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Ferritin is an iron-binding, spherical protein complex
consisting of 24 light (FTL) and heavy (FTH) chain sub-
units. The proportion of FTL and FTH is determined by
tissue and cell differentiation (Figure S1). FTL conveys
the iron-storage function, whereas FTH has a ferroxidase
activity centre. In brain tissue, the ferritin complex is pri-
marily composed of FTH.

Hereditary neuroferritinopathy (NF) comprises to a
group of neurodegeneration with brain iron accumula-
tion (NBIA, Table S1). NF is an autosomal-dominant
form of NBIA due to a variant in the ferritin light chain
gene (FTL) on chromosome 19q13.33 [1]. Progressive
extrapyramidal movement disturbance, tremor, Parkin-
sonism and dystonia are typical clinical symptoms with
onset in the third to fifth decade of life [2].

A histomorphological hallmark of NF are ferritin con-
taining inclusion bodies (IB), which are predominantly
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present in the basal ganglia (BG) and the dentate nucleus
(DN) of the cerebellum [2, 3].

Here, we present the first variant of ferritin heavy
chain gene (FTHI ¢.409_410del) to be associated with
NF. With this study, we aim to get a deeper understand-
ing of the function of ferritin in the healthy and diseased
brain.

A 78-year-old female patient died of a severe COVID-
19 pneumonia. No neurological symptoms were reported
at lifetime. There was no family history of central nervous
system disease. A 49-year-old son was healthy. Post-
mortem brain weight was moderately reduced (1172 g). At
coronal sections, BG appeared normal without cystic
lesions or atrophy. Histological studies revealed a striking
number of IB. Therefore, whole-exon sequencing at
formalin-fixed paraffin-embedded brain tissue was per-
formed for analysing genes associated with NBIA.

Genetic analysis revealed a novel heterozygous nonsense
variant in FTHI [hgl9] chrl1:61732341_61732342delTG;
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FIGURE 1

Morphological characterisation of inclusion bodies. In H&E-stained sections, numerous IB are present in the basal ganglia. IB show

a strong blue staining with PB indicating Fe* deposits. In methylene-blue stained resin sections, IB have a sharp ring-like border with a pale
homogeneous centre. At electron microscopy, IB show fine granular material with lateralised, condensed chromatin, indicating that IB correspond to
enlarged nuclei. In the cytoplasm, similar granular material is seen (A). A high variability of IB distribution is present with highest number in DN,
BG and OC (B). BG, basal ganglia; CA, hippocampal formation; CB, cerebellar cortex; DN, dentate nucleus; FC, frontal cortex; IB, inclusion

bodies; OC, occipital cortex; PB, Prussian Blue; TC, temporal cortex.

¢.409_410del; p.H137Lfs*4. This variant is not listed in
public databases (GnomAD, ExAC, 1000Genomes) and
leads to a frameshift and concomitantly to a premature
stop-codon. Artificial Intelligence-based protein folding algo-
rithm predicts a truncated version of FTH that lacks its car-
boxy terminal region including a part of helix D and the
complete helix E (Figure S2). Importantly, no pathogenic
variants in other genes associated with NBIA such as FTL,
Pank2, Pla2G6, Cl9orfl2, COASY, FA2H, WDR4S,
ATPI13A2 and C20rf37 were found.

We were interested to characterise the IB morphology
in more detail. IB are round-shaped eosinophilic struc-
tures containing Fe3™ deposits, which can be detected by
Prussian blue (PB). At resin sections, IB represent distinct
ring-like structures with empty centres. At ultrastructural
level, nuclear accumulations of fine-granular homoge-
neous material are seen with the chromatin compressed
toward the border giving the impression of an outer ring.
Cytoplasmic accumulations are also seen (Figure 1A). IB
showed a weak expression of ubiquitin. No expression
for LC3, p62, AB-crystallin, and alpha-synuclein
(Figure S3A). IB diameter showed a significant variabil-
ity in the different brain regions with largest diameter in
BG (Figure S4). Interestingly, a high variability of IB
was present throughout the brain with the highest num-
ber in DN and BG (Figure 1B and Table S2). In the cor-
tex, IB were obtained only in the grey matter, with no
inclusions present in the neurons (Figure S3B).

In addition, we performed a detailed confocal laser-
scanning microscopy analysis with immunofluorescence
antibodies against FTL, glial fibrillary acid protein
(GFAP) and nuclear stain 4',6-diamidino-2-phenylindole
(DAPI). In control, FTL was mainly expressed in the
cytoplasm  with only weak nuclear expression
(Figure 2A). In NF-brain, nuclei were enlarged with
strong FTL expression, while nuclear chromatin (DAPI)

was present as an outer ring structure. These findings indi-
cate that IB correspond to enlarged nuclei due to ferritin
complex accumulation. Most cells containing IB did not
stain for the glial marker GFAP, suggesting an oligoden-
droglial cell phenotype (Figure 2B). 3D rendering under-
lines these findings (Video S1). However, neither
cytoplasmatic nor extracellular IB were observed in our
study (Figure S5).

Few extracerebral IB were found in the kidney (tubu-
lus epithelium) and in the liver (hepatocyte). These find-
ings are consistent with literature from patients with NF
due to FTL variants, suggesting NF as a systemic disease
similar to Parkinson’s disease [4, 5] (Figure S6).

Moreover, we were interested to estimate the distribu-
tion of the ferritin complex in the diseased brain compared
to three gender and age matched controls with morpho-
metric methods. In NF-brain, extracellular and intracellu-
lar FTH expression was significantly higher compared to
controls (Figure 3A,B). Distribution of ferritin in different
brain areas revealed highest FTH expression in the DN of
the cerebellum in controls. In NF-brain, FTH expression
was highest in DN and BG. In cortical areas (frontal,
occipital, temporal, cerebellar) and hippocampus, FTH
expression was lower in controls compared to the NF-
brain (Figure 3C and Table S3).

Analysing the cellular distribution of ferritin complex
showed that in controls FTH is mainly located in the
nucleus whereas FTL is more likely to be found in the
cytoplasm. In NF-brain, a strong nuclear but also cyto-
plasmatic co-expression of both FTH and FTL was
observed (Figure 4A). As indicated by the intensity level
(ratio FTH/FTL), a significant increase of nuclear and
cytoplasmatic FTH in NF-brain compared to controls
were seen (Figure 4B,C). However, the expression of both
FTH and FTL was higher in NF brain compared to con-
trols (Figure 4D).
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For detailed “Material and Methods,” see Supplemental
Data 4.

In summary, we report the first NF due to a novel
variant in the ferritin heavy chain gene (FTHI). Based on
the distinct neuropathology with ferritin-positive IB, the
absence of the variant in the healthy population and the
absence of likely pathogenic variants in other genes asso-
ciated with NBIA, we propose that the variant in FTHI
(c.409_410del; p.H137Lfs*4) is causative for the patho-
logical findings in our patient. Importantly, the neuro-
pathological findings are highly compatible with NF
caused by FTL variants [2, 3].

The variant of FTHI found in our patient
(c.409_410del; p.H137Lfs*4) is predicted to lead to

i 8 i 1 1 5y

Distance (microns)

expression of a protein in which the carboxyterminal
47 amino acids are replaced by the amino acids leucine,
proline and glutamic acid (LPE). Initiation of nonsense-
mediated mRNA decay is highly improbable since the
premature stop-codon caused by the FTHI ¢.409-410del
variant is located in the last exon. Therefore, the expres-
sion of a truncated protein that lacks parts of the protein
important for normal assembly of the ferritin complex is
highly probable, whereas effects on its stability cannot be
inferred [6].

In our study, we further characterised the morphol-
ogy and distribution of IB in the diseased brain in detail.
We demonstrate that IB consist of intranuclear ferritin
accumulations leading to enlarged nucleii The
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distribution of IB in our patient are consistent with the
distribution in NF due to the FTL with highest number
in basal ganglia and dentate nucleus of cerebellum. Inter-
estingly, the number of IBs seems to correlate with the
physiological distribution of iron in the ageing brain,
where iron is preferentially found in the BG. This might
explain the enhanced distribution of IB especially in BG
[7]. A detailed analysis of the ferritin complex subunits at
cellular level has not been described in human brains so
far. In mice, it has been demonstrated that FTH is highly
expressed in the nucleus, whereas in the cytoplasm FTL
expression is stronger [8]. With immunofluorescence stud-
ies, we can confirm these observations in one control
brain. However, in our diseased brain (FTH]I), there was
a significant increase in FTH and FTL in both cytoplasm
and nucleus, with FTH accumulating disproportionately.
In addition, IB consisted of enlarged nuclei due to accu-
mulation of ferritin complex of FTH and FTL. These
findings may indicate that accumulation of FTH in NF
brain (FTH]I) is due to pathological ferritin complex for-
mation and impaired iron metabolism with impaired pro-
tein function in line with the role of pathological protein
accumulation as seen in other neurodegenerative diseases
[4, 7]. The primary nuclear pathology of the FTHI

ganglia; CA, hippocampal
formation; CB, cerebellar cortex;
DN, dentate nucleus; FC, frontal
cortex; FTH, ferritin heavy chain;
NF, neuroferritinopathy; OC,
occipital cortex; TC, temporal
cortex.

= Ctr1
Ctr2
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variant would be in line with the predominantly nuclear
localization of FTH as seen in the control brains. Consis-
tent with this notion, in NF with FTL variants, the dys-
functional ferritin complex is leading to cellular
accumulation of iron and ferritin accompanied increased
FTL levels [3]. However, in these patients detailed analy-
sis of FTL/FTH ration in the ferritin complex has not
been performed.

Analysing the function of ferritin complex in animal
models shows, that in Frh~'~ knockout mice FTH defi-
ciency leads to early embryonic lethality. This indicates
that the loss of FTH cannot be compensated by the FTL
subunit and results in dysfunctional ferritin complex [9].
In comparison, in Fr/~'~ knockout mice, the storage
function of ferritin can be partly rescued by FTH, result-
ing in partial embryonal survival [10]. Taken together,
these findings may indicate that FTHI variant has resid-
ual activity for iron storage and that the ferritin complex
is dysfunctional but not completely without function.

In conclusion, we describe the first patient with NF due
to a variant in FTHI (c.409_410del; p.H137Lfs*4). Mor-
phological characterisation of IB, a histomorphological
hallmark of NF, revealed that IB consists of enlarged nuclei
containing ferritin  accumulation. In addition, the
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FIGURE 4 Cellular distribution of FTH and FTL is altered in NF-brain. Analyses of co expression of FTL and FTH expression in control (Ctr)
compared to NF-brain in the basal ganglia at cellular level shows that in NF-brain co-expression of FTH and FTL is mainly seen nuclear (IB) but
also in the cytoplasm (red line). In Ctr FTH is mainly expressed in the nucleus (red ellipse) whereas FTL is more highly expressed in the cytoplasm
(red dotted ellipse) (A). In Ctr, the proportion of FTH is higher in the nucleus than in the cytoplasm. In contrast, in the NF-brain no significant
differences are seen between nuclear and cytoplasmic FTH expression (B). Estimating the intensity level (ratio FTH/FTL), in NF-brain FTH is
significantly increased in the nucleus and cytoplasm compared to Ctr (ns = p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001) (C). Unsupervised
clustering of NF-brain (OC, BG) and Ctr (OC, BG) clearly show that the intensity of FTL- and FTH-expression in single cells is higher in NF-brain
compared to Ctr (D). BG, basal ganglia; FTH, ferritin heavy chain; FTL, ferritin heavy chain; IB, inclusion bodies; NF, neuroferritinopathy; OC,

occipital cortex.

distribution and composition of ferritin complex is altered
in the NF brain compared to controls. These findings may
contribute to a better understanding of ferritin complex
function in normal and diseased brain.
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