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A B S T R A C T

Background: CLPB-related mitochondrial disease causes congenital neutropenia, developmental delay/intellec
tual disability, progressive brain atrophy, movement disorders, cataracts, and 3-methylglutaconic aciduria. Both 
monoallelic and biallelic forms exist. This retrospective cohort study compared clinical outcomes and genoty
pe–structure–phenotype correlations across zygosity groups.
Methods: Sixty-three individuals (41 biallelic, 22 monoallelic; 6 unpublished) with disease-causing CLPB variants 
were identified via literature review and a multicenter survey. In silico modeling assessed structural impact. A 
modified CLPB Disease Burden Index (DBI) quantified severity.
Results: Median age at last follow-up was 4.0 years (IQR: 0.25–12.6) in biallelic and 12.0 years (IQR: 5.3–21.0) in 
monoallelic cases. Death occurred in 66% of biallelic and 23% of monoallelic individuals, with earlier median 
age at death in biallelic cases (6 months vs 2.4 years). Biallelic cases had significantly higher DBI scores and 
poorer survival (4-year survival: 50% vs 82%). Stop/stop genotypes were associated with greater disease burden 
than missense combinations. Structural predictions—particularly variants causing nonsense-mediated decay or 
ankyrin domain disruption—were stronger survival predictors than zygosity or age of onset. Early-onset disease 
(<12 months) correlated with more severe progression. Later onset often resulted in milder phenotypes. He
matologic and neurologic features overlapped across zygosity; cataracts and dystonia were more common in 
biallelic cases. Milestone attainment was poor, with <50% walking or speaking, and only 10–20% doing so on 
time. Four monoallelic patients received hematopoietic stem cell transplants with mixed outcomes. Granulocyte 
colony-stimulating factor was associated with improved survival.
Conclusions: This is the largest cohort study to date comparing biallelic and monoallelic CLPB deficiency. 
Structural variant impact—particularly ankyrin domain disruption—emerged as a key prognostic factor.

1. Introduction

CLPB (also known as Skd3) is a mitochondrial AAA+ (ATPases 
Associated with Diverse Cellular Activities) protein localized to the 
intermembrane space. It belongs to the heat shock protein-100 family, a 
subclass of AAA+ ATPases known for protein disaggregation, although 
its precise roles in mitochondria remain to be determined [1]. In bac
teria (ClpB) and yeast (Hsp104/Hsp78) AAA + -powered disaggregase 
systems function as molecular chaperones, extracting proteins from 
their aggregates to rescue folding [2,3]. Similarly, CLPB has been shown 
to act as an ATP-dependent disaggregase in vitro [4,5]. Compared with 
canonical AAA+ proteins, CLPB is unique for the presence of an N-ter
minal Ankyrin-repeat domain preceding its ATPase domain. Structur
ally, CLPB forms homohexameric rings. This mechanism depends on 
coordinated conformational changes of individual subunits around the 
hexameric ring, so that different protomers are in distinct nucleotide and 
affinity states at any given time, producing directional movement of the 
substrate. CLPB can also assemble into larger cylindrical dodecameric 
structures upon substrate binding which are thought to provide a pro
tected environment for client refolding (Fig. 1A) (for review see [1]).

Loss of CLPB function in cell models reduces the solubility of proteins 
involved in apoptosis, mitochondrial import, calcium handling and 
respiration [5–7]. Nevertheless, CLPB's role in human disease remains 
incompletely understood [1]. CLPB interacts with several mitochondrial 
proteins, including HAX1 and HTRA2, which are linked to disorders that 
share clinical features with CLPB deficiency. For example, biallelic 
HAX1 variants cause HAX1-associated severe congenital neutropenia 
(MIM #610738), characterized by severe neutropenia and -when both 
isoforms are affected- neurologic involvement [8,9]. Similarly, HTRA2- 
related mitochondrial disease (MIM #617248), like CLPB deficiency, 
belongs to the growing number of inborn metabolic diseases with 3- 
methylglutaconic aciduria (3-MGA) as a discriminating feature 
[10,11], and presents with infantile neurodegeneration, neutropenia, 
and cataracts [12–14].

CLPB-related disease spans a broad phenotypic spectrum including 
developmental delay (DD), intellectual disability (ID), epilepsy, move
ment disorders, neutropenia, cataracts and 3-MGA. First described in 
2015 as a condition associated biallelic CLPB variants [15–18], subse
quent reports identified heterozygous de novo disease-causing variants 
[19–21]. Clinical severity ranges from isolated neutropenia in some 
monoallelic cases to pre- or perinatal-onset disease, multisystem 
involvement and early mortality. Severe neonatal presentations often 

include hypotonia, spasticity, stimulus-sensitive clonic movements, and 
progressive brain atrophy, features also recapitulated in zebrafish 
models [15,17]. However, genotype-phenotype correlations and sur
vival predictors remain poorly defined.

Management remains largely supportive. Granulocyte colony- 
stimulating factor (G-CSF) is standard therapy for severe neutropenia, 
with hematopoietic stem cell transplantation (HSCT) considered in re
fractory cases. Recently, combined uridine-pyruvate supplementation 
has shown promise in improving oxidative phosphorylation and cell 
proliferation in fibroblasts derived from patients with mitochondrial 
disorders [22]. A small clinical study (n = 55) also demonstrated 
improved lymphocyte counts and T cell proliferation in healthy adults 
with presumed antibiotic-related mitochondrial toxicity [23].

In this study, we investigate genotype-structure-phenotype correla
tions in 63 individuals with biallelic and monoallelic CLPB-related dis
ease, use structural modeling to interpret variant effects and explore 
uridine-pyruvate supplementation in three individuals.

2. Subjects and methods

2.1. Study design & data acquisition

This retrospective international cohort study collated de-identified 
data using a two-step approach (Appendix A: Fig. A1). A PubMed 
search (conducted in December 2024) was first performed with the 
terms “CLPB”, “SKD3” or “3-methylglutaconic aciduria type VII”, 
limited to English-language, full-text human studies. Cross-referencing 
was undertaken to avoid duplicate inclusion, and overlapping cases 
were merged. Individuals were eligible for inclusion if they harbored 
biallelic or monoallelic variants in CLPB (RefSeq: NM_030813.6) clas
sified as (likely) pathogenic according to the ACMG/AMP guidelines 
(Appendix C: Table C4) [24,25].

For previously published cases known to be alive at the time of 
publication, authors were contacted for follow-up data; if unavailable, 
only the published information was used. International collaborators 
contributed new or updated cases using the same electronic case report 
form (eCRF, Appendix D) as that used for data extraction from the 
literature. The eCRF captured demographic data, CLPB genotype, 
medical history, survival status, developmental and functional out
comes, neuroimaging and bone marrow findings, and treatment history. 
To mitigate recall bias, symptom onset was categorized in pre-defined 
age intervals: 0–28 days, 1–11 months, 1–5 years, 6–12 years, 13–18 
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years, and > 18 years. Where applicable, symptom severity was classi
fied as mild, moderate, or severe using criteria specified in the eCRF.

2.2. Predicted structural disruption of variants

Nonsense and frameshift variants were evaluated for predicted 
nonsense-mediated decay (NMD) based on their position using the 
DECIPHER platform (https://www.deciphergenomics.org/). Missense 
variants were analyzed in silico for structural impact on the ankyrin 
repeat region (ANK) or nucleotide binding domain (NBD) of CLPB pro
tein (isoform-1; NP_110440, UniProt: Q9H078–1). Structural pre
dictions integrated crystallographic data (PDBs: 7XBK [26], 7TTS [27]), 
AlphaFold predicted models of full-length CLPB, and available cryo- 
electron microscopy density maps (EMD-33106) [28]. Structures were 
visualized with PyMol (Schrodinger) or COOT [29], and these programs 
were also used for modeling single nucleotide variants and assessment of 
their possible structural impact. Figures were prepared with PyMol and 
ChimeraX [30].

Subjects were stratified by zygosity (biallelic vs. monoallelic), and 
the variant-type combinations evaluated were limited to stop/stop, 
missense/missense and missense/stop genotypes in biallelic cases, and 
missense/wild-type in monoallelic cases. Biallelic genotypes were 
further classified into the following categories based on predicted 
structural impact: 1) “NMD-predicted” - both variants predicted to result 
in NMD; 2) “ANK-disrupting” - at least one allele predicted to affect 
ANK; and 3) “NBD-disrupting” - either both variants predicted to affect 
NBD, or one NBD-impacting variant in combination with a predicted 
NMD allele (Appendix C: Table C1).

2.3. CLPB Disease Burden Index (CLPB-DBI): a cumulative clinical 
scoring system

To quantify cumulative disease severity, the previous retrospective 
scoring system [31] was adapted and refined into a 43-point composite 
score. The CLPB Disease Burden Index (CLPB-DBI) incorporates hema
tologic, neurologic, and ocular features (cataracts), age at symptom 
onset (< 12 months vs. later), clinical severity markers (e.g., pregnancy 
complications, malignancy, developmental regression, hematopoietic 
stem cell transplant), and survival outcomes (e.g., death in the neonatal 
period, infancy, or later). A CLPB-DBI calculator is provided in Appendix 
B, and individual patient DBI scores are detailed in Appendix C: 
Table C3. Disease severity was stratified as mild (DBI < 10), moderate 
(DBI 10–24), or severe (DBI ≥ 25) based on clinical review and statistical 
validation methods that included distributional clustering and Kaplan- 
Meier survival analysis (Appendix A: Supplementary Results, Fig. A2).

2.4. Statistical analysis

All analyses were performed using R (v12.0 + 467) and GraphPad 
Prism (v10). Statistical significance was defined as p < 0.05. Descriptive 
statistics are presented as counts (affected / available) and percentages 
for categorical variables. Group comparisons used Fisher's exact test for 
categorical variables and Wilcoxon-Mann-Whitney or Kruskal-Wallis 
tests for continuous variables, with appropriate post hoc corrections.

Power analyses demonstrated >80% power to detect clinically 
meaningful differences in survival and DBI scores. Survival was 
analyzed using Kaplan-Meier curves, log-rank tests, and Cox propor
tional hazards models with Firth's correction for small sample sizes. 
Individuals reported as alive at last follow-up were treated as censored 
observations. Missing survival data (n = 7 monoallelic cases) were 
handled conservatively based on sensitivity analyses, as detailed in 
Appendix A: Supplementary Results [32]. Accordingly, the primary 
survival analysis incorporated all available patient data using conser
vative censoring assumptions and provides the most complete and 
robust estimate of group differences. Disease burden (DBI score) was 
treated as a continuous outcome and analyzed using robust linear 

regression, with confidence intervals generated via bootstrapping. 
Multivariate models included relevant clinical predictors and were 
refined using backward selection, with model performance assessed by 
R2, η2, and Cohen's f2.

Developmental skill acquisition was analyzed using inverse Kaplan- 
Meier methods, scaled to observed rates, with normative milestone 
limits based on published pediatric standards reported by Feigelman 
[33]. When age of acquisition was noted to be “age-appropriate”, the 
50th percentile values (p50) from the Denver Developmental Screening 
Test II (DDST-II) normative data were used [34].

Exploratory Kaplan-Meier survival analyses were performed to 
assess variant-specific and GCSF treatment effects, as further detailed in 
Appendix A: Supplementary Methods.

2.5. Uridine-pyruvate supplementation

In adults treated with mitochondrially toxic antibiotics, combined 
uridine and pyruvate supplementation exerted a protective effect on 
immune cells including T cell proliferation, thus providing the rationale 
for similar supplementation in CLPB deficiency where affected patients 
are prone to recurrent infections [23]. Three individuals received oral 
Malto-Uripyr® (Mitobiotix, Italy), a dietary supplement combining 
uridine-5′-monophosphate (UMP), pyruvate, and the sweetening agent 
maltodextrin in powder form [35]. Dosing was equivalent to UMP 
20–45 mg/kg/day and pyruvate 275–600 mg/kg/day administered in 
three divided doses [23]. Neutrophil counts as well as frequency of 
community- and hospital-managed infections were recorded before and 
during supplementation.

3. Results

3.1. Study cohort and general characteristics

The cohort included 63 individuals (40 female) from 54 families 
across 18 countries, including six previously unpublished cases (Ap
pendix A: Detailed case reports). Updated clinical data were obtained for 
19 of the 57 previously published individuals (Appendix C: Table C2) 
[15–21,31,36–39]. At the time of analysis, 24 individuals (38%) were 
alive, and 32 (51%) were deceased, and survival information was un
available for 7 individuals (11%). These 7 cases were conservatively 
censored based on predefined sensitivity analysis criteria (Appendix A: 
Supplementary Results). The cohort comprised 41 individuals with 
biallelic and 22 with monoallelic CLPB variants. Median age at last 
follow-up was 4.0 years (interquartile range [IQR]: 3 months-12.6 
years) in the biallelic group and 12.0 years (IQR: 5.3 years–21.0 years) 
in the monoallelic group.

3.2. Genotypic spectrum and predicted structural impact of variants

Forty-three unique CLPB variants were identified, with no overlap 
occurring across variant zygosity groups (Table 1).

All variants in monoallelic cases were either missense (n = 11) or 
small in-frame indels (n = 1). De novo inheritance was confirmed for 10/ 
22 individuals, while family studies were either not available or not 
reported for the remainder of patients with monoallelic variants. For 12 
previously reported individuals without family studies, variant patho
genicity was validated by functional studies [20,21].

Recurrently affected residues in the monoallelic group included 
Arg561 (Gln/Trp/Gly substitutions; n = 10), Gly560 (p.Gly560Arg; n =
3) and Arg620 (Cys/His substitutions; n = 3), all of which show high 
evolutionary conservation. The biallelic group exhibited broader genetic 
diversity, including 19 missense, 7 premature termination codon vari
ants, 2 splice-site variants, 1 indel, 1 insertion, and 1 deletion, with 10 of 
these variants recurring across unrelated individuals (Fig. 1B).

Six of the seven premature termination codon variants were pre
dicted to trigger nonsense-mediated decay (NMD), based on exon 
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location. Structural analysis suggested that in biallelic cases, missense 
variants most commonly disrupted the NBD (n = 18) or the ANK (n = 4), 
often affecting inter- or intra-subunit interactions (Fig. 1C). In mono
allelic cases, all variants affected the NBD (n = 11), with the majority 
(73%, 8/11) predicted to impair ATP binding and/or hydrolysis 
(Table 1). Three monoallelic variants are located away from the ATP 
binding site and are predicted to affect NBD intersubunit interactions. 
Interestingly, while the p.Pro427Leu (in ID1042) and p.Gly429_Tyr430 
(in ID1044) de novo variants affect interactions observed between all 
subunits of the CLPB hexamer, the p.Lys404Thr variant (in ID1063) is 
only observed forming intersubunit contacts in one of the subunits 
(Appendix A: Supplementary results).

Based on structural modeling and conservative assumptions 
regarding variant combination effects, all individuals were classified 
into one of three structural disruption categories: NMD-predicted (n =
8), ANK-disrupting (n = 10), or NBD-disrupting (n = 45) (Appendix C: 
Table C1).

3.3. Genotype and predicted structural impact correlate with survival

At data cut-off, 27/41 (66%) biallelic and 5/22 (23%) monoallelic 
individuals had died. Among these, the median age at death was 6 
months (IQR: 1 week-4 years) for biallelic and 2.4 years (IQR: 1.7 
years–6.7 years) for monoallelic cases. Causes of death included respi
ratory failure in 34% (11/32; 9 biallelic, 2 monoallelic), infections in 
22% (7/32; 6 biallelic, 1 monoallelic), multiorgan failure in 9% (3/32; 3 
biallelic, 0 monoallelic), and malignancy-related complications in 9% 
(3/32; 2 biallelic, 1 monoallelic), as well as cardiac arrest (1 biallelic) 
and perforated oesophageal ulcer (1 biallelic).

Survival differed by zygosity (χ2(1) = 8.1, p = 0.0045) (Fig. 2A). 
Median survival was 4 years in biallelic individuals, while the 4-year 
survival rate in those with monoallelic variants was 82% (95% CI: 
30% - 60%). Survival also differed by age of onset (χ2(1) = 8.5, p =
0.0036), with more deaths reported in individuals with disease onset 
before 12 months of age (30/50; 60%) vs. later onset (1/13; 8%). When 
stratifying by zygosity, this remained so among biallelic individuals only 
(χ2(1) = 9.1, p = 0.0025), where median survival in those with early 
onset dropped further to 2.5 years (Fig. 2B, Appendix A: Fig. A3a).

(caption on next column)

Fig. 1. Distribution, structural localization, and predicted effects of CLPB 
variants. 
(A) Structural overview of the CLPB oligomeric complex. Left: cryo-EM density 
of the CLPB dodecamer (EMD-33106) [29], showing two stacked hexamers 
colored brown and grey. Middle and right: cartoon representations of the CLPB 
hexamer in two perpendicular orientations (PDB ID 7TTS) [30], with one 
monomer highlighted in cyan. The purple density represents a substrate within 
the central translocation pore. Nucleotides found at the NBD are shown as 
spheres. ANK and NBD domains are annotated. 
(B) Schematic representation of CLPB isoform 1 (NM_030813.6), showing 
protein domains and the positions of pathogenic variants observed in biallelic 
(top) and monoallelic (bottom) cases. The Y-axis indicates the number of un
related individuals carrying each variant. Variants are classified by type: 
missense, nonsense/frameshift, splice-site, insertion, and indel. Common 
recurrent variants (found in ≥3 unrelated individuals) are labeled. Domain 
abbreviations: MTS, mitochondrial targeting sequence; pre, pre-sequence 
cleaved by PARL at amino acid 127; ANK, ankyrin repeat regions 1–4; NBD, 
nucleotide-binding domain; CTD, C-terminal domain. 
(C) In silico modeling of recurrent missense variants (T268M, R408G, G560R 
and R561Q/W/G). Left panels: wild-type environment of each mutated posi
tion, with key amino acids and the nucleotide shown as sticks, and the Mg2+ ion 
as a green sphere. Dashed lines indicate electrostatic interactions. Right panels: 
modeled mutant residues, with carbon atoms in magenta. Predicted steric 
clashes are shown as dot clouds representing atomic radii. For variants near 
intra-subunit interfaces, adjacent subunits are colored brown and cyan (See 
Appendix A: Supplementary Results for more details). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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Table 1 
Genotypic spectrum of 63 individuals with CLPB-related mitochondrial disease included in this study.

Variant 
#

cDNA change 
(NM_030813.6)

Corresponding protein change gnomAD v4.1 
(ENST00000294053.9) # het | 
# hom | allele frequency

Cases, 
n

Zygosity of 
affected 
individuals

Predicted structural 
disruption (based on in 
silico modeling or variant 
position)

1 c.216del p.Arg73Alafs*168 absent 1 biallelic Nonsense-mediated decay
2 c.491 A > C p.His164Pro 1 | 0 | 6.20e-7 2 biallelic ANK domain: disrupted 

intrasubunit interactions
3 c.748C > T p.Arg250* 9 | 0 | 5.58e-6 2 biallelic Nonsense-mediated decay
4 c.803C > T p.Thr268Met 24 | 0 | 1.49e-5 5 biallelic ANK domain: disrupted 

intrasubunit interactions
5 c.805G > A p.Ala269Thr absent 1 biallelic ANK domain: disrupted 

intrasubunit interactions
6 c.815 A > G p.Tyr272Cys 5 | 0 | 3.11e-6 3 biallelic ANK domain: disrupted 

intrasubunit interactions
7 c.961 A > T p.Lys321* absent 1 biallelic Nonsense-mediated decay
8 c.1079-23 T > A p. 

Ala359_Ala360insAspLeuValCysLeuAlaVal
absent 2 biallelic NBD: disrupted 

intersubunit interactions
9 Intragenic deletion 

including exon 9
(includes aa 360–386) NA 1 biallelic Nonsense-mediated decay

10 c.1084C > T p.Arg362Trp 5 | 0 | 3.10e-6 1 biallelic NBD: disrupted 
intersubunit interactions

11 c.1085G > A p.Arg362Gln 13 | 0 | 8.05e-6 1 biallelic NBD: disrupted inter/ 
intra-subunit interactions

12 c.1163C > A p.Thr388Lys absent 1 monoallelic NBD: disrupted ATP 
binding/hydrolysis

13 c.1211 A > C p.Lys404Thr absent 1 monoallelic NBD: disrupted 
intersubunit interactions

14 c.1222 A > G p.Arg408Gly 319 | 0 |1.98e-4 7 biallelic NBD: disrupted 
intersubunit interactions

15 c.1233G > A p.Met411Ile 45 | 0 | 2.79e-5 2 biallelic NBD: disrupted 
intrasubunit interactions

16 c.1249C > T p.Arg417* 129 | 0 | 7.99e-5 10 biallelic Nonsense-mediated decay
17 c.1257 + 5G > T ? absent 1 biallelic NBD: exon 11 skipping and 

in-frame loss of 15 amino 
acids between Walker A 
motif and Pore loop

18 c.1257 + 5G > A ? absent 1 biallelic NBD: exon 11 skipping and 
in-frame loss of 15 amino 
acids between Walker A 
motif and Pore loop

19 c.1280C > T p.Pro427Leu absent 1 monoallelic NBD: disrupted 
intersubunit interactions

20 c.1286_1288delinsACA p.Gly429_Tyr430delinsAspAsn absent 1 monoallelic NBD: disrupted 
intersubunit interactions

21 c.1305_1307inv p.Glu435_Gly436delinsAspPro absent 1 biallelic NBD: disrupted 
intersubunit interactions

22 c.1383dupA p.Asp462Argfs*11 25 | 0 | 1.55e-5 1 biallelic Nonsense-mediated decay
23 c.1424G > A p.Arg475Gln 17 | 0 | 1.05e-5 1 biallelic NBD: disrupted 

intersubunit interactions
24 c.1456 T > C p.Cys486Arg absent 2 biallelic NBD: disrupted 

intersubunit interactions
25 c.1456 T > C p.Asn496Lys absent 1 monoallelic NBD: disrupted ATP 

binding/hydrolysis
26 c.1669G > A p.Glu557Lys absent 1 monoallelic NBD: disrupted ATP 

binding/hydrolysis
27 c.1678G > A p.Gly560Arg absent 3 monoallelic NBD: disrupted ATP 

binding/hydrolysis
28 c.1681C > T p.Arg561Trp absent 3 monoallelic NBD: disrupted ATP 

binding/hydrolysis
29 c.1681C > G p.Arg561Gly absent 1 monoallelic NBD: disrupted ATP 

binding/hydrolysis
30 c.1682G > A p.Arg561Gln absent 6 monoallelic NBD: disrupted ATP 

binding/hydrolysis
31 c.1685delT p.Ile562Thrfs*23 absent 4 biallelic Nonsense-mediated decay
32 c.1700 A > G p.Tyr567Cys 63 | 0 | 3.90e-5 2 biallelic NBD: disrupted 

intrasubunit interactions
33 c.1772C > T p.Ala591Val absent 2 biallelic NBD: disrupted 

intrasubunit interactions
34 c.1850 A > G p.Tyr617Cys 4 | 0 | 2.48e-6 2 biallelic NBD: disrupted 

intersubunit interactions
35 c.1858C > T p.Arg620Cys absent 2 monoallelic NBD: disrupted ATP 

binding/hydrolysis
36 c.1859G > A p.Arg620His absent 1 monoallelic NBD: disrupted ATP 

binding/hydrolysis

(continued on next page)
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Structural predictions had an even stronger association with survival 
than either zygosity or age of onset (χ2(2) = 75.8, p < 0.0001) (Fig. 2C). 
Genotypes predicted to result in NMD or ANK disruption were associated 
with the poorest outcomes compared to those with NBD variants, with 
median survival of 1 week for NMD and 20 months for ANK. As mon
oallelic cases only had variants affecting the NBD, survival outcomes in 
individuals with NBD-disrupting genotypes were compared across 
variant zygosity groups. No survival difference was observed (p =
0.9491), suggesting that structural impact may be more predictive than 
inheritance alone (Appendix A: Fig. A3b).

Univariate and multivariate regression modeling further supported 
these associations (Appendix A: Table A1). A multivariate model 
including structural disruption and age of onset retained high explana
tory power (Nagelkerke R2 = 0.56). Sex showed no significant effect and 
was excluded from the final model. ANK disruption (HR = 7.8, 95% CI: 
3.1–20.8) and NMD genotypes (HR = 42.9, 95% CI: 11.7–175.4) were 
independently associated with reduced survival (p < 0.0001 for both), 
while the effect of early onset did not reach statistical significance (HR 
= 3.7, 95% CI: 0.9–34.0) (Fig. 2G).

3.4. Genotype and predicted structural impact correlate with disease 
burden (CLPB-DBI)

CLPB-DBI scores were significantly higher in biallelic cases (median 
[IQR]: 25 [12–27]) compared to monoallelic cases (9 [5.0–18.3]; Mann- 
Whitney U = 202.5, p = 0.0002) (Fig. 2D). Scores also differed based on 
variant combination and the structural disruption predicted. Individuals 
with stop/stop genotypes had significantly higher DBI scores than those 
with missense/missense (Z = 2.55, adjusted p = 0.0324) and missense/ 
wild-type combinations (Z = 4.31, adjusted p < 0.0001) (Fig. 2E). At the 
structural level, NMD (Z = 3.56, adjusted p = 0.0011) and ANK dis
ruptions (Z = 2.80, adjusted p = 0.0153) were each associated with 
higher disease burden than NBD-disrupting genotypes (Fig. 2F).

In univariate regression, both zygosity and structural disruption 
predicted DBI score (Appendix A: Table A2). In multivariate analysis, 
only structural disruption remained significant. NMD (β = 14.4; 95% CI: 
10.8–17.8) and ANK (β = 12.5; 95% CI: 8.7–16.2) disruptions were 
independently associated with increased DBI (Fig. 2H). The model 
explained ~40% of DBI variance (adjusted Nagelkerke R2 = 0.37; p <
0.001).

Exploratory variant-specific analysis, showed that individuals with 
the ANK variant p.Tyr272Cys (n = 3) had high DBI (score = 27–28) and 
poor survival. In contrast, those with p.Arg60 variants (n = 3) in the 
NBD had lower DBI (score = 5) and better survival outcomes (Fig. 2I-J).

3.5. Disease burden and progression

Based on CLPB-DBI scores, 18 individuals (7 biallelic, 11 mono
allelic) had mild disease (DBI <10), 23 (13 biallelic, 10 monoallelic) had 
moderate disease (DBI 10–24), and 22 (21 biallelic, 1 monoallelic) had 
severe disease (DBI ≥ 25) (Appendix C: Table C3). A breakdown of 
clinical features across severity categories is provided in Table 2, with a 
zygosity-stratified overview in Fig. 3.

3.5.1. Symptom onset
Intrauterine growth restriction and polyhydramnios were the most 

frequent prenatal complications (Fig. 3A). Symptom onset occurred 
within the first year of life in 35/41 (85%) biallelic and 15/22 (68%) 
monoallelic cases, with neonatal onset in 25 (71%) and 7 (32%) 
respectively. Remaining cases developed symptoms between ages 1–5 
years. Early signs included neutropenia and muscle tone abnormalities - 
ranging from generalized hypotonia, to progressive tetraspasticity and 
jaw lock in severe (typically biallelic) cases. Seizures, dystonia, and 
developmental delay typically manifested in infancy, while ataxia 
emerged later in early childhood. Cataracts were diagnosed in infancy in 
10 biallelic individuals and between 1 and 5 years in six others; in two 
monoallelic cases with reported cataracts, the age of onset was not 
specified. Premature ovarian insufficiency, typically diagnosed between 
ages 13–18 years, was reported in 3/7 (43%) females with biallelic and 
3/6 (50%) with monoallelic variants. Hypothyroidism occurred in 4/17 
(24%) biallelic and no (0/7) monoallelic cases (Fig. 4A).

3.5.2. Phenotypic spectrum
While hematological, neurological and systemic features frequently 

overlapped, certain manifestations showed zygosity-related trends. 
Bilateral cataracts were significantly more prevalent in biallelic cases 
(16/29 vs 2/17, p = 0.0047; Fig. 3B), though no variant-specific cor
relations were identified. Dystonia and basal ganglia MRI signal ab
normalities occurred only in biallelic individuals (12/38 vs 0, p = 0.047; 
Fig. 3D), whereas bradykinesia and ataxia were equally distributed. 
Brain imaging commonly revealed cerebral or cerebellar atrophy and 
nonspecific white-matter signal abnormalities. Recurrent infections 
were frequent across the cohort, but subcutaneous abscesses were 
significantly more common in monoallelic cases (9/21 vs 1/34, p =
0.0004; Fig. 3C). Among individuals where urine organic acid testing 
specifically included quantitation of 3-methylglutaconic acid, elevated 
excretion was confirmed in 38/39 (97%) with biallelic and 8/13 (57%) 
with monoallelic variants. Individuals with normal excretion (1 biallelic 
and 5 monoallelic) all had mild phenotypes (Table 2).

3.5.3. Disease progression
To assess progression, DBI scores were compared at symptom onset 

Table 1 (continued )

Variant 
# 

cDNA change 
(NM_030813.6) 

Corresponding protein change gnomAD v4.1 
(ENST00000294053.9) # het | 
# hom | allele frequency 

Cases, 
n 

Zygosity of 
affected 
individuals 

Predicted structural 
disruption (based on in 
silico modeling or variant 
position)

37 c.1882C > T p.Arg628Cys absent 3 biallelic NBD: disrupted 
intersubunit interactions

38 c.1903_1904delinsAA p.Ala635Lys absent 1 biallelic NBD: disrupted 
intersubunit interactions

39 c.1915G > A p.Glu639Lys 3 | 0 | 1.86e-6 2 biallelic NBD: disrupted 
intersubunit interactions

40 c.1937G > T p.Gly646Val 1 | 0 | 6.20e-7 1 biallelic NBD: disrupted 
intrasubunit interactions

41 c.1937dupG p.Cys647Leufs*26 absent 1 biallelic NBD: disrupted 
intrasubunit interactions

42 c.1949G > C p.Arg650Pro absent 1 biallelic NBD: disrupted 
intrasubunit interactions

43 c. 2045 T > A p.Ile682Asn absent 1 biallelic NBD: disrupted 
intrasubunit interactions
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Fig. 2. Genotype–phenotype correlation analyses in CLPB-related mitochondrial disease. 
(A–C) Kaplan–Meier survival curves comparing outcomes by zygosity (A), age of disease onset before vs. after 12 months (biallelic cases only) (B), and predicted 
structural disruption category (C). (D–F) Box-and-whisker plots showing DBI score distribution across zygosity (D), variant-type combination (E), and predicted 
structural disruption groups (F). Boxes represent the interquartile range, the bold horizontal line indicates median, and whiskers extend to data points with 1.5× IQR. 
Dashed horizontal lines indicate clinical severity cutoffs at DBI = 9 and DBI =24. (G) Forest plot of multivariate regression model assessing the independent 
contribution of predicted structural disruptions and age of onset to survival. Independent predictors are highlighted in red. NMD and ANK disruptions were both 
associated with worse survival. (H) Forest plot of multivariate regression model assessing the independent contribution of structural disruption, zygosity, and sex to 
DBI. Independent predictors are highlighted in red. Only NMD and ANK disruptions were independent predictors of DBI severity. (I–J) Variant-specific exploratory 
analyses. (I) Kaplan–Meier curves showing variant-specific survival. (J) DBI scores of individual cases across predicted disruption categories. Individuals with 
indicated recurrent variants are boxed for visual comparison. ANK, ankyrin repeat region, DBI, disease burden index; HR, hazard ratio; NBD, nucleotide-binding 
domain; NMD, nonsense-mediated decay; MS, missense; WT, wild-type; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2 
CLPB-related mitochondrial disease phenotypes.

Biallelic Monoallelic

Mild (n = 7) Moderate (n = 13) Severe (n = 21) Mild (n = 11) Moderate/severe (n = 11)

DBI score, Median (IQR) 5 (2–7) 19 (12− 22) 27 (26–30) 5 (5–7) 18 (13–24)
Deceased, n (%) 0 (0) 6 (46) 21 (100) 0 5 (46)

Age, Mean (SEM), years
Deceased – 3.3 (0.02–12.8) 0.3 (0.03–3.4) – 2.4 (1.7–6.7)
Alive 18 (9–33) 12.6 (6.9–14.0) – 29.5 (16–38.5) 9.5 (5.3–17.3)

Pregnancy complications
Yes, # affected / # reported (%) 1/6 (17) 6/11 (55) 11/17 (65) 1/1 (100) 2/8 (25)

Hematological/Immunological
Neutropenia

Prevalence, # affected / # reported (%) 5/7 (71) 11/13 (85) 21/21 (100) 11/11 (100 10/11 (91)
Age at first report

<12 m, n (%) 1 (20 6 (55) 20 (95) 5 (45) 8 (80)
≥ 12 m, n (%) 4 (80) 5 (45) 1 (5) 6 (55) 2 (20)

Recurrent infections
Prevalence, # affected / # reported (%) 3/7 (43) 6/10 (60) 14/18 (78) 9/10 (90) 10/11 (91)
Age at first report

<12 m, n (%) 1 (33) 5 (83) 13 (93) NR 8 (100)
≥ 12 m, n (%) 2 (66) 1 (17) 1 (7) NR 0

Malignancy, n 0 0 2 0 1

Neurological
Dev. delay / Intellectual disability

Prevalence, # affected / # reported (%) 2/7 (29) 11/11 (100) 13/18 (72) 2/8 (25) 8/9 (89)
Age at first report

<12 m, n (%) 0 (0) 7 (64) 13 (100) NR 4 (57)
≥ 12 m, n (%) 2 (100) 4 (36) 0 (0) NR 3 (43)

Severity NR
Mild 2 4 0 2
Moderate 0 0 1 2
Severe 0 4 5 2
Profound 0 3 7 1

Regression, n 0 3 5 2
Microcephaly

Prevalence, # affected / # reported (%) 0/5 (0) 10/11 (91) 11/12 (92) 0/4 (0) 8/10 (80)
Primary microcephaly, n (%) 0 6 (60) 7 (64) 0 3 (38)
Secondary microcephaly, n (%) 0 4 (40) 4 (36) 0 5 (62)

Seizures
Prevalence, # affected / # reported (%) 0/7 (0) 8/11 (73) 15/21 (71) 1/9 (11) 7/11 (64)
Age at first report NR

<12 m, n (%) 0 1 (12) 14 (93) 3 (33)
≥ 12 m, n (%) 0 7 (88) 1 (7) 4 (67)

Status epilepticus, n 0 1 1 NR 2
Treatment, n NR

Single agent 0 2 1 1
Multiple agents 0 0 2 5
Refractory 0 0 2 2

Muscle tone abnormalities
Prevalence, # affected / # reported (%) 0/7 (0) 10/11 (91) 20/20 (100) 0/4 (0) 8/10 (80
Age at first report

<12 m, n (%) 0 8 (80) 20 (100) 0 7 (88)
≥ 12 m, n (%) 0 2 (20) 0 0 1 (12)

Hypotonia, n 0 9 11 0 7
Truncal 0 4 1 0 6
Generalized 0 5 8 0 1

Hypertonia, n 0 8 13 0 5
UL or LL spasticity 0 4 8 0 3
Progressive 4 limb spasticity 0 3 4 0 2

Dyskinetic disorders
Prevalence, # affected / # reported (%) 0/7 (0) 8/13 (62) 13/18 (72) 0/4 (0) 3/8 (38)
Age at first report

<12 m, n (%) 0 4 (50) 13 (100) 0 0
≥ 12 m, n (%) 0 4 (50) 0 0 3 (100)

Dystonia, n 0 4 8 0 0
Face 0 1 1 0 0
Jaw 0 1 5 0 0
Neck 0 1 3 0 0
Limbs 0 4 3 0 0

Bradykinesia 0 3 3 0 3

(continued on next page)
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and last follow-up/death. Median DBI rose from 11 (IQR = 6–14) to 25 
(IQR = 12–27) in biallelic cases and from 4 (IQR = 3–7) to 9 (IQR =
5–18) in monoallelic cases (Fig. 4B). In both groups, the differences in 
DBI at onset and follow-up reached statistical significance, with a me
dian increase of 12 (8–14) points in biallelic cases (p < 0.0001) and 4.5 
(2− 13) in monoallelic cases (p < 0.0001). The rate of progression, 
estimated by the difference in DBI scores normalized to age, was 
significantly faster in biallelic (6 ± 1 points/year, 95% CI = 4–8) than 
monoallelic cases (1.7 ± 0.5 points/year, 95% CI = 0.7–2.7; U = 201, p 
= 0.03). The highest progression rates occurred in those with neonatal 
onset, particularly among biallelic individuals (8.9 ± 1.3 points/year, 
95% CI = 6.3–12, n = 25), 15 of whom died within the first year 
(Fig. 4C). Among eight monoallelic individuals with neonatal onset, 
three died between ages 1–3 years. In contrast, disease remained mild in 
most patients with symptom onset after 12 months (4/6 biallelic, 6/7 
monoallelic).

3.6. Developmental and functional outcomes

3.6.1. Developmental regression
Developmental delay was reported in 26/36 (72%) biallelic and 10/ 

17 (59%) monoallelic individuals. Among affected individuals, 22/33 
(67%) had severe or profound deficits. Regression occurred in 10/44 
(23%) individuals – 8 biallelic and 2 monoallelic – typically within the 
first three years of life. Six cases (all biallelic) experienced abrupt 
neurologic decline in the first year of life following a period of normal 
development, while the remaining four individuals had preceding 
developmental delay. Triggers included febrile illness (n = 5), seizures 
(n = 3), and bone marrow transplant (n = 1). Affected domains included 
gross motor and language skills. All cases remained delayed post- 
regression, despite partial recovery.

3.6.2. Functional status
Across 44 individuals (36 biallelic, 8 monoallelic), 29/44 (66%) had 

mobility impairments, 23/34 (68%) had communication difficulties, 
and 20/32 (63%) required exclusive enteral feeding. Walking was ach
ieved by 14/40 (35%) biallelic and 4/9 (44%) monoallelic individuals, 
while single-word use was reported in 15/40 (38%) and 5/9 (56%), 
respectively. Only 10–20% attained these early milestones within age- 
appropriate timeframes (Fig. 5A). Among ambulatory individuals, 
walking occurred at a mean age (±SEM) of 36 ± 10 months (biallelic, n 
= 13) and 22 ± 6 months (monoallelic, n = 3). First words were spoken 
at 14 ± 1 months (biallelic, n = 9) and 20 ± 3 months (monoallelic, n =
4). Functional impairments strongly correlated with higher CLPB-DBI 
scores (Fig. 5B; Appendix A: Fig. A4).

3.6.3. Outcomes in adulthood
Ten adults were included (6 biallelic, 4 monoallelic), with median 

ages of 25.5 years (IQR: 18–33) and 29.5 years (IQR: 24.5–36), 
respectively. Two presented in the neonatal period, four in infancy, and 
four between 1 and 5 years of age. Median DBI scores were 4 (IQR: 3–6) 
at presentation and 7 (IQR: 6–11) at last follow-up. One biallelic adult 
(ID1037) who presented in infancy had severe neurological impairment 
(progressive dystonia, athetosis, spasticity, intellectual disability) and 
died at age 18 (DBI = 18). All others had milder presentations involving 
neutropenia (n = 5) or cataracts (n = 3) and remained alive with mild or 
no functional limitations at last follow-up. Two individuals (ID1040 and 
ID1041) had successfully completed university. Thes siblings with the 
biallelic CLPB variants Arg628Cys and Glu639Lys presented with 
3MGA, cataracts, and nephrocalcinosis and had normal developmental 
milestones in childhood [18,40].

3.7. Treatment outcomes

3.7.1. Epilepsy and anti-seizure therapy
Seizures were reported in 23/39 (59%) biallelic and 8/20 (40%) 

monoallelic cases. Generalized onset seizures predominated (10 bial
lelic, 6 monoallelic), including myoclonic (n = 2), tonic-clonic (n = 2), 

Table 2 (continued )

Biallelic Monoallelic

Mild (n = 7) Moderate (n = 13) Severe (n = 21) Mild (n = 11) Moderate/severe (n = 11)

Coordination disorders
Prevalence, # affected / # reported (%) 1/7 (14) 4/13 (31) 3/16 (19) 0/4 (0) 3/8 (38)
Age at first report

<12 m, n (%) 0 0 1 (33) 0 1 (33)
≥ 12 m, n (%) 1 (100) 4 (100) 2 (67) 0 2 (67)

Ataxia 0 3 2 0 1
Brain MRI or histology findings

Atrophy (generalized or isolated) 0 6 14 0 7
Basal ganglia changes 0 3 7 0 0
White matter changes 0 5 7 0 5
Normal imaging 4 1 0 2 0

Cataracts
Prevalence, # affected / # reported (%) 4/7 (57) 6/11 (55) 6/11 (55) 2/0 (22) 0/8 (0)
Age at first report NR
<12 m, n (%) 2 (50) 2 (33) 6 (100) 0
≥ 12 m, n (%) 2 (50) 4 (67) 0 0

Other systems
Growth, # affected / # reported (%) 3/4 (75) 6/9 (67) 13/14 (93) 1/3 (33) 4/7 (57)
Endocrine, # affected / # reported (%) 2/4 (50) 3/7 (43) 1/6 (17) 2/2 (100) 1/5 (20)

Hypothyroidism 0 3 1 0 0
Premature ovarian insufficiency 2 1 0 2 1
Growth hormone insufficiency 1 1 0 1 1

Cardiac, n 1 2 3 0 0
GI/Liver, n 0 3 6 0 1
Renal, n 2 1 2 0 0
Musculoskeletal, n 0 1 3 0 1
Behavioral, n 3 0 1 0 2
3-methylglutaconic aciduria §, n 6/7 (86) 13/13 (100) 19/19 (100) 0/5 (0) 8/8 (100)

§ Urine organic acid testing specifically included quantitation of 3-MGA.
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Fig. 3. Clinical characteristics of individuals with dominant (monoallelic) and recessive (biallelic) CLPB-related mitochondrial disease. 
Stacked bar charts display the presence (solid colour), absence (white), or unreported status (dotted) of clinical features in individuals with biallelic (red) or 
monoallelic (blue) CLPB variants. Prevalence is reported as # present / # reported. (A) Antenatal and neonatal findings. Intrauterine growth restriction (IUGR) and 
polyhydramnios were the most frequent prenatal complications, while abnormal muscle tone was the most common neonatal feature. (B) Key phenotypic features 
over the course of disease, showing substantial symptom overlap across variant zygosity groups. Bilateral cataracts were significantly more common in biallelic cases 
(p < 0.01). (C) Hematological and immunological findings. Neutropenia severity is categorized as severe (ANC < 0.5 × 109/L), moderate (0.5–0.9 × 109/L), or mild 
(1.0–1.5 × 109/L). Recurrent infections—including severe infections (sepsis, pneumonia, meningitis), mucocutaneous infections, and subcutaneous abscesses—were 
frequent across the cohort, but subcutaneous abscesses were significantly more common in monoallelic cases (p < 0.001). AML/MDS, acute myeloid leukemia/ 
myelodysplastic syndrome. (D) Neurologic motor symptoms and findings on brain imaging/histology. Muscle tone abnormalities ranged from generalized hypotonia 
to progressive 4 limb spasticity and jaw lock. Dystonia and basal ganglia signal abnormalities were exclusive to biallelic cases (p < 0.05). Other motor symptoms 
included tremor, chorea, athetosis, dysarthria, and laryngopharyngeal discoordination. (E) Less common disease manifestations across various systems in biallelic 
(red) and monoallelic (blue) cases: hematologic (anemia, thrombocytopenia, coagulopathy), ophthalmologic (strabismus, myopia, microspherophakia), orthopedic 
(arthrogryposis multiplex congenita, kyphoscoliosis, clubfoot), behavioral (autism spectrum disorder, attention deficit hyperactivity disorder, impulsivity, sleep 
disturbance), cardiac (congenital anomalies, cardiomyopathy), hepatic (hepatomegaly, cholestasis, transaminitis), renal (nephrocalcinosis, calculi, cysts, vascular 
anomalies), and urologic (urogenital hypoplasia, azoospermia). (F) Reported causes of death in biallelic (red) and monoallelic (blue) cases. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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tonic (n = 1), epileptic spasms (n = 1) and non-motor types (n = 2). One 
monoallelic case presented with focal seizures. Status epilepticus 
occurred in four individuals (2 biallelic, 2 monoallelic), often in the 
context of sepsis or following HSCT.

Treatment responses, available for 13/31 cases, varied. Two in
dividuals had mild, self-limiting febrile seizures and myoclonic move
ments requiring no medication, respectively. Levetiracetam 
monotherapy achieved seizure control in four cases. Four others 
required polytherapy - including ethosuximide, cannabidiol, lacosa
mide, and levetiracetam – with partial benefit. Seizures were refractory 
in the remaining four cases; ketogenic diet was trialed in two without 
sustained success.

3.7.2. Neutropenia, G-CSF, and hematopoietic stem cell transplantation 
(HSCT)

Neutropenia affected nearly all individuals (biallelic: 37/41, 90%; 
monoallelic: 21/22, 95%), typically in a chronic severe form (< 0.5 ×
109/L). Bone marrow biopsies (n = 30; age range at procedure 17 days – 
2 years) showed myeloid maturation arrest in 27 (90%), with dysplastic 

or leukemic transformation in three cases (2 biallelic, 1 monoallelic). 
ID1063 is the only patient with monoallelic disease not to have devel
oped neutropenia at time of follow-up, although later-onset neutropenia 
(at age 7 years) has previously been reported in another affected mon
oallelic individual (ID1050), and intermittent neutropenia might have 
also been missed [21].

Granulocyte colony-stimulating factor (G-CSF) was administered to 
14/24 (58%) biallelic and 19/21 (90%) monoallelic neutropenic in
dividuals, with improved neutrophil counts and fewer infections re
ported. G-CSF was associated with reduced mortality: 30% (10/33) vs. 
67% (8/12) in untreated individuals (log-rank test χ2(1) = 7.8, p =
0.0052) (Appendix A: Fig. A3c). No association was observed between 
G-CSF therapy and leukemic transformation (p = 0.17).

Allogeneneic HSCT was performed in four monoallelic individuals 
with severe, G-CSF-refractory neutropenia (median transplant age 3.5 
years [IQR: 1.6–6.5]). One died shortly post-transplant from sepsis at 
age 2 years (ID1043). Of the survivors, two showed improved neutrophil 
counts. Neurological outcomes varied. One individual (ID1049) with 
atypical absence seizures that developed into Lennox-Gastaut syndrome 

Fig. 4. Symptom onset and disease progression in individuals with CLPB-related mitochondrial disease. 
(A) Age at onset (categorical) of commonest clinical features in biallelic and monoallelic cases. The median age category is highlighted in red. The age of onset of 
cataracts and acute myeloid leukemia/myelodysplastic syndrome (AML/MDS) in monoallelic cases were not reported (NR). (B) Vector plots comparing individual 
Disease Burden Index (DBI) scores at disease onset and last follow-up. Deceased individuals are indicated by black diamonds. The median DBI rose from 11 to 24 in 
biallelic cases (Wilcoxon signed-rank test W = 841, p < 0.0001) and from 4 to 9 in monoallelic cases (W = 252, p < 0.0001). (C) Rate of progression according to the 
age of disease onset. The mean annual DBI increase (= DBI follow-up - DBI onset / age) is shown, stratified by zygosity and onset categories. Error bars represent the 
95% confidence interval of the mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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was transplanted at age 15 months and experienced status epilepticus 
post-transplant followed by motor and speech regression from the age of 
22 months; at 12 years of age he can mobilise with assistance and 
communicates with words mainly. Another individual (ID1046) who 
was transplanted at 5 years old remained stable and seizure-free on 
levetiracetam prophylaxis 60 days post-HSCT. A third (ID1048) trans
planted at age 8 years with no neurological symptoms, was reportedly 
well four years later.

3.7.3. Combined uridine and pyruvate (Malto-Uripyr®) supplementation
Three individuals (ID1021, ID1045, and ID1063) received oral 

Malto-Uripyr® supplementation over a period of 4–19 months, but this 
had no objective benefit on neutrophil counts or frequency of commu
nity- and hospital-managed infections (Appendix A: Detailed case 
reports).

4. Discussion

CLPB-related mitochondrial disease results from both biallelic and 
monoallelic variants, contributing to a complex clinical and genetic 
landscape. We present the largest cohort to date (n = 63) examining 
genotype-phenotype correlations, structural variant impact, and clinical 
outcomes across zygosity groups.

Biallelic disease was associated with earlier onset, higher cumulative 
disease burden, and reduced survival. Indeed, neonatal symptom onset, 
more common in individuals with biallelic variants, was associated with 

faster disease progression and worse prognosis, with many dying within 
the first year of life. These findings align with those in other progressive 
nuclear-encoded mitochondrial disorders such as those related to defects 
in POLG [41], TK2 [42], or DARS2 [43], for example, where earlier onset 
is associated with more severe disease and a higher mortality rate [44]. 
In both biallelic and monoallelic CLPB defects, most individuals who 
survived beyond infancy exhibited delayed motor and language devel
opment, with many (~60%) never learning to walk or to speak. It is 
possible that limited data availability and publication bias may have 
skewed our findings towards the more severe end of the phenotypic 
spectrum. Nevertheless, milder phenotypes with limited or no neuro
logical involvement were also observed across inheritance patterns, and 
more often in individuals presenting after 12 months of age. The pres
ence of functionally independent adults - including university-educated 
individuals with biallelic variants – highlights the condition's variable 
trajectory and the potential for favorable outcomes in milder cases. 
These findings support early neurodevelopmental screening and long- 
term multidisciplinary follow-up across all genotypes.

4.1. Structural disruption as a key predictor of disease burden and 
survival

In this cohort, CLPB variants were distinct across zygosity groups, 
suggesting the presence of separate pathogenic mechanisms in biallelic 
and monoallelic forms. Loss-of-function alleles were found exclusively 
in biallelic cases; missense variants predominated overall, highlighting 

Fig. 5. Developmental and functional outcomes in individuals with CLPB-related mitochondrial disease. 
(A) Inverse Kaplan–Meier curves displaying cumulative acquisition of walking and single-word speech, stratified by CLPB variant zygosity (biallelic, red; monoallelic, 
blue). (B) Functional outcomes pertaining to mobility, communication, feeding, and education. For each outcome, stacked bar charts show the distribution of in
dividuals stratified by phenotype severity based on their disease burden index (DBI) score. Similar trends were observed across variant zygosity groups (Supple
mentary Fig. A4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the protein's sensitivity to single amino acid substitutions.
Missense variants in biallelic disease were distributed throughout the 

gene. Structural analysis (Appendix A: Supplementary Results) sug
gested that many of these substitutions likely destabilize the oligomeric 
assembly or disrupt subunit interactions, with functional loss mani
festing when both alleles are affected. By contrast, in monoallelic cases, 
missense variants cluster mainly within the ATP-binding pocket of the 
nucleotide-binding domain (NBD) and exert a dominant-negative effect 
[20]. This mirrors the spatial clustering of de novo missense variants 
with gain-of-function or dominant-negative mechanisms involved in 
other monogenic conditions [45–47]. Three monoallelic variants re
ported in this cohort (p.Pro427Leu, p.Gly429_Tyr430delinsAspAsn, and 
p.Lys404Thr) are located away from the ATP binding site and are pre
dicted to affect NBD intersubunit interactions instead. Interestingly, 
patient ID1063 with the de novo p.Lys404Thr variant, is the only patient 
with monoallelic CLPB deficiency who had not developed neutropenia 
at the time of follow-up (7 years old). A possible structural insight into 
this apparently milder hematologic phenotype, is that the p.Lys404Thr 
variant only affects an intersubunit interaction occurring between two 
subunits in the CLPB hexamer, in contrast to the p.Pro427Leu and p. 
Gly429_Tyr430delinsAspAsn variants which affect intersubunit in
teractions between all subunits.

Notably, nonsense-mediated decay (NMD)-predicted and ANK- 
disrupting variants were the strongest predictors of disease burden 
and survival, surpassing zygosity alone as a prognostic factor. Unique to 
human CLPB, ANK mediates crucial protein-protein interactions and 
enables dodecamer formation via end-to-end stacking of hexamers 
[27,48]. While mutants unable to dodecamerize retain some dis
aggregase activity, they lose the capacity to refold client proteins, sug
gesting that dodecamerization may be essential for bridging 
disaggregation and refolding functions in vivo [28].

Individuals in our study with the ANK-disrupting Tyr272Cys variant 
had worse survival outcomes and higher DBI scores compared to those 
with other missense variants. Disruption at this key residue is thought to 
impair binding to HAX1 through formation of an intramolecular disul
phide bond with Cys267 (Appendix A: Supplementary Results) [49], 
providing a plausible link to clinical overlap with HAX1-associated se
vere congenital neutropenia [21].

Together, these insights highlight the value of integrating structural 
modeling into variant interpretation, echoing its successful application 
in other multimeric protein disorders such as CAD deficiency [50].

4.2. Management considerations

Current treatment for CLPB-related disease remains largely sup
portive and focuses on mitigating its multisystem effects. Granulocyte 
colony-stimulating factor (G-CSF) remains the standard of care for se
vere neutropenia and was associated with improved survival in this 
cohort. Leukemic transformation occurred in ~5% of the cohort and was 
not linked to G-CSF, supporting findings in other congenital neu
tropenias — such as glycogen storage disease type 1b — that the 
leukemic risk is intrinsic to the marrow defect itself rather than therapy- 
induced [51,52]. Nevertheless, the age-at follow-up of this cohort may 
have also introduced potential bias in this regard; indeed, the risk of 
leukemic transformation may increase over time, as observed in other 
SCN syndromes [53,54].

HSCT effectively corrected hematologic abnormalities in select cases 
but may pose unique risks for individuals with underlying mitochondrial 
vulnerability. One patient developed status epilepticus and regression 
after HSCT, highlighting possible neurologic complications. While HSCT 
remains an option for G-CSF-refractory disease, careful risk–benefit 
assessment and close post-transplant neurologic monitoring are 
warranted.

Uridine-pyruvate supplementation demonstrated no benefit in three 
individuals, and considerable gastrointestinal side effects further 
reduced tolerability of the Malto-Uripyr® formulation used. Despite 

promising results in vitro [22], the utility of Uripyr supplementation in 
patients with primary mitochondrial disease remains unproven. Two 
individuals were already on neutropenia-modifying therapy during 
supplementation with Malto-Uripyr®, further compounding interpre
tation. For other interventions such as SGLT2 inhibitor treatment in 
GSD1b and G6PC3-deficiency, an important marker of efficacy for pa
tients already on G-CSF is the ability to wean or cease G-CSF [55,56]. 
Here, the two patients continued to experience moderate-severe neu
tropenia during Malto-Uripyr® supplementation without improvement 
in the rate of hospital- or community-acquired infections, and so G-CSF 
weaning could never be attempted.

As survival improves, endocrine aspects of CLPB deficiency will 
require increased attention. Premature ovarian insufficiency can impact 
bone health, cardiovascular risk, and psychosocial well-being. Early 
detection allows timely hormone replacement therapy to improve long- 
term health and quality of life and minimize the risk of early menopause 
and its associated health complications [38,57]. Growth hormone 
insufficiency occurred in 4/24 (17%) individuals. Two patients (ID1040 
and ID1053) were treated with growth hormone therapy in childhood 
and had a good response, with reportedly normal height in adulthood 
[38].

Altogether, these management insights underscore the need for 
multidisciplinary care strategies that address hematologic, neurologic, 
and endocrine complications, while highlighting the urgency for 
developing disease-modifying therapies.

4.3. Limitations

As a retrospective cohort assembled from diverse sources, this study 
is subject to limitations in data quality and follow-up. Symptom onset 
was recorded in broad age intervals to reduce recall bias but inevitably 
limited the granularity of natural history modeling. Extra-hematologic 
features may have been underreported in monoallelic cases from 
haematology-focused registries. Incomplete survival data for seven 
monoallelic cases may introduce uncertainty; however, we applied 
conservative censoring and conducted sensitivity analyses, which 
consistently supported the observed survival differences. The modest 
cohort size also limited power for some subgroup analyses, though 
penalized regression helped reduce potential overfitting. Moreover, the 
structural modeling predictions remain speculative and require further 
experimental validation of individual variant impact on protein domain 
stability. Notwithstanding these limitations, our analysis revealed 
important mechanistic and clinical insights.

Additionally, the CLPB Disease Burden Index (CLPB-DBI) used here 
builds on previous frameworks [31] and incorporates relevant clinical 
indicators, but its survival weighting limits its use as a prospective 
prognostic tool. External validation in larger, systematically followed 
cohorts will be essential to confirm its generalizability and refine its 
application in clinical practice. A CLPB-DBI calculator is provided in 
Appendix B to support future research and clinical application.

5. Conclusion

In summary, this study expands the current understanding of CLPB- 
related mitochondrial disease by linking genotype, structural impact, 
and clinical outcomes across both biallelic and monoallelic forms of the 
disease.
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