chinese

medicine in children with IgAV nephritis. Tripterygium

glycosides, a natural active ingredient extracted from

tripterygium wilfordii, could inhibit delayed metabolic

reactions, reduce the secretion of cytokine IL-1, and inhibit

the function, division, and replication of T lymphocytes

(Wang et al., 2019). Furthermore, the tripterygium glycosides

antagonize the binding of inflammatory factors to receptors,

inhibiting the release of inflammatory transmitters (Han et al.,

2016). The ability of tripterygium glycosides to alleviate

hematuria and proteinuria in IgA deposition nephropathy has

been demonstrated in a previous study (Liu X. et al., 2019).

Tripterygium glycosides also possess some anti-inflammatory

effects, and their combination with TAC can reduce the dosage of

TAC, thus reducing the risk of complications such as

hepatotoxicity and neutropenia. However, the time required to

treat IgAV nephritis in children is longer than that of TAC alone,

which may be related to the slow onset of action of the herbal

medicine (Zhang et al., 2021). ADR to tripterygium glycosides is

widespread and can involve multiple systems, including

hematologic, cardiovascular, and neurologic. Although several

clinical reports demonstrate favorable effects of tripterygium

glycosides in children with IgAV nephritis for whom

conventional therapy is ineffective, they are still insufficient to

verify the safety of tripterygium glycosides. Based on the safety

considerations of pediatric use, the current drug instructions for

tripterygium glycosides explicitly indicate that it is prohibited in

children. Therefore, the Chinese expert group did not
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recommend tripterygium glycosides for the treatment of IgAV

nephritis in children in the 2017 guidelines (Subspecialty Group

of Renal Diseases and Chinese Medical Association, 2017). As a

potential drug for the treatment of IgAV nephritis in children, it

is expected that more relevant randomized controlled clinical

studies and prolonged follow-up will emerge in the future to help

the decision on the use of tripterygium glycosides.

5 Non-drug treatment of
immunoglobulin A vasculitis nephritis
in children

5.1 Plasmapheresis

Plasmapheresis (PP) has become a typical extracorporeal

circulation blood purification therapy, and studies on the

treatment of IgAV nephritis in children with PP or PP

combined with drug therapy have proved beneficial.

Hattori et al. (1999) retrospectively evaluated 9 cases of

rapidly progressing IgAV nephritis in children treated with PP

as the only treatment. All the children had proteinuria and

decreased GFR, and renal biopsy indicated that the crescent

shape was over 50%. The PP regimen was three times weekly for

2 weeks and then once a week for 6 weeks. The study showed that

all patients responded quickly to PP treatment, with clinical

symptoms improving, proteinuria decreasing, GFR improving,

purpuric rash, and abdominal pain alleviating. Kawasaki et al.

(2004a) retrospectively studied six rapidly progressive IgAV

nephritis cases in children treated with PP combined with

multiple drugs. PP regimen for all patients consisted of five

courses for 2 weeks, three times every other day in the first week

and two times every other day in the second week. No increase in

urinary protein and crescents, glomerulosclerosis, and renal

failure was observed during multidrug therapy after PP

treatment, which has been shown to be beneficial for rapidly

progressive IgAV nephritis in children. Liu N. et al. (2019)

studied the clinical therapeutic effect and reliability of dual

filter plasma exchange (DFPP) combined with drugs to treat

severe IgAV nephritis in children. All children had severe IgAV

nephritis and received DFPP for three courses on the basis of the

drug treatment regimen of MP and CYC dual pulse therapy. The

decrease in urinary protein, immunoglobulin, serum creatinine,

and urea nitrogen was notably higher than those in the control

group. There was non-differentiation in the incidence of ADR.

The study results confirmed that DFPP combined with drugs

could improve clinical symptoms and reduce renal injury

without increasing the incidence of side effects.

The mechanism of PP treatment for IgAV nephritis in

children is still unclear. The results of test indicators and

immunology show that PP can remove IgA-containing

immune complexes or accumulations of pro-inflammatory

mediators, and reduce fibrous protein or other blood

coagulable factors. It is speculated that these mechanisms are

related (Kawasaki et al., 2004a). Overall, early PP treatment can

effectively improve the prognosis of children with IgAV

nephritis, especially in children with rapid progression and

severe IgAV nephritis, which can significantly improve

urinary protein, GFR, and other indicators, prevent and

reduce renal injury, reduce purpura and other clinical

symptoms (Kawasaki, 2011).

5.2 Tonsillectomy

Several current studies have shown that tonsillectomy is not

only related to the reduction of urinary protein excretion but also

can effectively treat IgAV nephritis in children and prevent the

recurrence of IgAV nephritis in children (Yang et al., 2016;

Umeda et al., 2020). There was a case of IgAV nephritis in

children with ISKDC VI-grade. After tonsillectomy, the

proteinuria was significantly reduced, and the renal

pathological results were improved in this patient.

Tonsillectomy was performed on 5 cases of IgAV nephritis in

adults and children with ISKDC grade II-VI (Ohara et al., 2011).

The study showed that the pathological results of renal biopsy

after tonsillectomy were improved with or without

methylprednisolone pulse therapy, and the prognosis was

good, confirming that tonsillectomy can successfully treat

IgAV nephritis in children with severe ISKDC grade VI. A

study (Umeda et al., 2020) retrospectively analyzed 71 cases of

IgAV nephritis in Japanese children, 31 of whom underwent

tonsillectomy after methylprednisolone pulse therapy and 40 of

whom received methylprednisolone pulse therapy alone. The

study showed that 2 years after methylprednisolone pulse

therapy, the recurrence rate of IgAV nephritis in children

undergoing tonsillectomy was significantly lower than that in

children without tonsillectomy, which confirmed that

tonsillectomy was conducive to preventing the recurrence of

IgAV nephritis in children.

The mechanism of tonsillectomy in the treatment of children

with IgAV nephritis is not yet clear. According to the remarkable

influence of tonsillectomy on proteinuria in children’s IgAV

nephritis, it can cut down the production of IgA and the

aberrant immunoreaction and inflammation after glomerular

deposit IgA, which is different from the IgA immune

compound removed by PP, suggesting that tonsil may act the

part of the pathogenesis of IgAV nephritis (Kawasaki et al., 2006).

On the other hand, chronic bacterial colonization of the upper

airway or chronic inflammation has been considered to be the

triggering factor of IgA vasculitis, and intervention measures to

remove major lymphatic organs and reduce the recurrence of

chronic inflammation may be helpful in reducing the induction

of IgAV (Kronbichler et al., 2015). Therefore, tonsillectomy can

significantly reduce the occurrence of proteinuria and hematuria

and improve the pathological results of renal biopsy substantially,
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and other aspects the benefits. Tonsillectomy is also a good

choice for treating IgAV nephritis in children, especially

severe pathological grade IgAV nephritis, and prevention of

recurrence of IgAV nephritis.

6 Discussion

IgAV nephritis is mainly due to renal involvement caused

by aberrant o-glycosylation of IgA1 deposition in the renal.

The ultimate object of its therapy is to relieve or even

eliminate the long-term harm of IgAV to the kidney. Drug

therapy for IgAV nephritis includes ACEI/ARBs, CS, CYC,

MMF, and AZA. The evidence quality of these drugs is high,

and the guidelines recommend. Potential drug therapy

includes CyA, TAC, MEB, LEF, RTX, complement

inhibitors, anticoagulant antiplatelet drugs, and traditional

Chinese medicine. Non-drug therapy is mainly PP and

tonsillectomy, which can be used as an alternative

treatment or potential treatment for drug-resistant cases,

recurrent cases, and refractory cases. This paper also

emphatically discusses the therapeutic significance of CS

and immunosuppressants on children with IgAV nephritis

at the level of pharmacogenomics and analyzes the

individualized application of CS and immunosuppressants

on children with different genotypes to provide a more

comprehensive reference for individualized treatment of

children with IgAV nephritis. Pre-identification of genes

that affect drug efficacy and toxicity can predict the

response of individual patients to drug treatment in

advance, thus helping to determine a more effective initial

dose and maintenance dose and even choose a more

appropriate treatment for IgAV nephritis. It can also

provide genetic evidence for post hoc analysis of drug

resistance and ADR. The implementation of

pharmacogenomics detection can help many Chinese

children achieve better treatment outcomes (Qin et al.,

2020). Therefore, this article focuses on linking

pharmacogenomics and children with IgAV nephritis,

which will draw more attention and thinking about the

precise dosing of immunosuppressants in children with

IgAV nephritis. We will also pay more attention to the

pharmacogenomics related to the use of CS and

immunosuppressants and encourage you to actively explore

the pharmacogenomics of CS and immunosuppressants in

children with IgAV nephritis.

CS-related gene polymorphism is associated chiefly with CS

resistance, especially NR3C1 gene polymorphism, but there is a

lack of related research in patients with IgAV nephritis, especially

in children. Therefore, NR3C1 and other related gene

polymorphisms on CS responsiveness in other diseases apply

to IgAV glomerulonephritis, which still needs further research to

confirm its universality.

Most CYC-related genetic variations are associated with

ADR, such as the higher risk of hemorrhagic cystitis and

leukopenia associated with CYP2B6 and GST gene

polymorphism (Rocha et al., 2009; Afsar et al., 2012).

Unfortunately, these results of most related

pharmacogenomics studies about CYC have poor repeatability

and cannot be applied to clinical practice.

The most significant advantage of MMF is that it is safer

than other immunosuppressants, and its gene polymorphism

is more associated with curative effects than toxicity and is

often studied in patients with renal transplantation. The

research is still immature. For example, the research results

in IMPDH and UGT1A9 have some contradictions and

differences.

The Clinical Pharmacogenetics Implementation

Consortium (CPIC) suggested that TPMT deficiency was

detected by identifying TPMT allele variants or TPMT

phenotypes associated with the inactivation of AZA active

metabolites and gave strong dose recommendations for the

use of AZA in IBD patients (Relling et al., 2011; Woillard et al.,

2017). These recommendations also apply to children (Relling

et al., 2013). In the updated 2018 CPIC guidelines, AZA

dosage guidance based on TPMT activity is no longer

limited to a few diseases; CPIC has extrapolated it to all

diseases. In some non-malignant cases, those with

moderate TPMT activity and low TPMT activity may avoid

AZA in favor of other alternative drugs (Relling et al., 2019).

For high TPMT activity, use the standard starting dose

recommended according to the guidelines for the respective

disease. For patients with moderate TPMT activity and low

TPMT activity who must use AZA, a dose reduction of 30%–

80% for moderate TPMT activity and a 10-fold decrease in

daily dose for low TPMT activity is recommended (Relling

et al., 2019). In addition to TPMT, the NUDT15 gene

polymorphism is more instructive in Asians. Similar to

AZA, regular starting doses are used for those with normal

NUDT15 metabolism (i.e., NUDT15*1 pure-hybrid

individuals) and those with intermediate

NUDT15 metabolism (i.e., NUDT15*1-containing

heterozygotes), starting doses should be reduced by 30%–

80% (Relling et al., 2019). In contrast, those with poor

NUDT15 metabolism (not carrying the NUDT15*1 allele)

should substantially lessen the regular initial dose or avoid

AZA (Relling et al., 2019). The initial dose should be

determined according to disease-specific and race-specific

guidelines. Furthermore, an initial screening for TPMT and

NUDT15 can predict the drug response in advance, give an

appropriate initial dose, and be used for post-mortem

detection of severe myelotoxicity, liver failure, and drug

resistance to find the genetic causes of ADR and drug

resistance (Woillard et al., 2017). If the child has a

homozygous mutation of TPMT or NUDT15, MMF can be

selected in advance instead of AZA for treatment. If the child
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has a heterozygous mutation, a low dose of AZA is more

recommended.

Several studies have shown that CYP3A4, CYP3A5, POR,

ABC, and other gene polymorphisms are related to the individual

differences of CyA to a certain extent, and they all can become

factors that predict CyA response in advance. Unfortunately, the

uncertainty of efficacy and toxicity of CyA in the IgAV

population is an indispensable reason limiting the expansion

of such research in the past and future.

Like AZA, the research on the relationship between gene

polymorphism of TAC metabolizing enzyme CYP3A5 and drug

dose is relatively mature in the renal transplantation population.

Therefore, to use TAC more safely, it is recommended that prior

CYP3A5 typing be performed before some solid organ

transplants such as heart, kidney, and lung transplants

(Woillard et al., 2017). CPIC also strongly proposed that

patients with CYP3A5 non-expression start treatment of the

standard commended dosage (0.15 mg/kg/d), while patients with

CYP3A5 expression increase the initiation dosage to 1.5–2 times

the commended initiation dosage to guide dosage adjustment by

therapeutic drug monitoring (Birdwell et al., 2015). However,

these are not recommended for children with IgAV nephritis.

For the objects of gene detection, there is no guiding principle

for gene detection of children with IgAV nephritis, and there is

no relevant research. However, according to the AZA genotyping

guidelines (Woillard et al., 2017), genetic post hoc probing and

validation should be performed when patients present with drug

resistance, serious adverse effects (e.g., myelosuppression and

nephrotoxicity), and abnormal blood levels values. Of course, ex-

ante genotyping should be considered when patients are

planning to use high-quality evidence like AZA and TAC and

have genotyped dosing recommendations in other diseases to

seek safe and effective initial and maintenance doses.

There are still some limitations here. The most important of

these is the lack of drug-related genetic polymorphism studies in

children with IgAV nephritis, which are currently limited to

studies in other diseases, such as AZA in IBD and TAC in the

renal transplant population, and the paucity of authoritative

guidelines for patient genotype-based drug use and clinical

evidence for physicians and pharmacists. Indeed, genetic

testing increases the cost of treatment for children. It is

unclear whether the increase in treatment cost is proportional

to the improvement in therapeutic efficacy and safety. Despite

the relative maturity of genetic testing technology, many medical

institutions have not been able to implement this technology,

which is related to the lack of pharmacy technicians, small patient

populations, and physician attitudes toward genetic testing.

In conclusion, it may not be the best time for

pharmacogenomics to guide the dosing of children with IgAV

nephritis, but with the vision of precision dosing, our attention to

pharmacogenomics should not be diminished, especially for

drugs like AZA, which can already guide dosing based on

patient genotype. Therefore, the future treatment of IgAV

nephritis in children urgently needs high-quality

pharmacogenomics-related clinical trials to provide more

evidence-based medical and pharmacological evidence for

clinical diagnosis and treatment.
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Background: Congenital scoliosis (CS) is characterized by vertebral

malformations. The precise etiology of CS is not fully defined. A compound

inheritance of TBX6 was identified in 10% of patients with CS in Han Chinese

and formed a distinguishable subtype named TBX6-associated congenital

scoliosis (TACS).

Methods: To investigate the variants and risk haplotype of TBX6, we

recruited 121 patients with CS at Beijing Children’s Hospital. We collected

the clinical characteristics and surgical treatment options and followed their

postoperative prognoses.

Results: Eight patients (6.6%) were molecularly diagnosed with TACS and

carried the previously defined pathogenic TBX6 compound heterozygous

variants. All the eight patients with TACS had the typical TACS clinical feature of

hemivertebrae in the lower part of the spine. These patients received posterior

hemivertebra resection combined with segmental fusion. Follow-ups revealed

satisfactory correction without postoperative complications.

Conclusion: We observed a 6.6% prevalence of TACS in our CS cohort.

Follow-ups further highlighted that surgical treatment of hemivertebra

resection combined with segmental fusion performed well with prognosis for

patients with TACS. This could provide valuable information for CS individuals

with compound heterozygosity in TBX6.

KEYWORDS

congenital scoliosis (CS), T-box transcription factor 6 (TBX6), surgical treatment,
prognosis, rare disease
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Introduction

With an incidence rate of 0.5–1/1,000 of live births,
congenital scoliosis (CS) is the most frequent congenital
deformity of the spine that causes birth defects (1,2). CS is
caused by vertebral deformities including defects of formation
or segmentation, or a combination of both. Patients present
unbalanced body axis growth and curvature of the spine, and
scoliosis progresses rapidly with the patient’s growth. Because
of progressive scoliosis and secondary thoracic insufficiency
caused by rib deformity, the patient quality of life is considerably
compromised. Thus, most patients require more than one timely
and effective treatment to correct scoliosis and avoid limitations
of lung function (3).

Genetic studies have identified a series of genes, including
Notch signaling pathway genes, genes encoding enzymes
that regulate vertebral metabolism, ion channel genes,
and ciliopathy-associated genes, associated with vertebral
malformations and CS (4). Among these genes, T-box
transcription factor 6 (TBX6), involved in activating the
expression of HES family bHLH transcription factor 7 (HES7),
mesoderm posterior basic helix-loop-helix transcription factor
2 (MESP2), and RIPPLY transcriptional repressor 2 (RIPPLY2)
and regulating the cyclical activation of Notch signaling
(5–10), has been identified as an essential regulator in the
development of somites (11). Deleterious homozygote or
compound heterozygote mutations in the TBX6 gene could lead
to spondylocostal dysostosis 5 [online mendelian inheritance
in man (OMIM) 122600] (12–14) (Supplementary Table 1).
Patients with TBX6-related spondylocostal dysostosis 5 present
with rib deformities and a short trunk, which is caused by
extensive vertebral deformities such as hemivertebrae, butterfly
vertebrae, and vertebral fusion (12–14). A CS cohort study
in Han Chinese showed that the compound inheritance of
TBX6 included a rare null mutation and a common risk
haplotype T-C-A (composed of the three single-nucleotide
polymorphisms, namely, rs2289292, rs3809624, and rs3809627)
could lead to TBX6-associated congenital scoliosis (TACS),
which accounted for 10% of patients with CS in this cohort
(15). Patients with TACS presented with hemivertebrae in the
lower half of the spine with or without mild rib deformities.
The TACScore scoring system was developed to evaluate the
likelihood of TACS (16). Subsequent studies in Japanese and
European populations revealed similar inheritance patterns,
population frequency, and clinical features of TACS (13,17).
In contrast, the frequency of TACS in Hong Kong and
Texas, United States was as low as 4.5% (18,19). However,
published studies have mainly focused on adolescent patients
(15,19), while those patients who present in childhood
and receive effective surgical treatment are rarely studied.
Moreover, the surgical treatment of patients with TACS has
not been systematically reported and patient prognosis has
not been followed.

In this study, we enrolled 121 patients with CS who
visited Beijing Children’s Hospital for surgical treatment and

genetic counseling. In the single-center cohort, eight (6.6%)
patients were genetically diagnosed with TACS. We collected
information on clinical manifestations and postoperative
prognoses during follow-up. All the patients with TACS had one
or more malformed vertebrae in the lower part of the spine and
consented to posterior hemivertebra resection combined with
segmental fusion surgery, which effectively corrected scoliosis in
patients with TACS with a mean correction rate of 90.84% and
no feedback about complications. This finding could provide
valuable information to guide clinical genetic counseling and
the identification of treatment options, and provide further
assurance to patients with TACS and their families.

Materials and methods

Ethical compliance

The study was approved by the Institutional Medical Ethics
Committee of Beijing Children’s Hospital, Capital Medical
University (Approval No. 2015-26). All the patients or legal
guardians provided written informed consent for this study.

Subjects

We enrolled patients that were diagnosed with CS by
at least two independent surgeons in the Department of
Orthopedics of Beijing Children’s Hospital from January 2019
to December 2021. Patients were referred to the Orthopedics
Department for surgical and genetic consults. A panel of
trained physicians and geneticists at Beijing Children’s Hospital
assessed patients for genomic testing. We collected peripheral
blood samples of patients and their parents, documented
surgical treatment, and followed prognoses until January 2022.
Images, including CT, X-ray, and MRI, were collected before
and after surgery to evaluate prognosis. The Cobb angle was
measured using Surgimap version 2.3.2.1 software (Nemaris
Incorporation, New York, United States). TACScore was
calculated as previously described (16). The correction rate was
calculated using the following equation.

Correction rate =

Cobb angle before surgery− Cobb angle in latest follow− up
Cobb angle before surgery

× 100%

Exome sequencing

Deoxyribonucleic acid was isolated from peripheral blood
samples obtained from probands and their parents using the
Gentra Puregene Blood Kit (Qiagen, Hilden, Germany). A total
of 200 ng genomic DNA from each individual was sheared
using Biorupter (Diagenode, Liège, Belgium) to acquire 150–
200 bp fragments. The ends of the DNA fragment were
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repaired and Illumina Adaptors (Agilent Technologies, Santa
Clara, United States) were added. After the sequencing library
was constructed, the whole exome was captured using the
SureSelect Human All Exon Kit (Agilent Technologies, Santa
Clara, United States) and sequenced on Illumina NovaSeq 6000
(Illumina, San Diego, United States) with 150 base paired-end
reads. Raw reads were filtered to remove low-quality reads
using FastQC. Exome sequencing (ES) resulted in over 12 Gb
of clean data. The average sequencing depth was greater than
100 X. Clean reads were mapped to the reference genome
sequence Genome Reference Consortium Human Build 37
(GRCh37)/hg19 using Burrows–Wheeler Aligner and bam files
were created using Picard. The Genome Analysis Toolkit
software was used to perform variant calling (Figure 1).

Variant analysis and copy number
variation calling based on exome
sequencing data

Single-nucleotide variants (SNVs) were annotated and
filtered using TGex.1 Variants with a frequency of over 1%
in the Genome Aggregation Database (gnomAD), NHLBI
Exome Sequencing Project (ESP), or 1,000 G databases were
excluded. Variants that lacked segregation in family members
were also filtered. The main disease reference databases
were Human Gene Mutation Database (HGMD) Professional,
ClinVar, OMIM, and MalaCards. The pathogenicity of the
missense variants found in patients was evaluated using the
following bioinformatics tools: PolyPhen-2 (version 2.2.2),2

protein variation effect analyzer (PROVEAN) (version 1.03),3

MutationTaster,4 and VarCards5 (20). Variants were classified
following the interpretation standards and guidelines of
the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology (21). Putative
pathogenic variants detected by next-generation sequencing
were confirmed by Sanger sequencing. eXome-Hidden Markov
Model (XHMM) software was used to detect copy number
variations (CNVs) based on ES data (22) (Figure 1).

Copy number variation sequencing

To confirm CNVs, part of the library without capture
was sequenced directly onto Illumina NovaSeq 6000; each
sample yielded 1 Gb of raw data (QC: average read

1 https://fa.shanyint.com

2 http://genetics.bwh.harvard.edu/pph2/

3 http://provean.jcvi.org/

4 http://www.mutationtaster.org/

5 http://varcards.biols.ac.cn/

length: > 0.3 × Whole-genome sequencing). An in-house
pipeline was applied to map and call CNVs based on CNV
sequencing software. Clean reads were mapped to the reference
genome GRCh37/hg19. CNVs called from parental low-depth
whole-genome sequencing data were used as controls. The
following were excluded: (1) CNVs reported in multiple peer-
reviewed publications as benign or likely benign; (2) CNVs
annotated in curated databases as benign or likely benign;
(3) CNVs observed frequently in the general population; and
(4) CNVs that did not cover the coding regions of genes.
The Database of Genomic Variants (DGVs), the DECIPHER
database, ClinVar, OMIM, and ClinGen were used for the
interpretation and classification of the clinical significance of
candidate CNVs according to previously reported guidelines
(23,24) (Figure 1).

T-box transcription factor 6 T-C-A
haplotype sequencing

Previously isolated DNA from patients and their parents was
used for T-C-A haplotype sequencing, a technique first defined
by Wu et al. (15). Among the three common single nucleotide
polymorphisms (SNPs), C (rs3809624) and A (rs3809627) are
located at the 5’ untranslated region and are close to one another
(i.e., at a distance of 358 nt). In contrast, T (rs2289292) is located
at the eighth exon of TBX6. Thus, we designed the amplifying
and Sanger sequencing primers for C-A and T, respectively
(Supplementary Table 2 and Figure 1).

Statistical analysis

The Cobb angles were measured before and after surgery.
Correction rates of patients were analyzed using SPSS version
20.0 software (IBM Incorporation, New York, United States).
Graphs were drawn using Microsoft Excel (Microsoft
Corporation, Washington, United States) and GraphPad
Prism 8 (GraphPad Software, San Diego, United States).

Results

Demographics and clinical
characteristics

We enrolled a total of 121 Chinese patients with CS
nationwide (male:female = 57:64) (Figures 2A,B). Over 86%
of patients were diagnosed with CS before the age of 5 years
(Figure 2C). The spinal deformities of 121 patients originated
from a vertebral formation defect and involved the entire spine,
although T6–T10 were mostly affected (Figure 2D).
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FIGURE 1

Flow diagram of patients with CS who were enrolled and received genetic testing. A total of 121 patients were recruited, and exome sequencing
was performed. SNVs and indels in TBX6 were evaluated by American College of Medical Genetics and Genomics (ACMG)/Association for
Molecular Pathology (AMP) guidelines. CNVs were first analyzed based on ES data, further confirmed by CNV-seq, and classified by reported
guidelines. The DNA of patients with pathogenic/likely pathogenic TBX6 variants (right branch) or TBX6-involving CNVs (left branch) was
amplified and sequenced to verify their T-C-A haplotypes. CS, congenital scoliosis; ES, exome sequencing; SNV, single nucleotide variation;
indel, inversion and deletion; CNVs, copy number variations; ACMG/AMP interpretation, American College of Medical Genetics and Genomics
and the Association for Molecular Pathology interpretation standards and guidelines; P, pathogenic; LP, likely pathogenic; T-C-A, rs2289292
(C > T) - rs3809624 (T > C) - rs3809627 (C > A); TACS, TBX6-associated congenital scoliosis.

Exome sequencing findings of T-box
transcription factor 6

Exome sequencing was applied to all the patients
and revealed one missense variant (Patient 1: c.745G
> A/p.Val249Met), one nonsense variant (Patient 8:
c.903T > G/p.Tyr301∗), and two frameshift variants
(Patient 6: c.271dupG/p.Val91fs × 79; Patient 7:
c.1115_1130dupAGGCTCCAGACTCCGG/p.Arg378fs × 66)
of TBX6 (Table 1). All the four variants were not recorded in
the gnomAD, ExAC, or 1,000 G databases, indicating that the
population frequencies of these variants were extremely low.
In silico analyses indicated that the unreported TBX6 missense
variant from patient 1 was deleterious (Supplementary

Table 3). Thus, all the four variants were pathogenic mimicking
a 16p11.2 microdeletion.

Copy number variation analysis of
T-box transcription factor 6

Copy number variation calling based on ES data suggested
that four of the 121 patients with CS (patients 2–5) had
a heterozygous deletion of the 16p11.2 region. Further
CNV sequencing tests confirmed the deletions. Patients 2–5
consistently carried 0.52–0.56 Mb of heterozygous deletions of
TBX6 and all the deleted regions covered the entire TBX6 gene
(Table 1 and Supplementary Figure 1).
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FIGURE 2

Demographics and clinical characteristics of the cohort. (A) The
geographical characteristic of our cohort. A total of 121 Chinese
patients with CS were recruited from all over the country.
Different colors represent different patient numbers from the
corresponding region, and the darker color, the more patients.
(B) The gender ratio. A total of 57 males and 64 females were
enrolled. (C) Age of 121 patients when they were diagnosed as
CS. 87% of patients were diagnosed with CS before 5 years old.
(D) The distribution of malformed vertebrae in all the patients.
The numbers of patients were labeled. CS, congenital scoliosis;
C, cervical; T, thoracic; L, lumbar; S, sacral.

Haplotyping of T-box transcription
factor 6 variants

To determine whether the T-C-A haplotype existed in
patients, T and C-A were amplified and PCR productions were
sequenced separately. All the eight patients carried the T-C-A
haplotype with in-trans TBX6 deleterious variants, representing
typical TACS compound inheritance (Table 1 and Figure 3).

Clinical characteristics of patients with
T-box transcription factor 6-associated
congenital scoliosis

Eight patients (five boys and three girls) were diagnosed
with TACS, which accounted for 6.6% of our CS cohort. All
the patients had malformed vertebrae located in the lower
half of the spine (below T8) and only patient 7 had an
additional butterfly vertebra at C7 (Figure 4). Patients 2,
3, and 8 had mildly deformed ribs. In addition, patient 5
exhibited mild developmental delay and patient 8 had bilateral
radial polydactyly. In summary, these patients displayed the
typical clinical characteristics of TACS despite only four patients
scoring ≥ 3, the cutoff point, according to the TACScore
algorithm (Table 2).

Surgical strategy and patient prognosis

All the patients with TACS were diagnosed with scoliosis
before the age of 1 year and underwent surgery at varying ages.
Because of the presence of simple hemivertebrae, all the patients
received corresponding hemivertebra resection combined with
short segmental fusion. Patients 1, 5, and 7 underwent surgery
twice for two malformed vertebrae each, which progressed as
patients grew. Before surgery, patients’ Cobb angles ranged from
22.0 to 53.0◦ with a mean angle of 38.28 ± 12.28◦. In the most
recent follow-up (i.e., at 3 years and 3 months), the Cobb angles
ranged from 0 to 6.0◦ and the mean angle was 3.57 ± 2.22◦.
Correction rates ranged from 86.4 to 100% with a mean rate of
90.84± 4.71% and no complications were reported (Table 2 and
Figure 4).

Discussion

In this study, we enrolled 121 patients with CS who visited
Beijing Children’s Hospital for surgical treatment and genetic
counseling; eight of these patients were molecularly diagnosed
with TACS. Patients with TACS accounted for 6.6% of CS. Our
study retrospectively summarized the clinical characteristics of
patients with TACS and the surgical strategies adopted for these
patients. The study is the first study to report the postsurgical
prognosis of patients with TACS and suggests that all the
patients had positive outcomes.

The 6.6% prevalence of TACS among patients with CS
was slightly different from that reported in the following CS
cohorts of previous studies: 10% in Han Chinese (15), 9.6%
in a Japanese cohort (17), 7.2% in a European cohort (13),
and 4.5% in a Hong Kong, Southern China cohort (19).
Several explanations for this difference are proposed. First,
ethnic differences in these regional populations likely contribute
to different allele frequencies. Second, with the development
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TABLE 1 The genotypes of patients.

Patient Allele 1 Allele 2

Deleterious variant Common haplotype

Patient 1 c.745G > A / p.Val249Met T-C-A

Patient 2 16p11.2 deletion 0.54 Mb (chr16:29660000–30200000) T-C-A

Patient 3 16p11.2 deletion 0.56 Mb (chr16:29640000–30200000) T-C-A

Patient 4 16p11.2 deletion 0.52 Mb (chr16:29680000-30200000) T-C-A

Patient 5 16p11.2 deletion 0.56 Mb (chr16:29640000–30200000) T-C-A

Patient 6 c.271dupG / p.Val91fs*79 T-C-A

Patient 7 c.1115_1130dupAGGCTCCAGACTCCGG /p.Arg378fs*66 T-C-A

Patient 8 c.903T > G/p.Tyr301* T-C-A

The haplotype defined by three common TBX6 SNPs (reference/non-reference): rs2289292 (C/T)–rs3809624 (T/C)–rs3809627 (C/A).
The “*” was one of the genetic terms. In “c.271dupG / p.Val91fs*79” it means frameshift occurs at the 91st amino acid, translation is stopped after 79 amino acids. So does
“c.1115_1130dupAGGCTCCAGACTCCGG /p.Arg378fs*66”. In “c.903T > G/p.Tyr301*”, it means the 301st amino acid turns into a termination codon and translation is stopped.

FIGURE 3

Pedigrees of patients carrying TBX6 deleterious variants in-trans with T-C-A haplotypes. Patient 1 had c.745G > A/p.Val249Met, Patient 6 had
c.271dupG/p.Val91fs × 79, Patient 7 had c.1115_1130dupAGGCTCCAGACTCCGG/p.Arg378fs × 66, and patient 8 had c.903T > G/p.Tyr301*.
Legends are listed below. T-C-A, rs2289292 (C > T) – rs3809624 (T > C) – rs3809627 (C > A).

of prenatal ultrasound diagnostic technology, fetuses with
CS accompanied by severe structural malformations can be
identified and pregnancy terminated. Third, the TACS ratio may
have been altered with the enlargement of our cohort.

Previous Deciphering Disorders Involving Scoliosis
and Comorbidities (DISCO) studies have revealed that the
TACScore is a cost-effective and time-saving tool for screening
patients with TACS and shows considerable sensitivity (93.9%),
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FIGURE 4

Images of patients with TACS before and after surgeries
suggested well outcomes. Patient 1 had hemivertebrae at T12
and L5 with the Cobb angle of 26◦; after surgery, the Cobb
angle was reduced to 2◦. Patient 2 had hemivertebrae at T11
with the Cobb angle of 53◦; after surgery, the Cobb angle was
reduced to 87◦. Patient 3 had hemivertebrae at T12 and butterfly
vertebrae at T11 with the Cobb angle of 50◦; after surgery, the
Cobb angle was reduced to 5◦. Patient 4 had hemivertebrae at
T11 with the Cobb angle of 41◦; after surgery, the Cobb angle
was reduced to 0◦. Patient 5 had hemivertebrae at T11 and
butterfly vertebrae at L4 and S3 with the Cobb angle of 30◦;
after surgery, the Cobb angle was reduced to 3◦. Patient 6 had
hemivertebrae at T12 and butterfly vertebrae at L5 with the
Cobb angle of 46◦; after surgery, the Cobb angle was reduced
to 6◦. Patient 7 had unsegmented hemivertebrae at T10 and L3
and butterfly vertebrae at C7 and T9 with the Cobb angle of 22◦;
after surgery, the Cobb angle was reduced to 3◦. Patient 8 had
hemivertebrae at T8 with the Cobb angle of 26◦; after surgery,
the Cobb angle was reduced to 4◦. Images before and after
surgeries were obtained by CT and X-ray, respectively. TACS,
TBX6-associated congenital scoliosis.

specificity (90.9%), and accuracy (91.2%). However, the
sensitivity, specificity, and accuracy of the TACScore were 50,
85.8, and 83.5%, respectively, in our cohort, far lower than the
values in DISCO studies. We inferred that results could be due
to our smaller cohort size and that findings may more closely
match those in previous reports if our cohort is expanded
(16, 25).

In clinical practice, the selection of surgical treatment
comprehensively considers three indicators: patient age, the
Cobb angle magnitude, and the type of malformation.
These indicators predict the surgical correction rate and
operative and postoperative complications. For hemivertebrae-
induced CS, posterior hemivertebra resection combined with
segmental fusion was the most common choice of surgery. Its
correction rate varied from 46 to 87% (26–35). The frequency
of complications ranged from 0 to 41% (27,28,32,33,35–
42) and complications included wound infection, adding-
on phenomenon, pseudoarticulation formation, postoperative
progression of scoliosis, the offset of the internal fixation, and
pedicle fractures. In our previous study (43), it showed that 14
patients with CS younger than 5 years of age accepted short
fixation for posterior hemivertebra resection, which had a mean
correction rate of 77.86% and no surgery-related complications.
With a mean correction rate of 90.84%, posterior hemivertebra
resection combined with segmental fusion was more effective in
patients with TACS. Taken together, our findings implied that
the optimal surgical choice for patients with TACS is posterior
hemivertebra resection combined with segmental fusion, which
should be a first treatment option for patients with TACS.

As a complex genetic disorder, CS is often accompanied
by multisystem abnormalities. For example, patient 5 with
16p11.2 deletion presented with mild developmental delay and
intellectual disability. The 16p11.2 deletion is considered to be
related to autism, obesity, developmental delay, and intellectual
disability (13,44–46). Comprehensive and systematic physical
examination is required for clinical diagnosis and treatment
and CS may present a considerable psychological and financial
burden to children and their families (3). Although the clinical
phenotypes of patients with TACS are less complicated than
those of other malformations, most orthopedic clinicians
find TACS difficult to distinguish from other forms of
non-syndromic scoliosis. Genetic testing for TBX6 can
rapidly identify the etiology and reduce unnecessary physical
examination (15). In addition, CS caused by different gene
mutations exhibits varying patterns of progression. A definite
molecular diagnosis can further predict complications and long-
term prognosis and can guide the identification of appropriate
intervention time and surgical options (47). In our study, all the
molecularly diagnosed patients with TACS received posterior
hemivertebra resection combined with short-stage fusion and
the prognoses were followed for at least 1 year. All the patients
ultimately presented with the Cobb angle of less than 10◦, an
average correction rate of 90.84%, and no complications to date.
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TABLE 2 Clinical information of patients.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8

Gender Male Female Female Female Male Male Male Male

Delivery Uneventful Uneventful Uneventful Uneventful Cesarean section
because of
macrosomia

Uneventful Uneventful Uneventful

Age of finding scoliosis 1 year 1 year 5 month 2 month 1 year 1 year 1 year Intrauterine 7 month

Age of undergoing
surgeries

3 year 2, 8 year 8 year 4 year 6 year 4 month, 6
year 7 month

2 year 2, 5 year 4 year 2 month

Hemivertebra T12, L5 T11 T12 T11 T11 T12 T10, L3
(unsegmented)

T8

Butterfly-vertebra − − T11 − L4, S3 L5 C7, T9 −

Fusional vertebra − T7–L2 − − − − T9–10, L3–4 −

Rib malformation − Yes Yes − − − − Yes

Other clinical features − Kyphosis − − Mildly
developmental delay

− − Polydactyly at
bilateral thumb
radial

TACScore 3 2 4 3 2 3 2 3

Cobb angel before
surgery (◦)

26 53 50 41 30 46 22 26

Number of operations 2 1 1 1 2 1 2 1

Cobb angel after last
surgery (◦)

2 6 5 0 3 6 3 4

Correction rate (%) 93.8 88.7 90.0 100.0 90.0 87.0 86.4 84.6

Fusion occurs at last
follow-up

Yes Yes Yes Yes Yes Yes Yes Yes

Complication No No No No No No No No

Follow-up time after
surgery

3 year 3 month 3 year 3 year 3 year 2 year 9 month 1 year 2 year 3 month 3 month

Surgery Posterior
hemivertebra
resection and
segmental fusion

Posterior
hemivertebra
resection and
segmental fusion

Posterior
hemivertebra
resection and
segmental fusion

Posterior
hemivertebra
resection and
segmental fusion

Posterior
hemivertebra
resection and
segmental fusion†

Posterior
hemivertebra
resection and
segmental fusion

Posterior
hemivertebra
resection and
segmental fusion†

Posterior
hemivertebra
resection and
segmental fusion

Y, year; M, month; C, cervical; T, thoracic; L, lumbar; S, sacral; TACScore, TBX6-associated congenital scoliosis score.
†Patient 5 and 7 underwent twice surgeries of posterior hemivertebra resection and segmental fusion.
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Thus, our results indicated that hemivertebrae caused by the
compound inheritance of TBX6 can be corrected effectively
by hemivertebra resection combined with segmental fusion—a
finding that may reassure CS children and their parents.

Conclusion

In conclusion, we recruited 121 patients with CS in Beijing
Children’s Hospital and diagnosed eight (6.6%) of these patients
with TACS with TBX6 deleterious and hypomorphic allele
in trans. Follow-up revealed that hemivertebra resection and
segmental fusion resulted in positive outcomes. Our study can
guide risk evaluation for patients with TACS and their families.
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The Angelman Syndrome (AS) is an extreme neurodevelopmental disorder

without effective treatments. While most patients with this disease can be

diagnosed by genetic testing, there are still a handful of patients have an

unrecognized genetic cause for their illness. Thus, novel approaches to

clinical diagnosis and treatment are urgently needed. The aim of this study

was to identify and characterize differentially expressed genes involved in

AS and built potential diagnostic panel for AS by NGS sequencing. A multi-

cohort analysis framework was used to analyze stem cell-derived neurons

from AS patients in GSE160747 dataset. We identified three differentially

expressed genes (ACTN1, ADAMTS2, SLC30A8) differentiates AS patients from

controls. Moreover, we validated the expression patterns of these genes

in GSE146640, GSE120225. Receiver operating characteristic (ROC) curves

analysis demonstrated that these genes could function as potential diagnostic

biomarkers [AUC = 1 (95% CI 1–1)]. This study may provide new approach for

diagnosing patients with AS and helping to develop novel therapies in treating

AS patients.

KEYWORDS

Angelman syndrome, diagnosis, biomarkers, RNA-seq, pediatrics

Introduction

A rare neurodevelopment disorder called Angelman syndrome (AS) was first
described in 1965 by Dr. Harry Angelman, an English pediatrician, who described three
severely children with it (1). Symptoms of AS include delayed development, lack of
speech, ataxia, and, occasionally, attacks. There is an estimated incidence of AS between
1/10,000 and 1/20,000 (2). Mutations of the maternal UBE3A (ubiquitin protein ligase
E3A) gene cause AS in 8% of the cases (3, 4). UBE3A affects protein levels and function
through ubiquitination. The UBE3A gene in neurons is imprinted: predominantly
maternal alleles are expressed with little or no expression of paternal alleles (5). Unlike
gene deletions, the UBE3A gene has a strong relationship with autism when duplicated
or triple copied. AS is diagnosed if the patient meets the consensus clinical diagnosis
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criteria and/or demonstrates maternally inherited UBE3 allele
expression or functional deficits. Since an estimated 90%
of individuals with typical AS phenotypes can be identified
through molecular genetics testing, The remaining 10% of AS
patients have an as yet unknown genetic cause for the disease
(6). Although rapid progress has been made in understanding
the disease-causing process in AS, the gene-specific treatment is
still limited (7).

Due to the rarity of AS in children, there is almost
little research on the disease, let alone drugs. Finding new
diagnostic modalities and potential therapeutic targets becomes
more challenging. In this study, we analyzed samples from
transcriptomics cohorts and identified novel biomarkers for AS
diagnosis. Moreover, as a result of these differentially expressed
genes, we can find potential therapeutic targets and gain a deeper
understanding pathogenesis of AS.

Materials and methods

Data sources

We identified 3 prospective AS studies (GSE160747,
GSE146640, GSE120225) that were potentially eligible for
inclusion in the study. We downloaded datasets from the GEO
database.1 We identified 3 datasets and divided them into two
“training” and one “validation” dataset (Table 1).

Gene expression data and statistics
analyses

All transcriptomic data were normalized using the GC-
Robust Multi-array Average. A log2 transformation was applied
to all gene expression before analysis. To underestimates
the between-trial variance, we used the DerSimonian-Laird
random-effects combine gene expression effect sizes via Hedges’
g effect size. Moreover, based on gene effect size (ES > 1.3), and
Fisher’s method false discovery rate (FDR < 0.9), we identified a
subset of genes as the AS score.

Creation of Angelman syndrome score

As a starting point, we ran a forward search using the
MetaIntegrator R package to identify the parsimonious gene set
best suited for diagnostic ability (8). A forward search begins
with the gene that has the best discriminative ability, and then at
each step adds the gene with the greatest weighted AUC. Once
the weighted AUC reaches some threshold, no further additions

1 http://www.ncbi.nlm.nih.gov/geo/

can raise it further. Every time a new gene was added to the
forward search, we determined the AS score in the following:
Mean (upregulated genes)-Mean (downregulated genes).

Results

The three diagnostic biomarkers of
Angelman syndrome in two training
datasets

We achieved a systematic search for data on transcriptome-
wide expression between normal and AS tissue. According
to the previously described method (ES > 1.3, FDR < 0.9),
12 genes were significantly upregulated, while 22 genes were
significantly downregulated (Figure 1A). After forward search,
we identified a set of 3 differentially expressed genes (ACTN1,
ADAMTS2, SLC30A8) in AS/Normal that was optimized for
diagnostic ability (Figures 1B–D). The AS signature (three
diagnostic biomarkers) distinguished AS from normal subjects
with a summary area under the curve (AUC) = 0.98 (95% CI
0.92–1) in the training dataset (Figure 1E).

Validation of the three diagnostic
biomarkers in two external datasets of
Angelman syndrome

We further verified the AS signature in the two-validation
set. For each dataset, we computed the effect size and meta-
score by the previously described method (Figures 2A–C).
Figures 2D,E violin plot showing the Meta-score of the 3-gene
signature for separating AS from control group GSE120225 and
GSE146640. The AUC = 1 (95% CI 1–1) differential AS from
normal subjects by the AS signature in two validation datasets
(Figures 2F,G). Meanwhile, we also compared with the well-
known AS diagnostic marker UBE3A, which distinguished AS
from normal subjects with a summary AUC = 0.76 (95% CI
0.45–0.93) (Figure 2H).

Discussion

Families and individuals suffering from AS carry a heavy
burden, due to the disease is so rare, treatment and medication

TABLE 1 Demographic of the study in training and validation dataset.

GEO ID Sample size Sample type Annotation

GSE160747 36 iPSC-derived neurons Training

GSE146640 12 iPSC-derived neurons Training

GSE120225 6 H9 human embryonic stem cell lines Validation
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FIGURE 1

Discovery of three differentially expressed genes in diagnosis of Angelman syndrome. (A) Multi-cohort analysis workflow for identifying and
validating the three differentially expressed genes. (B–D) The up-regulated gene (ACTN1) and down-regulated genes (ADAMTS2, and SLC30A8)
from the forward searches in GSE160747. The x axis represents standardized mean difference between AS and dengue control. (D,E) ROC
curves of patients with AS vs. controls in GSE160747.

FIGURE 2

Validation of three differentially expressed genes diagnosis of AS. (A–C) The up-regulated gene (ACTN1) and down-regulated genes (ADAMTS2,
and SLC30A8) searches in GSE120225 and GSE146640. The x axis represents standardized mean difference between AS and dengue control.
(D,E) violin plot illustrating the meta-score of the three differentially expressed genes for differentiate AS from Control in GSE120225 and
GSE146640. (F,G) ROC curves of patients with AS vs. controls in GSE120225 and GSE146640. (H) ROC curves of UBE3A diagnostic power in the
training and validation dataset.
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are difficult to obtain. Currently, three treatment approaches for
AS are in preclinical and clinical effect. The reintroduction of
the UBE3A protein into the neurons through gene replacement
therapies is one approach. It is also possible to “unsilence”
paternal copies of the UBE3A gene. Thirdly, drugs that target
proteins and effector mRNAs known to be affected in the
pathophysiology of AS are being investigated (9).

In the current study, we identified three genes that are
differentially expressed under UBE3A mutation in stem cell-
derived neurons by mRNAs. As a result, we developed a
model for AS scores using these three genes at the same time.
Specifically, ACTN1, ADAMTS2, and SLC30A8 could serve as
a biomarker to distinguish AS from normal patients. Alpha-
actinin (ACTN) is an actin crosslinking protein. There are
four varieties of ACTN, including two isoforms not found in
muscles, ACTN1 and ACTN4.12. The non-muscle cytoskeletal
protein, Alpha-actinin-1, is located at microfilament bundles
and adherens-type junctions where it functions to bind actin to
the cell membrane (10). To our knowledge, this is the first report
of the ACTN1 have differential expression in in AS.

Studies suggest patients with missense mutation in the
ACTN1 usually have an decreased number of large platelets and
anisocytosis, but no in vivo changes to platelets (11). ADAMTS2
is an enzyme that clips a short chain of amino acids from
the end of procollagens, which allows them to assemble into
structural collagen molecules. The metalloproteinase ADAMTS-
2 is responsible for processing fibrillar procollagen precursors
to mature collagen molecules (12, 13). The Protein encoded
by SLC30A8 (Solute Carrier Family 30 Member 8) is a
zinc efflux transporter that impact the collection of zinc in
intracellular vesicles (14). Interestingly, SNPs in SLC30A8 are
extremely associated with Type 2 diabetes and gender-specific
schizophrenia (15–17). It is likely that Zinc transporters or
insulin secretion play a direct role in AS.

In spite of the extensive research, we have done on AS,
there are still many limitations. Due to AS’s rarity, there are
still a limited number of samples we can obtain. Meanwhile,
the functions of these significantly expressed genes needs to be
verified in vitro and in vivo. Developing and finding drugs that
target these genes is also necessary.
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A�liated to Zhengzhou University, Zhengzhou Hospital of Beijing Children’s Hospital, Zhengzhou,

China, 3Department of Cardiology, Children’s Hospital A�liated to Zhengzhou University,

Zhengzhou Hospital of Beijing Children’s Hospital, Zhengzhou, China

Background: Dilated cardiomyopathy (DCM), which is a major cause of

heart failure, is a primary cardiac muscle disease with high morbidity and

mortality rates. DCM is a genetically heritable disease and more than 10 gene

ontologies have been implicated in DCM. CDH2 encodes N-cadherin and

belongs to a superfamily of transmembrane proteins that mediate cell–cell

adhesion in a calcium-dependent manner. Deficiency of CDH2 is associated

with arrhythmogenic right ventricular cardiomyopathy (OMIM: 618920) and

agenesis of the corpus callosum, cardiac, ocular, and genital syndrome (OMIM:

618929). However, there have been no reports of isolated DCM associatedwith

CDH2 deficiency.

Methods: We performed whole exome sequencing in a 12-year-old girl

with non-syndromic DCM and her una�ected parents. Variants in both

known DCM-related genes and novel candidate genes were analyzed and

pathogenicity confirmation experiments were performed.

Results: Nopathogenic/likely pathogenic variant in knownDCM-related genes

was identified in the patient. We found a de novo variant in a candidate

gene CDH2 in the patient, namely, c.474G>C/p.Lys158Asn (NM_001792.5).

This variant has not been reported in the ClinVar or Human Gene Mutation

Database (HGMD). CDH2 p.Lys158Asn was found in the conserved domain of

N-cadherin, which is associated with the hydrolysis of the precursor segment

and interference with adhesiveness. Furthermore, we tested the expression

and e�ciency of cell–cell adhesion while overexpressing the CDH2 Lys158Asn

mutant and two previously reported variants in CDH2 as positive controls. The

adhesion e�ciency was considerably reduced in the presence of the mutated

CDH2 protein compared with wild-type CDH2 protein, which suggested that

the mutated CDH2 protein’s adhesion capacity was impaired. The variant was

probably pathogenic after integrating clinical manifestations, genetic analysis,

and functional tests.
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Conclusion: We identified a CDH2 variant in DCM. We observed a new clinical

symptom associated with N-cadherin deficiency and broadened the genetic

spectra of DCM.

KEYWORDS

N-cadherin, dilated cardiomyopathy, cell-cell adhesion,denovo variant,whole exome

sequencing

Introduction

Dilated cardiomyopathy (DCM), which is a major cause of
heart disorders, is a primary cardiac muscle disease with high
morbidity and mortality rates (1). The estimated incidence and
prevalence of DCM is 1:2,500–3,000 (2). However, DCM might
be much more common, and the frequency could be 1 in 250
individuals (3). The genetic basis of DCM is highly complex
and diverse. Gene mutations contributing to DCM affect the
function of proteins, including sarcomere, cytoskeleton, nuclear
envelope, γ-secretase activity, ion channel, mitochondrial,
spliceosomal, sarcoplasmic reticulum, and desmosomal proteins
(3). There are more than 50 DCM-associated genes, but only 12
genes (BAG3, DES, DSP, FLNC, LMNA, MYH7, PLN, RBM20,
SCN5A, TNNC1, TNNT2, and TTN) are classified as having a
definitive or strong relationship with DCM (4, 5).

The CDH2 gene encodes N-cadherin, which is a classical
type I cadherin that plays a critical role in cell–cell adhesion
in the nervous system and the heart (6–8). Rare heterozygous
CDH2 variants are associated with the occurrence of human
diseases. Accogli et al. reported nine individuals with variants
in CDH2 who showed agenesis of the corpus callosum, cardiac,
ocular, and genital (ACOG) syndrome (9). Variants of CDH2
also cause arrhythmogenic right ventricular cardiomyopathy
(ARVC) (10–12), Peters anomaly (13), and brain arteriovenous
malformation (14) in a few cases. Besides the biological
relevance of N-cadherin in human illnesses, animals lacking
N-cadherin in certain tissues show impaired internal cortex
structures (15) and cardiac function (16–18).

In this study, we identified a de novo heterozygous
CDH2 variant, c.474G>C/p.Lys158Asn (NM_001792.5),
in a non-syndromic patient who had DCM without other
abnormalities using trio whole exome sequencing. To
explain the pathogenicity, we ectopically overexpressed
wild-type CDH2 protein and its variants in HeLa cells. We
found that the adhesion efficiency was considerably lower
when carrying the mutated CDH2 proteins than that with
the wild-type protein, which indicated that the adhesive
ability of mutated N-cadherin was impaired. To the best
of our knowledge, there have been no reports of CDH2

deficiency in isolated DCM. We identified a novel CDH2

variant and extended the genotype–phenotype spectrum
of DCM.

Materials and methods

Participants

The proband was a girl aged 12 years who was admitted to
the Department of Cardiology, Zhengzhou Hospital of Beijing
Children’s Hospital because of edema in both lower limbs
without obvious inducement. This study was approved by the
Institutional Review Board (IRB) of Beijing Children’s Hospital,
Capital Medical University (Ethics Approval Number 2015-
26). Informed consent was obtained from the subject and her
parents. The use of patient-specific information and images was
granted by her parents.

Whole exome sequencing, bioinformatics
analysis, and Sanger sequencing

Genomic DNA of peripheral blood was extracted, purified,
and broken into random segments. The genomic DNA was then
captured using the Agilent SureSelect Human All Exome V6 Kit
(Agilent Technologies, Santa Clara, CA, USA), and a sequencing
library was prepared. Using the Illumina Hiseq X Ten sequencer
(Illumina, San Diego, CA, USA), we carried out whole exome
sequencing with a reading length of 150 bp. The data obtained
from sequencing (raw data) were subject to quality control,
basic data analysis, and filtering to remove joint sequences and
repeat sequences. Sequence alignment was performed according
to the GRCh37/hg19 human reference genome sequence, and
the single-nucleotide polymorphisms and insertion–deletion
polymorphisms of samples were annotated. Sequencing depth,
coverage, and homogeneity were counted. Variants were
filtered according to the analytical workflow (Figure 1A). We
analyzed the variant frequency and filtered out the common
variants with an allele population variation >0.5%, or >2%
if the variant was homozygous or if there was a second
variant in the gene using 1000 Genome, dbSNP, gnomAD,
and in-house databases. Variants were classified into two
categories: variants in DCM-related genes and variants in
novel candidate DCM genes. Fifty-one genes curated by a
DCM Gene Curation Expert Panel that proposed to have a
monogenic role in isolated, idiopathic DCM in humans were
considered as DCM-related genes (Supplementary Table S1) (5).

Frontiers inMedicine 02 frontiersin.org

53

https://doi.org/10.3389/fmed.2022.944950
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Chen et al. 10.3389/fmed.2022.944950

FIGURE 1

Variant filtration workflow and the phenotype of the patient. (A) Variant filtration workflow employed in this study. AF: allele frequency; Het,

heterozygous; Hom, homozygous; CH, compound heterozygous; DCM, dilated cardiomyopathy; ACMG, American College of Medical Genetics

and Genomics. (B) The echocardiography showed an apical four-chamber view of the proband’s indicating dilation of the right ventricle. RV,

right ventricle; RA, right atrium; LV, left ventricle; LA, left atrium. (C) Electrocardiogram (ECG) showed sinus rhythm, P wave changes, and ST-T

changes. (D) Sanger sequencing confirmed that the variant CDH2 c.474G>C was heterozygous in the proband and not inherited from her

parents. The arrows indicated the mutated nucleotides.
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Prediction software, such as Polyphen-2 (http://genetics.bwh.
harvard.edu/pph2/), SIFT (http://sift.jcvi.org), Mutation Taster
(http://www.mutationtaster.org), and CADD (http://cadd.gs.
washington.edu/), was used to evaluate the harmfulness of the
variants. Loss-of-function (LoF) variants, such as stop gain,
stop loss, frameshift indels, and splice site variants (2 nt
plus/minus the exon boundary), as well as missense variants
predicted to be deleterious by at least two prediction tools were
defined as possibly deleterious variants. The pathogenicity of
variants was classified in accordance with the American College
of Medical Genetics and Genomics (ACMG) Standards and
Guidelines (19). Sanger sequencing was performed using the
ABI 3730xl DNA Analyzer (Applied Biosystems, MA, USA).
The used oligonucleotides are chr18-25591882-Forward 5’-
GGCTTTCTACAACACTACAGAAAT-3’ and chr18-25591882-
Reverse 5’-ACTGTGATTCCTATGCTTTCAGGT-3’.

Constructs and site-directed
mutagenesis

The CDH2 cDNA library for the human N-cadherin
cloning template was purchased from OriGene (China).
Using the site-directed mutagenesis strategy, wild-type CDH2
(pCMV6-CDH2-Flag) and mutation constructs (pCMV6-
CDH2 Lys158Asn-Flag, pCMV6-CDH2 Asp407Asn-Flag,
and pCMV6-CDH2 Asp597Asn-Flag) were successfully
established using KOD-Plus Neo (TOYOBO, Japan) and
Dpn I (Thermo Fisher Scientific, USA). The primers used
to generate amplicons of CDH2-specific variation sites are
shown in Supplementary Table S2. Positive clones were verified
by sequencing.

Western blot

HeLa cells (Zhejiang Meisen Cell Technology Co.,
Ltd. Catalog number: CTCC-001-0006) were transfected,
collected, and lysed using cell lysis buffer (Beyotime
Biotechnology, China). Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed using a 4–15%
gradient gel (Applygen Technologies, China). Proteins were
electrophoretically transferred onto a polyvinylidene fluoride
(PVDF) membrane and subjected to immunoblotting. Flag
and β-actin antibodies were purchased from Sigma (Merck,
Germany) with a dilution of 1:1000 in Western blot.

Cell–cell adhesion assay

The cell–cell adhesion assay was conducted following
the protocol as described by Accogli et al. with slight

modifications (9). HeLa cells were transfected with a pCMV6-
Flag vector (Control), pCMV6-CDH2-Flag (CDH2), pCMV6-
CDH2 Lys158Asn-Flag (CDH2 Lys158Asn), pCMV6-CDH2
Asp407Asn-Flag (CDH2 Asp407Asn), and pCMV6-CDH2
Asp597Asn-Flag (CDH2 Asp597Asn) constructs for 24 h.
Transfected cells were trypsinized and seeded in triplicate
(1 × 105/well) into a 24-well plate with extracellular buffer
(140mM NaCl, 5mM KCl, 10mM glucose, and 10mMHEPES)
containing 2mMCa2+ and 1% bovine serum albumin. The cells
were then incubated for 1 h at 37◦C for aggregate formation. An
aggregate was defined as >4 cells. The aggregated cell number
(A1) and the total cell number (A0) were counted. The fraction
of cell adhesion was defined as A1/A0.

Statistical analysis

Data are shown as mean ± standard deviation of three
independent experiments. One-way analysis of variance was
used to conduct statistical analysis, and Bonferroni’s correction
was used to perform multiple comparisons. The significance
value was set at p < 0.05.

Results

Clinical description

The proband had intermittent edema of both lower limbs for
14 days. She was born full-termwith a birth weight of 3.15 kg and
had normal physical and mental development. While growing
up, she had poor physical condition. She usually had difficulty
in movement, easily sweated after activities, easily vomited,
and had abdominal discomfort. According to her history, the
patient appeared to have chronic cardiac insufficiency. The
patient’s parents were non-consanguineous and reported no
family history of cardiomyopathy.

Echocardiography and diagnosis

The patient and her parents had echocardiography
performed. The patient showed an enlarged left atrium and left
ventricle, mild to moderate mitral regurgitation, mild tricuspid
regurgitation, and slightly decreased left ventricular systolic
function (Figure 1B, Table 1). Electrocardiogram (ECG) showed
sinus rhythm, P wave changes, and ST-T changes (Figure 1C).
Combined with her previous medical history, a diagnosis of
DCM was considered (1). Echocardiography showed that the
left ventricular end diastolic dimension (LVDd) of the patient
was 58.3mm, which is much larger (>117%) than normal
left ventricular diastolic dysfunction values. The patient’s left
ventricular ejection fraction was 42%, and fractional shortening

Frontiers inMedicine 04 frontiersin.org

55

https://doi.org/10.3389/fmed.2022.944950
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org
http://www.mutationtaster.org
http://cadd.gs
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Chen et al. 10.3389/fmed.2022.944950

TABLE 1 Measurement data of echocardiography.

Name Measurement Name Measurement Name Measurement

LAD 51.6 mm RAD 34.3 mm RVOT 20.1 mm

MPA 21.5 mm Vmax 0.59 m/s LPA 9.4 mm

RPA 10.1 mm AoD 18.1 mm Vmax 0.84 m/s

MVE 0.79 m/s MVA 0.47 m/s TVE 0.49 m/s

TVA 0.31 m/s RVDd 13.9 mm IVSTd 5.2 mm

LVDd 58.3 mm LVPWd 6.5 mm LVDs 46.2 mm

EDV 169 ml ESV 98.3 ml SV 70.7 ml

EF 42% FS 21% DAO 0.98 m/s

LAD, left atrium dimension; MPA, main pulmonary artery; RPA, right pulmonary artery; MVE, mitral valve inflow E wave velocity; TVA, tricuspid valve inflow A wave velocity; LVDd,
left ventricular end diastolic dimension; EDV, end diastolic volume; EF, ejection fraction; RAD, right atrium dimension; Vmax, maximum velocity; AoD, ascending aorta dimension;
MVA, mitral valve inflow A wave velocity; RVDd, right ventricular end diastolic dimension; LVPWd, left ventricular posterior wall dimension; ESV, end-systolic volume; FS, fractional
shortening; RVOT, right ventricular outflow tract; LPA, left pulmonary artery; TVE, tricuspid valve inflow E wave velocity; IVSTd, interventricular septum time dimension; LVDs, left
ventricular end-systolic dimension; SV, stroke volume; DAO, descending aorta.

(FS) was 21%, which met the diagnostic criteria of DCM.
The patient’s parents had no symptoms of heart failure, and
their echocardiographic findings were normal. The proband
and her parents were enrolled in this study. Blood samples
were obtained to conduct whole exome sequencing because
gene mutations that contribute to DCM are highly diverse
and complex.

Genetic analysis

Trio whole exome sequencing was performed using
peripheral blood DNA from the patient with DCM and
her unaffected parents. A total of 354 rare variants in
the proband (Supplementary Table S3) were detected.
Five rare heterozygous variants in DCM-related genes
were identified and 3 of which were possibly deleterious
variants in this patient (Supplementary Table S4), including
a variant in MYH6 inherited from the patient’s father
and 2 variants in TTN inherited from the patient’s father
and mother, respectively. No pathogenic/likely pathogenic
variant in DCM-related genes was identified in the
proband according to the ACMG guidelines. To identify
variants in novel candidate DCM genes, we evaluated
the homozygous, compound heterozygous, and de novo

variants after variant filtration, and found a de novo

CDH2 variant, NC_000018.9(NM_001792.5):c.474G>C,
NP_001783.2:p.(Lys158Asn), in the patient. Subsequent Sanger
sequencing confirmed that the variant was heterozygous in
the proband and not inherited from her parents (Figure 1D).

This variant has not been reported in the Human Gene
Mutation Database (HGMD) or ClinVar database and is not
present in population databases. Multiple in silico prediction
tools supported a pathogenic effect (Table 2) of this variant.
Sequence alignment indicated that the variant was conserved

TABLE 2 Population Allele frequency and predicted pathogenicity

score of the CDH2 variant.

NC_000018.9(NM_001792.5):c.4

74G>C, NP_001783.2:p.(Lys158Asn)

Gene CDH2

Chromosome location chr18:25591882

Transcript NM_001792.5

Amino acid change p.Lys158Asn

Zygosity Heterozygous

Allele frequency in population

gnomAD_exome East Asian -

1000 genomes -

dbSNP -

ExAc -

In silico prediction

SIFT Damaging (score: 0.002)

Polyphen-2_HVAR Probably damaging (score: 0.998)

MutationTaster Disease causing (score: 1.0)

CADD Damaging (score: 33)

among most species (Figure 2A). CDH2 is structurally
divided into a signal peptide, a cadherin propeptide, five
extracellular cadherin repeats, a transmembrane region,
and a cytoplasmic tail. Recently, several rare heterozygous
CDH2 variants encoding extracellular cadherin repeats and
the cytosolic region were associated with ARVC, ACOG
syndrome, Peters anomaly, and arteriovenous malformation
in the brain (Figure 2B). The CDH2 Lys158Asn variant in
our proband is located at the propeptide domain, which
is responsible for endoproteolytic cleavage. Amino acid
mutations in the propeptide (Arg-X1-Lys-Arg-X2-Trp,
i.e., R-X1-K-R-X2-W polypeptide) lead to the inability of
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FIGURE 2

Genetic analysis and functional tests of the de novo variant (c.474G>C/p.Lys158Asn) in CDH2. (A) Sequence alignment of human CDH2 and

other species shows the conservation of the a�ected residue (p.Lys158Asn). (B) Schematic representation of the topological domains of CDH2

protein. Rare heterozygous CDH2 variants linked to ARVC, ACOGs, Peters anomaly, and brain arteriovenous malformation were annotated. (C)

The structure of CDH2 and Lys158Asn mutant. The human CDH2 protein structure was modeled from the “AlphaFold Protein Structure

Database” (AlphaFoldDB: P19022, https://alphafold.com/). The structure was aligned with the solution structure of neural cadherin prodomain

(PDB: 1OP4) and analyzed using UCSF chimera. (D) The cell-cell adhesion e�ciency of the wild-type and CDH2 variations. The significance

value was set as p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

hydrolysis of the precursor segment and might interfere
with adhesiveness.

Functional experiments

In the first place, we analyze the structure of CDH2 and
Lys158Asn mutant. The human CDH2 protein structure was

modeled from the “AlphaFold Protein Structure Database”
(AlphaFoldDB: P19022, https://alphafold.com/). The structure
was aligned with the solution structure of neural cadherin
prodomain (PDB: 1OP4) and analyzed using UCSF chimera
(20). The CDH2 Lys158Asn mutant was located in a long
unstructured loop. We evaluated the hydrogen bond forming,
the distances between amino acids, the structural clashes, and
the molecule contacts. We found that the backbone of the 158
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lysine (Lys158) residue can form polar interactions between
nearby 156 Arginine (Arg156) and 160 aspartic acid (Asp160).
The lysine residue changed into asparagine (Asn158) did not
affect backbone polar interaction. Whereas the side chain has
a violent change of conformation, thus the remote distances
(9.05 Å and 9.03 Å) from 146 glutamine (Gln146) changed into
4.04 Å and 6.93 Å and may impair the endoproteolytic cleavage
(Figure 2C). Then, functional experiments were performed to
further evaluate the pathogenicity of the CDH2 variant. We
cloned CDH2 and its variants into a flag-tagged pCMV6-
Entry vector using site-directed mutagenesis. Two additional
CDH2 variants, p.Asp407Asn and p.Asp597Asn, were used
as positive controls, because they have been proved to be
pathogenic or experimentally demonstrate to impair cell–cell
adhesion. An empty flag-tagged pCMV6-Entry vector was
used as a negative control. Control plasmids, the wild-type,
and constructs carrying CDH2 variations were transfected
into HeLa cells and seeded for Western blot and cell–
cell adhesion assays. There were no significant differences
in protein concentrations between the wild-type and CDH2
Lys158Asn and CDH2 Asp407Asn. The protein expression
level of CDH2 Asp597Asn was 40% higher than that of
the wild-type (Supplementary Figures S1A,B), which may be
an artifact of overexpression. We then normalized protein
expression levels and conducted a cell–cell adhesion assay.
The cell–cell adhesion efficiency of CDH2 Lys158Asn was
approximately 30% lower compared with the wild-type CDH2
(Figure 2D). Additionally, the cell–cell adhesion efficiency
of CDH2 Asp597Asn was 20% lower than that of CDH2
Lys158Asn and CDH2 Asp407Asn. This finding indicated a
relationship between the loss of mediating the cell–cell adhesion
ability and pathogenicity. According to the ACMG guidelines,
the CDH2 variant, NC_000018.9(NM_001792.5):c.474G>C
and NP_001783.2:p.(Lys158Asn), was classified as pathogenic
(PS2+PS3+PM2+PP3) after integrating genetic analysis and
functional tests.

Discussion

In this study, no pathogenic/likely pathogenic variant
in 51 DCM-related genes based on previous reports
(Supplementary Table S1) was identified in the proband.
However, we identified a de novo CDH2 heterozygous missense
variant, c.474G>C/p.Lys158Asn.

Classical cadherin proteins are involved in the cell–cell
adhesion process (21, 22). The classical cadherins are subdivided
into types I and II and are comprised of five repeated
extracellular (EC1–5) regions. The extracellular domain of
cadherins provides three calcium-binding pockets and interacts
with other cadherins in cis and trans. The cytoplasmic tail
of cadherins binds with adaptor proteins, such as catenins,
which connect cadherins to the actomyosin cytoskeleton (21,
23). CDH2 encodes N-cadherin, which is a transmembrane

protein and a critical calcium-dependent factor that mediates
cell–cell adhesion (24). N-cadherin is highly expressed in the
heart and other tissues, such as neurons. In heart tissues, N-
cadherin is expressed in a structure called the intercalated disc,
through which cardiomyocytes are extensively interconnected
(25). The intercalated disc ensures tight electromechanical
coupling of cardiomyocytes, thus protecting the integrity
and function of the myocardium. This highly organized
structure comprises three junction complexes of gap junctions,
desmosomes, and adherens junctions. The gap junction is
essential for intercellular communications, especially rapid
electrical transmission between cells (26). The desmosomes
provide structural support via interactions of desmosomal
cadherins with the filament system desmin (27). Adherens
junctions are composed of a classic cadherin in the heart,
N-cadherin, and mediate calcium-dependent cell adhesion
(28). The junction complexes of the intercalated disc must
be organized properly to maintain the normal function
of myocytes. The two desmosomal cadherins desmocollin-2
(DSC2) and desmoglein-2 (DSG2) mediate cell–cell adhesion of
cardiomyocytes. Heterozygous or homozygous variants ofDSC2
and DSG2 have been described in patients with arrhythmogenic
cardiomyopathy (29–31).

Limited data have implicated the involvement of N-cadherin
in the pathogenesis of arrhythmogenic cardiomyopathy in
humans. A previous study identified a CDH2 missense variant
(c.686A>C, p.Gln229Pro) in a three-generation family with
ARVC by whole exome sequencing. Subsequently, the authors
examined 73 ARVC probands with negative mutations in
knownARVC genes and found another likely pathogenic variant
in CDH2 (c.1219G>A, p.Asp407Asn) (10). Another study
performed whole exome sequencing and genomic triangulation
in a pedigree, as well as in a 14-year-old female proband
with arrhythmogenic cardiomyopathy, her affected mother and
sister, and her unaffected father. The authors found that CDH2
c.1219G>A (p.Asp407Asn) was likely a pathogenic variant
and concluded that CDH2 was a novel autosomal dominant
susceptibility gene for arrhythmogenic cardiomyopathy (11).
Reevaluation cohort of genetic variants associated with ARVC
confirmed these CDH2 variants (12). Recently, CDH2 variants
were reported to be associated with a Mendelian neural
developmental disorder. Nine individuals with a syndromic
neural developmental disorder were characterized by ACOG
syndrome (9). This study also showed that the variants in CDH2

impaired the adhesive activity of N-cadherin. Therefore, CDH2
appears to cause human genetic diseases, such as ARVC and
ACOG syndrome.

Several animal models have been used to determine the
essential role of N-cadherin in the structural integrity of the
heart and the relationship between N-cadherin and cardiac
development and function. Ferreira-Cornwell et al. established
a transgenic mouse model using the mouse myosin heavy
chain (MHC) promoter, which can specifically express chicken
N-cadherin in the heart (αMHC/Ncad). They found that the size
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of αMHC/Ncad hearts was larger than that in non-transgenic
mice. Histological analysis showed a dilated left ventricle and
thinner ventricular wall in αMHC/Ncad hearts, which suggested
that the modulation of cadherin-mediated adhesion contributed
to DCM (32). Another study generated N-cadherin conditional
knockout mice using a cardiac-specific tamoxifen-inducible
Cre transgene, which resulted in N-cadherin deletion in the
myocardium. The authors from this previous study showed
that intercalated discs, adherens junctions, and desmosomes
disappeared. The mutant mice displayed moderate DCM and
died because of arrhythmia (16). Another similar mouse model
showed that the expression of the gap junction proteins
connexin-43 and connexin-40 was significantly decreased in
N-cadherin cardiac-restricted knockout mice, which led to a
ventricular conduction defect (17). CDH2mutant zebrafish also
showed an enlarged pericardial cavity and disorganized atrium
and ventricle, which suggests a vital role of N-cadherin in cardiac
development in zebrafish (18). Studies in animal models have
suggested that N-cadherin produces the phenotype of DCM
whereby it may be one of the pathogenic genes of DCM.

In our study, the patient has a large left ventricle
without arrhythmia. Typical ARVC, balanced ARVC, and right
ventricular dominant ARVC were not considered. There was
no low voltage of QRS wave complex in limb lead and T-
wave inversion in inferior wall lead in ECG, which did not
support a phenotype of left ventricular dominant ARVC. So,
we considered a diagnosis of idiopathic DCM. Then, we
found the de novo CDH2 variant c.474G>C (p.Lys158Asn)
in the patient. This variant has not been reported in the
ClinVar or HGMD. Sanger sequencing confirmed that the
missense variant was heterozygous in the proband and
absent in her unaffected parents. There were no facial or
neurodevelopmental abnormalities in the proband. During
hospitalization, digoxin, hydrochlorothiazide, spironolactone,
aspirin tablets, and potassium citrate granules were used for
the treatment. The proband improved and was discharged from
the hospital. A follow-up study was conducted for 1 year.
Initially, the proband’s condition was stable. The proband’s
edema then became more serious, and she was hospitalized
in Beijing Children’s Hospital and the local hospital three
times intermittently, where maintenance treatment was carried
out. The edema and arrhythmia of the proband became
aggravated. Her left ventricular ejection fraction was 33% at
the last hospitalization. An electrocardiogram showed frequent
ventricular premature beats. The patient then developed
arrhythmia and died at age 13. All of the phenotypes were
consistent with the manifestation of DCM.

Subsequent studies showed that the CDH2 variant
p.Lys158Asn was located in the N-cadherin prodomain and was
conserved in most species. The adhesive capacity of cadherins
relies on the removal of the prodomain because cleavage of the
precursor peptide is required for the maturation of N-cadherin.
The endogenous cleavage site mutation may not affect the

N-cadherin targeting the plasma membrane but may disturb
the interaction between N-cadherins to form homodimers
(33, 34). Previous studies have shown that endogenous protease
digestion depends on the recognition site (Arg-X1-Lys-Arg-X2-
Trp, i.e., R-X1-K-R-X2-W polypeptide) (35). After the original
recognition sites changed to specific digestion sites of trypsin
and factor Xa, they cannot be recognized by the endogenous
protease. Mutations in the endogenous recognition sites
interfere with adhesive activities. Therefore, the N-cadherin
mutation p.Lys158Asn in endogenous protease digestion sites
may affect the proteolysis of the prodomain and subsequently
affect the function of N-cadherin (35, 36). Our experiment
using transfected HeLa cells with the CDH2 Lys158Asn mutant
showed unchanged protein expression levels and lower adhesion
efficiency compared with those in the wild-type. This finding
suggests that the N-cadherin prodomain also plays a vital role in
mediating cell adhesion. Moreover, the differences in adhesion
efficiency in HeLa cells between CDH2 Asp597Asn and CDH2
Lys158Asn may explain the various phenotypes. In conclusion,
we identified a novel CDH2 variant, c.474G>C (p.Lys158Asn),
in a patient with nonsyndromic DCM by exome sequencing.
We discovered a new clinical phenotype of this CDH2 variant
and extended the currently known genetic variety of DCM.
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Childhood Guillain–Barré syndrome (GBS) is a rare neurological disease. Early

diagnosis followed by precise treatment can reduce mortality. In this study, we

collected two transcriptome data between GBS and controls from the publicly

available databases (GEO dataset). We identified two distinct down-regulated

genes (PTGDS and AR) in GBS by transcriptome analysis (n = 20). Based on the

two distinct down-regulated genes in the GBS group, a two-gene diagnostic

signature was developed. Moreover, gene expression analysis for the two-

gene was performed on a patient with GBS before and after Supportive

Care. RT–PCR results show that the expression of PTGDS increased after the

patient was given supportive care. Therefore, PTGDS might be considered as

a potential target for therapeutic target in GBS.
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Introduction

The Guillain–Barré syndrome is a common cause of acute flaccid paralysis in
children. A small number of children will develop respiratory muscle weakness, which
is a self-limiting disease with a good prognosis (1). There are approximately 2 in
100,000 new cases of the Guillain–Barré syndrome each year, and the disease has a
global mortality rate of about 7.5% (2). It is typically accompanied by allodynia and
muscle weakness, usually beginning with the hands and feet, and then moving to the
arms and upper body (3). During the acute phase of the disease, 15% of patients will
develop respiratory muscle attacks that may be life-threatening and require mechanical
ventilation (4). Some may affect the autonomic nervous system, resulting in abnormal
heart rate and blood pressure. There is no known cause of the Guillain–Barré syndrome,
but research suggests that infection is often involved (5). As well as bacterial and
viral infections, vaccines and surgery can trigger GBS. There have been reports of an
unexpected rise in GBS cases in countries affected by Zika virus infection. On the
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basis of the available evidence, there is a good possibility
that Zika virus infection causes GBS (6). Currently, there
is no known drug that can effectively treat GBS; however,
supportive care can decrease symptoms and shorten its
duration. Supportive care includes monitoring breathing,
heartbeat, and blood pressure. The patient is usually placed
on a ventilator if their breathing ability is impaired. Early
diagnosis is the key to facilitating clinical decision making and
treatment selection. Therefore, the aim of the present study was
to identify mRNA signatures that may serve as early diagnostic
biomarkers for GBS.

Materials and methods

Data sources

In total, two transcriptome datasets (GSE31014 and
GSE72748) were downloaded from the GEO website1 for
the current relative transcriptome analysis. Additionally, we
collected plasma samples of one patient with the Guillain–
Barré syndrome before treatment (before), and at the end
of treatments (After). Oral informed consent was obtained
from the participant. Treatment and care were designed in
accordance with the WHO criteria for the Guillain–Barré
syndrome (1).

Bioinformatics and statistics analyses

Microarray data from GSE31014 was normalized by GC-
Robust Multi-array Average (gcRMA) (7). Before analyzing
gene expression, all the genes were transformed by a log2
coefficient. Differential gene expression analysis based on gene
effect size (ES > 2), and false discovery rate (FDR < 0.05) (8,
9). RNA-Seq data from GSE72748 was processed by the nf-
core/rnaseq pipeline (10). The ROC curve and forward search
was performed with the R package “MetaIntegrator” (11). All the
statistical analyses were performed with R (version 4.1.3). We
imputed missing values using the MetImp (12). We obtained the
meta-score by subtracting the mean expression of upregulated
genes from the mean expression of downregulated genes.

RNA isolation and RT-PCR analysis

The RNA isolation was achieved by QIAamp RNA Blood
Mini Kit according to the manufacturer’s recommendations
(Qiagen). cDNA was synthesized using the QuantiTect Reverse
Transcription Kit (Qiagen). The qPCR methodology and
primers were performed according to published articles (13, 14).

1 http://www.ncbi.nlm.nih.gov/geo/

Results

Differential gene expression analysis

In total, two transcriptome data between GBS and controls
were collected from publicly available databases (GEO).
Based on the criteria described in methods, we identified
differentially expressed genes in Figures 1A,B. After a forward
search in the training and validation dataset. In total, two
significantly differentially expressed genes (PTGDS and AR),
which were down-regulated in the GBS group in both cohorts
(Figures 1C,D). Figure 1E shows the meta-scores of each
sample in GSE31014. A statistically significant difference was
observed between the GBS and control group (P < 0.05).
Next, we used the two genes to build a GBS diagnostic
signature.

Validation of the two-gene signature in
two datasets of Guillain–Barré
syndrome

To evaluate the diagnostic power of the 2-gene signature
we performed an ROC analysis. The two-gene signature
distinguishes GBS from normal with AUC = 0.96 [95% CI
0.85–1] in GSE31014 (Figure 2A). In GSE72748, the two-gene
signature distinguishes GBS from normal with AUC = 0.67
(Figure 2B). To investigate the effect of supportive care on
the two significant genes, we collected blood samples before
supportive care and after supportive care in one patient with
GBS. Figure 2C shows that the expression of PDGTS was
increased after supportive care.

Immune cell fractions and immune
checkpoint analysis

Figures 3A,B shows immune cell fractions from two
transcriptome data. Both datasets have a significant difference
in Endothelial cells. As shown in Figure 3C, PDCD1 immune
checkpoint genes are down-regulated and expressed in the GBS
group. Figure 3D shows the KEGG pathway classification (left
panel), and the right panel shows the 20 most significantly
enriched GO terms.

Discussion

The Guillain–Barré syndrome is a rare neurological disease
for which there is no effective treatment. Thus, early diagnosis
is a particularly meaningful issue that lets immediate measure
toward treatment. The current cytoalbuminologic dissociation
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FIGURE 1

Differential gene expression analysis of GBS. (A,B) Differentially expressed genes between GBS and controls in GSE31014; (C,D) forest plots of
PTGDS and AR gene in GSE31014 and GSE72748; (E) violin plot showing the performance of the 2-gene signature for separating GBS from
control in GSE31014.

FIGURE 2

Validation of the two-gene signature in two datasets of GBS. (A) ROC curves and AUCs of the two-gene signature classification in GSE31014;
(B) ROC curves and AUCs of the two-gene signature classification in GSE72748; (C) The expression of PTGDS of GBS patients before and after
supportive care.

method for GBS detection requires an invasive biopsy (15).
Therefore, the identification of novel non-invasive biomarkers
for GBS diagnosis is preferred. By transcriptome analyses, we

identified two new genes (PTGDS and AR) potentially related
to GBS. Furthermore, the expression of PTGDS and AR was
significantly decreased in the GBS group. Androgen receptor
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FIGURE 3

Immune cell fractions and immune checkpoint analysis. (A,B) Immune cell fractions in GSE31014 and GSE72748.
(C) Immune-checkpoint-related genes in the discovery dataset. (D) The KEGG pathway and GO term analysis in the discovery dataset.
*p < 0.05; **p < 0.01.

(AR) genes are responsible for constructing an androgen
receptor protein. Androgen receptors function as DNA-binding
transcription factors that control gene expression (16). During
puberty and before birth, androgens play an important role
in male sexual development. Prostaglandin-H2 D-isomerase
(PTGDS) is an enzyme that converts prostaglandin H2
(PGH2) into prostaglandin D2 (PGD2). As a neuromodulator
and trophic factor, PGD2 plays a key role in the central
nervous system (17). Moreover, smooth muscle contraction and
relaxation are also controlled by PGD2, and platelet aggregation
is inhibited by it (18). Interestingly, the expression of this gene
increased after the patient was given supportive care. This gene
may be a potential target for treating GBS.
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The 21st Century Cures Act requires FDA to expand its use of real-world

evidence (RWE) to support approval of previously approved drugs for new

disease indications and post-marketing study requirements. To address this

need in neonates, the FDA and the Critical Path Institute (C-Path) established

the International Neonatal Consortium (INC) to advance regulatory science and

expedite neonatal drug development. FDA recently provided funding for INC to

generate RWE to support regulatory decision making in neonatal drug

development. One study is focused on developing a validated definition of

bronchopulmonary dysplasia (BPD) in neonates. BPD is difficult to diagnose

with diverse disease trajectories and few viable treatment options. Despite

intense research efforts, limited understanding of the underlying disease

pathobiology and disease projection continues in the context of a

computable phenotype. It will be important to determine if: 1) a large,

multisource aggregation of real-world data (RWD) will allow identification of

validated risk factors and surrogate endpoints for BPD, and 2) the inclusion of

these simulations will identify risk factors and surrogate endpoints for studies to

prevent or treat BPD and its related long-term complications. The overall goal is

to develop qualified, fit-for-purpose disease progression models which

facilitate credible trial simulations while quantitatively capturing mechanistic

relationships relevant for disease progression and the development of future

treatments. The extent to which neonatal RWD can inform these models is

unknown and its appropriateness cannot be guaranteed. A component of this

approach is the critical evaluation of the various RWD sources for context-of

use (COU)-driven models. The present manuscript defines a landscape of the

data including targeted literature searches and solicitation of neonatal RWD

sources from international stakeholders; analysis plans to develop a family of
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models of BPD in neonates, leveraging previous clinical trial experience and

real-world patient data is also described.

KEYWORDS

bronchopulmonar dysplasia, neonates, disease progression, real world data (RWD),
rare disease

Introduction

Bronchopulmonary dysplasia (BPD) is a chronic

inflammatory lung disease that affects thousands of neonates

and infants every year (Steinhorn et al., 2021). The

pathophysiology and severity are characterized by the need for

supplemental oxygenation or ventilatory support at 36 or

40 weeks post-menstrual age (PMA). BPD represents

disruption of normal lung development before the saccular

stage (before 32 weeks PMA), corresponding to a crucial time

in the formation and architectural development of alveoli.

Risk factors are numerous including: internal factors

(prematurity, gender, genetics, in utero tobacco exposure/

growth), iatrogenic factors (mechanical ventilation or/and

oxygen supplementation, blood transfusions), or external

factors (antenatal or/and postnatal infection, intra-uterine

growth restriction). Although it is largely accepted that

BPD results from lung damage and inflammation/oxidation

triggered by mechanical ventilation and hyperoxia, the

specific molecular mechanisms that result in compromised

lung function and arrested development remain unknown.

BPD likely represents several heterogeneous endotypes, with

multi-hit processes likely (Niedermaier and Hilgendorff,

2015; Thébaud et al., 2019). Chest radiographs, blood tests,

and echocardiograms (to assess the presence of pulmonary

hypertension) may also be helpful to evaluate prognosis but

can be non-specific. Preferred endpoints have varied

significantly over decades (Cuevas Guaman et al., 2021)

and there has been very little work on intermediate

timepoints needed to recognize disease progression. While

recent advances in neonatal care have improved the survival of

very low-birthweight infants, the rates of BPD have not

improved accordingly. This is mainly due to our limited

understanding of the pathogenesis and the lack of effective

therapeutic options currently available.

The definition of BPD has been constantly evolving over the

past 30 years, with up to 18 separate definitions reported in the

literature (Steinhorn et al., 2021). Some of the evolution in the

definition of BPD is tied to changes in etiology that have

resulted from advances in neonatal care, such as antenatal

corticosteroid administration and postnatal surfactant therapy,

which have improved the survival of extremely premature

infants. What has been described as “old” BPD, often linked

to lung damage and fibrosis from injury induced by oxygen

toxicity and barotrauma from prolonged mechanical

ventilation, has become less common than the concept of

“new” BPD focused more on grow arrest and disordered

lung development. Much of the discussion also involves

establishing a definition that correlates with pulmonary

outcome later in infancy and childhood. Of course, all

definitions need to be put in the context of the current

standard of care and treatment strategies which have

changed considerably over time.

In response to a recent grant award from FDA, the

International Neonatal Consortium (INC) has an

opportunity to collate and evaluate real world data (RWD)

sources to assess their value in informing various aspects of

neonatal drug development. There is a greater recognition

that such data may provide an important key to assess the

heterogeneity of neonatal populations as well as the

significant variability in respect to the current standard of

care (Horton et al., 2021). While this report provides a broad

landscape of the available data sources to inform a family of

models to assess BPD disease progression, it is the RWD that

represents the new Frontier in this effort. A key deliverable

from the INC RWD grant (1 U01 FD007220-01) is the

development of a universal definition of BPD that will

serve as the anchor and baseline for models that capture

the relevant disease biology and quantify disease progression

over time.

The current state of clinical and biological resources that

would facilitate a bridge to better understand BPD is

conceptualized in Figure 1. Biological events and processes

underpin the short- and long-term clinical manifestations

of BPD. Techniques to measure biological events and

mechanisms have not been delineated or deployed at

sufficient scale to provide a comprehensive “map” of the

condition. Similarly, clinical events have not been defined

other than a variety of short- and long-term endpoints.

Clinical observations are not informed by the timing or

nature of biological processes or mechanisms. In other

conditions, information about the stages of

pathophysiology (biological processes) and clinical events

inform the development of therapeutic options. Data from

biological and clinical sources, summarized in Figure 2, can be

combined in “disease progression models” (DPM) that

capture the stages of disease development, the timing of the

stages, and the extent of variation between individuals in the

pathway to disease. DPM are a key tool in drug development

allowing rational targeting of interventions and evidence-

based planning of clinical trials (Fouarge et al., 2021;

Barrett et al., 2022). Here we review the DPM concept
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applied to strategies for the development of a BPD DPM. This

manuscript seeks to both prospectively assess the potential of

the clinical real-world data to inform BPD (and therefore,

other complications of extreme prematurity) definition and

also the potential of utilizing such data to construct models

that would inform BPD drug development as a context of use.

Methods—literature review

Underpinning this landscape data analysis is a narrative

review of BPD DPM. The search for 1990–2021 peer-reviewed

articles via the National Library of Medicine’s PubMed site

included Academic OneFile, JSTOR, Sage Journals, and related

FIGURE 1
Conceptual framework for the necessary connections and current knowledge gaps between biologic and clinical data which exist for BPD.

FIGURE 2
Schematic of BPD disease progression with variables of clinical interest linked to stage of progression.
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databases [including Scopus and the Directory of Open Access

Journals (DOAJ)]. Google Scholar was also utilized to locate open

access articles. MeSH terms included the following: Animals;

Animals, Newborn; Bronchopulmonary Dysplasia/metabolism*;

Bronchopulmonary Dysplasia/pathology*; Disease Models,

Animal*; Humans; Infant, Newborn; Infant, Premature/growth

and development; Infant, Premature/metabolism*; Lung/growth

and development Lung/metabolism*; Lung/pathology*; Rabbits.

Selected references identified by this search were supplemented

by papers from the authors’ collections and identification of

additional resources among subject matter experts from the INC.

The INC BPD working group and modeling and simulation sub-

team filtered the literature search results into categories that

would include one of the following: relevant data from which

model priors could be abstracted, published models of various

types (e.g., predictive, descriptive, mechanistic, etc.), descriptive

and/or quantitative definitions of BPD to be used as comparators

for a future definition.

Baseline animal model evaluation

There have been numerous efforts to develop appropriate

animal models of BPD to improve our understanding of the

disease origin, progression, treatment, and prevention. These

animal models have been explored in a broad range of species

(Salaets et al., 2017; van der Merwe et al., 2021). Mice and rats are

commonly used for models of BPD (e.g., chronic hyperoxia) due

to ready availability, low cost, short gestational durations, and

large litter sizes. Full-term mouse and rat pups are born during

the saccular stage, which aligns with lung development in

preterm neonates. However, despite term mouse and rat lungs

being structurally underdeveloped, they are functionally mature

and do not require respiratory support similar to preterm

neonates at risk for the development of BPD, thereby limiting

the translatability of these models. A well-constructed

quantitative systems pharmacology (QSP) model often relies

on animal models to help define relationships with key

moieties of interest. This contributes to disease progression or

is involved in the cascade of events that define a target molecule’s

interaction with physiologic organs, tissues, and cells of interest.

Rate constants involved in the various reaction kinetics are often

scalable across species and can be approximated in humans with

appropriate allometric scaling techniques.

Several mouse and rat studies have contributed to much of

the current understanding of the pathogenesis of BPD and

identified important signaling molecules that can be used to

inform semi-mechanistic mathematical models of disease

progression (Tawhai and Burrowes, 2003; Zhou et al., 2019).

These signaling molecules are relevant biomarkers that are used

as indicators of inflammatory changes and immune events and

include neutrophils, monocytes, inflammatory cytokines/

chemokines, matrix proteins, growth factors, etc. These

biomarkers can be found in various biofluids such as blood,

urine, and bronchoalveolar lavage.

Following hyperoxic exposure, many species develop

inflammation and alveolar simplification like that observed in

rats and mice. Increased concentrations of pro-inflammatory

cytokines and chemokines are likely central mediators of the

response to many noxious stimuli. These studies can be used to

calibrate mathematical models of the pro- and anti-inflammatory

response dynamics and support the translation of these models

across species. The rodent experiments have also been useful for

the design of large animal trials including non-human primates.

Non-human primates are the most translationally relevant

models of BPD, but account for the fewest studies available due to

steep costs and ethical concerns (Nardiello et al., 2017). Rabbits,

pigs, and sheep fill the gap between rodents and primates

(D’Angio et al., 2016). The baboon experience has been

beneficial for studying short-term BPD disease progression

including providing clinically credible lung function and

histology data (Coalson et al., 1982; Yoder and Coalson,

2014). The preterm baboon model does permit investigation

of molecular pathways and genetic regulation of inflammatory

processes in the developing lung (Yoder and Coalson, 2014)

though there is likely less interest in keeping these colonies viable

recently given the cost of maintaining.

Despite the number of animal models, no clinically relevant

and standardized model exists, leaving several gaps that must be

addressed to optimize the pathophysiology and treatment of BPD

(Wickramasinghe et al., 2021a). The vast majority of preclinical

models of BPD aim to achieve a simplified alveolar structure with

disordered surrounding vasculature in order to study relevant

mechanisms of malformation. A consequence of focusing on

disease onset is that these preclinical models have yet to expand

into longitudinal frameworks that connect to long-term

outcomes. Few studies continue experimental observation

beyond the well-controlled period of pathogenic insults due to

the extreme financial and time commitments (Yoder and

Coalson, 2014; Wickramasinghe et al., 2021a). The

introduction of an intermittent insult methodology that

combines injury and repair phases to align with clinical

protocols more closely has expanded some study durations,

but not enough to capture long-term sequelae of the disease

(Ratner et al., 2009). Additionally, there is a lack of standardized

approaches to introducing noxious stimuli across the range of

investigated species, which highlights the broad spectrum of

insults that have been explored but simultaneously restricts

translational comparability. Establishing standardized

protocols could facilitate a more systematic review of the

direct impact that various insults have on lung development.

While many studies report structural and histological findings

that demonstrate alveolar simplification, few are accompanied by

physiological metrics of gas exchange (Reynolds et al., 2010;

Wickramasinghe et al., 2021a). Including any functional metrics

would add a quantitative layer to these studies and help elucidate
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structure-function relationships throughout lung development,

which would be useful from a longitudinal mathematical

modeling standpoint. Lastly, although pulmonary dysfunction

is the primary outcome explored in many animal models of BPD,

the downstream complications involving other organ systems is

not well-defined. Neurodevelopmental impairment and

retinopathy are known comorbidities likely linked to a

dysregulated immune response and should be considered

along with changes in other organ systems in future animal

models of BPD (Wickramasinghe et al., 2021b). An examination

of the extrapulmonary organs in these animals will facilitate a

more complete picture and facilitate an improved understanding

of BPD pathophysiology and progression.

Further complicating the feasibility of developing a QSP-type

model of disease progression in BPD is the classification of BPD

as a syndrome rather than a disease. Without clearly defined

endotypes and phenotypes, establishing a link between the two

using mechanistic and quantitative terms is not possible. The

complex mechanistic interactions induced by the various noxious

stimuli contribute to the heterogeneity of disease trajectories and

complicate the classification into clinical subtypes or phenotypes

(Wu et al., 2020). The fields of genomics and metabolomics hold

promise for identifying unique signatures of specific interactions

or patterns that could be used for classification. Two recent

studies have explored the complex intracellular dynamics that

occur during the transition to air breathing by using single-cell

RNA-sequencing (scRNA-seq) to generate cellular composition

maps and identify biologically plausible pathological pathways

(Hurskainen et al., 2021; Zepp et al., 2021).

Several of the animal models aim to identify the basic

mechanisms of late lung development by inducing alveolar

simplification and vascular irregularities, hallmarks of the new

BPD. These studies have uncovered a multitude of new

mechanisms of normal and dysregulated lung development.

One recent example in the area of lung cellular and molecular

physiology is a study that probed the role of oxygen and steroids

(e.g., dexamethasone) in the regulation of surfactant secretion by

alveolar epithelial type II cells (AEC2s). Htun et al. (Htun et al.,

2021) proposed a mechanism in support of the observed effect of

glucocorticoids in increasing surfactant secretion through

suppression of components within the natriuretic peptide

system of AEC2s. Still, the interplay of these molecular and

cellular pathways involved in lung development, injury, and

repair remains complex and the influence on arresting proper

lung maturation is not fully understood.

To date, the existing preclinical model data has not been

collectively assembled in a meaningful way. This is an essential

step for the initiation of a multi-scale QSP model that would

provide a more clinically structured disease progression model

for BPD. This initial landscaping effort has incorporated a

preclinical data coordination plan to support the family of

models that will support efforts to evaluate RWD sources that

support regulatory decision making.

Results

Current development of therapeutic
options to treat BPD

Current therapeutics for BPD and RDS involve ventilatory

management, steroids, and administration of various agents such

as pulmonary surfactant, caffeine, vitamin A, nitric oxide,

diuretics, and stem cells (Michael et al., 2018). Some are only

at early stages of evaluation and only steroids, vitamin A and

caffeine are the only interventions that have shown to reduce

BPD based on RCTs. The efficacy of these agents in preventing

and ameliorating BPD varies depending on the populations

studied and the timing of the intervention(s). Some of these

agents have been developed opportunistically rather than

through a planned application of insights from preclinical

work. Since there are few pharmaceutical sponsors who would

conduct and store such data, the typical preclinical safety,

pharmacology, and PK/PD data for these agents is sparse or

nonexistent. Published preclinical investigations suggests

multiple therapeutic targets are relevant (Bhandari, 2014).

Planned application of preclinical work is also hampered by

the lack of an accurate quantitative description of the current and

evolving standard of care, which can be defined and codified in a

DPM. This could be the starting point for an RWD-informed

clinically focused standard of care baseline model from which

drug treatment models could be compared. A non-mechanistic

trajectory of disease progression from time of diagnosis could be

constructed to complement future clinical trial simulations.

BPD disease progression

It is unclear when BPD begins, but many believe its origins

occur in-utero (Taglauer et al., 2018). It would seem to depend on

perinatal history as severe documented chorio or preeclampsia

with associated IUGR do initiate BPD before birth. Detailed

assessment of neonatal pulmonary function after a preterm

delivery is difficult but would offer great value to understand

the evolution of disease and identify potential windows of

vulnerability and intervention. In preterm neonates, lung

development that would normally occur in-utero happens

postnatally under altered mechanical and environmental

conditions. This includes active tidal breathing with strain/

stretch of immature intrathoracic structures and a state of

relative hyperoxia (even in room air). Lung development is

also affected by conditions precipitating preterm delivery,

including inflammation and infections. While preterm delivery

impacts normal alveolarization and pulmonary vascularization, it

can also affect mechanical processes in the lung (McEvoy and

Aschner, 2015). As they mature, individuals manifest with

ongoing respiratory symptoms and reduced lung function,

with pulmonary function tests (PFTs) showing expiratory flow
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TABLE 1 Previously published BPD prognostic and quantitative models to be utilized for qualification of future BPD disease progression model.

Model (Reference) Category Data Sources Purpose

Review of 23 clinical prediction models
(Onland et al., 2013)

Regression-based models; multivariate
analyses; retrospective and prospective

A variety of data sources including the
PreVILIG database

• Review the quality and validity of
models that predict BPD in preterm
infants using clinical information from
the first week of life

• Attempted to externally validate
models and compare predictors
identified

BPD severity prediction model
(Valenzuela-Stutman et al., 2019)

Binary logistic regression models to
evaluate the predictive value of different
variables, using respiratory
hospitalization as the primary outcome

• Primary cohort included
188 premature infants (≤32 weeks
PMA) admitted to the NICU at
Children’s National Health System
(CNHS) in Washington, D.C.

• Approach improved BPD risk
assessment, particularly in extremely
premature infants.

• The validation cohort included
130 premature infants (≤36 weeks
PMA) admitted to the NICU at The
Hospital Militar Central and the
Hospital Universitario Clinica San
Rafael in Bogota, Colombia.

• Internal validation included lung X-ray
imaging and phenotypical
characterization of BPD severity levels.

• External validation conducted in an
independent longitudinal cohort of
premature infants (≤36 weeks PMA,
n = 130; Bogota).

BPD risk prediction model (Alvarez-Fuente
et al., 2019)

Multivariate logistic regression model to
identify risk factors for BPD
development by determining the odds
ratio of both groups, no-BPD versus
BPD, in relation to clinical,
echocardiographic and analytic factors

• 5 Spanish hospitals: 50 patients
with a median gestational age of
26 weeks and weight of 871 g (range
590-1200g).

• Study and model aimed to explore the
ability of clinical, echocardiographic
and analytical variables to predict
moderate or severe BPD in a cohort of
extremely preterm infants.

BPD severity prediction (Taglauer et al.,
2018)

Forward logistic regression models with
predictive values evaluated using a ROC
curve

Multicenter study including
16,407 infants weighing 500-1500 g
(2001-2015) from the Neocosur
Network

• Predictive power models for moderate/
severe BPD and BPD/death at four
postnatal ages.

• Birth weight contributed the most in
explaining BPD, followed by GA and 1-
min Apgar score

BPD Risk factors in preterm infants
(Alvarez-Fuente et al., 2019)

Multiple logistic regression analysis:
sensitivity and specificity of the model
assessed by ROC curve

Seventy-two preterm infants (30 with
BPD and 42 non-BPD controls)
admitted in the NICU of the
Children’s Hospital of Soochow
University during 2017 enrolled;
prospective longitudinal study

• To identify postnatal risk factors for
bronchopulmonary dysplasia (BPD)
development in preterm infants with
gestational age ≤32 weeks

• Perinatal data, a neonatal critical illness
score (NCIS), different soluble B7-
H3(sB7-H3), and interleukin-18 (IL-
18) levels by days after birth collected;
early predictive model for BPD
development established

Mechanistic model of gas exchange and
ventilation under a broad range of local and
systemic inflammatory stimuli (Reynolds
et al., 2010)

Diffusion of oxygen and carbon dioxide,
hemoglobin uptake of oxygen, and
enzymatic reactions governing carbon
dioxide and bicarbonate levels.

ODE-based multi-scale model based
on literature priors

• Simulation model of pulmonary
function under inflammatory stress
and of interventions aimed at
improving gas exchange in this broadly
relevant context.

• Generically multiscale model to be
improved in its physiologic accuracy
and computational load.

Integrative anatomically-based model -
incorporates descriptions of material
properties and anatomical structure at a
range of levels of interest (Tawhai and
Burrowes, 2003)

Finite element meshes of the lung lobes,
airways, blood vessels, parenchyma, and
microcirculation.

Database of publications, models, and
data related to the pulmonary
circulation

• Provides a framework for quantitative
description of a system’s geometry,
behavior, or interactions. Laboratory
observations are incorporated into the
models as, for example, geometric data
or rate constants, and experimentation
is also used to validate the model’s
performance.

• “Lung Atlas” is currently being
developed based on structural and
functional computed tomography (CT)
imaging (Alvarez-Fuente et al., 2019)
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limitation at school age (which may respond to bronchodilators)

and into adulthood. There is concern that BPD will predispose to

chronic obstructive pulmonary disease (COPD) since infants are

beginning life with reduced lung function and longitudinal

cohorts indicate that individuals track along their

predetermined PFT percentiles throughout life.

Due to advances in neonatal care, increased numbers of

preterm neonates are surviving at lower gestational ages. Up to

half of extremely low birth weight infants may develop BPD.

Owing to paucity of evidence and absence of comprehensive

guidelines for outpatient management, there is significant

variation in management. Additionally, the only validated

phenotypes for preterm respiratory disease are at a single

timepoint (36 weeks corrected gestational age). Work is

needed to define the respiratory outcomes for individuals

born preterm over their lifetime.

Models for BPD

Quantitative models fall in many categories and offer value to

drug development in a variety of ways. In the context of a model-

informed drug development (MIDD) approach, models can be

developed to de-risk decision making at various stages of drug

development. These include quantitative system pharmacology

(QSP), pharmacokinetic (PK), pharmacokinetic-

pharmacodynamic (PK/PD), physiologically based

pharmacokinetic (PBPK), pharmacometric (PMX), clinical

trial simulation (CTS) and pharmacoeconomic models. Several

of these foundational models may be incorporated into a clinical

trial simulation paradigm used to project the probability of

technical success (PTOS) for a proposed trial design. A range

of models have already been developed and published to support

BPD research and clinical disease management (Table 1).

Several predictive models are available for BPD. Most

predictive models include several BPD risk factors, such as

birth weight, GA, chorioamnionitis, preeclampsia, respiratory

parameters, etc. (Ding et al., 2020; Valenzuela-Stutman et al.,

2019; Nino et al., 2020). These known risk factors increase

neonatologists’ awareness of the potential risk of BPD in

selected patients but are still not able to universally identify

patients with a high risk of developing moderate to severe BPD

and tend to overestimate this risk. This makes it difficult to

implement early interventions for selected patients who will, with

high probability, develop the most severe disease.

Disease progression models

In general, modeling progression of chronic diseases enables

better understanding of disease prognosis and provides insights

into staging systems. This approach could assist early diagnosis

and personalized care and facilitate the development and

evaluation of interventions. Other types of models, including

disease progression and quantitative systems pharmacology

models, have the potential to provide more mechanistic

understanding of disease biology in the context of

development, maturation, and other time dependencies. This

assumes that the data supporting these relationships is of

sufficient quantity, diversity, and quality. To date, there are

few quantitative models other than the predictive models

shown in Table 1 and no disease progression models for BPD.

To characterize the natural progression of disease, these

models generally incorporate longitudinal data for

biomarker(s) of disease severity or can incorporate more

direct measures of disease severity. Although such data are

unlikely to be collected during routine clinical care, there is

some hope that laboratory measures currently monitored in BPD

may be suitable for that purpose. Disease models are also often

linked to PK–PD models so the influence of drug treatment on

disease progression can be quantified and evaluated. Once again,

it is important to note that there are no well-established and

effective agents for the prevention and/or treatment of BPD

reflected in the current standard of care. However, there may be

an opportunity to optimize dosing of current treatment options

that shift or mitigate BPD progression.

Semi-mechanistic models are a particular class of disease

progression models with great potential to impact BPD. These

models are both data-driven (e.g., fully empirical models) and

grounded in biological and pathophysiological processes

similar to traditional systems models. To effectively

combine both approaches and to achieve the optimum

balance between parsimony and goodness-of-fit, the model

is limited to the most critical processes that are necessary to

explain the relevant data. In the case of a well-developed

model of BPD disease progression, the key processes to

consider are the complex inflammatory pathways that

result from both genetic and environmental triggers and

the processes involved with the structural and functional

changes that occur in the lungs of the preterm neonate. In

BPD, oxidation and inflammation are the common

denominators that link genetic and environmental factors

associated with disease severity. From this etiological

perspective, a semi-mechanistic model could provide an

avenue to interrogate the interplay of infection, hyperoxia,

and barotrauma/volutrauma with the structural and

functional changes observed in the lungs of individuals

with BPD. The stages of lung development are well-

delineated, but the relationship between the development of

the immune response and resolution at the various stages of

lung development is not fully understood (Kolls, 2017). From

a drug development context much of this knowledge is

focused on adult lung disease and related conditions where

financial incentives are easier to define which is also a

motivation herein to provide a context and framework

from which BPD can be better defined and acted upon.
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Relevant biomarkers can be used to calibrate a model that

incorporates inflammatory pathways and to probe for the

presence of links between the pro- and anti-inflammatory

imbalance and the emergent phenotype of alveolar

simplification and dysregulated vascularization observed in

BPD (Bhandari, 2014; Balany and Bhandari, 2015). Some

inflammation-related biomarkers that could support this

future study include cytokines/chemokines, reactive oxygen

and nitrogen species, as well as growth factors and other

mediators. It is possible that disease endotypes exist that are

defined by different drivers of inflammation and different

response profiles, but still give way to the same disease

phenotype. If true, modeling could be used to classify the

endotypes and to subsequently explore potential therapeutic

regimens unique to the identified endotypes. It may also be

possible to link such a model to clinical outcomes like PFTs or a

more discrete outcome like the probability of developing

moderate to severe BPD. Yet, developing another predictive

model without a mechanistic link to BPD disease progression

is not enough.

The INC RWD project will develop a variety of models that

facilitate a quantitative description of BPD. This reflects the

underlying pathophysiology and disease biology, not only in the

context of the available data, but also future data types that could

be collected during routine clinical care as well as in the conduct

of future clinical trials. Well-curated RWD from neonates can

contribute to the validation of quantitative models of symptom

progression and facilitate the development of useful insights and

the generation of RWE. The workplan is summarized in Table 2.

Figure 3 includes a data flow diagram describing the process from

data acquisition through development of a dataset used for model

development.

Data requirements

Outcomes
Well-defined outcomes are essential for the development of

DPM. DPMs need to progress towards an outcome to select and

weigh variables included in the model. The definitions of clinical

endpoints have been “definitions of convenience” that are used to

inform clinical practice, benchmarking, and epidemiology.

Extant endpoints are based on time points and assessments

that have clinical validity. These clinical definitions have not

been validated for reproducibility or prediction of long-term

outcomes and do not reflect biological mechanisms or key events

in disease progression. The lack of uniform definitions for clinical

endpoints has prevented effective meta-analyses among existing

therapeutic studies of BPD (Cole et al., 2010). In addition, the

lack of a consistent, well-founded definition also hinders the

development of new therapies. From a modeling perspective, one

consideration is that clinical SMEs can be used to define credible

patient profiles from a combination of existing RWD

observations and plausible/credible models so these model-

based virtual patients can be used to qualify components of

the model as its being assembled.

Data sources: RWD and clinical trials
In one sense neonatology is a data-rich specialty since

neonates are monitored closely in the NICU. This fact

informs the belief that RWD can inform the development of

DPM and important outcomes despite the lack of adequately

powered, neonatal clinical trials. The availability of RWD

reflecting the diversity in populations and disease stage can

also contribute to the generalizability of the model. To date,

neonatal RWD has not been collated from multiple sources.

Randomized clinical trial data can be used to drive the

development of empirical models of BPD disease progression

that rely more heavily on statistical methods rather than the

mechanistic underpinnings of systems-based approaches. Data

can be pooled across multiple studies and population-based

methods can be utilized to explain the observed

interindividual subject variability on the baseline severity and

rate of disease progression. These methods incorporate

covariates and patient characteristics from the available data

to describe the variability and to identify sub-types of the disease

that may respond differentially to a given treatment.

Mathematical models that account for the diversity in a

disease population can be used to generate powerful clinical

trial simulation tools for trial design optimization (Barrett et al.,

2022).

Unfortunately, the portfolio of new drugs or other modalities

to treat BPD is small and legacy trials with historical agents have

been largely underpowered and have focused on symptomatic

relief. This is primarily due to the lack of phenotypic

discrimination and uncertain disease progression. A variety of

agents have been developed or re-purposed to target different

points in the pathways that lead to BPD, including anti-

inflammatories, diuretics, steroids, pulmonary vasodilators,

antioxidants, and molecules involved in the cell signaling

cascade thought to be involved in the pathogenesis of BPD.

IL1RA, glyburide, and inhaled budesonide are currently the most

promising anti-inflammatory therapies that have the potential

to prevent BPD in preterm infants. However, more studies will

have to investigate the safety and potential long-term effects in

human neonates. Another aspirational emphasis of this

work is to leverage the relevant knowledge from adult lung

disease and drug development tools to facilitate the BPD data,

model and drug development tools landscape so that an easier

and perhaps less costly roadmap to development can be

defined.

Data collection
Data will be collected from clinical trials and real-world data

sources including Electronic Health Records, clinical registries,

observational studies (Table 3). Contributing organizations
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TABLE 2 Proposed workplan—critical requirements of the BPD disease progression model effort based on initial scoping from INC working group.

Task Details

Modeling strategy plan • Identify family of models that would facilitate clinical decision making and the design of clinical
trials in neonatal BPD patients (likely to include QSP, disease progression, clinical utility, and
clinical trial simulation models)

Develop quantitative clinical attributes that can be used to define BPD
patient phenotypes

• Using a “reverse engineering” approach applied to published clinical prediction models (see
Table 3), identify clinical variables form various RWD sources and values / ranges identified with
BPD severity. Explore boundaries and patient selection via sensitivity analysis.

Identify data sources and elements that would be utilized in each target
model type

• From the varied RWD sources (See Table 3), identify presence of data used to develop and
validate the various model types.

Verify data quality concerns based on “fit-for-purpose” approach • Assess data quality metrics for each of the identified sources likely to contribute to uncertainty in
the model development and the fidelity of the final model and model predictions.

Conduct simulations to verify model operating characteristics • Explore boundary conditions of key variables, model parameters and response predictions.

TABLE 3 RWD available to construct BPD Disease Progression Model from committed sources to the recent INC / C-Path Grant with FDA.

Contribution Organization—Dataset Type

Dataset Name

Tufts Medical Center—Electronic Health Records

Nagano Children’s Hospital—Electronic Health Records

Kyorin University—Electronic Health Records

Driscoll Children’s Hospital—Electronic Health Records

Prisma Health Children’s Hospital—Electronic Health Records

Children’s Hospital of Philadelphia—Electronic Health Records

University of New Mexico Health Sciences Center—Electronic Health Records

University of Texas Health San Antonio—Electronic Health Records

Anne & Robert H. Lurie Children’s Hospital of Chicago—Electronic Health Records

Prentice Women’s Hospital/Northwestern—Electronic Health Records

University of Utah Health Science Center—Electronic Health Records

UPMC Children’s Hospital of Pittsburgh—Electronic Health Records

Mount Sinai Hospital (Canada)—Electronic Health Records

University of Minnesota: Masonic Children’s Hospital—Electronic Health Records

Children’s Mercy Hospital Kansas City—Electronic Health Records

Tufts Medical Center—Clinical Trial

Efficacy of Recombinant Human Clara Cell 10 Protein (rhCC10) Administered to Premature Neonates with Respiratory Distress Syndrome

Tufts Medical Center—Observational Study

Improving Bronchopulmonary Dysplasia (BPD) Predictors and Outcomes for Clinical Trials (STOP-BPD)

NICHD DASH / NRN—Clinical Trial

Surfactant Positive Airway Pressure and Pulse Oximetry Trial (SUPPORT)

Children’s Hospital Colorado—Observational Study

Genetic Basis for Impaired Angiogenic Signaling in BPD

Chiesi Pharmaceuticals—Clinical Trial

A Study to Investigate the Safety, Tolerability and Efficacy Of Nebulized Curosurf In Preterm Neonates With Respiratory Distress Syndrome (RDS)

Chiesi Pharmaceuticals—Clinical Trial

A Double Blind, Randomized, Controlled Study to Evaluate CHF 5633 (Synthetic Surfactant) and Poractant Alfa in Neonates with Respiratory Distress Syndrome (RDS)

Chiesi Pharmaceuticals—Clinical Trial

European Non-Interventional Post-Authorization Study to Assess Drug Utilization and Safety Of Caffeine Citrate (Peyona) In Treatment Of Premature Infants

NICHD DASH / NRN—Clinical Trial

Inhaled Nitric Oxide for Preterm Infants with Severe Respiratory Failure (Preemie iNO)
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include members of the International Neonatal Consortium and

I-ACT. Working in partnership with C-Path’s Data

Collaboration Center (DCC), the contributing organizations

will develop and execute queries to extract data from the

EHR, clinical data warehouse, or other research databases and

registries as appropriate. Data elements that will be included in

the data extracted were identified by subject matter experts as

being relevant to the clinical presentation of BPD. For data from

electronic health records, contributing organizations have been

asked to develop cohorts that included records from neonates

and their mothers who were admitted to the neonatal intensive

care unit between 22- and 42-week gestational age. As a

component of the data extraction process contributing

organizations have been asked to remove identifiable

information from their datasets and apply de-identification

methods to the source data to protect the privacy of the

patients. Data will be securely transferred to the DCC where

an integrated database will be assembled, and data validation will

FIGURE 3
Data flow diagram to generate analytical subset from contributed real world data.

FIGURE 4
Abstract representation of model including all interactions [modified from (Cogo et al., 2007; Minucci et al., 2020).
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occur. The DCC will store the data in secure environments with

appropriate access-based controls to minimize the risk of data

breach and conduct additional assessment of the data to ensure

identifiable data elements have been removed to protect patient

privacy.

Data integration
Given the breadth and variation of source data structure and

data element representation, there are technical challenges with

developing a DPM due to the lack of interoperability of source

data. In order to ease these challenges, we will standardize the

structure, content, and semantics of the data to make it possible

to modeling of all data sources with a uniform approach. The

INC project will use the Observational Health Data Sciences and

Informatics (OHDSI) program’s Observation Medical Outcomes

Partnership (OMOP) Common Data Model (CDM) (Stang et al.,

2010) as the data model used to integrate datasets for this project.

The OMOP CDM provides a consistent and reliable data model

to represent all observational data and has an extensive set of

vocabulary mappings to a hierarchical vocabulary of concept sets.

In cases where a contributing organization has an existing

mapping to a common data model, these will be requested

and the DCC will work with local experts to confirm these

mappings contain the variables identified by the working

group. In the scenario that a site does not have a mapping to

a CDM the DCC will request the data in the current format and

then conduct all data transformation activities locally. After

validating transformation of the data to a CDM the data will

be loaded into a common database. Data validation will occur on

both the source data and the data transformations.

Data quality assessment
In addition to the technical challenges surrounding the

integration and interoperability, data generated from real-

world settings are intended for operational use and not

optimized for research. The lack of systematic data collection,

errors introduced by system bugs or human mistakes, and

ambiguous data definitions raise concerns about the utility

and reliability of the real-world data. A critical piece of a

generating evidence from RWD will assessing the quality of

the data and ensuring “fitness for use” within the context of

the disease.

The INC project will leverage previous work and lessons

learned from data quality frameworks available in the literature

(Kahn et al., 2012; Kahn et al., 2016; Khare et al., 2017; Khare

et al., 2019; Liaw et al., 2021) and existing software packages to

guide our assessment. Standardizing the data into the OMOP

CDM has an additional benefit of a data model that lends itself to

assessing data quality and the availability of robust open-source

projects supported by the community to evaluate data quality

such as the Data Quality Dashboard which includes over

3,300 data quality checks (Blacketer et al., 2021; Liaw et al.,

2021). The assessment will focus on verifying and validating the

conformance, completeness, and plausibility of the data. Using

these assessments will help identify erroneous records and

provide an overall assessment of the reliability of both each

dataset prior to combining multiple datasets into a single

integrated data model and after the integration has occurred.

The assessments will include data quality checks that cover a

range of factors that could contribute to the overall “fitness for

use”. Because the multitude of sources of errors, the assessments

will evaluate multiple dimensions of the data from multiple

perspectives. One key feature is ensuring the integrity of data

types. For example, evaluating that the numeric data fields

include only numeric values and that the values themselves

are plausible given biological or temporal restraints on the

range of values that could exist. A related data quality check

will need to assess the range of values given themeasurement unit

for a given observation. Additional data checks will test the

temporal reliability and plausibility of the data and the related

records within the data. For example, these checks will evaluate if

records reporting the use of respiratory support devices have

dates that occur after the date of birth.

Another important aspect of these assessments includes

evaluating the completeness of data both in the level of value

missingness but also in the coverage of key data elements. For

example, ensuring that the data provided by a contributing

institution includes data elements which are relevant to

developing a disease progression model and accurately

describing the patient’s engagement with the health care

facility. In cases where the completeness of data is lacking it

will be important to contextually understand if these data are

missing due to errors in the extraction process or the lack of

availability in source systems and to incorporate appropriate

statistical error estimation in the disease progression model.

One unique challenge of the INC project is the integration

of multisite data. The process of combining multiple data

sources poses unique challenges especially from a data

quality perspective. It is possible for each individual sites

dataset to pass the data quality assessments but when

compared to datasets from other sites there are discrepancies

that result in it not being reasonable to combine the dataset.

These discrepancies may occur due to the characteristics and

statistical distributions of the data being significantly different

and explainable by understanding local site clinical practices or

they may be due to semantic irregularities in the data. In the

case of variation introduced by site specific protocols these

instances will need to be reviewed to determine if it is

appropriate to still combine the data. In instances of

semantic irregularities these may be able to be resolved by

further data curation of the data elements. Previous work has

described the implications of research networks and combining

multisite datasets that will guide the development of key

assessments (Kahn et al., 2012). To assess variations in data

characteristics across multisite datasets we will calculate and

evaluate comparative descriptive statistics for data elements
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that are important for the fitness of use to identify anomalies in

data patterns.

Analytical dataset and cohort subsets
After combining the source datasets into an integrated

database an analytical subset will be generated for use in

generating the disease progression model. The development of

this analytical subset requires identifying similar patient cohorts

for comparison and selecting covariates that are appropriate for

the model. Identifying patient cohorts will rely on defining

computable phenotypes that can be applied to the patient

population. A computable phenotype includes clinical

characteristics defined by a set of data elements and logical

expressions that can be understood by a machine and

electronically queried to identify similar patients within a

population (Richesson et al., 2013). In addition to

phenotypical relationships, details such as observation periods,

time-at-risk, completeness of data, and density of data will play

important roles in identifying a subset of patients into a cohort.

Groups of patients will be identified to comprise of comparator

and outcome cohorts that will compromise the patients and

observations to be used during data analysis.

Initial modeling efforts
A multidisciplinary team comprised of clinical subject

matter experts including clinical care givers, clinical trialists,

researchers, and quantitative scientists including experienced

modelers, data scientists and engineers have participated in

monthly meetings to develop the workplan, assemble and

advise on the relevant datasets and assess the data availability,

suitability, and quality for the proposed DPM context of use.

With the focus of constructing a BPD QSP model that can

represent a mechanistic anchor from which a future BPD

DPM can be assembled, a multiscale approach was proposed

with the following goals: 1) describe the relevant physiologic

landscape involved with BPD disease progression (e.g., lung,

GI tract, and immune system), 2) define states/conditions

which define the “healthy” versus “disease” states, and 3)

describe maturation and developmental considerations

which include different patient phenotypes and disease

roadmaps.

At the lowest level of model granularity, compartments and

their associated cellular-molecular interactions and distributions

describing inflammation and fibrosis present in BPD (in both

blood and lung tissue) are described. Figure 4 represents an

idealized schematic from which the lowest level of model

granularity is defined. Elements of the model consistent with

the 3 goals described above are being codified and challenged by

both preclinical and clinical SMEs. The working group plans to

provide these early efforts to the broader BPD stakeholder

community consistent with an Open Science framework. This

will likely involve the creation of a secure Git Hub environment

from which others can contribute in the future.

Discussion

This is the first effort to review the landscape of BPD data,

models, and other resources that could facilitate a strategy for the

development of a family of quantitative models of BPD. While

much of the emphasis is on RWD sources, the effort also includes

the consolidation of preclinical data sources from relevant

in vitro and animal experiments that would represent an

anchor for mechanistic models including a QSP model.

Complimentary models focused on the clinical value of

current disease management practices more reliant on RWD

are also a significant part of this effort. While interest is high for

investigating the utility of RWD and real-world evidence (RWE)

to inform drug development, we cannot assume that such data

will fulfill its potential in all cases. A critical step in the context of

use (COU) process is the definition of requirements and

expectations regarding the performance of tools brought to

regulators to support decision making. The ability of RWD

sources and RWE derived from such sources to support such

tools and the corresponding COU remains a work in progress

reliant on the critical evaluation of data quality. Likewise, models

constructed from or validated by such data must be of adequate

quality to meet “fit-for-purpose” requirements as well. While

there may be reasons to relax such requirements in situations

where data is sparse and difficult to obtain, such decisions must

be risk-based with adequate and well-informed justification from

a diverse group of stakeholders.

Many knowledge gaps exist for BPD. While some may be

addressed by accumulated and high-quality data, others will

require more targeted investigation with attention to

biomarkers both established and exploratory. In addition to

the data, a multidisciplinary team of quantitative and clinical

scientists must continue to challenge what has been evaluated

thus far (preclinically and clinically), proposing experiments and

analyses which help better define the disease progression as week

as identify treatment options including a variety of modalities

and disease progression in the context of distinct clinical

phenotypes. Quantitative models serve the purpose of

informing such prospective investigations based on scenario

testing that evaluates and designs sampling times and

frequency and sample size considerations (Mould, 2007; Cook

and Bies, 2016). A disease progression model can also describe

patient phenotypes and inform enrollment criteria as well as the

timing of proposed interventions and treatments relative to the

current standard of care (Cook and Bies, 2016; Gruneau et al.,

2021). Hence, they have tremendous value for both the sponsors

of such proposed interventions and regulators whomust evaluate

their safety and efficacy.

An important component of the disease progression model is

the availability of credible longitudinal data in each patient. Such

data would in theory capture the natural history of the disease

and discriminate patient disease trajectories while examining

response to treatment. Some examples of measure lab tests of
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clinical interest that could facilitate tracking of disease progression

are summarized in Figure 2. In this respect the availability of RWD

in BPD patients is theoretically of great value. Part of the challenge

herein is to evaluate utility of the RWD based both on its quality,

credibility and clinical information value and not assume that it is

useful for this purpose based on its availability in the target

population. Much of these data are still based on an

opportunistic sampling approach given the fragility of the

population. A plan to propose a DPM framework is still useful

to identify both data and knowledge gaps as well as propose

prospective study designs potentially incorporating more

informative markers of disease progression at appropriate

sampling times (Cook and Bies, 2016).

A key determinant for the overall success of this effort is the

commitment for data sharing, collaboration, and transparency.

The INC community is extremely knowledgeable and committed

to the cause but relies on an extended group of stakeholders to

deliver these high-quality data. It is also incumbent on

pharmaceutical and academic researchers to promote the

science, consider new biomarkers, use more innovative clinical

trial designs, and remain unsatisfied with the status quo. Success

for this effort demands this level of participation and investment.

The proposed approach to consider RWD to guide models that

informBPDdrug development is sound and rigorous. It will surely

experience challenges and there can be no declared victories except

continuing to fill gaps in our knowledge and understanding.

Our intentionwith this initialmodeling effort is to build upon the

data landscaping to produce amechanistic QSPmodel as the starting

point for a collaborative effort that eventually informs a BPD DPM.

Measures of success (early and late) will be described further in an

open-source format as the intention is to extend the initial FDA/INC-

led effort to a broader community of BPD stakeholders including

academic, regulatory, and industrial scientists.
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Background: Piebaldism is a rare autosomal dominant disease, and roughly

75% patients had KIT gene mutations. Up to date, approximately 90 KIT

mutations causing piebaldism were reported.

Methods: To identify KIT gene mutations in three pediatric piebaldism patients

from different families and explore the genotype-phenotype correlation,

peripheral blood DNA were collected from probands and their parents.

Whole-exome sequencing was performed to detect potential disease-

causing variants in the three probands. Putative variants were validated by

Sanger sequencing.

Results: Heterozygous variants of c.2469_2484del (p.Tyr823∗), c.1994G > C

(p.Pro665Leu), and c.1982_1983insCAT (p.662_663insIle) in KIT gene were

detected in three probands. These variants were all novel and classified

as pathogenic/likely pathogenic variants according to the interpretation

guidelines of American College of Medical Genetics and Genomics and the

Association for Molecular Pathology. The probands carrying variants located

in tyrosine kinase domain exhibited a more severe phenotype.

Conclusion: The piebaldism in three families was caused by novel

heterozygous KIT variants. The severity of phenotypes is related with the types

and locations of different mutations. Our results further provided evidence for

genetic counseling for the three families.

KEYWORDS

piebaldism, KIT gene, whole-exome sequencing, café-au-lait macule, genotype-
phenotype correlation
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Introduction

Piebaldism (OMIM 172800) is a rare autosomal dominant
disorder of congenital depigmentation characterized by patches
of white skin and hair in a distinct ventral midline pattern
(1). The white patches are involved in the areas of middle
frontal, chest, abdomen, and limbs. The color and range remain
stable throughout life. Some patients also have café-au-lait
macules (CALMs) and intertriginous freckling, as well as extra-
cutaneous manifestations such as, epitheliomas, occasional
deafness and rare Hirschsprung disease. The incidence is
unknown, yet it is estimated to be less than 1 in 20,000 (2). Both
males and females are affected equally.

Piebaldism is caused by mutations in KIT or SNAI2.
These two genes are involved in the development, survival,
and migration of melanocyte precursors (3). Roughly 75% of
piebaldism patients are caused by mutations in the KIT gene
(OMIM 164920) located on chromosome 4q12 (4), while other
patients may have mutations in alternative genes like the SNAI2
gene (OMIM 172800) located on chromosome 8q11 (5). KIT
encodes a transmembrane tyrosine kinase receptor KIT for stem
cell factor, which is important in the melanogenesis pathway
(6). The receptor KIT belongs to type III transmembrane
receptor tyrosine kinase family. It is composed of an amino-
terminal extracellular ligand-binding domain (EC), a single
transmembrane domain (TB), and an intracellular tyrosine
kinase (TK) domain. Mutations in KIT gene lead to abnormal
melanocyte migration and the absence of melanocytes.

In order to identify underlying genetic etiology of
piebaldism patients and further extend the phenotype and
mutation spectra, we performed next-generation sequencing for
three Chinese piebaldism families. In this study, we uncovered
three novel pathogenic/likely pathogenic KIT variants
(c.2469_2484del, c.1994G > C, and c.1982_1983insCAT).
Our study provided the basis for genetic counseling of three
piebaldism families. The results further elucidated the genotype-
phenotype correlation that mutations in TK domain caused
severe clinical manifestations.

Materials and methods

Patient recruitment

Three individuals clinically suspected as piebaldism were
recruited from Beijing Children’s Hospital. The age of these
patients ranged from 5 months to 3 years. All the probands
presented with varying degrees of skin pigmentation and
poliosis. Written informed consents were obtained from the
minors’ legal guardian for the publication of any potentially
identifiable images or data included in this article. This
study was approved by the Institutional Medical Ethics
Committee of Beijing Children’s Hospital, Capital Medical

University [(2022)-E-196-R] and conducted according to the
Declaration of Helsinki.

Whole-exome sequencing

Peripheral blood of the probands and their parents were
collected, and genomic DNA was extracted by Blood Genomic
DNA Kit (TransGen, Beijing). Whole-exome sequencing (WES)
was performed for three patients (mean depth > 100×).
The library was sequenced on NovaSeq (Illumina, San
Diego, America) and aligned to the GRCh38/hg38 human
reference sequence using Burrows-Wheeler Aligner (BWA)
with the MEM algorithm. BAM files were generated by
Picard. Sequence reads were recalibrated by Realigner Target
Creator in Genome Analysis Toolkit (GATK), and sequence
variants were called by GATK Haplotype Caller. Copy Number
Variants (CNVs) were called by read-depth strategy by CNVkit.
Variants were annotated and filtered by software of Flash
Analysis (fa.shanyint.com). Variants were classified following
the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology (ACMG/AMP)
interpretation standards and guidelines (7). Putative pathogenic
variants detected by next-generation sequencing (NGS) were
confirmed by Sanger sequencing. According to the WES results,
Sanger sequencing was used to verify the gene mutation sites
of the probands and their parents. Primer premier 5 software is
used to design primers.

Histopathological examination

Skin biopsy was performed on a 1.0 cm × 0.5 cm fusiform
skin tissue from the depigmented lesion on the right upper arm
of Proband 1. The skin tissue was placed in normal saline and
then fixed in 4% paraformaldehyde overnight. The fixed tissue
was washed, dehydrated, and finally embedded with paraffin.
Sections of 5-µm thickness were cut by a microtome (RIWARD,
Shenzhen) and stained with hematoxylin and eosin (H&E).
Skin tissue sections were observed under the light microscope
(Keyence, China).

Results

Clinical manifestations

Clinical features of these three patients with piebaldism
were summarized in Table 1. No other findings such as
facial deformity, heterochromia iridis, deafness, or anemia
were noticed. Patient 1 was a 2-year and 8-month-old boy
with congenital leukodermal patches of the forehead, ventral
abdomen, limbs, and a white forelock. The size of the patches
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TABLE 1 Clinical manifestations of probands 1–3.

Proband Age Gender Mutation Origin Involved area

Forehead Forelock Front
chest

Abdomen Back Upper
limbs

Lower
limbs

1 2 years and
8 months

Male c.2469_2484del(p.Tyr823*) Paternal + + + + – + +

2 9 months Female c.1994C > T(p.Pro665Leu) De Novo + – – + + + +

3 5 months Male c.1982_1983insCAT
(p.662_663insIle)

Paternal + + + – – + +

FIGURE 1

Main clinical manifestations of the three patients. Depigmented patches were involved in middle frontal, chest, abdomen, limbs of the patient 1
(A), 2 (B) and 3 (C). Normal pigment islands were scattered on trunk, and extremities. Café-au-lait macules were noticed on the right lower limb
of Patient 1 and the front chest, left armpit, right lower limb of Patient 2.

increased proportionally with age. His father had a similar
phenotype (Figure 1A). Patient 2 was a 9-month-old girl. She
presented with poliosis and skin depigmentation patches on the

forehead, trunk, limbs since birth. Both her parents had normal
phenotype (Figure 1B). Patient 3, a 5-month-old boy, had a
white forelock and unpigmented skin patches on the forehead,

Frontiers in Medicine 03 frontiersin.org

83

https://doi.org/10.3389/fmed.2022.1040747
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-1040747 November 5, 2022 Time: 15:1 # 4

Wang et al. 10.3389/fmed.2022.1040747

trunk, bilateral arms, and legs since birth. His father had similar
physical symptom, and other family members were not affected
(Figure 1C).

Molecular genetic analysis

The results of WES showed that heterozygous variants
of KIT gene (NM_000222.2) were detected in all three
patients (Table 1 and Figure 2). Patient 1 had a paternal
variant c.2469_2484del (p.Tyr823∗) in exon 17, resulting in
a termination codon at position 823. It is expected to lead
to nonsense-mediated mRNA decay and lost the function.
Patient 2 had a de novo variant c.1994C > T (p.Pro665Leu).
Pro665 located on catalytic domain of tyrosine-protein kinase
and was highly conserved according to predicting tools such
as phyloP, GERP + + and REVEL. All SIFT, Polyphen-
2, CADD and LRT had Damaging/Deleterious prediction of
p.Pro665Leu. At the same site, p. Pro665Ser was already
reported in another Chinese piebaldism family (8). Patient 3 had
a paternal variant c.1982_1983insCAT (p.662_663insIle) which
was also located on catalytic domain of tyrosine-protein kinase.
All the three variants were absent in population databases
including gnomAD, Exome Sequencing Project (ESP) and
1000G, and not reported in pervious literature. According
to the ACMG/AMP interpretation standards and guidelines,
c.2469_2484del (PVS1 + PM2 + PP4) and c.1994C > T

(PS2 + PM1 + PM2 + PM5 + PP3 + PP4) were classified as
pathogenic variants, c.1982_1983insCAT was classified as likely
pathogenic variant (PM2 + PM4 + PP3 + PP4).

Pathological examination results

The skin biopsy specimen taken from Proband 1 revealed:
atrophy of epidermis, vanishment of melanocytes and melanin
pigment among basal cells, lymphocytes infiltration in the
perivascular regions and elastic fiber degeneration (Figure 3). It
is consistent with the pathological manifestations of piebaldism.

Discussion

In this study, we report three Chinese cases with
pathogenic/likely pathogenic variants in KIT. All these variants
were novel variants. These data expand the mutation spectrum
of the KIT gene.

In 1991, Giebel and Spritz first reported that mutations in
KIT gene could lead to piebaldism (4). To date, approximately
90 mutations in the KIT gene were reported in piebaldism
according to the database of HGMD (professional 2022.3).
For these mutations, 17 were identified in Chinese patients
(Supplementary Table 1). The severity of clinical features
in piebaldism patients correlate with the type and location

FIGURE 2

KIT mutations of the three piebaldism patients. (A) Pathogenic variants and their origin in the three families. (B) Sanger sequencing results of
three pathogenic variants.
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FIGURE 3

Pathological biopsy result of Patient 1. The arrow indicates that there is no melanocyte in stratum basal of the depigmented area
(hematoxylin-eosin staining, ×200).

of KIT gene mutations (9, 10). Dominant-negative inhibition
caused by missense mutations in the TK domain could lead
to most severe phenotype. The mild piebaldism phenotype is
associated with frameshift variants and missense variants occur
in the N-terminal EC domain with haploinsufficiency, and
some patients do not even develop any clinical manifestations.
Truncating mutations located in the intracellular TK domain or
any mutations at or near the TB domain result in intermediate
severe phenotype, and different patients in a same family
may have different phenotypes. The variants of these three
probands were all located in TK domain. Compared with
patients who carried the variants in EC domain reported in
previous literature (11), the clinical manifestations of three
probands were more severe, and all of them showed typical
white forelock on frontal scalp, relatively large leukoderma
on the chest, abdomen, and extremities. The c. 2469_2484del
mutation of Proband 1 located in exon 17 caused a termination
codon at position 823 in TK domain. The expression product
might lead to haploinsufficiency through nonsense-mediated
decay (NMD), or dominant-negative by truncating protein.
This type of mutation reduced the normal function of KIT
by 50–75%, resulting in a more severe phenotype of this
patient. The variants of Proband 2 and 3 were closed to
ATP-binding sites (E671, C673, and D677) in TK domain.
These two variants might decrease ATP-binding ability by
changing motif topological structure according to SWISS-
MODEL and AlphaFold. The mutated protein partially retained
kinase function and caused milder phenotype of Probands 2
and 3 than Proband 1. This milder phenotype was also reported
in a Chinese piebaldism patient with KIT missense mutation
P665S previously (8). However, proving the precise effect of

these mutations requires biochemistry, bioinformatics analysis,
and in vitro experiment. Meanwhile, the influence of modifying
genes or environmental factors on penetrance cannot be ruled
out, and further studies are needed.

Significantly, in addition to typical dermatology
manifestations of piebaldism, two probands (Probands 1 and 2)
in this study also had CALMs. CALMs may present at birth or
childhood, and are association with several genetic disorders,
such as Neurofibromatosis type 1 (NF1), Legius syndrome (12).
NF1 is an autosomal dominant disease characterized by CALM,
freckling, neurofibroma, and Lisch nodule (13). It is caused by
heterozygous mutation in NF1 gene. Legius syndrome is also an
autosomal dominant disorder due to inactivating mutations in
SPRED1 (14). Individuals with Legius syndrome typically have
multiple CALMs, intertriginous freckling without neurofibroma
or other tumor. In our study, more than six CALMs > 5 mm
in size were found on the trunk or limbs of Proband 2, and
less than six in Proband 1. No freckling or neurofibroma was
found in three probands, and no NF1 or SPRED1 mutation
was detected by genetic analysis. Among all the affected family
members, none of them had CALMs or freckling. Patients
with similar skin manifestations have also been reported in the
previous literature (15–17). In the reported cases, all piebaldism
patients with CALMs had missense KIT mutations located in
the TK domain. Therefore, some researchers suggested that
CALMs might be related to the location and type of KIT gene
mutation (17–22). In our study, two variants of Probands 1
and 2 were also located in the TK domain. The p.Tyr823∗

variant identified in Proband 1 was the first truncating variant
in piebaldism patient with CALMs. These two variants could
lead to the loss of KIT tyrosine kinase function, inadequate
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phosphorylation of SPRED1, and eventually result in the loss of
inhibition of Ras/MAPK pathway (23). More cases are needed
to determine whether CALM or freckling is an uncommon
phenotypic variation in the piebaldism spectrum.

In conclusion, we uncovered genetic etiology of three
Chinese piebaldism patients and reported three novel
pathogenic/likely pathogenic variants. We found novel variants
next to ATP-binding site might cause less severe phenotypes.
We also reported the first truncating variant in piebaldism
patient causing CALMs. Our results further expanded clinical
and variants spectra and provided more evidence to elaborate
genotype-phenotype correlation of KIT mutation.
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Background: Protein glycosylation plays an important role in post-translational

modification, which defines a broad spectrumof protein functions. Accordingly,

infants with a congenital disorder of glycosylation (CDG) can have

N-glycosylation, O-glycosylation, or combined N- and O-glycosylation

defects, resulting in similar but different multisystem involvement. CDGs can

present notable gastrointestinal and neurologic symptoms. Both protein-losing

enteropathy and hypotonia affect the decision of using anesthetics. We

reported a case of MPI-CDG with protein-losing enteropathy and muscular

hypotonia that underwent different anesthesia approach strategies of vascular

access. Here, we highlight why intubation with sevoflurane anesthesia and

sparing use of muscle relaxants is the optimal strategy for such a condition.

Case presentation: A 25-month-old girl, weighing 6.6 kg and 64 cm tall,

suffered chronic diarrhea, hypoalbuminemia, and hypotonia since birth.

Protein-losing enteropathy due to MPI-CDG was documented by whole-

exome sequencing. She underwent three sedated surgical procedures in our

hospital. The sedation was administered twice by pediatricians with oral chloral

hydrate, intravenous midazolam, and ketamine, to which the patient showed

moderate to late recovery from sedation and irritability the following night. The

most recent one was administered by an anesthesiologist, where endotracheal

intubation was performed with sevoflurane as the main anesthetic. The patient

regained consciousness immediately after the operation. She had no

complications after all three sedation/anesthesia interventions and was

discharged 7 days later, uneventful after the third general anesthesia procedure.

Conclusion: We performed safe anesthetic management in a 25-month-old

girl with MPI-CDG using sevoflurane under controlled ventilation. She awoke

immediately after the procedure. Due to the disease entity, we suggested

bypassing the intravenous route to avoid excess volume for drug

administration and that muscle relaxant may not be necessary for

endotracheal intubation and patient immobilization when performing

procedures under general anesthesia in CDG patients.
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1 Introduction

The provision of safe anesthesia for pediatric patients

depends on a clear understanding of the physiologic,

pharmacologic, and psychological differences between

children and adults (Miller et al., 2009). Practitioners

should evaluate several critical pre-operational conditions

when planning for pediatric anesthesia. These medical

conditions include but are not limited to a patient’s

developmental status, the aim of the surgery, preoperative

preparation, pharmacology of the candidate drugs, and the

possible side effects after administration (Miller et al., 2009).

Every step matters; the more information collected, the better

the plan can be made. This is particularly important when it

comes to dealing with rare diseases. Infants with CDGs

present varying levels of involvement of the central nervous

system (most often hypotonia and ataxia), dysmorphology,

gastrointestinal symptoms including protein-losing

enteropathy, and other signs (Kliegman et al., 2016). Some

symptoms affect the choice of anesthesia management, while

facial dysmorphism/preterm birth raises worries of airway

insecurity; both protein-losing enteropathy and hypotonia

can affect the decisions made during anesthesia

management. To date, the literature on this subject lacks

reports on anesthesia management in children with CDGs.

To date, only three reports have been published, each

regarding CDG types, namely, PMM2-CDG, ALG6-CDG,

and STT3B-CDG (Sakai et al., 2017) (Meaudre et al., 2005)

(Lehavi et al., 2011). Sakai et al. (2017) suggested the use of

neuromuscular monitoring when using rocuronium on CDG

patients with hepatic dysfunction and hypotonia. Meaudre

et al. (2005) highlighted the complexity of coagulopathy in

CDG patients and the perioperative assessment of clotting

factors, as part of which practitioners use fresh frozen plasma

or a prothrombin complex concentrate to lower hemorrhagic

risk during surgery (Altassan et al., 2019). Lehavi et al. (2011)

described a nitrous oxide–remifentanil-based anesthesia on a

6-year-old boy (16.2 kg), taking into account concerns about

the CDG patient’s hemodynamic status and hepatic function.

At present, there are no specific guidelines for managing

anesthesia in CDG patients, and more data is required. In

response, the present study reports on the anesthesia practices

used for a 25-month-old girl suffering from MPI-CDG with

protein-losing enteropathy and muscular hypotonia. In our

case, we present three approaches to anesthesia management

during vascular access for regular albumin infusion,

performed by different specialists. We also discuss the

particular concerns of the approaches and propose an

overall strategy.

2 Case presentation

The patient was a 25-month-old girl, who weighed 6.6 kg

(< 0.1 percentile) and was 64 cm (< 0.1 percentile) tall. She was

diagnosed with MPI-CDG with protein-losing enteropathy,

hypoalbuminemia, hypogammaglobulinemia (IgG = 118.0 mg/

dl), muscular hypotonia, and some dysmorphic features,

including a wide prominent forehead, flat nose, large anterior

fontanelle, web neck, and skeletal dysplasia (Figure 1). Her liver

transaminase levels were within normal limits (AST = 17 IU/L;

ALT = 14 IU/L). She underwent three sedated vascular access

surgeries for regular albumin infusion in our hospital. The

sedation was administered twice by pediatricians to place a

peripherally inserted central catheter (PICC), and the most

recent one was administered by anesthesiologists for a port-a-

cath exchange. The pediatricians gave oral chloral hydrate,

intravenous midazolam, and ketamine while monitoring vital

signs including body temperature (BT), blood pressure (BP),

heart rate (HR), arterial oxyhemoglobin saturation (SaO2), and

respiratory rate (RR). On the other hand, the anesthesiologist

performed endotracheal intubation and gave sevoflurane

inhalation with oxygen while monitoring similar vital signs

including end-tidal carbon dioxide (ETCO2) for airway and

respiratory function monitoring.

The first sedation was administered by pediatricians in the

pediatric intensive care unit (PICU) for the purpose of placing a

PICC. Routine non-invasive monitoring was established,

including BT, BP, HR, SaO2, and RR. Before anesthesia, her

vital signs were stable: BT: 36.4°C, BP: 95/74 mmHg, HR: 114/

min, SaO2: 100%, and RR: 34/min. The sedation was induced

orally using a 3.5 ml 10% chloral hydrate solution (0.5 cc· kg−1),
intravenous 0.7 mg midazolam (0.1 mg · kg−1), and continued on

6 mg ketamine (0.9 mg · kg−1) seven times, with a total dosage of

42 mg within 169 min. The surgery lasted 215 min; however, we

failed to insert the PICC. During the procedure, the addition of

ketamine was adjusted according to restlessness to ensure that

the patient did not wake up. The patient’s vital signs remained

stable, with no bradycardia, hypotension, apnea, or arterial

desaturation, during the whole procedure. After awakening

from the procedure, there were no other symptoms or

discomfort for the patient, except for appearing irritable the

following night.

The second sedation was also administered by pediatricians

in the PICU to place a PICC. The procedure was performed by a

plastic surgeon, who asked for a completely stable patient during

the operation. Routine monitoring was established, including BT,

BP, HR, SaO2, and RR. Before the anesthesia, her vital signs were

stable: BT: 36.2°C, BP: 91/57 mmHg, HR: 120/min, SaO2: 99%,

and RR: 30/min. Prior to the procedure, she was induced using
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3.4 ml 10% chloral hydrate solution (0.5 cc· kg−1), 0.7 mg

midazolam (0.1 mg · kg−1), and continued on 6 mg ketamine

(0.9 mg · kg−1) five times, with a total dosage of 30 mg within

147 min. The surgery lasted 90 min, anesthesia time was 170 min,

and a heart rate over 150/min was used as a sign of awakening

and for additional drug dosage supplements. The patient

remained stable, and a PICC was successfully placed. During

the operation, her vital signs were also stable, with no

bradycardia, hypotension, apnea, or arterial desaturation.

There were no other complications or discomfort from the

patient except for appearing irritable the night after the

administration of anesthesia.

The latest anesthesia was administered by anesthesiologists

for a port-a-cath exchange in the operating room. At the pre-

anesthesia assessment, her anesthesia status was graded as

American Society of Anesthesiologists (ASA) Class III for

CDG disease entity and possible difficulty in airway

establishment. The laboratory examination showed

hypoalbuminemia and anemia, and her chest X-ray showed

increased non-specific infiltrate in the bilateral lower lungs.

Electrocardiography showed normal sinus rhythm. Before the

anesthesia, her vital signs were stable with BT: 36.2°C, BP: 89/

47 mmHg, HR: 119/min, SaO2: 99%, and RR: 50/min. In order to

minimize complications from endotracheal intubation,

GlideScope® was used, and the patient was brought to a

sniffing position with neck protection. After successful airway

establishment, sevoflurane was used as the main anesthesia. After

evaluating the patient’s muscle tone, muscle relaxants were not

administered. A total of 0.1 mg atropine was given to maintain

the heart rate (150–160/min) for an adequate cardiac output. The

surgery lasted 60 min, and the anesthesia time lasted 120 min.

The patient’s vital signs remained stable and under secured

ventilation control, with no bradycardia, hypotension, apnea,

or arterial desaturation. After completion of the operation, the

patient regained consciousness and was sent back to the PICU,

where the ET tube was removed and a nasal cannula was placed

for 4 h. No complication or discomfort was observed, and the

patient was discharged uneventfully 7 days later.

3 Discussion

3.1 Overview

Three anesthetic interventions were performed in our

reported MPI-CDG case. When facing rare diseases, the

common obstacles for healthcare professionals include

diagnostic delays and lack of information and treatment

options. A comprehensive evaluation is particularly critical

in situations like this. In this case, the anesthesiologists

routinely and thoroughly evaluated the patient’s condition,

especially included assessing the patient’s airway condition.

While each of the patients’ experiences under anesthetic were

fine, it is important to remember that the aim of using anesthesia

is to ease the patient for an unbothered surgery.

3.2 Airway management

When managing children under anesthesia, it is important to

constantly maintain a secured airway with satisfactory

ventilation and oxygenation. A failed airway can cause

hypoxia, potentially leading to brain damage and death within

minutes (Cook and MacDougall-Davis, 2012). It is currently

reported that more than half of critical perioperative events in

children are respiratory complications (Habre et al., 2017). Any

improvement in preparation (mainly preoxygenation and patient

positioning), intubation techniques, and removal of airway

devices can minimize perioperative complications.

Additionally, capnography monitoring for critical information

on ventilation, perfusion, and metabolism is a standard tool that

ensures the establishment of a secured endotracheal tube (Soto

et al., 2004). In cases in which difficulties with the airway might

be expected, it is recommended that intravenous access be

prepared beforehand for instant management of potential

FIGURE 1
Photo of the patient before the port-a-cath exchange. Her
dysmorphic features were wide prominent forehead, flat nose,
large anterior fontanelle, web neck, and skeletal dysplasia.
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emergencies, e.g., laryngospasm and bradycardia, where the latter

is usually prevented by administering 0.02 mg/kg atropine

(Karsli, 2015). In addition, experts recently recommended the

use of video laryngoscopy as the first option for patients in which

intubation is anticipated to be difficult (Dadure et al., 2019).

The concerns mentioned above were addressed in the third

operation. In this case, we anticipated difficult airway

management because of dysmorphism (low-set ears, wide eye

distance, and some retrognathia) (Roth et al., 2021) and a narrow

airway evidenced by X-rays. Preoxygenation and a neutral airway

position were established, atropine 0.1 mg was administered

through pre-established PICC, and video laryngoscopy

(GlideScope®) was used for tracheal intubation. The successful

airway establishment andmonitoring of ETCO2 not only secured

the patient’s status for surgery but also suited the chosen

anesthesia route, which is discussed in the next section.

3.3 Anesthetic administration

The induction of general anesthesia for children occurs either

by inhalation or intravenously (IV). While inhalation induction

is the most common technique in young children, there are

several conditions for which IV induction is preferred. Whatever

the route, it is always necessary to evaluate the children’s history

and laboratory findings before planning the anesthetic to be used.

We discussed the concerns in three dimensions: patients’

laboratory status, ketamine experience and pharmacokinetics,

and IV route drawbacks.

First of all, Saad et al. (2020) strongly highlighted the

importance of preoperative malnutrition screening and

management for the risk of anesthetic overdose. In our case,

the girl has hypoalbuminemia with underlying protein-losing

enteropathy. Although supported by intravascular nutrient

support, her preoperative albumin levels were all low. The

high prevalence of hepatic dysfunction in CDG patients is

also noticeable (da Silva et al., 2017) (Schollen et al., 2004),

with her transaminases within normal limits but prothrombin

time shortened. These laboratory findings affect the

pharmacokinetics of anesthetics, in this case, ketamine.

In children, ketamine plays an anesthetic role in short-

term procedures. Well-known for its psychodysleptic effects,

ketamine is a rapid-acting N-methyl-D-aspartic acid

(NMDA) receptor non-competitive antagonist (Kurdi et al.,

2014). It also interacts with opioid receptors, monoamine,

cholinergic, purinergic, and adrenoreceptor systems,

providing both positive and negative modulation in

sedation and analgesia (Nowacka and Borczyk, 2019). The

benefits include preserving children’s cardio-respiratory

stability by enhancing or maintaining a normal skeletal

muscle tone (Rosenbaum et al., 2021). However, this does

not ensure a secured airway and there may be transient

FIGURE 2
Approach to the anesthesia in the case. Secured airway prevents respiratory complications and brain hypoxia in children’s anesthesia. After the
review of X-ray and evaluating child appearance, video larnygoscopy was chosen for expected difficult airway intubation. Decision of the route of
administration depends on the pros and cons. Hypoalbuminemia increases free active fraction of protein-bound drugs; at the same time, elevated
liver transaminases/liver pathology may also interfere with drug metabolism, in this case, ketamine. On the other hand, anesthetic sevoflurane
was eliminated directly via lung exhalation, bypassing the liver metabolism. Therefore, the inhalation route outweighed the IV route with its
convenience and safety. Muscle relaxants act to facilitate endotracheal intubation and operation; in this case, with hypotonia and the muscle
relaxation effect of sevoflurane, NMBAs were not necessary. Sugammadex is a good choice for immediately reversing non-depolarizing muscle
relaxants (rocuronium or vecuronium). However, it has not been approved by the USFDA for use in children under two years of age.
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minimal respiratory depression if ketamine is administered

too rapidly or in too high a dose. Therefore, pharmacokinetics

should always be evaluated on a case-by-case basis. According

to the literature (Trevor et al., 2019) (Miller et al., 2009),

ketamine onset occurs rapidly due to high lipid solubility and

ceases its effect by redistribution to inactive sites at a half-life

of 11–16 min. Two aspects of ketamine properties were the

foci in our case. For one, it is metabolized in the liver through

N-demethylation by the cytochrome CYP3A4 (Dinis-Oliveira,

2017). Second, ketamine is the only intravenous anesthetic

that has low protein binding (approximately 12%). In our

experience, pediatricians empirically chose IV ketamine with

midazolam adjuvant for two sedation episodes. Propofol was

not used for her age, under 3, according to the Food and Drug

Administration (FDA) of the United States. Although both

single and accumulative ketamine dosage were within normal

limits (induction 0.5–2 mg/kg, lethal dose 600 mg/kg

(Orhurhu1 et al., 2021)), the supplement interval (mean

25 min) indicated a mildly prolonged sedation. We tried to

explain this outcome despite the lack of literature on the two

foci, liver metabolism and protein binding mentioned above.

Given that the girl showed normal transaminase levels, we

considered there to be a low risk of hepatic-derived

complications in the anesthesia outcome. On the other

hand, hypoalbuminemia has a great effect on high protein-

binding agents; since ketamine is one of the low protein-

binding anesthetics, ketamine pharmacokinetics are rarely

studied in hypoalbuminemia. However, as

hypoalbuminemia more or less reduces protein-binding and

increases the free active fraction of drugs (Pino, 2019), we

considered this as the cause of her two prolonged ketamine

sedations. Last, ketamine-induced dissociation is a major side

effect causing concern in pediatric anesthesia. Although

midazolam was used as an adjuvant to reduce ketamine

induction dosage, the child showed irritability after both

interventions. Therefore, the decision to use ketamine

should be made carefully, especially when the child shows

abnormal susceptibility.

TABLE 1 Comparison of the three anesthetic practices. Notice the durations of both ketamine-induced anesthesia and hypoalbuminemia status, which raise
overdose and fluid overload concerns.

Anesthesia by pediatrics for CVC
(9/22)

Anesthesia by pediatrics for PICC
(10/08)

Anesthesia by anesthesiologist for
port-a-cath (10/11)

Duration of
anesthesia

215 min (14:50–18:25) BW:6577 g 170 min (15:30–18:20) BW:6692 g 120 min (8:10–10:10) BW:6600 g

Anesthetics and dose

General Chloral hydrate soln. 10% dose 3.5 ml at 0 min,
midazolam 15 mg/3 ml dose 0.7 mg at 20 min,
ketamine 500 mg/10 ml dose 6 mg at 36 min,
100 min, 128 min, 154 min, 178 min, 192 min,
and 205 min, respectively (seven times totally)

Chloral hydrate soln. 10% dose 3.4 ml at 0 min,
midazolam 15 mg/3 ml dose 0.7 mg at 45 min,
ketamine 500 mg/10 ml dose 6 mg at 55 min,
57 min, 89 min, 134 min, and 202 min,
respectively (five times totally)

Sevoflurane 4L/min from 0 min to 5 min (5 min,
Induction), sevoflurane 2L/min from 5 min to
90 min (85 min, maintain) O2 2L/min from 0 min
to 120 min

Local Lidocaine HCl 2% dose 20 ml at 15 min None None

Muscle
relaxants

None None None

Others None None Atropine 0.1 mg

Vital sign

Before
anesthesia

BT: 36.4, HR: 114, SaO2: 100, and RR: 34 BT: 36.2, HR: 120, SaO2: 99, and RR: 30 BT: 36, HR: 119, SaO2: 99, and RR: 50

During
anesthesia

Vital signs stable, BT: 36.7, HR: 124 ~128, SaO2:
98 ~100%, and RR: 43 ~53

Vital signs stable, BT: 36.2 ~37.0, HR: 120 ~135,
SaO2: 99 ~100%, and RR: 30 ~54

Vital sign stable, BT: 36.5 ~37.0, HR: 145 ~150 ET
intubation with control ventilation: ETCO2: 41 ~52,
SaO2: 100%

After
anesthesia

BP: 84/54 mmHg, BT: 36.7 ~37.9, HR: 154,
SaO2: 100, RR: 39, and emotional irritation for
one night

HR: 150, SaO2: 100%, RR: 42, and emotional
irritation for one night

One vomiting episode after arriving from the PICU
while on an ET tube, fair spirit after removal of the
ET tube intermittently asleep/awake, nasal cannula
flow rate: 0.5L/min, BT: 36.9, HR: 146, BP: 81/66,
SaO2: 100, and RR: 29 ~51

Lab Albumin: 2.3 g/dl (L, 9/20) and albumin: 2.4 g/
dl (L, 9/27)

Albumin: 1.4 g/dl (L, 10/04) and albumin:
1.8 g/dl (L, 10/09)

Albumin: 1.8 g/dl (L, 10/09) and albumin: 3.2 g/dl
(L, 10/09)

Comments Not suggested due to 1) overdose and flushing concerns. 2) Ketamine: pharmacokinetics and side
effect. 3) IV drug supplement when the child shows signs of awakening, interrupting the surgery. 4)
Not intubated

Suggested: 1) intubated with secured airway. 2)
Secured anesthesia with an inhalation route
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Residual drugs can remain in the dead space of

intravenous lines, which is especially crucial when giving

small-volume infusions (< 250 ml), according to the

National Infusion and Vascular Access Society (NIVAS,

2021). However, there are debates about whether it is

necessary to flush, due to there being a lack of evidence.

The current guidance (NIVAS, 2019) provides three

options, including discarding the infusion set, flushing

manually with 50 ml sodium chloride (0.9%), and flushing

with a closed system using an additional fixed needle free

connector at the top of the given set. Heparin is also used to

prevent intraluminal clot formation and/or catheter

colonization (Goossens, 2015). Recently, experts (Rout

et al., 2020) (Cousins, 2018) have raised concerns about

underdosing, claiming that most healthcare organizations

chose option one rather than flushing to cut costs. This is

supported by Harding et al. (2020) who found out that up to

35% of medication may not be administered due to residual

volume, with the greatest percentage associated with 50-ml

solutions. In our case, the girl received seven and five ketamine

IV bolus at 0.12 ml per dose (Ketalar®500mg/10 ml, 6 mg per

dose) in her first two operations, which fits the definition of

small-volume infusion. According to NIVAS, in this case, the

best practice that minimizes medication loss would be to flush

the cannula before and after the drug administration, which in

our general practice will be twice the catheter dead space

volume. When planning her third anesthesia, we considered

not using the intravenous route for two reasons. For one, she

had undergone numerous intravenous procedures since her

birth, which brought concerns about her peripheral vessel

patency. Second, given the dead space (2 ml) in her PICC and

the small volume of her dosage (0.12 ml), flushing for

complete administration was necessary. Unfortunately, this

may have brought about fluid overload when repeated doses

were needed in such a small baby (6.6 kg) with

hypoalbuminemia. According to Holliday and Segar (1957),

the fluid rate for full maintenance of a 6.6-kg child is

approximately 26.4 ml/h. If we applied the practice

mentioned previously, we would have flushed an estimated

30 ml, an amount beyond full maintenance, which meant that

the calculated fluid overload percentage, using the definition

developed by Goldstein et al. (2001) or the Goldstein method,

would have increased by 1.8%, with every 1% increase in the

odds ratio by 1.04 (Selewski et al., 2011). On the other hand,

the induction of inhalation agents depends primarily on gas

flow or controlled ventilation in children. Taking advantage of

the secured intubation we established beforehand and

preserving her heart rate with atropine, we chose

sevoflurane as the anesthetic for our third operation, in

addition to the common benefits of the drug. Finally, the

inhalation route also strongly supports the maintenance of

sedation for the entire duration of the operation and avoiding

intravenous flushing with its realted concerns.

3.4 Hypotonia and muscle relaxants

Muscle relaxants, or neuromuscular blocking agents

(NMBAs), are commonly used in anesthesia under the

indication to facilitate intubation and surgery condition.

However, the use of NMBAs should be determined

individually (Gueret et al., 2004). NMBAs can have an

unexpectedly prolonged effect in patients with hypotonia,

and the susceptibility of patients with CDG to non-

depolarizing NMBAs remains unclear (Sakai et al., 2017).

Although it is not well understood, to the best of our

knowledge, trans-synaptic signaling is reduced in CDGs

(Frappaolo et al., 2018), the expression of postsynaptic

nicotinic acetylcholine receptors with normal function is

also reduced (Freeze et al., 2014). This supports our

assumption in treating CDG as myasthenia gravis when it

comes to NMBAs. For most surgical procedures,

administration of NMBAs is not necessary for patients

with myasthenia. Adequate relaxation is often reached

using inhalation agents alone (Nitahara et al., 2007)

(Rocca et al., 2003), in our case, sevoflurane. Even if

NMBAs are needed, due to susceptibility concerns

(Eisenkraft et al., 1988), it has been suggested that non-

depolarizing NMBAs should be used, namely rocuronium or

vecuronium with a reversal with sugammadex (Tsukada

et al., 2021) (de Boer et al., 2014). However, sugammadex

has not received FDA approval for use in children, and to

date, there are limited data regarding its administration to

pediatric patients (Tobias, 2017). Therefore, due to the

patient’s hypotonia and adequate relaxation after

administering sevoflurane, additional muscle relaxants

were not required to achieve the degree of immobilization

required for the surgeon to proceed with the port-a-cath

replacement.

3.5 Summary and strategy

The pharmacological characteristics of good sedation and

analgesia include ease of application, rapid action, short

duration of action, and lack of significant adverse reactions

(Norambuena et al., 2013). An experienced and professional

practitioner can be a valuable asset when approaching unclear

situations (Schulz et al., 2013). The cases presented here raise

three crucial concerns of anesthesia, including airway

management, choice of drug, and the decision to use a

muscle relaxant. Although there is a lack of precise

guidelines for anesthesia in CDGs, decisions can still be

made by a comprehensive strategy (Figure 2) including

evaluating the patient, understanding the underlying

mechanisms, and weighing the medical risks and benefits,

all to achieve the final purpose—to assure the surgeon and

secure the patient.
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4 Conclusion

This study reports rare clinical experiences in MPI-CDG

children’s anesthesia management. Comparing the three

anesthetic experiences, we have reviewed the decisions made

by two specialists (Table 1). Based on our review of the literature

and discussion of recent studies, we suggest that when anesthesia

is needed for CDG patients practitioners use inhaled anesthetics

instead of the intravenous route and consider not using NMBAs

if patients show hypotonia. These findings will help in

administering an anesthetic to CDG children in the future

and we encourage further research on this subject.
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Objectives: Graves’ disease (GD) with onset in childhood or adolescence is

a rare disease (ORPHA:525731). Current pharmacotherapeutic approaches use

antithyroid drugs, such as carbimazole, as monotherapy or in combination with

thyroxine hormone substitutes, such as levothyroxine, as block-and-replace

therapy to normalize thyroid function and improve patients’ quality of life.

However, in the context of fluctuating disease activity, especially during puberty,

a considerable proportion of pediatric patients with GD is su�ering from thyroid

hormone concentrations outside the therapeutic reference ranges. Our main

goal was to develop a clinically practical pharmacometrics computer model

that characterizes and predicts individual disease activity in children with various

severity of GD under pharmacotherapy.

Methods: Retrospectively collected clinical data from children and adolescents

with GD under up to two years of treatment at four di�erent pediatric hospitals

in Switzerland were analyzed. Development of the pharmacometrics computer

model is based on the non-linear mixed e�ects approach accounting for inter-

individual variability and incorporating individual patient characteristics. Disease

severity groups were defined based on free thyroxine (FT4) measurements at

diagnosis.

Results: Data from 44 children with GD (75% female, median age 11 years,

62% receiving monotherapy) were analyzed. FT4 measurements were collected

in 13, 15, and 16 pediatric patients with mild, moderate, or severe GD, with

a median FT4 at diagnosis of 59.9 pmol/l (IQR 48.4, 76.8), and a total of 494

FT4 measurements during a median follow-up of 1.89 years (IQR 1.69, 1.97).

We observed no notable di�erence between severity groups in terms of patient

characteristics, daily carbimazole starting doses, and patient years. The final

pharmacometrics computer model was developed based on FT4 measurements

and on carbimazole or on carbimazole and levothyroxine doses involving two

clinically relevant covariate e�ects: age at diagnosis and disease severity.

Discussion: We present a tailored pharmacometrics computer model that is

able to describe individual FT4 dynamics under both, carbimazole monotherapy
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and carbimazole/levothyroxine block-and-replace therapy accounting for inter-

individual disease progression and treatment response in children and adolescents

with GD. Such clinically practical and predictive computer model has the

potential to facilitate and enhance personalized pharmacotherapy in pediatric

GD, reducing over- and underdosing and avoiding negative short- and long-term

consequences. Prospective randomized validation trials are warranted to further

validate and fine-tune computer-supported personalized dosing in pediatric GD

and other rare pediatric diseases.

KEYWORDS

Graves’ disease (GD), pediatric rare diseases, hyperthyroidism, thyrotoxicosis, carbimazole

monotherapy, block-and-replace therapy, mathematical model, pharmacometrics model

Introduction

Graves’ disease (GD) is an autoimmune form of acquired
hyperthyroidism (1–5). GD with onset in childhood or adolescence
is a rare pediatric disease (ORPHA:525731) in contrast to the
adult age group (6, 7). Incidence in children ranges from
0.1 to 3.4/100,000 in Europe and is increasing over decades
(Denmark 1982–1988 vs. 1998–2012, 0.79 to 1.58/100,000; Sweden
1990–1999 vs. 2000–2009, 1.6 to 2.8/100,000) (8–11). In three
pediatric studies, 71–83% of patients were diagnosed at the
age of 10 years or later, 15–20% between 5 and 9 years, and
2–9% were younger than 5 years (8, 12, 13). Children with
GD suffer from weight loss, goiter, tachycardia, and tremor at
diagnosis, while endocrine orbitopathy is present in ≈ 30% of
affected patients in contrast to a higher frequency of 60–70%
in the adult population (4, 5, 9, 13, 14). Anxiety, depression,
fatigue, and impaired cognitive function may be associated
symptoms and lead to a decline in academic and athletic
performance (15–17). Thus, children with GD require adequate,
personalized therapy to normalize thyroid function, improve
quality of life, and avoid negative long-term consequences as in
adults (18, 19).

Antithyroid drugs are the first-line treatment in children with
GD (3–5, 20, 21). A definitive cure by thyroidectomy or radioiodine
ablation is recommended in patients whose hyperthyroidism is
not controlled despite the highest doses of antithyroid drugs
or who suffer severe adverse events related to pharmacotherapy
(3). Long-term pharmacotherapy with carbimazole (CMZ) is safe
before thyroidectomy or radioiodine ablation in children and
adolescents (22–24). Pharmacotherapy with propylthiouracil is no
longer recommended in pediatric GD due to the increased risk of
liver failure (3, 20, 21, 25, 26).

The main goal of pharmacotherapy is normalization of
free thyroxine (FT4) levels within 4–8 weeks, depending on
disease severity (3, 21, 26, 27). In pediatric GD, two treatment
approaches currently exist. The first approach is a complete
blocking of thyroid hormone production with CMZ combined
with a thyroid hormone substitution with levothyroxine (LT4),
also called CMZ/LT4 block-and-replace therapy (3, 20, 21, 26,
28). However, with this treatment approach, up to 25% of
pediatric patients show dose-related side effects such as rash and

pruritus, and rarely agranulocytosis, hepatitis, and/or vasculitis. For
this reason, current international guidelines recommend another
treatment approach, a carefully titrating CMZ monotherapy
(20, 26, 29, 30). A first recent randomized controlled trial
in children with GD showed that there is no evidence for
better biochemical control when administering a mean CMZ
dose of 0.61 mg/kg/day for CMZ/LT4 block-and-replace vs. 0.3
mg/kg/day for CMZmonotherapy (28). In our retrospective cohort,
data show that both treatment approaches were still applied in
clinical practice.

Both treatment approaches require frequent outpatient visits
and blood sample collections to monitor safety, including clinical
and laboratory adverse events of CMZ, and efficacy, to avoid
both overdosing associated with iatrogenic hypothyroidism and
underdosing resulting in persistent hyperthyroidism (3, 20, 21,
26). Once thyroid hormones are normalized, continuous CMZ
adjustments, taking into account the patient’s age and weight,
disease severity at diagnosis, and disease activity during treatment,
are mandatory (3, 20, 21, 26). Disease severity may be extremely
variable in patients with newly diagnosed GD. Prepubertal children
may, in particular, have severe forms of GD and an increased
risk of disease recurrence despite adequate CMZ treatment and
appropriate drug adherence (3, 12, 26).

To mitigate the risk of somatic, metabolic, and cognitive
impairment, aforementioned aspects should be taken into
account for optimized individual CMZ dosing in pediatric
GD. To this end, a tailored pharmacometrics (PMX) computer
model was developed to characterize FT4 dynamics under
both current treatment approaches, CMZ monotherapy
and CMZ/LT4 block-and-replace therapy, with the ultimate
goal of personalizing CMZ dosing in pediatric GD, (i)
reducing the time needed to restore thyroid homeostasis
after diagnosis, (ii) increasing the time within reference
ranges of thyroid hormones during follow-up, (iii) reducing
the number of outpatient visits and blood draws, (iv)
enhancing the quality of life, and academic and athletic
performance in pediatric patients, and (v) avoiding negative
long-term consequences.

For successful implementation in clinical practice, such a
tailored PMX computer model (i) has to be in a reasonable
balance between complexity to account for physiological
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mechanisms and simplicity to utilize sparse clinical and
laboratory data, and a small number of input parameters
(31), (ii) has to follow pharmacokinetics/pharmacodynamics
(PK/PD) modeling principles (32–35), and (iii) has to be
developed in the context of non-linear mixed effects (NLME)
modeling (36).

This research article has two main objectives: first, to perform
a descriptive analysis of a retrospective dataset with clinical and
laboratory data from children and adolescents with GD up to 2
years of treatment; and second, to develop a clinically practical
PMX computer model that can characterize and predict individual
FT4 dynamics under CMZmonotherapy and CMZ/LT4 block-and-
replace therapy in pediatric GD.

Methods

This section consists of six paragraphs describing (i) study
design and retrospective data collection procedure, (ii) descriptive
data analysis of retrospective data of the whole patients’ cohort
and per disease severity group, (iii) PK and PD components of
the PMX computer model for CMZ monotherapy and CMZ/LT4
block-and-replace therapy, (iv) the NLME approach to characterize
each individual in a patient population, (v) covariate testing in the
PMX modeling process, and (vi) statistical data presentation and
applied software packages.

Study design and retrospective data
collection procedure

In this retrospective multicenter longitudinal cohort study of
pediatric patients, patient data were included, if (i) children had
a confirmed GD [based on elevated FT4 and/or triiodothyronine
(T3) and positive antithyroid stimulating hormone receptor
antibodies (TRABs)], (ii) children were treated for GD between
1990 and (a) 12/2020 at each of University Children’s Hospital
Basel, University Hospital Bern, and University Children’s Hospital
Zurich or (b) 12/2013 at Children’s Hospital Eastern Switzerland
in St. Gallen, (iii) a complete set of data that includes
documented CMZ, clinical baseline characteristics, relevant
laboratory parameters at diagnosis and/or start of CMZ treatment,
and, in case of CMZ/LT4 block-and-replace therapy, LT4 dose
history during the complete follow-up period was available, and
(iv) at least two follow-up visits after CMZ treatment start were
documented. Pediatric patients were excluded from the study
if CMZ and/or LT4 doses were missing at the first visit or
any follow-up visit, or if there was documented, inappropriate
drug adherence.

Ethical approval for this study (2018-01770) was obtained
and amended (01/2021) by the lead local ethics committee
(Ethikkommission Nordwest- und Zentralschweiz EKNZ) and all
locally responsible ethics committees (Kantonale Ethikkommission
Bern, Ethikkommission Zürich, Ethikkommission Ostschweiz
EKOS). Data were captured and standardized for each study
visit in the designated electronic database secuTrial

R©
. Data

from patients were pseudonymized. The study was performed in

compliance with the tenets of the Declaration of Helsinki and Good
Clinical Practice.

Descriptive analysis of retrospective data

Relevant disease-related clinical and laboratory data, such
as age (years), body weight (kilogram, kg), FT4 (pmol/l), and
thyroid stimulating hormone (TSH, mU/l), from the start of CMZ
treatment (t0 = 0 day) were included in the analysis. Disease
severity was defined based on FT4 measurement at the time of
diagnosis [or, if missing, based on TSH and/or thyroxine (T4)
measurements]. Patients were categorized as severe (FT4 > 70
pmol/l), moderate (FT4 50–70 pmol/l), andmild (FT4< 50 pmol/l)
according to Léger et al. (26).

Total daily CMZ dose (mg/day) and total daily dose per kg body
weight (mg/kg/day) were compared between patients receiving
CMZ monotherapy and those receiving CMZ/LT4 block-and-
replace therapy at the start of LT4 replacement treatment.

Missing daily body weight values were calculated by
linear interpolation.

PK and PD components of the PMX
computer model

The prodrug CMZ has a high bioavailability (90–100%) and is
quickly absorbed (within 15–30min) from the gastrointestinal tract
(37). After oral administration, CMZ (molecular weight, MWCMZ

= 186.23 g/mol) is rapidly metabolized into the pharmacologically
active metabolite methimazole (MMZ) (MWMMZ = 114.17
g/mol) (37). Since MWMMZ/MWCMZ = 0.61, a dose of 1mg
CMZ corresponds to 0.61mg MMZ. By blocking the thyroid
peroxidase enzyme, and hence preventing iodination and coupling
of thyroglobulin residues, MMZ reduces the production of the
thyroid hormones T3 and T4. The time of maximum MMZ
plasma concentration tmax is reported to be 1–2 h after oral
administration of CMZ (37). The elimination half-life thalf of
MMZ has been described as variable, ranging from 4 to 12 h,
depending on the individual patient, but not related to thyroid
status or disease severity (37–40). In addition, in adults, weight
dependence of the volume of distribution V is referred to as 0.5
l/kg (37), and a bi-exponential profile of MMZ concentration was
observed (39).

A general PMX computer model consists of two components:
a PK and a PD component. PMX approaches are increasingly
utilized to inform key decisions such as dose selection in drug
research and development (41, 42). During the last years, PMX
models have also been applied to evaluate and optimize dosing
strategies in clinical practice, particularly in pediatrics (43–
46).

In the context of GD, the PK component characterizes MMZ
concentration caused by the administered CMZ doses (Component
I), and the PD component characterizes the inhibitory effect of
MMZ on the increased endogenous T4 production (Component
II). For patients receiving CMZ/LT4 block-and-replace therapy, the
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administration of LT4 substitutes is included in Component II. Due
to this structure, the PMX computer model is explicitly controlled
by the doses and is based on pharmacological, physiological, and
biological principles.

Component I: PK computer model for CMZ and
its active metabolite

The PK of CMZ and its active metabolite, MMZ, is
characterized by a linear multi-compartment model including
absorption, metabolism, and peripheral distribution. A schematic
of the PK model is shown in Figure 1A, and model equations are
presented in the following:

CMZ absorption is characterized by

d

dt
AC
b (t) = InC

(

tCj , d
C
j

)

− kCa · AC
b (t) , AC

b (0) = 0 (1)

where kCa (1/day) is the absorption rate and InC is the dosing input
function with a dose of CMZ dCj (mg) and dosing time point tCj
(day). The amount of CMZ AC (mg) in the central compartment is
described by

d

dt
AC (t) = kCa · AC

b (t) − kt · A
C (t) , AC (0) = 0 (2)

where kt (1/day) is the metabolic transit rate, and the amount of
MMZ AM (mg) in the central compartment is given by

d

dt
AM (t) = fM · kt · A

C (t) − kMel · A
M (t) − k12 · A

M (t)

+ k21 · P (t) , AM (0) = 0 (3)
d

dt
P (t) = k12 · A

M (t) − k21 · P (t) , P (0) = 0 (4)

where fM (unit-less) is the metabolic conversion factor, kMel (1/day)
is the elimination rate, and k12 (1/day) and k21 (1/day) are the
distribution rates for the peripheral compartment P.

Finally, the concentration of MMZ is obtained by

CM (t) =
AM (t)

VM
(

W(t)
) with VM

(

W(t)
)

= fMV ·W (t) (5)

where W(t) (kg) is the body weight over time and fMV (l/kg) is a
proportionality factor relating current body weight with volume of
distribution of MMZ.

Component II: PD computer model
characterizing FT4 dynamics under treatment

The structural PMX computer model for endogenous T4
production and exogenous LT4 treatment is similar to the one-
compartment PK model for congenital hypothyroidism presented
by Koch et al. (31), but with one difference in interpretation: in
the case of CMZ/LT4 block-and-replace therapy, kT4endo (nmol/day)
denotes the (GD-induced) increased endogenous T4 production
rate. Under CMZ monotherapy, this endogenous T4 production

will be inhibited. This means that the proposed PMX computer
model extends the model presented by Koch et al. (31) by including
the inhibitory effect of CMZ treatment on the endogenous T4
production rate via the MMZ concentration.

To be precise, utilizing a commonly used inhibitory effect term
(32, 34, 47) on kT4endo (nmol/day) with respect to CM(t) (mg/l)
results in

d

dt
AT4
b (t) = InT4

(

tT4j , dT4j , FT4
)

− kT4a · AT4
b (t) , AT4

b (0) = 0

(6)

d

dt
T4 (t) = kT4a · AT4

b (t) + kT4endo ·

(

1−
Imax · C

M (t)

IC50 + CM (t)

)

− kT4el · T4 (t) , T4 (0) =
kT4endo
kT4el

(7)

CFT4 (t) =
0.3 · T4 (t)

VT4
(

W(t)
) with VT4 (W(t)

)

= f T4V ·

(

W (t)

WRef

)β

(8)

where Imax ≤ 1 (unit-less) is the maximal inhibitory drug effect,
IC50 (mg/l) is the MMZ concentration causing the half-maximal
inhibitory effect, InT4 is the dosing input function, dT4j (mcg/day)

is the dose of LT4 at the time point tT4j (day) converted with factor

1.29 to nmol/day (MWT4 = 776.9 g/mol), FT4 ≤ 1 (unit-less) is the
bioavailability of LT4, and kT4a (1/day) is the respective absorption
rate. The initial condition for T4 in Equation (7) ensures that
the endogenous T4 production is in equilibrium before treatment,
as per Koch et al. (31). Finally, FT4 concentration was obtained
by converting the T4 unit nmol/l into the FT4 unit pmol/l, and
assuming that the FT4 concentration corresponds to 0.03% of T4,
as per Koch et al. (31). Weight dependence of the volume of
distribution VT4 (l) was included in an analogous manner as in
Koch et al. (31). This means that VT4 is assumed to be proportional
to a power of the quotient of current weight and reference weight
WRef (corresponding to this GD population) with multiplicative
factor f T4V (l) and power exponent β (unit-less). A schematic of
Equations (6)–(8) is presented in Figure 1B.

The final PMX computer model consists of Equations (1)–(8),
and the entire schematic is displayed in Figure 1. It should be noted,
in the case of CMZmonotherapy, that InT4 is equal to zero for all t.
Hence, AT4

b is also zero.
Time-varying covariates were tested as additional regressors

and directly implemented in the PMX computer model (Equations
1–8) as proposed in the Monolix Suite 2021R1 (Lixoft, Orsay,
France). All time-constant covariates were tested with the Monolix
Suite 2021R1’s default settings.

NLME approach to characterize each
individual in a patient population

NLME modeling (36) is the gold standard to simultaneously
characterize individual patients stemming from the same
cohort/population. The basic idea is that, on the one hand,
each patient shares some similar properties, e.g., physiology
and disease, but on the other hand, has individual distinctive
characteristics, e.g., response to treatment. Hence, the final
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FIGURE 1

Schematic of the final PMX computer model, Equations (1)–(8). (A) Illustrates the schematic of the PK computer model, Equations (1)–(5), and (B)

shows the schematic of the PD computer model, Equations (6)–(8).

PMX computer model (Equations 1–8) is structurally valid
for all patients in the population, but each patient has their
own individual model parameters. The result of the NLME
analysis consists of (i) population model parameters (fixed
effects) characterizing the average patient in the population,
(ii) standard deviations (random effects) characterizing the
distributions of the individual model parameters, and (iii) effects
of covariates on model parameters. Application of the NLME
analysis is of major importance to developing a predictive PMX
computer model that, in clinical practice, can be reliably applied
to a newly diagnosed patient since this patient will not only
be classified based on its available FT4 measurements and its
covariates but also on the knowledge learned from the previously
analyzed patients’ cohort/population represented by fixed and
random effects.

Covariate testing in the PMX modeling
process

Covariates to be tested in the PMX computer model were
selected based on completeness, possible correlations among each
other, and clinical plausibility. We included age at diagnosis, sex,
and disease severity in the covariate testing. In addition, the type of
treatment in terms of CMZ monotherapy or CMZ/LT4 block-and-
replace therapy was included as a possible categorical covariate.

The continuous covariates TSH, weight, and body mass index
at diagnosis were not available for all patients and were therefore
not tested. Body weight over time, with interpolated measurements
for missing values, was already included in the model for scaling
volume of distribution, comparing Equations (5) and (8).

We also tested the effect of changing the type of treatment
on the endogenous T4 production rate kT4endo by implementing an

on/off switch depending on whether the patient received CMZ only
or both CMZ and LT4.

TSH effects over time were not tested for two reasons. First,
based on the available data, TSH did not provide more information
about the observed FT4 variability than was already described by
the model. Second, regular TRAB measurements are not required
during follow-up and thus were not tested as a possible covariate.

Statistical data presentation and applied
software packages

All laboratory and demographic values are reported as median
together with the interquartile range (IQR) (25%-percentile, 75%-
percentile). Descriptive statistical analysis and simulations were
performed in R 4.1.0 (R core team, Vienna, Austria), and
hypothesis testing was executed with the Student’s t-test for
normally distributed values and with the Wilcoxon rank sum
test for non-normally distributed values. We consider a p-value
smaller than 0.05 to be significant. NLMEmodeling was performed
in the Monolix Suite 2021R1. A-posteriori data visualization
was implemented in R or MATLAB 2020a (MathWorks, Natick,
MA, USA).

Results

The Results section consists of three paragraphs, describing:
(i) retrospective data, (ii) parameter setup of the PK and PD
components of the final PMX computer model and covariate
effects, and (iii) additional sensitivity analyses.
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FIGURE 2

FT4 measurements according to disease severity during follow-up. (A) Shows FT4 measurements during the whole follow-up (n = 494), and (B)

displays FT4 measurements during the first 120 days (n = 129); circles correspond to FT4 measurements of patients with severe GD, triangles belong

to patients with moderate GD, and crosses correspond to patients with mild GD.

Descriptive analysis of retrospective data

A total of 58 pediatric patients with GD were found to be
eligible. After screening for inclusion and exclusion criteria, 44
patients (75% female) were included for modeling and further
analysis. All these patients had more than two FT4 measurements,
and body weight information (n = 455) was available from at
least 30% of clinical visits during follow-up. According to the

severity grading defined by Léger et al. (26), 13 patients were
categorized as mild, 15 patients as moderate, and 16 patients
as severe.

Patient characteristics at diagnosis such as age (years), weight
(kg), FT4 (pmol/l), and TSH (mU/l), in addition to total daily
CMZ starting dose (mg/day) and total daily CMZ starting dose
per kg body weight (mg/kg/day) per disease severity group, were
compared. We observed no significant difference among the three
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FIGURE 3

Years of follow-up for each of the 44 individual patients with GD per severity group. The start of the line represents the age at the start of

pharmacotherapy and the length of the line represents the duration of follow-up; solid lines correspond to patients with severe GD, dashed lines to

patients with moderate GD, and dash-dotted lines to patients with mild GD.

groups in terms of patient characteristics, total daily CMZ doses,
and patient years and follow-up years.

On average, 11 FT4 measurements were available per patient
with a minimum of 3 and a maximum of 36 measurements. The
median end of monitoring was at day 688.5 (617.8, 719.0) with a
range of 126 to 812 days. FT4 measurements (n = 494) of the final
patient cohort divided by severity group during the whole follow-
up (Panel A) and during the first 120 days (Panel B) are shown in
Figure 2, and the years of follow-up for each patient are displayed
in Figure 3.

A total of n = 27 patients (61%) received CMZ monotherapy.
For n= 17 patients receiving CMZ/LT4 block-and-replace therapy,
the median start of LT4 treatment, and thus the median start
of CMZ/LT4 block-and-replace therapy, was at day 75 (52, 183)
ranging from 28 to 364 days.

Regarding the two current pharmacotherapy approaches, we
observed no significant difference in patient characteristics at
diagnosis, total daily CMZ starting doses, and total daily CMZ
starting doses per kg body weight. The median total daily CMZ
starting dose per kg body weight was 0.70 (0.60, 0.77) mg/kg/day
with a range of [0.36, 1.35] mg/kg/day for patients receiving CMZ
monotherapy, and for CMZ/LT4 block-and-replace therapy, 0.76
(0.60, 0.87) mg/kg/day with a range of [0.37, 1.40] mg/kg/day.

Detailed information on patient characteristics at the time
of diagnosis is presented in Table 1, and information regarding
treatment during follow-up is presented in Table 2.

PK and PD components of the PMX
computer model

Component I: Computer PK model for CMZ and
its active metabolite

The PK model parameters of CMZ and its active metabolite
MMZ (Equations 1–5) were based on values reported in the

literature (39, 40) and product labels (37). To realize a peak
time of tmax = 2 (h) for MMZ concentration after oral CMZ
administration, kCa was set to 144 (1/day) and kt to 28.8 (1/day).
The half-life of MMZ was assumed to be 6 h, and therefore kMel
was set to 2.77 (1/day). The metabolic conversion factor was set
to fM = 0.61 (unit-less), and the distribution rates k12 and k21
for the peripheral compartment were both set to 2.4 (1/day).
The proportionality factor relating body weight to the volume of
distribution was reported as fMV = 0.5 (l/kg). In our population,
CMZ was administered three times a day and was implemented
accordingly for data fitting and parameter estimation.

To demonstrate the predictive capability of the developed
PK model (Equations 1–5) for CMZ and its active metabolite
MMZ, average MMZ concentrations of hyperthyroid patients were
digitized from Cooper et al. (48) and Okamura et al. (39) for a
single oral MMZ administration of 10, 30, and 60mg. To apply our
PK model, MMZ doses were converted to CMZ doses, resulting in
16.4, 49.2, and 96.4mg. In Cooper et al. (48), MMZ was measured
after oralMMZ administration of 30 and 60mg in five hyperthyroid
GD patients for up to 8 h. Since weight was not reported, we
assumed an average value of 60 kg. In Okamura et al. (39), MMZ
was measured after oral MMZ administration of 10mg in 15
hyperthyroid patients for up to 48 h with an average weight of
46.8 kg. Please compare Figure 4 for measurements and simulation
of the CMZ PKmodel Equations (1)–(5) (the figure was reduced to
1 day for clarity). Overall, the developed PK model (Equations 1–
5) characterized the digitized data from the literature well with the
chosen parameter values.

Component II: PD computer model
characterizing FT4 dynamics under treatment

FT4 measurements were fitted with the NLME approach
(36, 49). In brief, each individual has the same structural model
(Equations 1–8); however, individual covariate effects on model
parameters are implemented, and most model parameters follow
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TABLE 1 Patient characteristics at baseline for all patients and by disease severity, expressed as n (%) for categorical variables or as median (IQR) for

continuous variables.

All patients Patients with
severe GDa

Patients with
moderate GDa

Patients with
mild GDa

Stats severe
moderate

mild

FT4 > 70 pmol/l FT4 50–70
pmol/l

FT4 < 50 pmol/l

Patients (n)b 44 16 (36%) 15 (34%) 13 (30%)

Female patients (n) 33 (75%) 15 (94%) 10 (67%) 8 (62%)

Age (yrs) 11.0 (8.4, 13.5) 8.9 (6.6, 13.5) 10.8 (8.5, 14.1) 12.0 (10.9, 13.4) n.s.f

Weight (kg)c 31.4 (27.8, 50.0) 31.9 (28.6, 50.0) 30.5 (25.7, 39.1) 41.5 (27.9, 46.2) n.s.f

FT4 (pmol/l)d 59.9 (48.4, 76.8) 84.8 (76.9, 97.9) 59.6 (53.9, 62.9) 38.9 (34.8, 43.2)

TSH (mU/l)e 0.002
(0.002, 0.004)

0.002
(0.004, 0.006)

0.002
(0.002, 0.002)

0.002
(0.002, 0.003)

aDisease severity defined according to guidelines (13).
bThree missing values for FT4 at diagnosis, severity groups determined by TSH and/or T4 measurements.
cSix missing values.
dThree missing values.
eOne missing value.
fNot significant if p-value ≥ 0.05.

a (usually log-normal) distribution to realize inter-individual
variability (IIV).

The bioavailability of LT4 was set to FT4 = 0.6 in Equation (6),
and the reference weight value WRef was chosen as the median
for all patients in this GD population over the entire treatment
duration, resulting in WRef = 42.7 kg. The T4 absorption rate
kT4a in Equations (6)–(7) was set to kT4a = 20 (1/day) and the T4
elimination rate kT4el was set to kT4el = 0.1 (1/day), both without
IIV, as per Koch et al. (31) for rationale. In our population, LT4
was administered once per day. The endogenous T4 production
rate kT4endo (nmol/day) and the MMZ concentration causing the
half-maximal inhibitory effect IC50 (mg/l) in Equation (7) were
estimated with IIV. With regard to Equation (8), both the factor
f T4V (l) relating body weight with the volume of distribution
of T4 and the power exponent β (unit-less) were estimated
with a fixed standard deviation for the IIV. Interestingly, the
estimated population value of β was close to the value obtained in
neonates and infants with congenital hypothyroidism, compared
to Koch et al. (31). Finally, the maximum inhibitory drug effect
parameter in Equation (7) was set to Imax = 0.9 without IIV. A
log-normal distribution was applied to all parameters equipped
with IIV.

Significant covariate effects of disease severity and age at
diagnosis on the endogenous production rate kT4endo (nmol/day)
were found and included in the final PMX computer model. Almost
all of the IIV could be explained by these covariate effects.

The final covariate effect model for an individual’s endogenous
T4 production rate kT4endo,i is

log
(

kT4endo,i

)

= log
(

kT4endo

)

+ βAGE
kT4endo

· log

(

AGE

AGERef

)

+















0 for mild GD
βCat 2
kT4endo

for moderate GD

βCat 1
kT4endo

for severe GD

where AGERef = 8.98 (yrs) corresponds to the weighted mean, the
default setting in the Monolix Suite.

All model parameter estimates and values are shown in Table 3.
Goodness-of-fit plots and a selection of individual profiles are
presented in the Supplementary material.

Additional sensitivity analyses

In the following, additional sensitivity analyses are reported
for completeness. We explicitly emphasize that these results are
not part of the final PMX computer model and solely serve as
additional information.

Evaluation of the potential e�ect of CMZ/LT4
block-and-replace therapy on the endogenous
T4 production

We tested whether the type of treatment, i.e., receiving CMZ
monotherapy vs. receiving CMZ/LT4 block-and-replace therapy,
has an impact on thyroid function and inhibition during follow-
up. In the case of CMZ/LT4 block-and-replace therapy, a reduced
endogenous thyroid function, represented by a smaller value for
kT4endo (nmol/day) and a reduced half-maximal inhibitory effect,
represented by a smaller value for IC50 (mg/l), were observed. As
there is no obvious clinically reasonable interpretation for these
potential effects, further investigation is warranted.

Application of a simplified PK computer model for
CMZ treatment and its active metabolite

The applied PK computer model for CMZ treatment and
its active metabolite MMZ (Equations 1–5) is a very detailed
and mechanism-based representation. However, due to several
numerical and technical reasons, such a detailed representation can
be computationally extremely elaborate. Hence, we tested whether
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TABLE 2 Patient information on treatment at baseline and during follow-up for all patients and by disease severity, expressed as n (%) for categorical

variables or as median (IQR) for continuous variables.

All patients Patients with
severe GDa

Patients with
moderate GDa

Patients with
mild GDa

Stats severe
moderate

mild

FT4 >70 pmol/l FT4 50–70
pmol/l

FT4 < 50 pmol/l

Patient years (yrs) 76.44 28.27 24.43 23.74

Follow-up (yrs) 1.89
(1.69, 1.97)

1.89
(1.77, 1.94)

1.79
(1.59, 1.91)

1.97
(1.88, 1.99)

n.s.c

CMZ starting dose
(mg/day)

19.28
(19.28, 38.56)

20.18
(19.28, 38.56)

19.28
(19.28, 32.13)

19.28
(19.28, 32.13)

CMZ starting dose per
kg of body weight
(mg/kg/day)b

0.72
(0.6, 0.81)

0.73 (0.65, 0.81) 0.67 (0.55, 0.83) 0.7 (0.45, 0.77) n.s.c

Patients receiving CMZ
monotherapy (n)

27 (61%) 11 (69%) 10 (67%) 6 (46%)

Time point of switch
to block-and-replace
therapy
(days after treatment
initiation)

75 (52, 183) 85 (43, 89) 119 (60, 254) 73 (52, 75) n.s.c

LT4 starting dose for
block-and-replace
therapy (mcg/kg/day)b

1.86 (1.57, 2.20) 1.78 (1.69, 2.17) 2.12 (1.57, 2.20) 1.86 (1.34, 2.22) n.s.c

CMZ dose at switch to
block-and-replace
therapy (mg/kg/day)b

0.42 (0.32, 0.44) 0.43 (0.33, 0.53) 0.43 (0.32, 0.44) 0.38 (0.30, 0.42) n.s.c

aDisease severity defined according to guidelines (13).
bComputed based on calculated values for missing weight measurements.
cNot significant if p-value ≥ 0.05.

FIGURE 4

Three simulations based on the developed PK computer model,

Equations (1)–(5). MMZ measurements for (1) and (2) were obtained

from Cooper et al. (48) with an oral dose of 30 and 60mg, and MMZ

measurements for (3) were obtained from Okamura et al. (39) with

an oral dose of 10mg.

a simplified PK computer model leads to similar results regarding
data fitting, parameter estimates, and goodness-of-fit plots.

Due to the fast absorption of CMZ, the quick metabolism
after CMZ administration, and the three times daily drug

administration, it is possible to replace Equations (1)–(5) by a
simplified one-compartment intravenous (IV) model with a single
total dose per day:

d

dt
AM(t) = InC(tCk , d

C
k , F

C)− kMel · A
M(t), AM (0) = 0 (9)

CM(t) =
AM (t)

VM (W (t))
with VM(W(t)) = fMV ·W(t) (10)

where dCk (mg) is the total dose per day at the time point tCk
(day) and the value of the metabolic conversion factor is now
incorporated in the input function InCvia the scaling factor FC. The
remaining parameters kMel and fMV have been chosen as before.

The profile of CM (t) Equations (9) and (10) has higher but
daily peak concentrations and therefore impacts the value of the
half-maximal inhibitory effect caused by the MMZ concentration
IC50. As expected, the simplified PK model Equations (9) and (10)
produced a lower IC50 value of 0.016 (mg/l). All other parameters,
the objective function value, and the goodness-of-fit plots showed
no significant difference.

A major advantage of the simplified PK model Equations (9)
and (10) is the reduction of computational costs, not only during
data fitting but also for potential application in a clinical setting.
The PMX computer model with the simplified CMZ PK Equations
(6)–(10) is approximately six times faster than the PMX computer
model with the detailed CMZ PK Equations (1)–(8). Hence, if
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TABLE 3 Population estimates (fixed e�ects), standard deviation of random e�ects, covariate e�ect parameters, and additional parameters obtained

from data fitting using the final PMX computer model, Equations (1)–(8).

Parameter Description Unit Estimate (r.s.e.a)

Population estimates (fixed effects)

kCa CMZ absorption rate 1/day 144 fix

kt Metabolism transit rate 1/day 28.8 fix

fM Metabolic conversion factor unit-less 0.61 fix

kMel MMZ elimination rate 1/day 2.77 fix

k12 Peripheral compartment distribution rate 1/day 2.4 fix

k21 Peripheral compartment distribution rate 1/day 2.4 fix

fMV Proportionality factor l/kg 0.5 fix

kT4a T4 absorption rate 1/day 20 fix

kT4endo Endogenous T4 production rate nmol/day 261 (7)

kT4el T4 elimination rate 1/day 0.1 fix

Imax Maximal inhibitory effect of MMZ unit-less 0.9 fix

IC50 MMZ concentration for half-maximal inhibitory effect mg/l 0.024 (18)

f T4V Multiplicative factor l 20.3 (9)

β Power exponent unit-less 0.7 (18)

Standard deviation of the random effects

ωkT4endo
0.04 (58)

ωIC50 0.77 (15)

ωf T4V
0.1 fix

ωbeta 0.25 fix

Covariate effect parameters

βAGE
kT4endo

Age effect on kT4endo 0.464 (13)

βCat 1
kT4endo

Disease severity (severe GD) effect on kT4endo 0.52 (14)

βCat 2
kT4endo

Disease severity (moderate GD) effect on kT4endo 0.16 (49)

Additional parameters

Prop. res. error 0.344 (4)

−2LL value 3,333

aRelative standard error.
The rationale for the fixed population parameters is found in the Results section.

no PK measurements are available for data fitting, and a large
difference exists in the time scales of CMZ treatment (hours)
and FT4 measurements (weeks, months), a simplified PK model
performs equally well.

Discussion

In this section, we discuss the main results in the context of
our two research objectives: (i) descriptive analysis of retrospective
clinical data from 44 pediatric patients with mild, moderate, or
severe GD, and (ii) development of a clinically practical PMX
computer model that can characterize and predict individual FT4
dynamics under both current treatment approaches in pediatric
GD (20, 21, 26, 29).

The first objective was a descriptive analysis of this
retrospectively collected multicenter data of pediatric patients
diagnosed with GD. We included 44 pediatric patients with
equal numbers per severity group. In this GD cohort, two
treatment approaches were observed. The majority (61%) received
CMZ monotherapy, whereas all other patients (39%) received
CMZ/LT4 block-and-replace therapy with a median start of
LT4 administration at day 75 (IQR 52, 183). Although hepatic
insufficiency is known as a contraindication for the continuing
administration of CMZ, in this retrospective study, hepatic values
were not documented systematically. However, in the case of
moderate hepatitis, treatment would be stopped, and, as reported
in a recent systematic review (50), mild elevation of transaminases
is rare in children (1% of treated pediatric patients).

The general challenges of collecting patient records with
a rare disease and the limitations of retrospective multicenter
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studies were discussed in Koch et al. (31). In addition, the
challenges and opportunities of developing a clinically relevant
PMX computer model for congenital hypothyroidism (CH) based
on retrospectively collected multicenter data are explained (31). To
harmonize the data, we introduced a time-dependent normalizing
method. However, in this study, compared to the CH-study (31), we
observed two decisive distinctions: (i) age-specific laboratory FT4
reference ranges showed only slight and negligible differences, and
(ii) information about laboratory reference ranges was incomplete
for a few patients. Since, as already discussed in Koch et al. (31),
normalization should be considered “the last resort” (51), we did
not apply a normalizingmethod for potential laboratory differences
in this analysis.

The second objective was to develop a practical and predictive
PMX computer model to characterize FT4 dynamics under
CMZ monotherapy and CMZ/LT4 block-and-replace therapy
for clinical application. Since the 1950s, several mathematical
models describing the hypothalamic–pituitary–thyroid axis
have been developed, offering detailed insights into the
complexity of the underlying physiological mechanisms.
However, most of these publications focus on a specific
research question and not on applicability and feasibility in
clinical practice (31, 52–62). Our final, tailored PMX computer
model (Equations 1–8, 6–10) requires minimal data, which
are typically measured during outpatient visits. In addition,
it was developed in the NLME framework, accounts for
the typical pharmacological, physiological, and biological
principles, and allows for individualized therapy. In this NLME
context, not only the FT4 measurements and covariates of
a newly diagnosed patient are utilized for prediction but
also all the learned knowledge from the already analyzed
representative population.

The presented clinically practical PMX computer model
consists of a detailed PK model for CMZ treatment and its active
metabolite MMZ based on information from the literature. We
demonstrated that this detailed PK model well-describes the MMZ
concentration digitized from the literature. However, since MMZ
concentration is not measured in clinical practice, we showed
that the complex PK computer model (Equations 1–5) can be
replaced by a simpler PK computer model (Equations 9–10) which
may be of great advantage in clinical application by reducing the
required input parameters and computational cost. In addition,
we have shown that the use of the simplified PK computer model
only affects the IC50 value but does not affect the quality of the
data fitting.

Moreover, we observed two clinically relevant covariate effects
on the endogenous T4 production rate. On the one hand, we
observed a positive effect of age at diagnosis. From a clinical
perspective, this effect can be explained by the size of the thyroid.
The older the patients at diagnosis, the larger the volume of
the thyroid, and consequently, the larger the endogenous T4
production rate. On the other hand, we observed an effect of disease
severity on the endogenous production rate. The three disease
severity levels, mild, moderate, and severe GD, were defined based
on FT4 at diagnosis, and increased FT4 values correspond to a
larger endogenous T4 production rate. Using the patients with
mild GD as the reference group, the severity effect is positive,
resulting in an increased endogenous production rate for more
severely diseased patients. In detail, this means, for patients with
moderate GD, the endogenous production rate is, with respect to
the production rate of mild diseased patients, increased by <20%,
and for patients with severe GD by more than 65%.

In Figure 5, we illustrate both covariate effects by plotting the
endogenous T4 production rate (y-axis) as a function of age at

FIGURE 5

E�ect of age and disease severity on endogenous T4 production rate. For each disease severity group, the endogenous production rate (y-axis) is

plotted as a function of age at diagnosis (x-axis); the solid line shows the production rate for patients with severe GD, the dashed line corresponds to

patients with moderate GD, and the dashed-dotted line corresponds to patients with mild GD.
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diagnosis (x-axis) for each of the three different disease severity
groups, namely severe GD (solid line), moderate GD (dashed line),
and mild GD (dashed-dotted line).

Two further aspects are of interest for translation and
application in clinical practice. On the one hand, due to
the NLME modeling framework, our practical PMX computer
model allows for personalized individual dose optimization
(63) for pharmacotherapy in pediatric GD and facilitates the
implementation of PMX-based clinical decision support tools (64).

On the other hand, as heart rate (HR) is a useful clinical
marker to monitor thyroid activity in children with GD under
treatment, it would be interesting to test for possible effects when
including heart rate values in the model as a covariate. Due to
a considerable number of missing values (23%) on tachycardia
and heart function at diagnosis in our retrospective dataset, this
could not be realized in this PMX model development. We aim
to extend our developed PMX computer model by adding an FT4-
HR component that describes the relationship between FT4 kinetics
and the development of tachycardia.

Recent case reports indicate that wearable devices that
continuously measure heart rate may facilitate the diagnosis
and monitoring of adolescents with GD during the COVID-19
pandemic (65, 66). Furthermore, a recent prospective longitudinal
study demonstrates the feasibility of monitoring heart rate in
adults with hyperthyroidism using wearable technology. The
combination of heart rate as a clinical marker in addition
to FT4 dynamics has the potential to further facilitate the
implementation of our predictive PMX computer model in clinical
practice (67). As such, the application of our PMX modeling
approach to heart rate monitoring at on-site consultation and
at home with wearable devices is the obvious next step toward
the implementation of computer-assisted, enhanced individualized
monitoring and treatment of children and adolescents with GD in
clinical practice.

In conclusion, the developed clinically practical PMX computer
model with PK and PD components that account for inter-
individual disease progression and treatment response is a
promising approach to evaluate and improve individualized
pharmacotherapy in children with GD with the potential to
reduce over- and underdosing and avoid negative short- and long-
term consequences. Prospective randomized validation trials are
warranted to further validate and fine-tune computer-assisted,
personalized pharmacotherapy in pediatric GD and other rare
pediatric diseases.
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Target therapy for high-risk
neuroblastoma treatment:
integration of regulatory and
scientific tools is needed

Adriana Ceci*, Rosa Conte†, Antonella Didio†, Annalisa Landi,

Lucia Ruggieri, Viviana Giannuzzi and Fedele Bonifazi

Research Department, Fondazione per la Ricerca Farmacologica Gianni Benzi Onlus, Bari, Italy

Introduction: Several new active substances (ASs) targeting neuroblastoma (NBL)

are under study. We aim to describe the developmental and regulatory status of a

sample of ASs targeting NBL to underline the existing regulatory gaps in product

development and to discuss possible improvements.

Methods: The developmental and regulatory statuses of the identified ASs

targeting NBL were investigated by searching for preclinical studies, clinical

trials (CTs), marketing authorizations, pediatric investigation plans (PIPs), waivers,

orphan designations, and other regulatory procedures.

Results: A total of 188 ASswere identified. Of these, 55were considered ‘not under

development’ without preclinical or clinical studies. Preclinical studies were found

for 115 ASs, of which 54 were associated with a medicinal product. A total of 283

CTs (as monotherapy or in combination) were identified for 70 ASs. Of these, 52%

were at phases 1, 1/2, and 2 aimed at PK/PD/dosing activity. The remaining ones

also included e�cacy. Phase 3 studies were limited. Studies were completed for 14

ASs and suspended for 11. The highest rate of ASs involved in CTs was observed

in the RAS-MAPK-MEK and VEGF groups. A total of 37 ASs were granted with a

PIP, of which 14 involved NBL, 41 ASs with a waiver, and 18 ASs with both PIPs and

waivers, with the PIP covering pediatric indications di�erent from the adult ones. In

almost all the PIPs, preclinical studieswere required, togetherwith early-phaseCTs

often including e�cacy evaluation. Two PIPs were terminated because of negative

study results, and eight PIPs are in progress. Variations in the SmPC were made for

larotrectinib sulfate/Vitrakvi
®

and entrectinib/Rozlytrek
®

with the inclusion of a

new indication. For both, the related PIPs are still ongoing. The orphan designation

has been largely adopted, while PRIME designation has been less implemented.

Discussion: Several ASs entered early phase CTs but less than one out of four were

included in a regulatory process, and only two were granted a pediatric indication

extension. Our results confirm that it is necessary to identify a more e�cient,

less costly, and time-consuming “pediatric developmental model” integrating

predictive preclinical study and innovative clinical study designs. Furthermore,

stricter integration between scientific and regulatory e�orts should be promoted.
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neuroblastoma, rare diseases, drug development, target therapy, pediatric regulation

Frontiers inMedicine 01 frontiersin.org110

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2023.1113460
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2023.1113460&domain=pdf&date_stamp=2023-07-14
mailto:adriceci.uni@gmail.com
https://doi.org/10.3389/fmed.2023.1113460
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmed.2023.1113460/full
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Ceci et al. 10.3389/fmed.2023.1113460

Introduction

Neuroblastoma (NBL) is the commonest pediatric extracranial
solid tumor (1). While local low-risk NBL can be controlled
with a high rate of cure (2), there is an urgent need to develop
new treatment options for the high-risk NBL that still represents
a leading cause of death from cancer in children (3) due
to chemoresistance and frequent metastatic relapse. Optimized
regimens incorporating emerging new molecules targeting NBL
and other pediatric cancers are under development (4). By
the end of 2020, the number of pediatric oncology medicinal
products (MPs) increased; however, this increase was lower than
what was observed for adult products. In fact, a total of 174
oncology medicinal products have been approved by the European
Medicine Agency (EMA) in the period 2007–2020, but only
35 (20%) have been approved for use in children in the same
period (5).

The scarcity of pediatric medicinal products is not surprising.
In fact, the experience accumulated in the recent years
demonstrates that the process of approval for a “pediatric”
or a “rare diseases” product is particularly long and complex
and affected by several research barriers and gaps (5, 6).
Moreover, commercial and financial issues represent possible
obstacles for the complete and timely development of such
products (7).

The lack of novel pediatric oncology MPs appears in huge
contrast with the numerous ASs identified in recent years targeting
tumor-specific genomic abnormalities with the greatest potential
to be developed as effective cancer therapies (8, 9). In some cases,
genomic abnormalities identified in pediatric cancer are different
from those correlated to adult cancers; in other cases, they are
similar. However, while several new cancer agents are emerging
worldwide, only rarely, pediatric indications were included in
the adult drug or in pediatric-specific development programs
(i.e., dinutuximab, representing the only product approved
for NBL).

Focusing on NBL, the number of novel ASs targeting
genetic mutations and molecular pathway aberrations, such
as MYCN, BIRC5, PHOX2B, as well as epigenetic factors,
tyrosine receptor kinase (TRK) inhibitors, and other targets,
is impressive, as summarized in relevant studies (10–16).
However, the number of ASs that has reached the patients (i.e.,
included in frontline therapies or granted with a marketing
authorization—MA) is very low. Indeed, the extensively very
high number of potentially druggable targets has been considered
a relevant barrier to successfully developing new MPs (17).
The project ACCELERATE, faced with these issues, started a
prioritization initiative to identify more promising ASs to be
advanced in the developmental process (18). Clarification on
preclinical aspects, such as the availability of reliable “pediatric
cancer model” and “proof of concept” for pediatric indication,
emerges as a relevant premise, and a proposal to define a
“preclinical package”, shared with regulators, is under discussion
(19). In line with these initiatives, the Neuroblastoma New
Drug Development Strategy (NDDS) activated a prioritization
process within ASs targeting NBL that ended in 2020 (20)
with 40 genetic targets evaluated and 23 ASs prioritized for
further development.

To bring a pediatric MP onto the market, both in the European
Union (EU)1 and the United States of America (USA) (21), there
is the obligation for the sponsors of a new AS or of a still in-
patent MP to complete a detailed plan of pediatric studies [i.e., the
Pediatric Investigation Plan, PIP in the EU (22), and the Pediatric
Study Plans—PsPs in the USA (23)], as agreed with the concerned
regulatory agencies. This obligation may only be waived for one of
the legally accepted reasons (24), such as (1) a product intended
for a disease or condition not existing in a specified age subset; (2)
an expected lack of safety or efficacy; or (3) a lack of significant
therapeutic benefit in the pediatric population (23).

Among these, the waivers agreed to on the grounds that the
proposed drug is intended for the treatment of adult cancers,
not to be used in children, have been largely granted in the EU,
but in July 2015, the Pediatric Committee (PDCO) adopted a
review of the class waiver list (25) aimed at limiting these types of
waiver applications.

In the USA, the RACE for Children Act (FDA Reauthorization
Act) (26) provides that pediatric studies must be conducted if
the mechanism of action (MoA) of the AS may be relevant for
a pediatric cancer indication independent of the adult indication.
Currently, the transition to a similar MoA-based regulatory
approach is being favorably considered within the European
Commission (EC) proposal for revision of the Pediatric and
Orphan Regulation (6).

In addition, a number of regulatory tools, procedures,
and incentives [i.e., the orphan designation (27), Scientific
Advice/Protocols Assistance, research funds, conditional approval,
and PRIME designation] were included in the EU legislative
framework to support and accelerate the development of MP
particularly relevant for patients, especially in case of innovative
products. All these tools are fully applicable to NBL.

Similar to the USA, the EU legislation1 was introduced with
the aim to provide children with medicines appropriately assessed
for pediatric use on the basis of a full developmental plan that
includes preclinical and clinical investigations. Compliance with
the current legislation may be challenging in the pediatric oncology
field since some regulatory processes and procedures may be too
rigid to address the rapid evolution of scientific advancements.
This issue is particularly relevant at the academic level: The results
from a recent survey showed that researchers face several difficulties
in collaborating with regulators, including poor availability and
flexibility from ethics committees/regulators for clarification and
support (5).

The aim of this study was to analyze, in parallel, the
developmental status and the regulatory status of ASs targeting
NBL suitable for entering into frontline therapies and for being
authorized for pediatric use in the EU, by considering (a)
availability of preclinical and clinical studies relevant to a pediatric

1 Regulation (EC) No 1901/2006 of the European Parliament and of

the Council of 12 December 2006 on medicinal products for pediatric

use and amending Regulation (EEC) No 1768/92, Directive 2001/20/EC,

Directive 2001/83/EC and Regulation (EC) No 726/2004 (Text with EEA

relevance). O�cial Journal of the European Union L 378/.2. 27.12.2006.

Available online at: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?

uri=CELEX:32006R1901&from=EN (accessed November 14, 2022).
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marketing authorization (MA); (b) availability of an agreed PIP
(or of a waiver) and its advancements; and (c) other regulatory
procedures applied to the concerned ASs.

Emerging gaps from this analysis and suggestions for
improvement were considered and have been discussed also in
light of the next revision of the EU Pediatric and Orphan
Regulations,1 (21).

Materials and methods

Study sample

ASs targeting NBL were searched by consulting PubMed (28).
The following search termswere adopted: (All field< target therapy
> AND All field < neuroblastoma >). Specific filters were applied
such as follows: child (birth, 18 years); language (English); article
type (review and systematic review); and publication date (January
2018–June 2022). The resulting articles were first screened by
the title and abstract to eliminate non-relevant articles (i.e., not
focused on NBL or not reporting ASs targeting NBL). The selected
articles were processed to derive a list of the ASs for which the
following information was available: name of the AS; type of the
substance (chemical or biological); and type and description of
molecular pathways/genetic aberration targeting NBL. If details
were not available, the article was excluded. Immunotherapy and
other therapeutic agents were also excluded from the study sample.

Developmental status

For each AS, the following information was collected from
both literature and the available clinical trials database (https://
clinicaltrials.gov/) (29): (1) preclinical toxicity/safety and other
studies that are considered necessary to support pediatric studies
and marketing authorization of products (30); (2) clinical
trials (CTs) and their phases and aims (pharmacokinetic—
PK/pharmacodynamics—PD, studies and dose rationale, efficacy-
safety trials); (3) other studies, including extrapolation, modeling,
and simulation. When available, information about the status of
the study (e.g., recruiting, not recruiting, completed, suspended,
terminated, and withdrawn) and the availability of study results
was collected. For preclinical studies, in addition to literature, we
also consulted the European Public Assessment Reports (EPARs,
as available on EMA website) to capture studies already submitted
to the regulatory authority during previous MA procedures.
Preclinical studies aimed to test the pediatric oncology model and
“proof of concept” studies were not considered in this study.

Regulatory information

For each AS, it was investigated for its inclusion in (1)
an MP, approved up to 2022 and their adult and/or pediatric
indications; (2) a waiver (i.e., class or product-specific waiver) and
the waiver indication; (3) an agreed PIP including indication and
advancement status (expected and current time to completion,
and compliance check), an age range of the experimental

population(s), and also the number and type of studies required
(i.e., quality, preclinical, clinical, and other studies); and (4) other
regulatory procedures (such as orphan designation and PRIME
eligibility, conditional approvals, protocol assistance, or other
scientific advices).

All data were collected by consulting the EMA publicly
available sources, including EPARs (31), orphan designation list
(32), opinions and decisions on PIPs and product-specific waivers
(33), a list of products granted eligibility to PRIME (34), and EMA
annual reports (35).

Two authors performed the literature search as well as the
extraction of information from the selected articles independently.
Possible inconsistencies were solved by discussion or by appeal to
another researcher.

Figure 1 represents the pediatric drug developmental process
for easy understanding.

Analysis

A descriptive analysis of the results was performed. A
comparative analysis was also made among groups of ASs. Indeed,
the ASs in the NDDS priority list, based on a high-level scientific
process aimed to identify the more promising ASs, are compared
with ASs granted with a PIP under the request of a commercial
sponsor during a regulatory-based procedure. In addition, the
comparison included all the substances that did not receive a PIP
and the substances already receiving a MA.

According to the aims of the study, the comparison considered
the number of ASs for which the preclinical and clinical studies
are available or ongoing, the number and type of regulatory
procedures, i.e., PIPs, and the studies’ results submitted to the
regulatory authorities to be included in the product SmPC.

Results

Active substances targeting
neuroblastoma: study sample identification
and classification

A total of 182 publications resulted from the literature search.
Of them, 144 studies were excluded: 32 were not focused on NBL;
44 did not report sufficient details on the molecular NBL target;
and 68 were dealing with other therapeutic approaches such as
immunotherapy, radiotherapy, and nanomedicine. Therefore, 39
studies (10–17, 20, 36–66) were considered for the analysis. The
selection process is shown in Supplementary Figure 1.

A total of 557 ASs targeting NBL were derived by these studies:
369 were present in more than one study and thus counted only
once. The remaining 188 represent the final sample of the study:
185 (98.4%) are chemical agents (small molecules) and three are
biologicals. Figure 2 reports the ASs classified by the molecular
target. In detail, the ASs targeting N-MYC oncogene are the most
represented (67, 35.6%), followed by agents targeting epigenetic
factors (22, 11.7%), TRK inhibitors (17, 9%), and the anaplastic
lymphoma kinase (ALK) inhibitors (13, 6.9%). The whole list of
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FIGURE 1

Pediatric drug developmental process.

FIGURE 2

Number of active substances classified by molecular target.

the identified ASs and their molecular targets is included in the
Supplementary material.

Developmental status

Preclinical studies
A total of 319 preclinical studies (i.e., toxicity, safety, and

geno/carcinogenicity) were identified involving 115 ASs (Figure 3).
Most of the studies were part of the MA dossiers of previously
approved MPs. In contrast, 95 studies were not included in a MA
and derived from the literature search. As shown in Figure 3, only
24 studies are pediatric-specific (i.e., juvenile animal studies). For
73 ASs, no preclinical studies were found.

Clinical studies
A total of 283 CTs conducted in NBL patients or in

larger oncologic populations having NBL were found for 70

ASs both in monotherapy (60, 21.2%) and in combination
(215, 76%). A total of 118 ASs were never included in
a CT. In fact, of 118 ASs, 55 were tested neither with
preclinical nor with clinical studies. Figure 4 details the type
and number of CTs. Most of the CTs are phase 1 up
to phase 2 trials (early trials) often covering preliminary
efficacy evaluation.

As shown in Figure 4, out of the 283 studies, 52% were phase
1 and 1/2 studies aimed at PK/PD/dosing, activity, tolerability, and
safety definition while the remaining CTs also included efficacy as
primary or secondary outcomes. Phase 3, including randomized
controlled trials (RCTs), were less represented, i.e., 22 RCTs related
to 5 ASs, namely, crizotinib, topotecan, doxorubicin, retinoic acid,
and etoposide.

A total of 154 studies were reported as active: recruiting, not
yet recruiting, or active not recruiting; 88 (31.1%) were reported
as completed; 41 (14.1%) reported as suspended, withdrawn,
or no longer available. For 11 (copanlisib, erlotinib, genistein,

HDM201, imetelstat, pazopanib, panobinostat, SF1126, valproic
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acid, vandetanib, and vistusertib) out of 70 ASs, the development
was interrupted.

Considering the type of AS and related target, further
considerations were raised. The most represented Ass that entered
into the clinical phase belong to theMYCN group (22 of 70, 31.4%).
However, in the RAS-MAPK-MEK and VEGF groups, the highest
rate of ASs in CTs including efficacy evaluation was observed (i.e.,
77.8 and 71.4%, respectively) (Table 1). Supplementary Figure 2
summarizes the developmental status of the ASs in our sample.

Regulatory status

Active substances granted with pediatric
investigation plans and waivers

A total of 37 ASs (out of 188) were granted a PIP, covering
several indications, from the hematolymphoid system (n = 13),
central nervous system (CNS) tumor (n= 6), solid tumor (n= 14),
and other pediatric malignancies (n= 10). The NBL indication was
included in 14 PIPs.

FIGURE 3

Preclinical studies: type and number.

A total of 29 PIPs were associated with an approved MP: 28 to
an adult MP and 1 to a pediatric-only MP. The remaining eight
were PIPs granted to a product under development.

A total of 41 ASs were linked to product-specific waivers or class
waivers granted mainly for non-small cell lung cancer, melanoma,
and breast cancer indications.

For 18 ASs (43.9%), both PIPs and waivers were granted: the
PIPs covered one or more pediatric indications different from the
adult ones, and the waivers covered the adult indication; however,
seven included NBL.

Noticeably, trametinib, dabrafenib, and binimetinib have a PIP
in the same adult indication (melanoma with BRAF mutation), but
other indications targeted by the BRAF mutation of interest for
pediatric tumors were also added. Details of ASs granted with both
PIPs and waivers for different indications are shown in Table 2.

TABLE 1 Active substances entered in clinical trials.

Molecular target N of ASs ASs with
clinical trials

MYCN 67 (35.6%) 22 (32.8%)

Epigenetic factors 22 (11.7%) 7 (31.8%)

TRK 17 (9%) 8 (47.1%)

ALK 13 (6.9%) 6 (46.1%)

Telomerase and ALT 12 (6.4%) 4 (33.3%)

Anti-apoptotic proteins 9 (4.8%) 2 (22.2%)

RAS-MAPK and MEK 9 (4.8%) 7 (77.8%)

VEGF 7 (3.7%) 5 (71.4%)

PHOX2B 4 (2.1%) 0

Polo-like kinase 1 3 (1.6%) 0

Topoisomerase 2 (1.1%) 2 (100%)

Others 23 (12.2%) 7 (30.4%)

Total 188 70

FIGURE 4

Number of clinical trials and active substances entered in clinical trials.
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TABLE 2 Active substances granted with both pediatric investigation plans and waivers.

ASs Approved adult
indication

Waived condition Agreed PIP indication

Abemaciclib Breast cancer Breast cancer 1. High-grade glioma, NBL;
2. Ewing’s sarcoma

Afatinib NSCLC NSCLC Malignant neoplasms (except hematopoietic and
lymphoid tissues neoplasms); CNS malignant neoplasms

Binimetinib Melanoma with a BRAF V600
mutation

Colorectal cancer Melanoma with BRAF V600 mutations

Crizotinib NSCLC Lung malignant neoplasms Anaplastic large cell lymphoma and inflammatory
myofibroblastic tumors

Olaparib Ovarian cancer, fallopian tube
cancer, and peritoneal cancer

Ovarian cancer, fallopian tube cancer, and
peritoneal cancer

Malignant neoplasms (except hematopoietic and
lymphoid tissue neoplasms), HRR-mutated solid tumors

Trametinib Melanoma and NSCLC with BRAF
V600 mutation

NSCLC 1. Melanoma with BRAF V600 mutation;
2. Solid tumor with RAS, RAF, or MEK pathway
activation;
3. Glioma with BRAF V600 mutation

Venetoclax CLL and AML CLL NBL, acute lymphatic leukemia, acute myeloid leukemia,
and non-Hodgkin lymphoma

Carfilzomib Multiple myeloma Multiple myeloma T-cell or B-cell acute lymphoblastic leukemia

Dabrafenib Melanoma and NSCLC with BRAF
V600 mutation

NSCLC 1. Glioma with BRAF V600 mutation;
2. Melanoma with BRAF V600 mutation;
3. Solid tumors with BRAF V600 mutation

Talazoparib Breast cancer Breast cancer and prostate malignant
neoplasms

Ewing’s sarcoma

Imetelstat Not applicable Myelofibrosis AML, myelodysplastic syndromes, and juvenile
myelomonocytic leukemia

Erdafitinib Not applicable Urothelial carcinoma Malignant neoplasms, locally advanced or metastatic
solid tumors with FGFR alterations, and newly
diagnosed solid tumors with FGFR alterations

Palbociclib Breast neoplasms Breast malignant neoplasm Ewing’s sarcoma

Ivosidenib Not applicable Malignant neoplasms (except CNS tumors,
hematolymphoid);

Newly diagnosed or relapsed or refractory AML with an
isocitrate dehydrogenase-1 mutation

Veliparib Not applicable 1. Fallopian tube cancer, ovarian cancer,
peritoneal carcinoma;
2. SCLC;
3. breast cancer

Newly diagnosed supratentorial high-grade glioma

Brigatinib Anaplastic lymphoma kinase
(ALK)-positive advanced NSCLC

NSCLC Newly diagnosed ALK+ anaplastic large cell lymphoma;
ALK+ unresectable or recurrent inflammatory
myofibroblastic tumors

Ixazomib Multiple myeloma Systemic light chain amyloidosis and
Multiple myeloma

Lymphoid malignancy (excluding multiple myeloma)

Ruxolitinib Myelofibrosis, polycythemia vera,
and graft-vs.-host disease

Thrombocythemia and polycythemia vera 1. Acute graft-vs.-host disease after allogeneic
transplantation
2. Vitiligo
3. Chronic graft-vs.-host disease after allogeneic
transplantation

NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; CLL, chronic lymphocytic leukemia; ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; NHL, non-Hodgkin
lymphoma; CNS, central nervous system.

Most of these PIPs associated with a product covered by a
waiver were granted after the EMA revision of the class waivers in
2015 (Figure 5).

Pediatric investigation plan contents
The contents of the 14 PIPs that include NBL indication are

reported in Supplementary Table 1. In summary, five out of 14

(35.7%) NBL PIPs cover the whole pediatric population from birth,
while nine out of 14 (64.3%) cover all ages except younger children
(i.e., under 24, 12, 6, or 1 month of age). The PIP indication
included NBL and other pediatric solid tumors or, more rarely,
hematolymphoid or CNS malignancies.

The total number of (preclinical and clinical) studies required
in each PIP varies from two (afatinib) to eight (copanlisib). In detail,
non-clinical studies were required for all PIPs, except for olaparib,
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FIGURE 5

Active substances granted with both pediatric investigation plan and waiver by year.

an ASs already marketed for a different adult indication, and
erdafitinib. Pediatric-specific studies (i.e., juvenile animal, and age-
appropriated formulations) are the most required. The in vivo/in

vitro pediatric disease model and biomarker studies were required
in two PIPs, respectively.

All PIPs included early CTs (i.e., PK and dosing, activity, and
safety), and seven of them also included efficacy studies. A phase 3
trial (RCT) was considered for olaparib. Extrapolation, modeling,
and simulation studies, aimed to support the dosing regimen of the
product, were required for six out of 14 PIPs. The expected duration
for ongoing PIPs (i.e., the timing between the PIP decision date and
the expected PIP completion date, as agreed with PDCO), varies
from 2 to 17 years (mean value: 8.5 years). For five out of 14 PIPs
(abemaciclib, copanlisib, idasanutlin, olaparib, and venetoclax), the
expected duration is up to 2027 and, in the case of olaparib, it is up
to 2035.

The current status of PIPs and their outcomes are described
in Table 3: for two ASs (cobimetinib and afatinib), the PIP was
concluded and received the compliance check after 7.4 and 2.6
years, respectively, while for the other two ASs (trametinib and

dabrafenib), the studies were completed, but the PIP did not receive
a compliance check.

Pediatric investigation plan outcomes
We investigated the status of non-clinical and clinical studies

foreseen in the PIPs. Several completed preclinical studies,
including juvenile animal toxicity studies, resulted in the MA
dossiers of the approved MPs. For eight PIPs, clinical studies
resulted in active, recruiting, or not recruiting. Development of
copanlisib was terminated after a phase 1/2 study because of “no

anticipated benefit respect to standard therapy”. Negative outcomes
were also reported for cobimetinib studies.

Modifications in the SmPC were made as follows: for
larotrectinib sulfate and entrectinib, a new indication, including
high-risk NBL, was included in SmPC, based on the preliminary
results of the studies and efficacy data extrapolated by other adult
studies, respectively; entrectinib is authorized for use in children
older than 12 years. For selpercatinib, the preliminary results
were included in the SmPC, without any change of the product
indication. It should be noted that, for all these ASs, the related PIPs
are still ongoing.

Other regulatory procedures
A total of 39 (20.7%) out of 188 ASs were included in the

Community Register of designated Orphan Medicinal Products for
a total of 59 orphan designations. Only two orphan designations
cover the treatment of NBL. Entrectinib had an orphan designation,
but it was withdrawn in 2018 after the product was designated
within the PRIME scheme.

Developmental and regulatory status
comparison

The results of comparison among different groups of ASs are
shown in Table 4. The NDDS priority list group has the highest
percentage of ASs with CTs and in particular of CTs, including
efficacy preliminary data. No results from these NBL studies were
included in SmPC. In the group of ASs associated with a PIP, we
observed that all the ASs were entered into early CTs, but only a
few included efficacy data. When considering the whole group of
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TABLE 3 Pediatric investigation plans—clinical studies, status, and outcomes.

ASs CC Studies required in the
PIPs

Studies available
(completed or ongoing)

Status SmPC variation

Abemaciclib No Dose escalation trial, in
combination
Study to evaluate safety and
efficacy (recruiting)

Dose escalation trial, in
combination

Recruiting

Afatinib Yes Dose escalation trial to assess
safety, PK, and anti-tumor activity
(monotherapy)

Dose escalation trial to assess
safety, PK, and anti-tumor activity
(monotherapy)

Completed No changes have been included in
the SmPC.

Cobimetinib Yes Multiple dose 2-stage trial to
evaluate PK, safety, and activity
(monotherapy)

Multiple dose 2-stage trial to
evaluate PK, safety, and activity
(monotherapy)

Completed, negative
outcome

No changes have been included in
the SmPC.

Copanlisib No Dose escalating trial to PK, PD,
safety, and activity; safety and
efficacy trial (not planned)

Dose escalating trial to PK, PD,
safety, and activity

Terminated no
anticipated benefits

Product withdrawn

Entrectinib No Trial to evaluate PK, safety, and
anti-tumor activity monotherapy

Trial to evaluate PK, safety, and
anti-tumor activity monotherapy

Active not recruiting SmPC Variation: Treatment of
adult and pediatric patients 12
years of age and older

Idasanutlin No Trial to evaluate PK, toxicity,
safety, and activity; trial to evaluate
safety and efficacy

Trial to evaluate PK, toxicity,
safety, and activity

Recruiting

Larotrectinib
sulfate

No Trial to evaluate safety and efficacy
still ongoing

Trial to evaluate PK, safety, and
anti-cancer activity

Recruiting New indication: Treatment of adult
and pediatric patients with solid
tumors that display an NTRK gene
fusion

Olaparib No Study to evaluate safety,
tolerability, PK, PD, and
preliminary efficacy; multicenter
study safety, tolerability, and
efficacy (recruiting); randomized,
controlled study (not started)

Study to evaluate safety,
tolerability, PK, PD, and
preliminary efficacy

Recruiting

Trametinib No Dose escalation trial to evaluate
safety, tolerability, PK, and PD in
combination Bioavailability study
in adults

Dose escalation trial to evaluate
safety, tolerability, PK, and PD (in
combination)

Recruiting

Venetoclax No Dose determination and cohort
expansion study; (in combination)
Study to evaluate the efficacy

Dose determination and cohort
expansion study (in combination)

Active not recruiting

Dabrafenib No Dose escalation trial in
combination Bioavailability study
in adults

Dose escalation trial (in
combination)

Completed No changes have been included in
the SmPC

Erdafitinib No Study to evaluate the safety, PK,
and anti-tumor activity in pediatric
patients
Study to assess the safety, PK, and
efficacy in pediatric patients
and adults

Study to evaluate the safety, PK
and anti-tumor activity in
pediatric patients Study to assess
the safety, PK, and efficacy in
pediatric patients and adults

1. Suspended (accrual
goal met)
2. Recruiting

Regorafenib No Study to evaluate PK/PD,
tolerability, safety, and tumor
activity in the pediatric population
PK model
Study to evaluate the activity,
safety, and efficacy

PK/PD, tolerability, safety, and
tumor activity (in combination)

Active- not recruiting

Selpercatinib No Studies to evaluate the
MTD/recommended dose and
dose-limiting toxicities
(monotherapy)

Studies to evaluate the
MTD/recommended dose and
dose-limiting toxicities
(monotherapy)

Both recruiting Preliminary results included in the
SmPC

ASs, active substance; CC, compliance check; SmPC, summary of product characteristics; PK, pharmacokinetic; PD, pharmacodynamics; MTD, maximum tolerated dose.

ASs with a MA, we observed a higher percentage of ASs already
submitted to studies, both preclinical and clinical, including efficacy
data. In addition, five ASs were granted a pediatric variation in

the SmPC: three products, entrectinib, larotrectinib sulfate, and
selpercatinib, are also part of the PIPs group. However, at the
time of the SmPC variation, the PIPs were still ongoing. Thus,
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TABLE 4 Comparison of the regulatory and developmental status.

Preclinical
(safety,
toxicity)

Juvenile
animal studies

Entered in CTs
(PK/PD/dosing,

activity,
tolerability,

safety)

Entered in CTs-
preliminary
e�cacy

Pediatric
variation or

results in SmPC

ASs Associated to a NBL
PIPs (n= 14)

13 (92.9%) 7 (50%) 14 (100%) 2 (14.3%) 3 (21.4%)

ASs not associated to a PIP
(n= 151)

81 (53.6%) 9 (6%) 44 (29.1%) 31 (20.5%) 2 (8.7%)

ASs included in NDDS
Priority list (n= 23)

14 (60.9%) 3 (13%) 22 (95.7%) 12 (52.2%) 0

ASs associated to a MA (n
= 54)

54 (100%) 21 (38.9%) 40 (74.1%) 25 (46.3%) 5∗ (9.3%)

ASs not associated to a MA
(n= 134)

61 (45.5%) 3 (2.2%) 15 (11.2%) 17 (12.7%) 0

ASs in total sample (n=

188)
115 (61.2%) 24 (12.8%) 70 (37.2%) 42 (22.3%) 5 (2.7%)

∗Entrectinib; larotrectinib sulfate; temsirolimus; topotecan; selpercatinib.
ASs, active substances; CTs, clinical trials; PK, pharmacokinetic; PD, pharmacodynamics; SmPC, summary of product characteristics; NBL, neuroblastoma; PIP, pediatric investigation plans;
NDDS, neuroblastoma new drug development strategy; MA, marketing authorization.

the variations seem to be independent of the PIP. The other two
products (etoposide and doxorubicin) were approved for a pediatric
oncology indication (including NBL) in several member states with
national MAs not yet harmonized at the EU level.

Finally, there are 44 ASs, not granted a PIP, for which
pediatric clinical studies were identified, including also efficacy
preliminary data.

Discussion

There is a larger than expected number of ASs targeting NBL
and other pediatric malignancies for which several preclinical and
clinical studies have been conducted or are under development.
In particular, this number is higher than what is described in the
framework of the NDDS forum ended (2020), with 23 genetic
targets prioritized out of 40 identified ASs targeting NBL. As a
result of our research, 70 ASs entered into the clinical phase;
indeed, these studies have been conducted without considering any
priority. Owing to the challenges related to the small population
and the rarity of the disease (67), it is unlikely that all these ASs,
or almost a consistent part of them, will be able to complete a full
developmental process up to the inclusion in the frontline or to
the market.

Among the ASs included in the clinical phase, ASs
targeting/acting on the N-MYC are the most represented and
have preclinical and early clinical studies documented in the 46
and 31% of cases, respectively. However, for eight out of 22 ASs
of the MYCN group that reached the clinical phase, development
was suspended, confirming the several difficulties encountered
in moving these drugs to the MA (20). A lower number but a
higher percentage of ASs under study were demonstrated for ASs
in RAS-MAPK-MEK and VEGF groups. A better outcome may be
expected from these studies in the next years.

Our data showed that a large number of ASs (i.e., 115 of 188)
have been investigated in preclinical studies, mainly as a part of

adult product development, but pediatric-specific studies have been
less represented.

On the contrary, it is imperative that the preclinical evaluation
is tailored to pediatric specificities and needs, including the
characterization of toxicology and safety aspects relevant to the
children. Such specificities may have a huge impact on the
development of pediatric medicines because it leads regulators
to waive the pediatric clinical development for safety reasons,
to include contraindications in the SmPC, and to modify/adjust
dosing regimen, among others (68). To deal with this issue, an
innovative approach is emerging in pediatric drug development,
that is exploiting new models, i.e., cells, tissue, organoid,
or in silico models (69), instead of animal models, under
the paradigm that the utility of animal models in place of
children for the evaluation of toxicology, efficacy, and safety
parameters is very limited or uncertain (70). Moreover, it
was suggested that the ability to predict PK and PD with
the adoption of new toxicology models (71, 72) or the use
of mechanistic simulations may reduce the need and the
duration of pediatric clinical studies (73). In particular, preclinical
studies on several ASs could help select more specific and
efficacious agents on one or more pediatric tumors, facilitating
their prioritization.

Improvement in the direction of reducing the number while
increasing the efficiency of clinical studies is also expected
by the adoption of an innovative clinical study design (more
specifically, basket, umbrella, and platform trials) that is more
responsive to the complexity of NBL trials (i.e., limited population,
genetic and immune phenotypic traits common to other pediatric
cancers, and different agents to be studied in combination) (74).
Together with a larger application of pharmacometric models
and, where possible, extrapolation of existing data, these CT
designs may substantially facilitate the progress of more ASs for
pediatric use.

As positive results from our regulatory evaluation of ASs
targeting NBL, we underline the following:
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1. There were more drugs included in a PIP application than in the
previous scenario, which was characterized by a higher number
of waivers than the agreed PIPs (5).

2. Several ASs for which a waiver was granted for adults indication
were also granted with a PIP for a different pediatric oncologic
indication, demonstrating that, even with the lack of a specific
rule (as the RACE Act in the USA), a medicinal product can
be granted both waivers for adult indications and PIP-covering
indications of pediatric interest if justified by theMoA of the AS.

3. Through our analysis of the PIPs, we can derive that a
combination of preclinical pediatric-specific studies (including
formulation and juvenile animal studies) and early clinical
studies with limited phase 3 trials is the approach most required
by regulators. It may be useful to use this information as a guide
for preparing future pediatric developmental plans.

4. Interestingly, out of 14 PIPs with NBL indication, six include
extrapolation, modeling, and simulation studies. However,
based on the preliminary results of a pilot study on pediatric and
rare MPs approved by EMA (75), a significant increase in other
computational and innovative statistical models, also including
Real Word Data studies, is expected in the next future. This
approach will reduce the total economic and resource costs with
advantages for patients, avoiding clinical research with limited
possibilities to be successful.

However, this analysis also clarifies that several unresolved
issues remain, which are as follows:

1. The majority of PIPs and the pediatric variations in SmPC are
associated with adult oncology products. This demonstrates that
the development of pediatric oncology products is still driven by
adult drugs and not by a pediatric-specific interest in the drug.

2. There are still several ASs, even having an MoA of interest for
children granted with a waiver for which pediatric development
is not required by the EMA. In the EU, it may be necessary to
adopt an ad hoc rule, such as the RACEAct in the USA, to bridge
this gap.

3. The current regulatory procedures seem to be unable to assure
faster oncology drug development and its timely approval for the
market. As an example, we can consider that olaparib received
an adult MA in 2014; a PIP for a pediatric indication including
NBL was only applied in 2018, with an expected duration for
PIP completion of up to 2035. Thus, the pediatric product will
(possibly) reach the market 21 years later than the product
authorized for adults.

4. Other regulatory procedures applicable to rare and pediatric
conditions have been little considered and may be poorly
understood by sponsors and researchers (76). As an example,
entrectinib was withdrawn by the Orphan Designation Registry,
while it received the PRIME designation followed by an
accelerated approval. This approval was obtained before
completing the pediatric development plan and only covers their
use in children older than 12 years, leading to high-risk NBL
prevailing in younger children.

In conclusion, in pediatric oncology, the number of approved
new medicines has not increased significantly during the recent
years. With reference to NBL, some old ASs on the market are
still used in current practice without including the NBL pediatric

indication. Several new ASs have been proposed for development
and included in early CTs, but only a few products have been
registered for NBL. Considering the several ongoing initiatives,2,
3,4 some improvements may be implemented.

First of all, scientists, regulatory experts, and developers should
work together to identify a more efficient, less costly, and time-
consuming “pediatric developmental model” integrating predictive
preclinical studies and innovative clinical study designs. This model
should be proposed and adopted in the PIP application and then
agreed by the regulators as fitting with regulatory standards.

Second, the current regulatory process should better support
these new scientific paradigms. In particular, some measures
proposed in the context of the revision of the European Pediatric
andOrphan Regulationsmay greatlymove forward in this direction
(77), which are as follows: (a) a drug potentially useful for cancer
should be excluded by the application of waiver based on “disease
or condition not existing in the pediatric age” and (b) a PIP-
staggered approach may be considered. With this approach, the
approval of the PIPs will occur step by step and could be stopped
or accelerated according to the preliminary results (i.e., predictive
preclinical study results) avoiding the extremely long duration of
some PIPs; and (c) new incentives specific for products addressing
unmet needs for pediatric and rare diseases (i.e., a PRIME-adapted
scheme or dedicated research funds) should be largely adopted.
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