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1. Introduction

1.1 Cellular Proteostasis

The cellular protein homeostasis or proteostasis network ensures that correctly folded
proteins are generated at their predestined cellular location at the right time and in the
right amounts. Through molecular chaperones preventing misfolding and proteolytic
systems (such as autophagy and the proteasome) mediating the removal of misfolded
or superfluous proteins, production and aggregation of these misfolded species shall
be prevented (1).

Throughout the course of evolution one of its main drivers has been the ability of an
organism to efficiently detect, adapt and respond to environmental stressors to ensure
the survival of the organism (2). Establishing preformed protein complexes for the
maintenance of cell functions has been proposed as a way for cells to rapidly react to
homeostasis unbalances (3, 4) thus resulting in pathways ensuring correct protein
folding playing a key role in cell survival (5). Since the function of proteins is dependent
on the acquisition of a specific three-dimensional structure, highly controlled and very
efficient mechanisms are in place in cells to ensure correct native protein folding.
These mechanisms are however not infallible and proteins folded in a non-native state
can occur (6). Proteins folded into their native state rely of hydrophobic residues being
oriented towards their core for their stability. In the case of misfolded proteins these
hydrophobic residues tend to be oriented towards the surface of the protein leaving
them exposed to the cytosol. This has resulted in the evolution of a conserved warning
system in cells which recognizes the exposed hydrophobic side chains as a danger
signal (7).

The exposure of hydrophobic regions on misfolded proteins to the cytosol can lead to
the interaction of these regions with other cellular biomolecules such as nucleic acids,
lipids and other proteins which can lead to the triggering of cytotoxic effects (8, 9).
Ensuring correct protein folding is however just on way in which the cells work to avoid
the accumulation of misfolded proteins. Translation errors and the occurrence of
aberrant mRNAs can likewise also contribute to the rise of misfolded species (10).

Therefore, removal of the misfolded proteins is key.
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The avoidance of the accumulation of anomalous proteins is conferred through
molecular chaperones which are in place to ensure correct protein folding and two
main systems of protein degradation, the ubiquitin proteasome system (UPS) and the
lysosomal proteolysis through autophagy (the autophagy-lysosomal system ALS) (111
13).

1.2 The Autophagyysosomal System and the Ubiquitin Proteasome System (UPS)

Autophagy first described in 1963 by DeDuve involves the encapsulation of material
such as cellular organelles, proteins and pathogens into double membraned structures
called autophagosomes. Upon fusion of these autophagosomes with the lysosomes
the autolysosomes are formed and the encapsulated material is broken down and

made available for cell growth and homeostasis (14).

As one of the two major cellular protein degradation systems the Ubiquitin proteasome
system (UPS) plays a major role in cellular processes such as protein homeostasis
(degradation of damaged and misfolded proteins), cell cycle, signal transduction and

cellular death and survival (15).

The 20S core proteasome is a | arsgntcriogapl ex ¢
( U T) embracing two central head-to-head ori ent ed rs wbgwnidtosnt (af In
7). The catalytic activity is conferred by t
These three subunits confer caspase-like, trypsin-like and chymotrypsin-like activity
respectively. This enables the proteasome to cleave peptide bonds C-terminal of
acidic, basic and hydrophobic amino acids respectively (16). The 20S proteasome can
be capped by 19S regulatory complexes where it then forms the catalytic core of the
26S proteasome which is involved in the ATP/ubiquitin dependent protein degradation
pathway. The 19S regulatory particle can be split into a lid and a base (17). The base
contains six ATPase subunits (Rptl-6) which unfold the protein substrate and
translocate it into the proteolytic core in an ATP-dependent manner (18). The lid

contains subunits which are involved in ubiquitin recognition and removal (19).

The assembly of the 20S core protea-sngsme beg
which is assisted by the assembly chaperone heterodimers PAC1- PAC2 and PAC3-

PAC4 which assist i n t h e-subuaits, prewent offppatlevayt i oni n
complexformati on and al simg dimerizatioa maintaibing the alpha rings in

a state c-aupunibihcerpomtion (B0i 23).
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Thesbbunits are then addrngstodoenyhaleproteasames y t o
with b2 bei-sngburhiet ftiag she bi ncorporated foll ow
then as the-slubatmi ©66 tbebb incorporated Db7.
promoted by the N-terminal propetidesandC-t er mi nal t a isubgnitsadtings ever a
as intramolecular chaperones as well as by a dedicated extrinsic chaperone
POMP/hUMP1 (UMPL1 is the yeast homologue of the human proteasome maturation

factor POMP) (241 26). The N-t er mi n al propeptide of b5 (b5
essential for proteasome biogenesis and functions together with hUMP1/POMP to

promote propetide cleavage and dimerization of two half-proteasomes during 20S

proteasome maturation (25, 27, 28). The N-t er mi n a | propeptide of b
redundant role withthe N-t er mi n a |l b7 pr opwtpasamd dimedzation ng h a
(29). Upon proteasome impairment the chaperone hUMP1/POMP is induced,

increasing the induction of proteasome assembly to compensate for diminished

proteasome activity (30).

The AAA-ATPases of the 19S regulatory particle base associate in heterodimers as
follows: Rptli Rpt2, Rpt3i Rpt6, Rptdi Rpt5. These dimers then assemble into a trimer
of dimers in the order Rpt1-Rpt2-Rpt6-Rpt3-Rpt4-Rpt5 (31) with the assistance of the
assembly chaperones S5b, p28 and p27 (PSMD?9) (32).

The assembly of the 19S lid does not require the presence of a preassembled 19S

base or 20S core proteasome and proceeds through a series of subcomplexes that will

ultimately assemble into the mature lid. The starting heterodimer of Rpn8 and Rpnll

isjomed by Rpnb5, Rpné6, and Rpn9 to form 6Modul
together in a complex dubbed LP3 (lid particle 3) by the molecular tether Rpnl5.
6Modul e 16 and LP3 then join to form LP2 wh
(831 35). The addition of Rpnl2 at the end of lid assembly triggers extensive
conformational changes in LP2 (Lp2 itself has little affinity for the 19S base) which

facilitate association of the lid and base complexes into the mature 19S regulatory

particle (36).
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Fig.1:Brief schematic overview over the assembly of the 26S proteasome from the singular respecti'
and 19S subunits to their respective particles and finally the completed 26S proteasome (Adapted fror
Kobayashi and Tsuyoshi Waku Cancer Sci. 20201.141h):614. doi: 10.1111/cas.1424&pub 2019 Dec 14.

A way for the cell to restore proteasome activity upon proteasome impairment or
oxidative stress works through a negative feedback loop involving the transcription
factors Nrfl and Nrf2. Under normal conditions both transcription factors are rapidly
degraded by the proteasome with half-lives of 12-13 minutes. During the afore
mentioned stress conditions these transcription factors are stabilized and upregulate
proteasome genes, however Nrfl is induced during short term proteasome inhibition,
while Nrf2 is sensitive to oxidative stress but not proteasome inhibition (37, 38). In
addition to the upregulation of the assembly chaperone POMP (39) as a means to
restore proteasome activity, Nrfl is also capable to induce all subunits of the 26S
proteasome (40).

The proteasome was also implicated in immunity playing a role in the antigen

presentation process (41). During an immune response involving interferon-U/ b -( | F N

U/ b), i-mt ¢dbfF&Nroon tumor ec(rfdsFi st ifmech @ari on

constitutive catalytic subunits delt a,
inducible catalytic counterpa r t s PSMB9) , ( BSMB10Y a n dPSRKIEBS8) dur{ng
proteasome neosynthesis. The benefit of this process is attributed to structural
changes in the substrate binding pockets of the inducible subunits as well as altered
cleavage patterns which facilitates an optimized quality and quantity of peptides for
presentation on MHC class | molecules (421 47). Beyond MHC class | antigen

processing the immunoproteasome was also found to be involved in other important

Z,

t !

a |
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cellular processes through regulation of protein homeostasis, cell proliferation, cell

differentiation, cell signalling and gene transcription (47).

The i mmunoproteasome subunit bli (LMP2) feat
amino acid substitutions compared to its constitutive counterpart leading to alterations

in the substrate binding channel of LMP2. The afore mentioned alterations cause an

increase in hydrophobicity of the S1 binding pocket and simultaneously diminishing the

S1 pocket in size. This alteration leads to the production of epitopes with non-polar C-

termini such as lle, Leu, or Val which are better suited for presentation on MHC-I

molecules. Furthermore, the alterations T22A and A27V in LMP2 lead to a decrease

in size and increase in polarity of the S3 binding pocket changing the amino acid
preference at substrate side chain po-%)ition

subunit bears no alteration in its substrate binding channel compared to its constitutive

counterpart | eading to the rationale of b2i
remaining elusive. A Gly48 Ser or Cys altera
comparedtob5 | eads to b5i presented with a shall

the size of the amino acid at substrate side chain position P2. The Ala27Ser change in

the S3 pocket also restricts the size of this binding pocket and endows it with a more

hydrophilic character, limiting the binding pocket to small hydrophilic amino acids at

P3. A distinct conformation around Met 45 pro
allowing for the accommodation of larger amino acids in S1. The alterations A46S and

V127Ti n b5i increase the hydrophilicity surrou
with the elevated polarity favouring peptide bond hydrolysis (42).

During assembly of the immunoproteasome pre-LMP2 and pre-MECL are
cooperatively incorporated early into the pre-proteasome and favour the incorporation
of LMP7 over its homologue X as the maturation of the pre-proteasomes does not
efficiently progress when X is incorporated and LMP7 is absent. This cooperative
incorporation of LMP7 into pre-proteasomes containing pre-LMP2 and pre-MECL
ensures the assembly of 20S immunoproteasomes containing allthreeIFN-0 i nduci bl e
subunits. Experiments in LMP7 7~ mice showed the accumulation of unprocessed
LMP2 and MECL in indicating that the absence of LMP7 results in inefficient
processing of the other IFN-0 i n d u-subumits €48).bDuring immunoproteasome
assembly the assembly chaperone POMP plays a pivotal role by enhancing the
incorporation of LMP7 accelerating the assembly of the immunoproteasome 20S core
particle (49).



Seite]|7

The immunoproteasome also associates with the 11S complex also leading to

increased peptide production with higher affinity to the MHC class | complex (41).

In order to be recognized by the 26S proteasome the proteins targeted for degradation
are labelled via covalent attachment of several ubiquitin moieties. This is a three-step
process catalysed by the ubiquitin-activating enzyme E1, one of the ubiquitin-carrier
proteins or ubiquitin-conjugating enzymes E2 and a member of the ubiquitin-protein
ligase family, E3. Upon activation of the ubiquitin by E1 the ubiquitin moiety is
transferred from E1 to E3 by E2. In the final step E3, to which the target protein is
specifically bound, catalyses the conjugation of the ubiquitin to the target protein (50).
Molecular chaperones such as Hsp70 and Hsp90 which are capable of sensing the
hydrophobic residues exposed on the surface of misfolded proteins are capable of
directly recruiting E3 ubiquitin ligases to these misfolded proteins and target them for
degradation by the UPS. These ligases include carboxy-terminus of Hsc70 interacting
protein (CHIP), leucine-rich repeat and sterile alpha motif-containing 1 (LRSAM1)
and/or E6-associated protein (E6-AP) (51, 52).

@ @ e
PPi + AMP Target “- Target G\C'\
w

X X B o

Target ) Proteasome

@ N %

— ¢~\
Step 1 Step 2 Step 3 @ E; @

Fig2: Brief schematic overview over the ubiquitination process. Thew ubiquitin is activated under the
consumption of ATP by the ubiquitactivating enzyme E1, the ubiquitin is then transferred to the ubiquitin
conjugating enzyme E2. The attachment of the uliiguo the target protein is in the final step catalysed by an

ubiquitin ligase E3Proteins modified with several ubiquitin moietieare in the followingrecognized for
degradation by the proteasome with the attachedbiquitin moieties being cleaved from the target protein
before its degradation in order to be reuséatlapted from Jingsong Wang and Michael A. Maldon&leld Mol
Immunol. 2006 Aug;3(4):2551.)
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The C-Terminus of a ubiquitin of a single ubiquitin moiety can be linked to one of the
seven -amine groupsldr the N-terminus of another ubiquitin forming an ubiquitin
chain. This process is termed polyubiquitination. A single protein can also be
ubiquitinated at multiple sites which is called multi-monoubiquitination. Depending on
the linkage location of the added ubiquitin proteins in a polyubiquitin chain several
different distinct conformations of ubiquitin chains can be formed. The type of
ubiquitination and/or the conformation of polyubiquitin chains mediates the interaction
with distinct sets of downstream interacting proteins which confers the correct
interpretation of the divers ubiquitin signals, such as degradation through the

proteasome or transportation of the marked proteins to specific cellular sites (53).

1.3ImpairedCellular Proteostasis
1.3.1 Proteinopathies

Proteinopathies represent a class of diseases in which a particular protein or set of
proteins misfolds and aggregates. These diseases include Alzheimer disease (AD),
Parkinson disease (PD), amyotrophic lateral sclerosis (ALS), prion diseases, and the
polyglutamine (polyQ)d diseases (54). The accumulation of abnormal filament proteins
in these diseases can occur intra- and extracellularly (55). It is estimated that these
proteins when aggregating over time can eventually interfere with the normal function
of the proteolytic machinery or physically alter some cellular activities in later stages of
the progression of these diseases (56). These diseases share a proteotoxic pathology
and the proteotoxic stress exerted on cells therein, if sustained can be deleterious and
cause cells death (57, 58).

1.3.2 Dysfunctios of the Ubiquitinproteasomesystem

It has been reported, that a loss and/or decline of function of the UPS during aging
takes place (59). Several studies have shown that during the ageing process
proteasome activity declines 1,5-2 fold with the caspase-like activity being most
constantly affected (60). In an effort to find an explanation for this decline in activity
Chondrogianni et al. conducted studies with replicative senescence of human
fibroblasts as a model for ageing. They discovered that in aged cells the expression
| evel s -®fiburhiet sb bwtubmumt t she edr e a ssabdnitstaa ki n g
limiting factor in proteasome assembly (61). The occurrence of oxidized proteins has

been recognized as a marker for advanced ageing (62). While these oxidized proteins
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are proteasome substrates (63) extensively oxidized proteins were suggested to be
able to act as proteasome and lysosome inhibitors (61, 641 66). Further studies in
fibroblasts were able to show that partial proteasome inhibition in young cells lead to
an irreversible senescent-like phenotype implicating decline of proteasome function in

the ageing process (61, 67).

1.3.2.1 Rare Proteasomopathies

Not only ageing but also mutations in the genes encoding the proteasomal subunits as
well as assembly helpers have been shown to induce proteasome dysfunction and are

capable of causing a set of diseases.

In 2010 in two unrelated patients presenting with autosomal-recessive
autoinflammatory syndrome characterized by joint contractures, muscle atrophy,
microcytic anemia, and panniculitis-induced lipodystrophy (JMP) a genetic screening
revealed homozygous mutations in the immunoproteasome subunit coding gene
PSMB8( b5i) in both patients. The identif
highly conserved threonine was found to disrupt the tertiary structure of b 5 This in
turn was found to lead to diminish chymotryptic activity in lymphoblasts from affected
patients compared to control cells. It was concluded that the mutation in PSMB8 is
causative for the disease afflicting the patients and was probably triggered by impaired

MHC class | antigen processing due to the immunoproteasome impairment (68).

The affliction caused by autosomal recessive homozygous or compound heterozygous
loss-of-function mutations in PSMB8 has also been referred to as Nakajo-Nishimura
syndrome (NNS), or chronic atypical neutrophilic dermatosis with lipodystrophy and
elevated temperature (CANDLE) (68i 71).

A study performed by Brehm et al. investigated mutations in proteasomal subunits and
assembly helpers in patients suffering from CANDLE. The study demonstrated that the
affliction can be caused by monogenic and digenic inheritance of alterations in
immunoproteasome as well as constitutive subunits as well as proteasome assembly
helpers. It was further shown that the resultant proteasome dysfunction can lead to
chronic type | IFN induction classing CANDLE as an IFN mediated autoinflammatory
disease. The affected patients suffer from clinical features including early presentation
with fever, nodular skin rashes, myositis, panniculitis-induced lipodystrophy, and basal

ganglion calcifications. The investigated alterations included mutations in the

ed

mi
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constitutive proteasome subunits PSMA3( encodes U7) and PSMB4 (e
the immunoproteasome specific subunits PSMB9( e nc o0 d e s PSMBB (encedesd

b5i) as well as in the proteasome maturati on
patients with homozygous missense mutations in PSMB8 showed a reduction in
chymotrypsin-like activity, while a patient with a homozygous nonsense mutation

showed decrease in all three proteasomal activities. PBMCs isolated from a patient

with two PSMB4 mutations and from a patient with a PSMA3 and a PSMB4 mutation

also showed decreased in all three proteasomal subunits as well. The silencing of

POMP via siRNA meanwhile was shown to result in proteasome assembly defects,
accumulation of precursors and overall decreased proteasome activity. The
proteasome impairment in the patients could be traced to altered proteasome

assembly and failed incorporation of the mutated subunits. The study also showed that
proteasome dysfunction in these patients lead to increased IFN type | production (72).

The proteasome-linked diseases joint contractures, muscle atrophy, microcytic
anemia, and panniculitis-induced childhood-onset lipodystrophy (JMP) syndrome,
Nakajo-Nishimura syndrome (NNS), or chronic atypical neutrophilic dermatosis with
lipodystrophy and elevated temperature (CANDLE) were determined to form one
disease spectrum of proteasome-associated autoinflammatory syndrome (PRAAS)
(681 71). PRAAS was thought of as a monogenic disease (PSMB8) until the discovery
of the PRAAS causing mutations in the study described in the paragraph above (73).

Another study investigated a mutation in PSMB10 ( codi ng f or b2i) . T he
showed dysregulation of IFN type | as well as a decrease in trypsin-like activity. Due
to the mutation processing of the PSMB10 subunit was impaired which was estimated

to disturb 20S assembly in the immunoproteasome (74).

The discovery of de novo mutations in the 19S proteasome subunit PSMD12 in
patients gave rise to an entirely different phenotype of proteasome related disorders.
These patients suffered from intellectual disability, congenital malformations,
ophthalmologic anomalies, feeding difficulties, deafness, and subtle dysmorphic facial
features something rarely observed in PRAAS patients. The patients also presented
with central nervous system, renal, and craniofacial pathologies. Investigation of cells
derived from one of the patients (carrying a ¢.367C>T (p.Argl23z) alteration in
PSMD12) showed increased accumulation of ubiquitin-modified proteins compared to

control PBMCS indicating impaired proteasome activity without the catalytic subunits
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being affected by any alteration. Experiments using CRISPR/Cas9 PSMD12 loss of

function zebra-f i sh embryos were able to replicate s
namely microcephaly, decreased convolution of the renal tubules, and abnormal

craniofacial morphology. This demonstrated the importance of PSMD12 as a
proteasome subunit during development and neurogenesis allowing for the
classification of this disorder caused by PSMD12 alterations as a heurodevelopmental

disorder (75).

Soon thereafter another study performed genetic investigations in a family in which
several members presented with intellectual disability (ID) and autistic features. The
investigation revealed an inherited heterozygous nonsense mutation in PSMD12
€.367C>T: p.R123X. The study also found a de novo PSMD12 mutation ¢.601C>T:
p.R201X in a different family with one member affected by ID. This was the first report
of an inherited mutation in the PSMD12 gene, also confirming the association of

PSMD12 mutations with ID by unraveling more cases (76).

A very recent study by Kroll-Hermi, Ebstein et al. identified a new homozygous deep
intronic variant in the 19S AAA-ATPase PSMC3 (Rpt5) causing severe deafness and
earlybnset cataracts as part of a neurological, sensorial and cutaneous novel
syndrome in the affected patients. This was the first time a proteasome AAA-ATPase
was linked to a disease. Investigations carried out with patient derived PBMCs showed,
that in the patient cells the proteasome content was increased compared to control
PBMCs. This was indicated by a higher amount of proteasome complexes as well as
highersteady-st at e expression | evels of most of the
of proteasome modifier PA28 was also increased in the patient cells. Despite all these
measures that should equate to higher proteolytic activity in the patient cells, there was
an increased amount of ubiquitin modified proteins observed in the patient PBMCs.
This indicates the proteasomes in the patient cells are ineffective at clearing their
substrates. The upregulation of the proteasome subunits and consistent assembly of
new proteasomes thus appears to be a compensatory mechanism to combat the
defective proteasome function. PSMC3 knockdowns in zebra-fish embryos using
morpholino oligomers were capable to recapitulate the patient phenotype (with inner
ear development anomalies as well as cataracts), implicating that PSMC3 has a major
role to play in the inner ear, lens and central nervous system development (77).
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The discovery of homozygous Tyrl03His alterations in the PSMB1 gene (coding for
the 20S proteasome subunit b6) in two
developmental delay and microcephaly dispelled the initial notion that the divergence
between PRAAS and NDD as afflictions caused by mutations in proteasome genes is
dictated by the location of the affected subunit within the 26S proteasome (78, 79).
Overexpression experiments in SHS-5Y5 cells with myc-tagged constructs of the
PSMB1 wildtype and mutant showed impaired processing of the altered subunit which
in turn reduced the incorporation of the mutated subunit into the 20S and 26S
proteasome by around 30%. The chymotrypsin-like activity of proteasomes carrying
the altered subunit was also found to be decreased by around 30% compared to
proteasomes which had incorporated the wildtype PSMB1 subunit. Knock-down of the
PSMBL1 orthologue in zebra fish was once more capable of replicating some of the
patient 6s phenot ynpuceocephaly, mibrephithabniaand keduted lorain
size (78).

Interestingly NDD patients with proteasome lesions fail to develop systemic
inflammation unlike the CANLDE/PRAAS patients (79).

1.3.3 Dysfunctions of thé&utophagylLysosomaBystem

Investigations found, that several nanomaterials are associated with lysosomal
dysfunction. One form of dysfunction associated with nonmaterial treatment is termed
lysosome membrane permeabilization (LMP). Partial LMP can cause mitochondrial
membrane permeabilization through a variety of mechanisms including lysosomal-iron
mediated oxidative stress, and release of cathepsins and other associated lysosomal
hydrolases. This can result in the generation of reactive oxygen species and apoptosis
while massive LMP can lead to cytosol acidification and necrosis (80). Dysfunction of
autophagy has also been observed in lysosomal diseases due to the blockage of
autophagosome fusion with the lysosomes. This in turn leads to accumulation of
autophagosomes and autophagy substrates such as ubiquitinated protein aggregates
(81). Inflammatory responses to nanoparticles such as nanoscale titanium dioxide
fibers, carbon nanotubes and amino-functionalized polystyrene nanoparticles were
proposed to result from NLRP3 inflammasome activation through cathepsin B following
LMP (82i 85). One mechanism through which nanoparticles can cause lysosome
dysfunction is through the alkalization of the lysosome. This was found to be the case

in rat kidney cells where gold nanoparticles increased the lysosomal pH leading to

pati e
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lysosomal dysfunction (86). Exposure of lysosomes to the proton pump inhibitor
bafilomycin A1 was also shown to increase lysosomal pH predisposing cells to LMP
(87).

Dysfunction of autophagy also plays a role in neurodegenerative diseases such as

Al zhei mer 6s disease (AD). Here the toxic acc
found to impair anchoring between the endoplasmatic reticulum and the microtubule

in the cell (88). The hyperphosphorylation of tau protein was discovered to impair in

microtubule binding and assembly which inhibits microtubule-mediated transport of the
autophagosome (89, 90). I n the | ate stages of AD the <cy
to lysosome membrane disruption and impairment of function (91, 92). Due to their

dysfunction in late AD the autophagy cannot properly fulfil its role in degrading

oxidatively damaged macromolecules and organelles thus neurons progressively

accumulate lipofuscin (biological garbage) which may exacerbate neuronal
degeneration in AD (93).

1.4 Cellular Response to the Disruption of Proteostasis

Proteostasis can be disrupted by ageing, infection and oxidative stress that can induce
protein damage and misfolding (1, 94, 95). This delicate balance can also be disturbed
by erroneous folding of newly synthesized proteins (6) as well as translation errors and
the occurrence of aberrant mRNAs (10). Dysfunction of the UPS through ageing or
mutations in subunits and assembly helpers and likewise dysfunction of the
Autophagy-Lysosomal System can also lead to the disruption of proteostasis as the
UPS and the Autophagy-Lysosomal System are the two major systems of protein
degradation (11, 12, 14).

1.4.1 TheUnfoldedProtein Response (UPR)

The endoplasmatic reticulum is the site for biosynthesis of steroids and for cholesterol
and many lipids as well as the entrance site for proteins destined for secretory
pathways or the extracellular environment. In addition to these proteins the ER is also
home to a large number of resident structural proteins and biosynthetic enzymes
creating a high protein density in the ER. In order to ensure that the capacity of the ER
is not overwhelmed through the accumulation of damaged or misfolded proteins a

system of chaperones is in place to ensure correct folding and correct the folding of
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misfolded proteins. Several protein quality control mechanisms are in place to ensure
that only correctly folded proteins enter the Golgi compartment. Incorrectly folded
proteins are retained in the ER until correctly folded or are translocated into the cytosol
via the ER-associated degradation (ERAD) pathway for degradation through the 26S
proteasome (96). Ex posed oligosaccharides t hat
mannose in non-native peptides that cannot reach its mature form are recognized by
the ERAD lectins OS-9 and XTP3-B. Together with the chaperone EDEM1 OS-9 and
XTP3-B form a recognition complex that interacts with misfolded proteins and the HRD-
1/SEL-1L retrotranslocation channel, a proteinaceous channel called the also referred
to as retrotranslocon. Once the misfolded protein has reached the cytosol through the
retrotranslocon it undergoes polyubiquitination and degradation through the 26S

proteasome (971 99).

Upon accumulation of misfolded proteins in the ER (due to for example proteasome or
autophagy dysfunction or accumulation of oxidized proteins during ageing) the
unfolded protein response is induced. The classical marker for induction of the UPR in
humans is the ER chaperone BiP (Binding Protein/GRP78). This chaperone binds to
exposed hydrophobic patches on unfolded proteins and interactive sites of
unassembled protein complexes (100). BiP then promotes folding and prevents
aggregation of damaged/misfolded proteins utilizing ATP as an energy source. Upon
the accumulation of misfolded proteins in the ER BiP dissociates form the three ER
transmembrane proteins IRE1, PERK and ATF6 which act as sensors for the UPR and
mediate the response to ER stress (96, 101). IRE1 is a Ser/Thr protein kinase with
RNase activity. Activation of the UPR leads to IRE1 dimerization and trans-
autophosphorylation activating the RNase activity of IRE1 (102). The activation of IRE1
leads to the cleavage of the XBP1 mRNA removing an intron of 26 nucleotides resulting
in a frameshift in the mRNA. The protein translated from this new RNA acts as a potent
transcriptional regulator (96). The regulator then promotes the transcription of ER-
resident molecular chaperones via direct binding to the ER stress response element in
the presence of NF-Y (103, 104). The ER stress response element | [ERSEI;
CCAAT(N9)CCACG] was defined in 1998 by Yoshida et al. and found to be necessary
and sufficient for UPR gene activation (105). The activation of the UPR leads to the
cleavage of ATF6 resulting in 50-60 kDa transcription factors which subsequently
migrate to the nucleus (106). ATF6 was found to activate the XBP1 promoter and thus

increase XBP1 transcription and produce more substrate for IRE1-mediated splicing

unde
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generating more active XBP1 (107). ATF6 has been identified to be able to bind to
ERSEI elements in the promoters of UPR responsive genes much like the protein
translated from sXBP1 (96, 108). During ER stress PERK is autophoshporylated and
then goes on t o p(hod)speeh oFr2yll atthee ne |i Madili-doars
of protein translation and the transcription of stress-responsive cytoprotective genes

as part of the integrated stress response (ISR) (110, 111).

o,
ﬂ“ @N’k W \ Fig3: The Unfolded Protein Respons

l BiP )  Accumulation of . .

G"’ @ misfolded Proteins (UPR):  Accumulation of misfolde
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1.4.2 ThelntegratedSressResponse (ISR)

Through the degradation of its target substrates the proteasome produces peptides
which are the further degraded into amino acids by peptidases. This implicates the
proteasome in the regulation of the pool of free amino acids in the cell, something that
has been demonstrated in yeast, mammalian cells (NIH 3T3, 293T (ATCC), 293T and
HelLa cells) as well as in Drosophila (112). Therefore, it stands to reason, that
impairment of the proteasome leads to a decline in the amount of free intracellular

amino acids. Amino acid depletion leads to the activation of the GCN2 kinase through



Seite]| 16

binding of deacylated (uncharged) transfer RNAs (tRNAs) via a histidyl-tRNA
synthetase-related domain (113). Upon activation GCN2 phosphorylates the alpha
subunit of eukaryotic transl ati orflld4)which i at i o1
causes a global reduction in protein synthesis while inducing the transcription of certain
selected genes such as activating transcription factor 4 (ATF4), aiding in cell survival
and recovery (115). Anot her | SR kinase capable of p h
protein kinase R (116). The main activator of this kinase is double-stranded RNA
(dsRNA) as a result of viral infection (117, 118) however other stresses such as such
as oxidative and ER stress (119, 120) growth factor deprivation, cytokine or bacterial
infection (121, 122), ribotoxic stress (123), stress granules (124), and heparin (125)
have been found to activate PKR. Activation of PKR is mediated through dimerization
via its C-terminal kinase domain and subsequent autophosphorylation at T446 (1261
128). It was recently discovered that PKR activation can also be induced through
cytosolic accumulation of misfolded IL-24 upon proteasome impairment providing a
new pathway for proteasome impairment recognition by the cell and the induction of
the ISR through PKR (129). Since the PERK arm of the UP

(109), the ISR and UPR intersect in this translation initiation factor.

1.4.3 StresGranules

Stress granules are assemblies of messenger ribonucleoproteins (MRNPSs) that form
from mRNAs stuck in translation initiation. The formation takes place due to
interactions of MRNA binding proteins that link together populations of mMRNPs (130).
The formation of these stress granules can be induced through a wide variety of
environmental stresses such as heat shock, oxidative stress, hyperosmolarity, viral
infection, and UV irradiation, but not X-irradiation or DNA-damaging agents. In most
cases the assembly of stress granules is triggered by the translation initiation factor
el F2U by means of preventing or delaying tral
takes place through the phosphorylation of the regulatory serine through a group of
structurally related el F2U kinases. These ki
very specific stress such as PKR (activated by double-stranded RNAs), PERK
(activated by endoplasmic reticulum stress, see UPR), HRI (activated by oxidative
stress)and GCN2 (activated by nutrient stress). Th
the avail abi | iiGTRitRNAMet ttemary cermplex tbat is required for

translation initiation, thereby resulting in stalled translation (131).
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1.4.4 Nuclear factor erythroid derivedr2lated factor 1 (Nrfl)

Nuclear factor erythroid derived 2-related factor 1 (Nrfl) is a transcription factor which
is known to be activated upon cellular stress (132). In mouse fibroblast treated with a
proteasome inhibitor Nrf1 was found to be needed for a recovery of proteasome activity
through the elevated expression of proteasome subunits (133). TCF11, a longer
isoform of Nrfl only present in humans, was found to be a mediator of proteasome
bounce-back after proteasome inhibition (37). It has been established that under
normal conditions Nrfl is integrated into the ER membrane but is subject to rapid
turnover (133, 134). Further work found, that the domains of Nrfl which are involved
in transcriptional activation are translocated into the ER lumen and subsequently
retrotranslocated into the cytosol where they are quickly degraded by the proteasome.
This locks Nrfl into a futile continuous cycle of synthesis, membrane insertion,
retrotranslocation, and degradation. Proteasome dysfunction allows for Nrfl
accumulation and subsequent cleavage on the N-terminal side of Leu-104 through the
aspartyl protease DNA-damage inducible 1 homolog 2 (DDI2). The resulting fragment
is no longer attached to the ER membrane and can now migrate to the nucleus to

induce the expression of proteasome genes (135, 136).
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1.4.5 MitochondrialProtein Quality Control

In mitochondria proteins which cannot fold into the proper tertiary structure are
degraded by the mitochondrial proteases CLPP and LONPL1. In case the amount of
misfolded or damaged proteins overwhelms the mitochondrial chaperones, retrograde
signals are sent to the nucleus facilitating the upregulation of mitochondrial chaperones
and proteases. This system is dubbed the mitochondrial unfolded protein response
(mUPR) (137, 138). Another level of quality control occurs through the serine/threonine
kinase, PINK1 (PTEN induced putative kinase 1) and the cytosolic E3 ubiquitin ligase
PARK2/Parkin. Upon loss of mitochondrial membrane potential (qp(n) PINK1 is no
longer imported into the inner membrane of the mitochondria and accumulates on the
outer membrane. There it facilitates the recruitment of PARK2/Parkin (an E3 ubiquitin
ligase) specifically to the damaged mitochondria (139). This translocation involves the
ubiquitination of certain mitochondrial proteins such as VDAC1 and Mitofusin. This
process has been implicated in Parkin-dependant mitophagy (140, 141). Another
component of this quality control system is the mammalian protein p62/SQSTML1. This
protein is an autophagy receptor which can interact with ubiquitin conjugated to a target
protein and the LC3/GABARAP on the autophagosome (142).

The protein p62/SQSTM1 was found to be critical for PINK1/Parkin-mediated
mitophagy (140). PINK1 accumulation on the outer mitochondrial membrane was
however also observed upon the expression of misfolded proteins despite no change
in mitochondrial membrane potential. This suggests that accumulation of unfolded
proteins in the mitochondrial matrix disturbs the import of PINK1 into the inner
membrane (139). Overall the pathway involving pinkl1, parkin and ref(2)P (Drosophila
orthologue of mammalian p62/SQSTM1) was identified to play an essential part in
maintaining a viable pool of mitochondria and ensuring that mitochondria containing

excessive levels of unfolded proteins are cleared by autophagy (143).

1.5Possible Contributions of Proteotoxic Stress to Inflammation

There is a myriad of pathway through which perturbed proteostasis can lead to the

induction of an inflammatory signature.
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1.5.1 On Inflammation

In general inflammation describes a response of the body that is triggered by certain

noxious stimuli such as infection or tissue injury (144). In evolutionary terms the
inflammatory response to noxious stimuli is a high-cost, high benefit trait. The high

benefit arises from the fact, that it can be lifesaving in the face of the noxious stimulus

whilst the high cost arises from the fact that the inflammatory response interferes with

normal cell functions which may result in tissue damage and in the worst of cases in

death (145). The noxious triggers capable of inducing an inflammatory response can

be divided into two groups: exogenous and endogenous inducers of inflammation, with

the exogenous inducers being split into being either of microbial or non-microbial origin

(146). One of the triggers of microbial origin are the pathogen-associated molecular

patterns (PAMPs) which are conserved molecular patterns carried by microorganisms

(pathogenic and commensal) and which are recognized by the cells of the immune

system mainly through toll-like receptors (TLRs) and alert the organism to the invading
microorganism (146, 147). Upon triggering of the TLRs several signaling pathways are

activated among whichthe NF-e B may be one of (147 ThemNFst di st
9B pat hway i s o rkeowmandcentra induaers of inflaranhation through

the nuclear translocation of the NF-a B/ Re | transcription factor
resultant induction of inflammatory genes (148). The binding of PAMPs to TLRs can

also induce other pro-inflammatory transcription factors besidesNF-e B such as | RF
The activation of NF-e B and | RF3 promot es -inflalematerx pr es s i
cytokines (-1, IL®).andtypeN &tior Il intérferons (IFN) (149, 150). In the

following the interferons induce the rapid transcription of a wide range of so-called IFN-

stimulated genes (ISG) though binding to their respective receptors (IFNAR family of

receptors) and engaging the JAK/STAT signalling pathway. The proteins encoded by

the ISGs confer an antiviral state through for example arresting protein translation and

promoting RNA degradation (151).

The second type of triggers of microbial origin is virulence factors and can hence only
originate from microorganisms of pathogenic predisposition. No dedicated sensors for
these virulence factors exist however they can be detected by specialized sensors
(146). It has been shown, that pore-forming exotoxins of gram-positive bacteria (such
as the pore-forming Staphylococcus aureus alpha toxin) can activate the NLRP3

inflammasome which is sensitive to K+ efflux as induced by the toxin (152). The Lethal
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Toxin (LT) of Bacillus anthracis was shown to be able to activate the NLRP1
inflammasome in rodents through the cleavage of NLRP1 (153). Another indirect way
for the sensing of virulence factor activity is through the detection of cell death and

tissue damage as induced by the action of the microbial virulence factors (146).

Regarding the non-microbial exogenous source of inflammatory inducers those can

include allergens, irritants, foreign bodies and toxic compounds (144).

Endogenous triggers of inflammation may include intracellular components and
molecules released during the death of a cell. Necrotic cells for example can release
ATP, K+ ions, uric acid, HMGB1 (high-mobility group box 1 protein) and several
members of the S100 calcium-binding protein family (S100A8, S100A9 and S100A12)
among others (147, 154). ATP binds to purinoreceptors on the surface of macrophages
which leads to K+ efflux and subsequent activation of the NALP3 inflammasome
(similar to the activation of the NLRP3 inflammasome through pore forming toxins)
(155). HMGB1 and S100A12 signal through the receptor RAGE (advanced glycation
end-product-specific receptor; also known as AGER), which (at least in the case of
HMGB1) induce an inflammatory response through cooperation with TLRs (156, 157).
S100A8 and S100A9 signal through TLR4 (158).

The initiation, transmission, and resolution of the interferon mediated immune
response is tightly regulated due to the large number of genes induced through the
interferons. Genetic lesions altering nucleic acid processing and recognition, ablate
IFN-specific negative feedback mechanisms, or result in dysfunction of the proteasome
system can all induce pathogenic IFN signalling (73). Interferonopathies are a group
of diseases characterized by these disturbances in the homeostatic control of

interferon-mediated immune responses (159).

A study found that the bovine viral diarrhea virus (BVDV) utilizes the cellular
proteasome system to influence the cellular immune response upon infection. This is
accomplished through the viral protein Npro interacting with the pro-inflammatory
mediator IRF3 which causes the polyubiquitination of IRF3 and subsequent
degradation of this protein through the proteasome, thus leading to inhibition of
interferon response upon infection (160). A recent study also found that proteasome
dysfunction as a result of b5ilikeadiMy’inthec onf er
immunoproteasome) deficiency results in the stabilisation of the pro-inflammatory

mediator STAT3 conferring a pro-inflammatory effect (161). This demonstrates that
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pro-inflammatory mediators seem to be degradation targets of the proteasome which
would not bode well for patients with proteasome dysfunctions as the removal of these
mediators is no longer secured which may contribute to the sustained inflammation

observed in these patients.

1.5.2 Possible Contributions of the UPR

A master transcriptional regulator of pro-inflammatory pathways NF-aB was found to
be induced upon ER stress through the interaction of IRE1U with TRAF2. This
interaction leads to the recruitment of 1aB kinase (IKK) and the phosphorylation and
subsequent degradation of 1aB. This facilitates the release of NF-aB for translocation
to the nucleus (162). The association of | RE1U with TR
inductionof NF-e B, r ecr ui t agguapng birmsed (ASK1galsakhown as
MAP3KS5) which results in the phosphorylation and subsequent activation of Jun N-
terminal kinase (JNK). This leads to the enhanced activation of activator protein 1
(AP1) and the increased expression of pro-inflammatory genes through the activity of
AP1 (163, 164). AP1 also interacts with nuclear NF-a Band induces the expression of
proinflammatory cytokines (164). In macrophages the protein encoded by spliced
XBP1 can directly bind to the Tnf and IL-6 promoters and regulate their expression
(165). | n p a nccerlelast -imMediafbd ahd PERK-mediated induction of TXNIP
upon ER stress can trigger the activation of the NLRP3 inflammasome which allows
the cleavage of pro-caspase-1 into its active isomer caspase-1. This in turn leads to
the cleavage of pro-IL-1 b  a n dL-1® int@their respective active isomers and thus
the secretion of IL-1 B(166, 167).
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Fig5: The possible pathways through which of the IRE1 arm of the UPR can induce sterile inflammatic
transcriptional regulator encoded by sXBP1 can directly bind to Tnf a@igpitmotors to regulate their
expression. Upon activation of the UPR IRE1 danaict with TRAF2 with this complex being able to recr
ASK1 which can in turn induce JNK leading to increasethfmmmatory gene expression through th
activation of AP1 by JNK. AP1 can also interact with nucledBNB induce inflammatory cytokine
expression. The IRHRAF complex can also recruit the IKK complex facilitating the phosphorylatiol
subsequent degradation of B resulting in the release of NB for nuclear translocation. The activation
the NLPR3 inflammasome can be triggered through IRE1 mediated induction of TXNIP leading to cle.
pro-IL.-1 and prolL18 into their active forms.

Activation of NF-e B can al so be induced through
phosphorylation of the serine/threonine kinase Akt (PI13K pathway) and the subsequent
phosphorylation and degradation of the NF-a B i n h i §16& 169). Add#i@ally,
ATF6 was found to be capable of triggering an acute phase response (APR) which can
amplify the pro-inflammatory response (170). The N-linked glycosylation inhibitor
tunicamycin activated IRF3 (IFN regulatory factor 3, a regulator of type | IFNs and other

genes involved in innate immunity) in an ATF6 dependant pathway (171).

t

h e
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The PERKi e | F-thddiiated branch of the UPR is also capable of inducing NF-a B

albeit through a different mechanism. Through the PERKie | F2U signaling p
which is engaged upon ER stress an overall halt of protein synthesis is achieved. This

results in an increase oftheNF-a B t o | aB ratio, owihg oD I 8B,
turn facilitating increased NF-a Bdependent transcription (172, 173). As a downstream

effector of PERK whose transcription is induced through p-e | F 2116) ATF4 can

directly act as a transcription factor for IL-6 (174). Since the core regulator of the ISR

is also el F2U it stands to reason that act:i
of IL-6 though ATF4.
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1.5.3 Possible Contributions of the ISR and Stress Granules

The activation of the |1 SR |l eads to the phos
PKR and GCN2 which results in a global reduction in protein synthesis and
subsequently to the creation of stress granules (1147 116, 131). The tyrosine kinase
SYK was found to be sequestered to stress granules resulting in a pro-inflammatory
phenotype. The activity of SYK in the stress granules then results in the production of
reactive oxygen and nitrogen species which are toxic to neuronal cells (175). The
downstream effector of the ISR ATF4 (115) was also found to be capable to act as a
transcription factor for IL6 (174). Besi des i nducing el F2U ph
activation, PKR is also capable of signalling through TRAF3 which leads to the
induction of | KKU and TBK1 both of which ar
PKR can activate the NF-e B pat hway ting ythe phasphotylationa and
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degradationoftheNF-a B i nhi bitor |1 8aB through act.i
acts upstream of the MAPK kinase (MAPKK) MKK3 which in turn can activate the
mitogen-activated protein kinase (MAPK) p38. The MAPK p38 is a master regulator of
several transcription factors such as NF-a B, -2 Tald STAT1 (121). Activating
transcription factor 2 (ATF2), a member of the alkaline-leucine zipper family is a widely
expressed transcription factor involved in inflammatory responses to a variety of

irritants (176). Signal transducer and activator of transcription 1 (STAT1) plays a crucial

role in the signalling pathway of interferon-gamma (IFN-0) , conver-d2i ©1iggmh ale

into gene expression of several targets correlated to the inflammatory process such as
inducible nitric oxide synthase (iINOS), COX, vascular cell adhesion molecules (VCAM)
and intercellular cell adhesion molecules (ICAM). Activation of STAT1 is usually
mediated through the IFNGR1/2-JAK-STAT pathway (177), however STAT1 can also
be induced through PKR independent of IFN-2 (121).
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1.5.4 Possible Contributions of the mUPR and Nrfl

The mitochondria have been implicated in the immune response through NLRP3
inflammasome activation via mitochondrial ROS production and autophagy (178).
Furthermore, it could be shown that induction of mUPR leads to the phosphorylation

of eukaryotic translation initiation factor
transcription factor cJun (AP1) through PKR. It has been postulated that PKR is

induced by ClpP-dependent mUPR signaling. This shows a convergence between

mUPR and ER UPR signaling (179). The phosphoryl ation of
availability of the tr ahGTPigRINAIMentherebyistalingt or ¢ ¢
overall protein synthesis (131). The activation of cJun/AP1 is known to lead to

increased expression of pro-inflammatory genes (163, 164).

Nrfl was discovered to be implicated in inflammation. A proposed mechanism would

see the nuclear translocation of NF-e B upon TLR4 activation whic
upregulation of Nrfl, which in turn would upregulate p65/RelA thus exacerbating the
inflammation (180).
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2. Hypothesis and Aims

Through the studies alluded to in the respective part of the introduction it should have
become evident, that the spectrum of known mutations associated with proteasome
associated disorders has been greatly expanded ever since the description of the
PSMB8 T57M founder mutation and the associated autoinflammatory disorder. The
mutations identified in other proteasome subunits and assembly helpers the following
years has greatly diversified and increased the number of proteasome lesions which
can contribute to the autoinflammatory syndrome CANLDE/PRAAS. A new chapter on
proteasome was opened upon discovery of proteasome lesions in patients suffering
from neurodevelopmental delay presenting an entirely different disease entity
correlated with proteasome dysfunction. The studies agree in that, the proteasome
lesions underlying the respective disease entity have influenced proteasome function
and/or assembly. We therefore hypothesize, that the newly identified proteasome
mutations presented herein interfere with proper proteasome function by affecting
steady state expression of the altered subunits and/or their incorporation into the
proteasome. The main aim of this work was to investigate the impact of these novel
alterations on proteasome function (Article 1, Manuscripts 3 and 4) and to consider
ways in which the resulting impaired proteostasis may cause inflammation in the
affected patients (Article 2). One of our aims was to identify the molecular sensor
triggering the response as a possible treatment target (Manuscript 3). The effect of a
stem-cell transplant on impaired proteasome function in a PRAAS patient as a possible
treatment for this disease was also investigated (Article 1). In doing so we hope to
contribute to our knowledge of the spectrum of causative PRAAS/NDD mutations and

identify treatment possibilities and targets.
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3. Results

3.1Articlel: Hematopoietic stem cell transplantation in a patient with
proteasomeassociated autoinflammatory syndrome (PRAAS)

This study deals with the case of a young boy who presented with 2 months of age

with skin manifestations (diffuse cutaneous vasculitis which responded to
corticosteroids), febrile episodes, and minor organ involvement as evidenced by

chronic inflammation and slight hepatomegaly (enlarged liver) as well as severe growth

defect (chronic overexpression of IL-6 has been associated with growth and skeletal
abnormalities). A hematopoietic stem cell transplantation (HSCT) was performed at

the age of 20 months however declining donor chimerism (complete donor chimerism

equates to 100% of haematopoietic cells being derived from the donor) and recurrence

of disease manifestations took hold. This led to the decision to perform another HSCT

at 3 years of age which resulted in successful grafting and disappearance of most of

t he patient 6s s ywmgrdwthecomng evidentgdeareased levels of

IL-6 were detected in the p at i semutn@féer the second graft). During the 7-year

follow-up mild signs of lipodystrophy (a condition which leads to a deficiency of adipose

tissue caused by inflammatory infiltrates in the adipose tissue depots) had appeared

and the patientds condition was poor with <ca
by extreme weight loss) appearing as well. These novel symptoms raised the suspicion

of PRAAS. The retrospective genetic analysis subsequently carried outon pati ent 0
cells stored before the first HSCT revealed two novel mutations in the PSMB4 gene
coding for the b7 subunit of the proteasome.
parents revealed that the patient had inherited an intronic variant c.494+17A>G ; p.(?)

from his father and a deletion variant from his mother c.231del ; p.Leu78Trpfs*31 which

was predicted to produce a truncatedaellsprot ei
revealed that the c.494+17A>G ; p.(?) variant produced an alternative splice variant of

b7 devoid of exon 4. The transcript variant
was not detectable i n the pnetaed mRNAglecayefl | s hi
this transcript. The availability of patient cells from initial presentation and from 5 years

after the second transplant allowed for the comparison of proteasome activity and

content in the cells between these two conditions. Testing of the chymotrypsin like

activity via gel overlay and in-plate activity assay revealed markedly decreased activity
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of t he patient ds proteasomes compared t o
chymotrypsin-like activity was shown to be almost completely remedied after the

second transplant. The patient also showed a very noticeable decrease in overall
proteasomecontenti n hi s cells compared to the contro
PAGE western blot. After the second transplant the proteasome content had reached

almost the same levels as that shown by the healthy controls. Along with the increase

of proteasome content and activity the amount of ubiquitin modified proteins had also
normalized after the second transplant. The inflammatory signature was also clearly
decreased after the second transplant. Overall this case report suggests HSCT as a
treatment option to improve PRAAS related autoinflammatory symptoms when
standard treatment with chronic immunosuppressive medication is unsuccessful and

normalize proteasome function.

3.2 Article 2: Proteostasis Perturbations and Their Roles in Causing Sterile
Inflammation and Autoinflammatory Diseases

In this review the current knowledge on how proteostasis perturbations can trigger
sterile inflammation is summarized. The various sensors for proteotoxic stress in cells
are introduced and their mechanism of sensing proteostasis disruptions are explained
as well as their respective modus operandi to restore protein homeostasis to the cells.
In the following prospective pathways through which these sensors might trigger sterile
inflammation are explored. Afterwards possible causes for protein perturbations in cells
are explored. Firstly, through loss of function of components in the translation
machinery translation deficiency can occur leading to protein depletion. On the other
hand, alterations or loss of function in genes attached to the Ubiquitin-proteasome
system (UPS) or alterations in highly translated cellular proteins (or the occurrence of
viral proteins) can lead to the accumulation of misfolded proteins as protein folding is
not a perfectly accurate process (around 30% of newly synthesized proteins fail to
achieve their correct 3D structure). Decline in proteasome function has also been noted
as a sign of ageing. The accumulation of misfolded proteins can then lead to the
formation of insoluble protein aggregates. These aggregates are known to cause a
series of diseases referred to as proteinopathies, mostly related to alterations in cellular
proteins with a high synthesis rate, which can be of non-neurodegenerative (such as
ankylosing spondylitis (AS), cystic fibrosis (CF), alpha-1-antitrypsin deficiency (AATD)

and hereditary transthyretin amyloidosis (ATTR)) and neurodegenerative nature
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(Al zhei merdés disease (AD), Parkinsonébés dise
spinocerebellar ataxias and polyglutamine (polyQ)) depending on whether the protein
accumulation takes place within or outside the CNS. The occurrence of
neurodegenerative diseases has also been linked to the decline of proteasome
function during ageing. Proteasome impairment due to loss-of-function mutations in
proteasome genes on the other hand leads to two distinct clinical phenotypes namely
autoinflammation (CANDLE/PRAAS) and neurodevelopmental disorders (NDD).
Autoinflammatory syndromes have also been linked to mutations in proteins of the
ubiquitin pathway such as E3 ubiquitin ligases and DUBs. As the second major protein
degradation pathway besides the proteasome the autophagy-lysosomal system (ALS)
plays a critical role in cellular protein breakdown and as such in maintaining protein
homeostasis. Dysfunctions in the ALS have been linked to neurodegeneration and
autoinflammation. This article underlines the role which disrupted protein homeostasis
and subsequent protein aggregation plays in the inception of sterile inflammation and

disease.

3.3Article3: PSMC3 proteasome subunit variants are associated with
neurodevelopmental delay and type | interferon production

As previously described in the respective part of the introduction deep intronic variants
in the PSMC3 gene (coding for the 19S AAA-ATPase Rpt5) were identified in patients
exhibiting severe deafness and early-onset cataracts as part of a neurological,
sensorial and cutaneous novel syndrome. In this paper fifteen dominant de novo
variants in the PSMC3 gene were identified in twenty-three patients presenting with
neurodevelopmental delay (NDD) and/or intellectual disability (ID) as well as exhibiting
congenital malformations. Many of these rare missense mutations were clustered in
the AAA (ATPases Associated with diverse cellular Activities) domain of PSMC3 a
region predicted to be intolerant to variations. Since the patients presented with a
neuronal phenotype the involvement of PSMC3 in cognitive function was investigated
utilizing Drosophila flies with a knockdown of the Drosophila PSMC3 homologue via
siRNAs. In the following odour avoidance test it was revealed, that knock-down of
PSMC3 did not affect the learning process. However, the reversed odour shock pairing
showed that reversal learning performance was significantly defective in the
knockdown flies compared to the wildtype. In light of this observation the impact of

PSMC3 and some of the variants on the development of hippocampal neuron dendrites
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was investigated. To this end PSMC3 wildtype and the variants p.(Metl75Val),
p.(Arg304Trp), p.(Glu305Asp) and p.(Glu383Lys) were overexpressed in murine
primary hippocampal neurons after which neurite length quantification was carried out.
The results showed reduced neurite length for the wildtype compared to the empty
vector control. This indicates that increased levels of the PSMC3 wildtype may be
damaging for neurite development. The results for the PSMC3 variants did not differ
from the ones obtained for the wildtype. Only the overexpression of the PSMC3 variant
p.(Metl75Val) showed increased neurite length compared to the control. One should
err on the side of caution regarding this result as the resultant morphological changes
might not be beneficial for neuronal function. The missense variants may impact
steady-state expression level of the protein through changes in protein turnover or
MRNA stability. Therefore, the PSMC3 mutations were introduced into SHSYS5Y cells
and overexpressed as fusion proteins with a N-terminal HA-tag and subsequently
subjected to western blot analysis. Here it became evident, that the variants
p.(Argl71Trp), p.(Ala237Val), p.(Met259Val) and p.(lle261Thr) showed lower protein
levels compared to the wildtype indicating, that the variants differently impacted protein
expression and stability. Structural predictions based on the location of the variants in
the Rpt5 protein and the amino acid substitutions caused by these, concluded, that the
missense variants may strongly affect the complex structure of the 26S proteasome.
The incorporation of a dysfunctional Rpt5 subunit without structural consequences to
the proteasome structure could not be excluded however. To experimentally
investigate the impact of the PSMC3 variants on the proteasome, experiments were
carried out in the T-cells of three patients (only possible where patient material was
available) carrying the p.(Arg304Trp), p.(Glu305Asp) and p.(Gly262Arg) alteration
respectively. The investigations revealed that the p.(Arg304Trp) and p.(Glu305Asp)
variants strongly affect proteasome assembly while the p.(Gly262Arg) alteration
impacts this process very little. Proteomics analysis carried out in the T-cells of
subjects carrying the p.Arg304Trp and p.Glu305Asp revealed significant proteomic
changes related to mMRNA metabolism and translation when compared to the controls
indicating dysregulated protein synthesis. The proteomics data also hints at alterations
in immune signalling and chromatin remodelling in the patients. Investigations into
proteotoxic stress in the patients T-cells showed increased expression of the ER

HSP90-like chaperone GRP94 when compared to the controls indicating ER stress in
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induction of the ISR. Increased steady state levels of the autophagy marker LC3-1l in
patient T-cells suggests that autophagy was induced to compensate for the cells
inability to clear ubiquitin-protein aggregates via the 26S proteasome. Supporting this
notion was the detected decrease of the mitochondrial proteins PINK1 and Bnip3L/NIX
in the patient cells suggesting the upregulation of autophagic processes such as
mitophagy upon PSMC3 disruption. It was also shown, that the proteasome
impairment did not lead to an increased induction of the TCF11/Nrfl compensatory
pat hway. A type | I FN si gnat wdlsewhighavas fodrelt ect e d
to be PKR dependent. Despite the generation of the type | IFN signature the NDD/ID
subjects showed a lack of systemic autoinflammation failing to develop recurrent fever,
lipodystrophy and/or skin lesions (signs of systemic inflammation usually detected in
CANDLE/PRAAS patients). The IFN despite not resulting in systemic inflammation
may still have a detrimental effect on CNS function. The increased mitophagy observed
in the patients supports the consensus that mitochondria function/dysfunction has an
impact on neurodevelopment and interferonopathies. The identification of PKR as the
driver of the type I IFN signature is in line with observations of PKR activation in the
CNS of neurodegenerative disorders and the association of neurodegeneration with
neuroinflammation. Overall this study identified heterozygous dominant variants in
PSMC3 causing a neurodevelopmental syndrome characterized by a type | IFN
signature and identified this signature and PKR as possible targets for treatment

options.
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3.4 Article4: Identification of eight novel proteasome variants in five unrelated
cases of proteasomassociated autoinflammatory syndrome (PRAAS)

This study presents five unrelated PRAAS patients in which overall eight novel
proteasome alterations were identified, that were not previously reported and
associated with PRAAS. All of the patients presented with skin eruptions and recurrent
fevers since relatively young ages. Genetic testing in the first patient revealed two
heterozygous inherited proteasome mutations in PSMB8/ b 5 i PSMESIRpt6 as well
as a de novo mutation in PSMA5/ U5 . PSMB& T75M variant inherited from the
mother is a known and characterized founder mutation. The inherited PSMC5 variant
which results in the splicing out of exon 10 was predicted to not interfere with the
association of the 19S regulatory complex top the 20S core complex as exon 10 is not
located at any interfacing site necessary for the afore mentioned association. In vitro-
characterization of the variant revealed that the mutated subunit cannot be properly
incorporated into the 19S complex in the first place as the variant failed to assemble
into 19S precursor complexes and a such was also absent in the later 26S complexes.
The de novo PSMA5 nonsense variant leads to the absence of the last 73 C-terminal
amino acids which was predicted to impede interaction with the Rptl ATPase of the
19S regulatory particle which may lead to problems during 26S proteasome assembly.
During in-vitro studies the mutant subunit could not be detected on protein level. RNA
levels of the mutant transcript were lower than WT transcript levels (not statistically
significant) indicating that the transcript is not subject to nonsense mediated decay and
that the protein translated from the mutant transcript is most likely quickly degraded.
Since the mutant protein is subject to such a rapid degradation, incorporation into the
proteasome most likely does not take place. Three of the five reported patients were
compound heterozygous for PSMB10/ b 2 i al ter at HMpwith all(thpet i ent s
harbouring the novel PSMB10 alteration F14del. This mutation leads to an in-frame
deletion of the phenylalanine at position 14 in the PSMB10 pro-peptide. Experimental
investigation of this variant showed, that the precursor form of PSMB10 is still efficiently
expressed but no processing to the mature form takes place. The inability of this mutant
subunit to be processed into its mature form severely impedes incorporation into
mature proteasome complexes. Patient 2 also harboured a second PSMB10 mutation,
the missense variant G167D. This variant was predicted to impede interaction of the
altered subunit with neighbouring subunits. In-vitro characterization of this variant

showed decreased levels of the mutant subunit on protein level. Investigations of the
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PSMB10 G167D mRNA showed transcript levels similar to that of the wildtype
indicating decreased steady state stability of the mutant protein. This altered subunit
was also not properly processed into its mature form severely impeding its
incorporation into mature proteasome complexes. The mRNA transcript produced by
the additional PSMB10 Cys83Leufs*123 variant carried by patient 3 was found to
undergo nonsense mediated decay and as such no protein was predicted to be
produced. Patient 4 additionally carries a PSMB10 ¢.710+1 G>C intronic variant which
was predicted result in the splicing out exon 7. Molecular modelling predicted this
variant to result in incorporation issues for the altered subunit as exon 7 has potential
interaction surfaces with three neighbouring beta subunits in the 20S proteasome core
particle. The two PSMB8 variants (S118P and Q55*) carried by patient 5 were
previously reported but this work subjected them to in-silico and in-vitro
characterization. In-silico modelling of the S118P variant predicted this variant to
disrupt the PSMB8 secondary structure but not the incorporation into the proteasome
as the affected region of the protein does not have any contact points to neighbouring
subunits. The in-vitro work showed that the incorporation of the mutant subunit into
proteasome complexes was strongly affected but this was due to strongly decreased
processing of the mutant subunit rather than an effect of the variant of the interaction
of the mutant protein with neighbouring subunits. The PSMB8 Q55* nonsense mutation
produced effects on the protein similar to those observed for the PSMA5 R168* variant
carried by patient 1. While the presence of PSMB8 Q55* transcript could be observed
nothing was detectable on protein level indication quick degradation of the truncated
protein. All of the herein described mutations had an impact on the respective subunits
and the proteasome as a whole. This was caused either by affecting the steady state
or the processing of the mutated subunit which in all cases lead to impaired
incorporation of the affected subunit into the proteasome. It can be assumed that in
the patients this impaired incorporation of these altered subunits leads to decreased
proteolytic capacity of the proteasome and triggers the observed disease. The
identification of these proteasome variants allowed for the definitive diagnosis of
CANDLE/PRAAS which resulted in the treatment being adapted accordingly. All of the
patients treated with inhibitors of the Janus Kinase (a signal transducer of the pro-
inflammatory IFN (interferon) pathway) after CANDLE/PRAAS diagnosis showed at

least partial improvement of the disease.
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4. Conclusions

Protein homeostasis (proteostasis) is an essential cellular process balancing the
removal of non-functioning or damaged proteins and the synthesis of novel ones as its
disruption can have far reaching consequences. This work placed the focus on the
disruption of proteostasis as a result of mutations in subunits of the proteasome, one
of the two major cellular protein degradation machineries. While mutations in
proteasome subunits and proteasome assembly helpers have been known for a while
to cause autoinflammatory disorders, this work investigated the impact of several novel

mutations on this vital proteolytic complex and the patients carrying these alterations.

While all the patients presented in this work carried mutations in subunits of the 26S
proteasome, two different distinct disease entities could be observed. The patients
diagnosed with CANDLE/PRAAS presented with very similar symptoms early on in life
(namely skin eruptions and recurring febrile episodes) (article 1 and article 4) and all
of them showed an inflammatory signature. This inflammatory signature was shared
by the patients diagnosed with NDD (article 3), however these patients did not develop
skin eruptions and recurring febrile episodes. Meanwhile, the CANDLE/PRAAS
patients did not exhibit a neuronal phenotype.

Regardless of the phenotype all of the novel mutations were found to impact
proteasome function, be it through impacting steady state stability of the affected
subunit, its incorporation into mature proteasome complexes or impacting the proper
function of the affected subunit, leading to the inception of proteotoxic stress, which
through various pathways can trigger the sterile inflammation observed in the patients
(article 2).

Interestingly, it could be demonstrated that changes in a singular proteasome subunit
(be it through a mutation in the subunit or a change of the amount of the subunit present
in the cells) had a detrimental impact on neurite development (article 3), hinting at a

crucial role of functioning 26S proteasomes for neuronal development.

Overall, the spectrum of CANDLE/PRAAS causing mutations could be expanded and
as hypothesized it could be demonstrated that these novel mutations presented herein
have a detrimental effect on proteasome function and lead to a disruption of cellular
protein homeostasis. Several signalling pathways were proposed through which his

disruption of protein homeostasis can lead to the sterile inflammation observed in the
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presented patients. Targeting this inflammation through a Janus Kinase (a signal
traducer of the pro-inflammatory interferon (IFN) pathway) inhibitor was shown to
partially remedy the disease manifestations in the CANDLE/PRAAS patients. One of
the aims of this work was achieved through the identification of PKR as a possible
sensor for protein homeostasis disruption and inception point of the inflammation in
the NDD patients, opening up a possible new treatment option. While Janus Kinase
inhibitor blocks the signalling of a main pro-inflammatory pathway, others exist which
can still relay pro-inflammatory signals leading to only partial effects of the inhibitor.
Targeting PKR as the sensor may lead to the suppression of the inception of any
inflammatory response to protein homeostasis perturbations. The remission of the
inflammatory signature after a HSCT also hints at the hematopoietic system being a
main driver of the inflammation in CANDLE/PRAAS patients and presents HSCT as a

viable treatment option for this disease.
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5. Abbreviations

AAA ATPase-Associated with various cellular Activities
AD Alzeheimer Disease
ALS Autophagy-Lysosomal-System
ALS Amyotrophic Lateral Sclerosis
ATF Activating transcription factor
BiP Binding Protein
Chronic atypical neutrophilic Dermatosis with Lipodystrophy
CANDLE and elevated Temperature
DDI2 DNA damage-inducible 1 homolog 2
ER Endoplasmatic Reticulum
ERAD ER-associated degradation
ERSEI ER stress response element |
GCN2 General control non-derepressible 2
HSCT Hematopoietic Stem Cell Transplantation
Hsp Heat shock Protein
IFN Interferon
IFNAR Interferon Alpha And Beta Receptor
IKK |l 8B Kinase
IRE Inositol-requiring protein
IRF Interferon regulatory factors
ISG Interferon-stimulated gene
ISR Integrated Stress Response
| @B nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor
JAK Janus Kinase
IMP Joint Con'grac_tl_Jrgs, Muscle_ Atrophy, Microcytic Anemia,
and Panniculitis-induced Lipodystrophy
LMP Lysosome Membrane Permeabilization
MHC Major histocompatibility complex
NDD Neurodevelopmental Delay
NF-2 B Nucl ear factor o8B
NNS Nakajo-Nishimura syndrome
Nrfl Nuclear factor erythroid-derived 2-related factor 1
PAMP Pathogen-associated molecular pattern
PBMC Peripheral Blood Mononuclear Cells
PD Parkinsonbds Disease
PERK Protein kinase RNA-like ER kinase
PINK1 PTEN induced putative kinase 1
PKR Protein Kinase R
POMP Proteasome Maturation Protein
PRAAS Proteasome-associated autoinflammatory Syndrome
STAT Signal transduction and activation transcription
TBK TANK-binding kinase 1
TLR Toll-like receptor
TNFU Tumor necrosis Factor

UPR Unfolded Protein Response
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UPS Ubiquitin-Proteasome-System
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Background: Proteasome-associated autoinflammatory
syndromes (PRAASs) form a family of recently described rare
autosomal recessive disorders of disturbed proteasome assembly
and proteolytic activity caused by mutations in genes coding for
proteasome subunits. The treatment options for these
proteasome disorders consist of lifelong immunos up pressive
drugs or Janus Kinase inhibitors, which may have partial
efficacy and noticeable side effects. Because proleasomes are
ubiguitously expressed. it is unknown whether hematopoietic
stem cell transplantation (HSCT) may be a sufficient treatment
option,

(¥hjective: Our aim was to report the case ofa young boy with a
treaiment-resistant cutaneous vasculitis that was initially
suspected to be associated with a gene variant in SH2DTA.
Methods: Whole-exome sequencing was performed to identify
the genetic defect. Molecular and Tunctional analyses were
performed 1o assess the impact of variants on proteasomal
Tunction. The immune characterization led to the decision to
perform HSCT on our patient and conduct follow-up over the
T-vear period after the transplant Becanse loss of myeloid
chimerism after the first HSCT was associated with relapse of
autoinflammation, a second HSCT was performed.

Results: After the successful second HSCT, the patient
developed mild symptoms of lipodystrophy, which raised the
suspicion of a PRAAS, Genetic analysis revealed 2 novel
heterozygous variants in PSMES (encoding proteasomal subunit
B7). Retrospective anal ysis of patient cells stored before the first
HSCT and patient cells obtained after the second HSCT
demonstrated that HSCT successfully rescoed proteasome
Tunction, restored protein homeostasis, and resolved the
interferon-stimulated gene signature. Furthe rmore, successful
HSCT alleviated the autoinflammatory manifestations in our
patient.

Conclusion: Patients with treatment-resistant PRAAS can be
cured by HSCT. (J Allergy Clin Immunol 2022;149:1120-7.)

Key words: Autoinflammation, autoinflummaiory syndrome, inter-
Sferon, immunoproteasome, HSCT. PRAAS proteasome, PSMB4

INTRODUCTION

Proteasome-associated autoinflammatory syndrome (PRAAS)
represents any autoinflammatory disease that is characterized by
multisystem inflammation caused by genomic alterations in
various proteasome subunits.'* Different types of PRAASs are
known to date, encompassing CANDLE syndrome, which was
first described in 2010 as an acronym for term chronic atypical
netrophilic  dematosis with  lipodvatrophy  and  elevared
temperature.”

The underlying pathophysiclogy is caused by a defective
ubiquitin-proteasome system that leads to diminished intracel-
lular protein degradation and hampers removal of misfolded
prmei.rmM The 208 proteasome core particle comprises 2 a-rings
and 2 B-rings in a similar albeit mirrored ol © of and B1 to B7
configuration. It contains 3 proteclytically active sites, with
caspase-like, rypsin-like, and chymotrypsin-like activity, respec-
tively. The 205-core complex can be capped with regulatory 195
particles, forming 265 proteasomes.’
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Abbreviafons ised
CANDLE: Chronic aty pical newtrophilic dermatosis with lipodys-
trophy and elevated temperatune
HSCT: Hematopoietic stem cell transplantation
I5G: Interferon-stimulated gene

POMP: Proteasome matiration protein
: Pmitcasome-associated awtoinflammatory sy ndrome
: POMP-related autoinflammation and immune dysmegula-

tion disease

: X-linked lymphoproliferative disease

Since the initial finding of causative mutations in PSMBS,
which encodes an aliernative inducible catalytic proteasome sub-
unit, namely, B5i (with the { standing for immune; LMP7) in
CANDLE (PRAAS1),' additional genes encoding components
of the proteasome system have been identified to cause
PRAAS-like disease ™ Most frequently, patients are homozy-
gous or compound heterozygous for PSMES mutations, but other
patients are compound heterozygous or heterozy gous for combi-
nations of subunits. In the latter sitation, a digenic inheritance is
causing additive proteasome defects.”

Interferon-inducible subunits can be integrated into the pro-
teasome complex de aove, hence, it is called the immunoprotea-
some to account for increased demand of proteolytic activity in
the cell.” Chaperone proteins help the assembly of (immuno)pro-
teasomes, one of which is the proteasome maturation protein
(POMP), cansing POMP-related autoinflammation and inmmune
dysregulation disease (PRAID [or PRAASZ]), which is clinically
defined by early-onset combined immunodeficiency, inflamma-
tory nentrophilic dermatosis, and autoimmunity, "

In hematopoietic cells, these immMuROProteasomes are Consti-
tutively expressed ™' After protein degradation, the resulting
small peptides can be easily removed or enter the endoplasmic
reticulum o be presented b;!' means of the HLA class 1 mole-
cules on the cell surface.'” Because proteasome function is
involved in antigen presentation both in immune cells and in
the thymus, it is expected that a defect in thymoproteasome ac-
tivity would impair positive antigen selection during thymic
development and could therefore lead to impaired T-cell diver-
sity. This impaired T-cell diversity could in turn be involved in
autoimmunity, autoinflammation, or increased susceptibility to
infection.

Interestingly, most patients with PRAAS experience auto-
inflammation more than a lack of immune competence. This is
explained by the continuous (immunojproteasome dysfunction
causing sustained hypersecretion of type 1 interferons. Accumu-
lation of ubiquitinated waste proteins causes cellular stress, which
in wrn stimulates type 1 interferon production, thus forming a
vicious circle.”'* In patients with PRAAS, triggers such as cold,
physical stress, or infections cause interferon hypersecretion, pro-
voking inflammatory atiacks that can occur in any organ.” Janus
kinase inhibitors are used to treat PRAAS, suppressing many
but not all of its manifestations and thus being ineffective in
some cases.” With proteasomes being ubiquitously expressed,
whether hematopoietic siem cell transplantation (HSCT) may
rescue patients with PRAAS from persistent disease has remained
unclear.
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For detailed methods, please see the Methods section in this ar-
ticle’s Online Repository at www.jacionline. org.

RESULTS AND DISCUSSION

In our case, a genetic diagnosis was made in hindsight in the
case of a 9-year-old boy who presented at 2 months of age with
skin manifestations, febrile episodes, and minor organ involve-
ment as evidenced by chronic inflammation and slight hepato-
megaly. He presented with diffuse cutaneous vasculitis (as
confirmed by pathology [Fig 1, A-D]). which responded well to
corticosteroids. On the basis of our current knowledge. he
harbored 2 novel compound heterozygous mutations in PSMB4,
encoding the constitutive B7 subunit of the proteasome.‘ which
was at the time of presentation not yet known as a PRAAS gene
(Fig 1, E). The patient was born to nonconsanguineous Dutch par-
ents and had 2 siblings. One brother. born at 27 weeks of preg-
nancy, died after 2 days as a result of lung hypoplasia. All of

linheritance of mutant allele in the PSMB4 gene, respectively.
males, and forward slash indicates deceased.

the patient’s living relatives were asymptomatic. Routine labora-
tory examinations showed normocytic anemia. thrombocyto-
penia, and increased levels of lactate dehydrogenase (see Table
E1 in the Online Repository at www jacionline.org). He tested
positive for antiphospholipid autoantibodies but had no antinu-
clear autoantibodies. Immunophenotyping revealed abnormally
high CD4/CDS8 ratios owing to particularly low CD8™ T-cell
counts (Fig 2, A and B'®) and an abnormal T-cell subset distribu-
tion with low percentages of naive CD8™ T cells (see Fig E1. A in
the Online Repository at www.jacionline.org ). Apart from recur-
rent fever and vasculitis, he showed waxing and waning ferritin,
lactate dehydrogenase. and aspartate aminotransferase levels
with chronic thrombocytopenia. becoming therapy resistant
over time despite multiple therapeutic approaches (Fig 2, C).

A genetic splice variant was identified by sequencing in
SH2DIA (NM_002351.4) (¢.346 +3A>G). Although the patient
was EBV-negative, X-linked lymphoproliferative disease
(XLP1) was considered a potential cause of his vasculitis'’;
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FIG 2. Clinical responsesto treatment and long term follow-up. A, CD4/CDS8 ratio before and after HSCT. The
dotted lines indicate HSCT. Gray indicates sge-dependent normal values.'® B, Absolute numbers of CD3",
CD4", and CD8" T cells, as well &s B cells and natural killer (NK) cells aver time.”® C, Time line of the immu-
nosuppressive therapies and levels of hemoglobin, thrombocytes, ferritin, lactate dehydrogensse (LDH),
and aspartate transaminase [AST) before and after HSCTs. The dotted lines indicate HSCT. Gray indicates

d dent ref velues. IFX, Infliximab; VIG, intravenous immunoglobulin; MTX, methotrexate;

ey L
RTX, rituximab.



1124 VERHOEVEN ET AL

Seite] 46

JALLERGY CLIN IMMUN OL

MARCH 2122
fi Marernal Paternal
c.231del c A+ TA>G
pLeuT8Trpfs*a1) pA?) Contrad
) " PSMBA Patient's motner
GRGAG AT T TEATATSART AL AMA PSMB4 Patent’s father
PSMB4 Pat. preHSCT
FSMB.I
transcript 1 47 118
®
L] ] ]
[} 1] ]
§53 5% fso
2L E TZE £ttt
10 i 13
B a o a a D E a a [N
333 Bidd Fiid -
ZEo 38Rk $8%¢
L3 W A —3 1. 4 (-4 5
: ] e :
2 4
? % P u—ﬁ GAPDH 5 .
= & .-
Precursors ‘g E os E—E Alphas E 2
5 . Z | amem - — | Betasi = :
W 25—
2 - iy Betali
E § igg 25— —— P20 E H
£ T T S, =
- S2E] o me— oo £ :
3 irEy i1
123 : B
H § o ] ®

LLVY-AMC

WB: af

FAG 3. T cells solated from the parents of our patient carrying both PEMBd v arients, who are camying e ither
of the c23del and c484+17A=G genomic alterstions, are devold of protessome defects. A, Schematic
overdew of the PSMB4 trenscript of the patient illustrating the positions of the novel varants c.231del
and c484+17A=G. B, Whole-cell lysates from T lymphocytes isolsted from the control (Ctrll, the patient
[before HSCT), and his parents were sepersted by using 3% to 12% native-PAGE, with protessome bands
being detected by their capacity to hydrolyze the LLVY-AMC fluorogenic peptide [left panel]. Subseguent
‘Western blotting (WE} using &n antibody specific for the o6 protessome subunit [Aght panell sllowed the
detection of 308, 265, end 205 mature protessome complexes &8 well &5 protessome precursor com plexes,
a8 indicated. €, The whole-cell lysates were sassessed for their ability to oesve the LLVY-AMC peptide. Sta-
tistical analyais was performed with 2-way AN OVA followed by the Dunnett test. D, Total RNA isolated from
T lymphocytes isolated from the Ctrl, the patient [before HSCT), and his parents were s nalyzed for PFSMB4
expression by quantitative RT-PCR. Statiatical analysis wes performed by using the paired matio ttest. E, The
whole-cell ly sstes were separsted by SDS-PAGE end subsequently subjected to WB using antibodies spe-
cific for PEMB4ET, af, 351 511, PAZE: and glyeersldehyde-3-phosphate dehydrogensse (GAPDH) (loading
Ctrl}, &= indicated. F, Gene expression of & typical 15Gs [\RTI, \F27, F44, 156715, and RSADZ) was sssayed
by quentitstive RT-PCR on T cells derived from the patient's parents. Expression levels were normalized to
GAPDH, and relstive quantifications are presented as fold change over & calibretion Ctrl, &8 indicated. [FN,
Irterferon.

however, the encoded protein SAP showed normal expression.
HSCT was considered because of relentless severe inflhmmatory
disease, including failure to thrive and severe growth defect, as
iatrogenic damage due to chronic immunosuppression (see
Table E2 in the Online Repository at www jacionline.org).
The patient’s first HSCT in 2013 (at 20 months of age) with
reduced intensity conditioning was followed by declining donor

chimerism in the myeloid but not the lymphoid lineages and
concomitant recurrence of disease manifestations (see Table
EZ). A year later (when the patient was 3 years old), a second
HSCT with myeloablative conditioning resulted in successful
grafting and persistent full donor chimerism. After 6 months
of various post-HSCT infectious and HSCT-associated manifes-
tations, most of the patient’s symptoms had disappeared. During
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7 wyears of follow-up, his T-cell subset distribution and
clinical parameters normalized apart from a persistent thrombao-
cytopenia of around 120 % 10’ platelets/L (Fig 2, A-C and see
Fig E1, 8 and Table E1). Without any medication, mild signs of
lipodystrophy had become clinically apparent after HSCT, at
which time the patient was in poor condition and experienced
cachexia too. These features remained over time and raised sus-
picion of lipodystrophy, although engraftment after the second
HSCT was successful and catch-up growth became evident.

Because of doubt about the initial genetic diagnosis, trio-based
(involving the patient and his parents) whole-exome sequencing
was performed, demonstrating novel compound heterozy gous
and likely pathogenic variants in PSMEBS (NM_002796.2)
¢.231del p.(Leu78Trpfs*31) and c.494+ 1TA>G p.(7) (Fig 3, A).
The first variant { which was absent from =>215,000 alleles in the
gnomAD cohort) was predicted to be pathogenic according to
int silico bioinformatics tools by virtwe of its causing a frameshift
and creating a new stop codon, potentially causing a dysfunc-
tional or truncated protein. This c.231del transcript variant was
not detectable in the patient’s T cells, suggesting that it is sub-
jected to nonsense-mediated mRNA decay. Investigations of the
mother s T cells with the single ¢.23 1del alteration showed accu-
mulation of proteasome precursor complexes without loss of pro-
teasome activity (Fig 3, B and ) and revealed a reduction of
about 40% of PSMB4/B7T mRMNA levels (Fig 3, D). However,
the decreased amounts of PSMB4/RT transcripts in these cells
was not followed by a parallel drop inlevel of the PSMB4/B7 pro-
tein (Fig 3, E), sug gesting the existence of compensatory mecha-
nisms that increase PSMB4/RT half-life and preserve proteasome
function. In silico analysis of the ¢.49%4+ 17TA>G variant, which
was found 12 times in the reference gnomAD cohort, showed
reduction in the strength of splicing at the splice donor site and
in parallel creation of a new cryptic splice donor site, potentially
causing a frameshift during translation (see Fig E2 in the Online
Repository at www jacionline org). Analysis of the patient’s T
cells revealed that the c.494+ 17A=( alteration yields a splice
variant transcript devoid of exon 4 (see Fig E3 in the Online Re-
pository at www.jacionline.org), which has no significant impact
on PSMB4/BT expression. as determined by quantitative PCR and
Western blotting in the father's T cells (Fig 3, D and E).

Thus, T cells isolated from the patient’s parents carrying either
of the 2 variants showed no substantial signs of proteasome
dysfunction, as evidenced by unchanged levels of proteasome
complexes, proteasome activity, proteasome subunit expression,
and absence of positive type 1 interferon-stimulated gene (15G)
score (Fig 3, B-F). In contrast, subsequent functional testing of
stored patient T cells obtained at presentation clearly indicated
the functional relevance of the combination of these variants, as
evidenced by the strong reduction of proteasome amounts and ac-
tivity with parallel accumulation of ubiguitin conjugates (Fig 4,
A-C), as well as by a significant increased 158G score (Fig 4, D
and E). The patient’s T cells obtained 5 years after the second
HSCT clearly showed normal proteasome assembly and function
and normalized ubiguitin conjugates and 158G scores. Retrospect
analysis of the patient’s sera for IL-6 and 1L-18 levels, the latter
of which is associated with autoinflammatory diseases and
increased 1SG scores, ™" showed increased levels at presentation
and during graft failure, which decreased after the second (suc-
cessful) HSCT (see Fig E4 in the Online Repository at www.
jacionline. org). To date, only 1 other patient with compound het-
erozygous PSMB4S variants has been reported to have impaired
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proteasome assembly and proteolytic defects (also designated
PRAAS3).”

PEAAS should be considered in patients with early-onset
systemic autoinflammation with prominent skin manifestations.
Skin lesions are the first clinical sign to appear in PRAAS, and
they are often present throughout the disease course. The
cutaneous infiltrates in PRAAS show regulatory T cells, plasma-
cytoid dendritic cells, and immature granulocytes,' the latter 2 of
which are known for their production of type 1 interferon,'™™
The recurrence of autoinflammation and cutaneous vasculitis in
our patient after the first HSCT despite lymphoid engraftment in-
dicates the importance of myeloid cells in the pathophy siology of
PR AAS-associated skin lesions.

Lipodystrophy usually starts before puberty, with disabling
Jjoint manifestations in the long term in some cases that are often
absent in autosomal dominant PRAID.*! Torrelo et al postulated
different mechanisms to explain the lipodystrophy in PRAASs.”
On the one hand, lipophagia can be the result of the proinflamma-
tory state of adipose tissue macrophages “>* Alternatively, high
interferon levels may be toxic to adipocytes, as suggested by the
evident lipoatrophy in patients after intramuscular IFN-B treat-
ment.** This hypothesis is supported by the recent finding that 2
patient with a pathogenic variant in PSMG2 (PRAAS4 ) showed
halted lipodystrophy after treatment with the Janus kinase inhib-
itor ruxolitinih.® Furthermore, a study using small interfering
RMA downregulation of PSMB# showed that PSMB&-mediated
proteasome activity is required for adipocyte differentiation
in vitro and invive.” Data on PSMB4 in adipocyte differentiation
are not available. Although we cannot exclude a slow worsening
of the lipody strophy inour patient, it has remained stable over the
past several yvears. Further investigation will increase our under-
standing of the molecular mechanisms of lipodystrophy in pa-
tients with PRAAS.

Our case suggests that HSCT is a treatment option for the
proteasome dysfunction caused by pathogenic PSMB4 variants to
alleviate PRAAS-related symptoms of autoinflammation for
which chronic immunosuppressive medication is otherwise
unsuccessful.

We are very grateful io the patient, his family, and the healthy donars for
facilitating this work.

Clinical implications: HSCT alleviates autoinflammatory man-
ifestafions and restores proteasome function in PRAAS caused
by novel compomnd heterozygous variants in PSMBJ. Treat-

ment of PRAAS by HSCT should be an option to overcome
the proteasome dysfunction cansed by varianis in genes coding
for proteasome subunits,
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METHODS
Patient and treatment approach

The patient was hospitalized at Emma Children’s Hospital in Amsterdam,
The Metherlands, where he mceived treatment acconding to established
clinical guidelines. All blood samples used for immunobiclogic analyses
were obtained after informed consent (Natonal PID Study NL4033 LOTE).
PBEMUCs were isolated by density centrifugation over Ficoll-Paque media
according to the standard procedures.”’

Conditioning regimens for HSCTs

The fist HSCT was performed in Febmuary 2013 with a 1010 matched
unmelated donor afier a conditioning regimen consisting of treosulfan,
fludarabine, and antithymocyte globulin. The patient received cyclosporine
and methotrexate as grafi-versus-host disease prophylaxis. The post-HSCT
course was complicated by persistent autoinflammation, skin vasculitis, and
development of an ileus that was possibly triggered by intestinal viral
infections. Initially, the patient attained greater than 93% donor chimerism
in the PBMC and granulocyte lineages; however, a decline in dono rchimerism
became apparent afier 3 months. Lineage studies conducted after 4 and 7
months showed donor chimerism of 95% to 100% in CD4" and CDE™ T-cell
populations, 0% to 0% in natural killer (NK) cells, and less than 30% in the
CD147C033" myeloid lineage. Because of almaost complete donor chime-
rism in his T-cell and NK cell compantments, this suggested that the clinical
relapse of autoinflammation was caused by residual awtologous cells other
than the T or NK cells. Five monihs afier tansplantation the patient was
treated with an intravenous infusion of autologous CD347 peripheral blood
stem cells from the same unrelated donor, which had no effect. The second
HSCT was performed in June 2014 with the same donor after conditioning
with busulfan, fludamabine, and alemuzumab. The patient received cyclo-
sporine and methotrexate as graft-versus-host disease prophylaxis. After the
second transplantation, the patient showed 100% persisient donor chimerism.

Histology

Skin hiopsy specimens were fixed in 4% formalin, embedded in paraffin,
and then cut and stained with hematoxylin and eosin and analyzed using
conventional light microscopy.

Immunophenotyping

Absolute numbers of thrombocytes and femitin levels were routinely
measumed according to the eswhlished diagnostic guidelines. Absolute
numbers of lymphocytes were determined with Multitest &-color reagents
{BD Bicsciences, San Jose, Chalif) according to the mamdfacturers in-
structions. For additional flow cytometry, FEMCs were resuspended in PES
containing 0.5% (wtivol) BSA and 0.01% sodium azide and then incubated
with saurating concentrations of fluonescendy labeled conjugared mAb
antibodies. Patient samples were analyzed simultancously with PEMCs
from heathy donors. The following directly conjugated mAbs were wsed:
CD3-APC, CD3-APC-H7, CD4-PE-Cy7, CDM-PerCP-Cy5.5, CDE-PerCP-
Cy3 5, CDI9-PerCP-Cy5.5, CDX0-APC, and CD36-ATC (from BD Bio-
sciences): IgD-PE and gamma-1 isotype {from BD Phammingen, San Diego,
Calif); CD20-APC {from Biolegend San Diego, Calif); CDI6-FITC and
CD27-ATC {from Sanquin, Amsterdam, The Netherlands): and CD43RA-
PE (RD-1) ifrom Beckman Coulter, Brea, Calif). Analysis of cells was
performed using a FACS Calibur or Canto-Il flow cytometer (from BD
Biosciences) and Flowlo sofitwane.

Clinical parameters and cytokine measurements

The hemoglobin, thrombocytes, lactate dehydrogenase, aspariate trans-
aminase, and ferritin levels and additional pammeters provided in Tahle E1
were derived from clinical measurement. IL-18 and L6 levels weme
meazured in 30 pl. of plasma or serum by multiplex techmology as described
previously {(x MAF, Luminex, Austin, Te x).F*

Seite]| 50

JALLERGY CLIN IMMUNOL
MARCH 2022

Sequencing

Whaole-exome capture and sequencing were performed using SeqCap EZ
MaodExome {Roche MimbleGen, Pleazanion, Calif). The resulting librares
wene sequenced on a HiSeqdD sequencer (Illumina, San Diego, Calif)
acconding w© the manufacturer's mcommendations for paimed-end 150-bp
reads. Alignment of sequence reads to human reference genome (hglY) was
done by using BWAMEM (.7.10 {bio-bwa.sourceforge.net/), and variants
werecalled by using the GATES. 3 software package { www bmadinstitute org/
gatkS). Filtering of variants was done by using Alissa Interpret { Agilent Tech-
nologies, Santa Clara, Calif). Variants with fewer than 5 reads and afrequency
of more than 1'% in public (ESP, dhSNP, and 1 KG) and/or in-house databases
weme excluded De nove, homozy gous, or compound heterozygous varants
present in exons or within plus or minus 6 ot in the ntron were evaluated.

Splice site variants

Alamut software {www interactive-hiosoftwanre. com'doc/alamut-v isual/2.
G/splicing htrl) was used to analyze possible splice sites. This tool includes
SpliceSiteFinder-like, MaxEntScan, NNSPLICE, and GeneSplicer

MNative PAGE, proteasome assembly, and Western

blotting

PBMCs collected from healthy individuals, parents, and patients (with or
withowt HSCT) were subjectad to T-cell expansion by cultivating them
together with iradiated feeder cells in the presence of IL-2 (50 WWmL) and L-
PHA{ | mg/mL) for 3 to 4 weeks following the procedure of Fonteneau e al. ™
Cell pellets from resting T cells were ly sed in ice-cold homogenization TSDG
buffer { 10 mM Tris [pH 7.0], 10 mM NaCl, 25 mM KCL, 1.1 mM MgCl,, 0.1
mM EDTA, 2 mM dithiothreitol, 2 mM ATP, | mM NaN, and 20 % glyceral),
and proieins were extracted by using freezing-thawing in liquid nitrogen. Pro-
tein quantification of the soluble lysates was performed by using a standard
bicinchoninic acid assay (from Themo Fisher Scientific, Waltham, Mass),
Twenty micrograms of whole-cell lysates were nn on 3% o 12% gradient
Bis-Tris gels { Thermo Fisher Scientific) at 45 V ovemight ai 4°C by using
an electropharesis buffer consisting of 5 mM BisTris and ) mM Tricine
{pH 6.8). Following separation, chymotrypsin-like proteasome peptidase ac-
tivity was measured by incubating the gels with (L1 mM of the Sue-LLVY-
AMC fleorogenic peptide (Bachem) at 37°C for 20 minutes in an overlay
buffer (30 mM Tris, 5 mM MgCl, [pH 7,0]). Proteasome hands were subse-
quently visualized by exposing the gel to UV light at 360 nm and detected
at 460 nm by wsing a Fusion FX Imager (Vilber, Collegien, France). Gels
were further blotted onto poly vinylidene diflvoride membranes, which wene
then probed with an anti-w6 primary antibody (clone MCP2(0), Enzo Life Sci-
ences, Faming dale, NY') to monitor the amounts of proteasome complexes,
Antibody  hinding was detected by using  anti-mouse  horseradish
peroxidase—labeled secondary antibody and chemiluminescence (Bio-Rad,
Hermcules, Calif).

SDS-PAGE and Western blotting

Cell pellets from resting T cells isolated from the patient {with or without
HSCT), his parents, and controls werne lysed in equal amounts of standard
radicimmunoprecipitation assay buffer (30 mM Tris [pH7 5], 150 mM Na(l,
2mMEDTA, | mM N-athy Imaleimide, 10 pM MG-132, 1% NP40, and 0.1%
SD35) and separated by 10 % SDS-PAGE before transfer to polyviny lidene di-
fluoride membranes {200V for | hour). Afterblocking (a2(-minute exposune
o 1% Roti-Block at room temperature), membranes were probed with antiu-
biguitin {clone FE2, Enzo Life Sciences), PSMBA/RT (Abcam, abl3T08T), b
{clone MCP20, Enzo Life Sciences), B3 {clone A-12, Santa Cruz Biotech-
nology, Dallas, Tex), Bli (K221, laboratory siock ), PAZEx (K232/1, labora-
tory stock) glycemldehyde-3-phosphate dehydmgenase (GAPDH) (clone
14C10, Cell Signaling Technology, Danvers, Mass), and o-tubulin {clone
DMIA, Abcam) primary antibodies ovemight at 4°C, after which they werne
wazhed 3 tmes with PES/AL2% Tween and subsequently incubated with
anti-mouse—conjugated secondary antibodies { 1/5.000) for 1 hour at room
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temperature. Proteins were then visualized by using an enhanced chemilumi-
nescence detection kit (Bio-Rad).

In-plate peptidase activity assay

The chymoirypsin-like activity of the T cells of the contml, the patients’
parenis, and the patient {with or without HSCT ) was assessed on black %6-well
microtiter plates (Greiner, Kremsmiinster, Austria) by incubating 10 pg of
TSDG-generated whole-cell lysates with 0.1 mM Swc-Leu-Leu-Val-Tyr-
AMC proteasome substrate in quadneplicat in a final volume of 100 pl.
Free AMC release following peptide digestion was measured over a 3-hour
period by using a flvorescence plate reader at 360260 nm (Nano{Juant Plate,
Tecan, Minnedorf, Switzerand).

RNA extraction and quantitative RT-PCR

Total RN Awas isolated from resting T cells by using the kit from Analytic
Jena AG (Jena, Germmany) following the manufacturer's nstrections. For
subsaquentreal-time PCR, 10 to 500 ng of the isolated total RN A was reverse-
transcribed by using the M-MLV reverse transcriptase {Promega, Madison,
Wis). Quantitative PCR was performed by using the Premix Ex Tag (probe
quantittive PFCR purchased from TakaRa Shiga, Japan) and in duplicate to
determine the mBNA levels of 6 ISGs by using FAM-tagged TagMan Gene
Expression Assays obtained from Thermo Fisher Scientific acconding to the
manu facturer's instructions. The: TagMan probes used in this study for 1SG
quantification included IFI27, IFI4L, IFIT] ISG15, RSADZ, and IFR4. The
cycle threshold{ Ct) values for the target genes wene convernted tovaluesof ela
tive expression by using e nelative quantification method ( "), Target
gene expression was caloulated relative to Ct walues for the GAPDH control
housekeeping gene. A type | interferon score representing the median fold
change of the 6 156G relative to a single calibrator control was calculated for
each sample following the procedure of Rice etal B
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PSMB4 sequence analysis

Full-length PSMEBE4 RT-PCR was performed on total RNA extracted from
the index case patient’s T cells, and the PCR producis were subsequently
cloned into the pCR 21-TOPO vector (Invitrogen, Waltham, Mass)
according to the manufacturer's instrections. The resulting constructs
weme sent for sequencing (Microsynth AG, Balgach, Switzerland) using
the M3 reverse primer.

Statistical analysis

The data were typically means ples or minus SEMs, and they werme
analyzed by pair ratio r test between 2 groups. All chants and statistical
analyses were generated using GraphPad Prism 8. A P wvalue less than
5 was considercd significant. All data are available from the authors
on mequest,
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FGE1. The patient with PSMB4-PRAAS showed & reduced number of nalwe CDE® T cells before HSCT. A
and B, Fluorescence-sctivated cell sorting plots show COZTCD4SRA memaory distribution of the CO3" CD4°
end COE'CDE" T cells of our patient at 2 months and 8 years of age. Numbers indicate percentage of naive
[N}, memaory (Mem), effector memory [EM), highly differentisted effector memary (HDEM} [CD4"), and
double-negative (DN} (CO8" ) subpopulstions. An age-matched historicel control and &n (adult) day contral
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piens protessome 205 subunit bets 4 (PSMB4) mRNA (NM_002796.3) and & PSMEB4 cDNA species isolated
from the PSMB4 index case carrying both c.231del and c.484+ 17A=6 genomiceiterations. B, llustration of
the generation of 2 PEMB4 aplice variant trenserpt devold of 88 nudectides mostly corresponding toexon 4
of the PSMB4 gene (red). €, Alignment of PSMBA/ET and PSMB 4B T{A165-197) prateins, with the [atter rep-
resenting the identified aplice variant comprising an in-frame deletion of 33 amino scids, 8s indicated.



J ALLERGY CLIN IMMUNOL
VOLUME 143, NUMEER 3

1500- - 100
] - 80
T 10004 ° e
‘g Ll 6o
=3 -
= o = 40
T, 500 o
i I
--'-------.------
0 T T T 0
LA S L
Lo L F
b b b
« & &
? <

FIG E4. Decresse in IL-18 and IL-6 levels after HSCT. Cytokine Luminex
sgagyon patients’ plasma or serum samples obteined before the firmt HSCT,
before the second HSCT, end twice after the second HSCT. Dotted lings

depict lsboratory reference values of healthy individuals.

(iwiBd) i

Seite]| 55

VERHOEVEN ET AL 1127.e6



1127.e7 VERHOEVEN ET AL

Seite]| 56

JALLERGY CLIN IMMUN OL

MARCH 2022
TABLE E1. Routine biologic findings in the patient
10/19/2011 3302012 - HSCT HSCT
Indicator af3/zom 117257201 Bi4r20mz Mo. 1 611272013 MNo. 2 BM2f2017 TIZTI2020
Age 2 mo 34 mao 9-11 mao 2y 6y 9y
Complete blood cell count
White hlood cells { 107/ 52 6.9 (5.0-150) 59(5.0-150) 4.5 (401500 40 [@A.0-14.0)
L), median {range) 6.0-21.0)
Eminnphilsi’ll]g."L]. NA 0,31 {0-0.8) 002 (0-0.8) 002 (008D 010 {D-0.8) 008 (040.5)
median {mange)
Basophils { 10°/L), me- NA 002 (0-0.2) 002 (0-02) 001 {0H0.2) 0.02 {0-02) 001 {0-40.2)
dian {range)
Ncwnphilsi’ll.'lg."L]. NA 367 (LO-5.0 235(L05M 9I35F (1.0-5.00 208 (1.590) 208 {1580
median {range)
Lymphocytes { 107/, NA 525 (4.0-10.0) L77 {1.595) 0.85* (1.5-9.5) 206 (1060 158 (10500
median {ange)
Monocytes { 10°/L), NA 10D {0.4-1.2) 0,33 (0.2-1.) 056 (0.2-1.0 0.27 {0 1-100 026 {0.1-1.0
median {range)
Hemaog lohin level 6" G4 (6.0-9.0) E6% (6.0-9.0) 44" (60500 7.6 (6.0-9.0) 7.3 (6.0-9.0)
{mmal/L), median {6.0-9.10)
{range)
Mean corpuscular vol- NA NA TO{T0-84) NA NA 84 (75-93)
ume {fL), median
(range)
Reticulocytes (10°/L), NA NA 45.80 {25-100) NA NA NA
median {range)
Thrombocytes counts 141 124% { 150-600) 131 { 150-600) S8* (150-600) 110 (150-600)  98* (150-430)
(10%L), median {1 50-600)
{range)
Biochemiztry
Triglycerides {gfL). NA NA NA NA MNA NA
median {mange)
C-Reactive protein NA 0.9 {<5.0) 15,3 {<5.0) 877 (=5.00 0.3 (<5.0) 0.3 (<5.0)
level (mg/L), median
{range)
Alkaline phosphatase NA 359 (50-4000) NA 180 (S0-400) 38TF (60-325) NA
lewvel {UVL), median
{range)
Gamma-GT level (L NA 29 (0-56) NA 229 {0-346) 21 {0-56) NA
L}, median {range)
AST (U/L), median NA 63 (0-95) &7 (0-95) 26 (0-60) 43 (D-40) 7
{range)
ALT{LVL), median NA 44 {0-65) 23 (D-65) 23 (D-45) 29 (0-45) NA
{range)
LDH (U/L), median NA SEIT (0-466) TIGT (0-466) 158 (0-466) MNA NA
{range)
CPK {LVL), median NA 145 {0-250) 343 (0-250) 101 {0-250) NA NA
{range)
Ferritin { pg/L), median NA NA B30-1047F (25300 96 {25-300) MNA 38 (0=
(range)
Tmmunology
IgA (gL} NA 0.13 (0.1240.7) 0.23 {0.1240.7) 04" (0. 1240.8) 035 {0L12-1.6) 047 (0L14-2.1)
IgG (g/L) NA 381D 44 (2-12) 0.6% (2-11) T.2{4.1-106) 69 {4.1-12.3)
IgM (g/L) NA L14* 0. 14-0.9) .44 (0144099 0.7 * {0.080.T) 069 {0.2-15) 041 (0L11-13)
Autoimmunity markers ANA/ENA - ANA neg, aCL-IgG ANA neg, ANA neg ANA neg ANA neg
neg pes, aB2 GPH gl pos Coombs pos Coombs neg

Abnormal values are in boldface,
aCl, Anticardioliping ALT, alanine iransaminase; ANA, antinuclear antibody; AST, apariale transaminzie; CPK, creatine phosphokinase; ENA, exraciable nuclear antigen; F1,
ghycoproein 1 Gamma-GT, Camms-glosm ylransderse; LOH, botate dehydmpenae ; NA, notl avaibblefpplicahle.

*Value kower than age-specilic nonmal value,
Value higher than age-secilic normal value .
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TABLE E2. Therapeutic strategies bafare HSCT
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Time line Therapy Dosage Clinlefsymptoms
Angust 2011 Cutaneous corticosterids
Ociober 201 1-February 2012 Frredini ol one I mg'kg Vaszculitiz
Flecanozal
March 2012 MP pulse iv. 15 mg/kg Hare vasculitis, fever, swollen and painful hands
April-July 20012 IFX 5 mgke wk Flame vasculitis
VG 2 gkgid wk
Prednisone 2 times-a-day 5 mg
RTX {May 2012) 2 x 375 mg.-'m!
Angust 2012 MP pulse iv. 25 mg'kg
September-November 2012 IFX 10 mgk g2 wk Flame vazculitis
VIG 2 gkgd wk
Prre dinisome 2 times-a-day 5 mg
December 2012-Tanuary 2013 IFX 10 mgk g2 wk Pemistence of recument flane
MTX 2.5 mg'l wk
RTX {December 2012) 1 ¥ 375 mg.i‘mt
Fehmuary 2013 First HSCT {conditioning Trea, Flu, ATG)
April-Tune 2013 Prednizomne 1-2 mg'kg Enteral inflammation suspected of GVHD
MSC {2x) 10 mgkgi2 wk (biopsy, nonproved)
IFX Astrovins infection
July 2013 CD34 ™ PBSC boost
AugustDecember 2013 Prednisone mpering
January 2014 VG 2 kgl wk Fever
Prre dini some 2 times-a-day 5 mg Pemsistent sapovins
Desloratadine 2 times-a-day 25 mg
February-May 2014 IVIG 2 gkgd wk
Prednisaone =2 times-a-day 5 mg
Siralimus I time-a-day 15 mg

Jumne 2014

Second HSCT {myeloid ablative conditioning:

Flu, BU, Campath)

ATG, Antithymaocyte globuling 817, busul fan; Campath, alemtuzumaeh; Fh, ludaabine; GVHD, gralli-vesus-hosl disesse; IFX, infliximah; i, inlravenous; MFP,
mehylpedniolone; MYC, mesenchymal dmoma cell; MTX, meholreate; FESC, peripheral blood stem cell; RTX, rituximab {anli-CO20; Treo, meosulfan
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Abstrack Proteostasis, a portmanteau of the words protein and homeostasis, refers to the ability of
eukaryotic cells to maintain a stable proteome by acting on protein synthesis, quality control and/ or
degradation. Over the last two decades, an increasing number of disorders caused by protecstasis
perturbations have been identified. Depending on their molecular etiology, such diseases may be
classified into ribosomopathies, proteinopathies and proteasomopathies. Strikingly, most—if not
all—of these syndromes exhibit an autoinflammatory component, implying a dinect cause-and-effect
relationship between proteostasis disruption and the initiation of innate immune responses. In this
review, we provide a comprehensive overview of the molecular pathogenesis of these disorders and
summarize current knowledge of the various mechanisms by which impaired proteostasis promotes
autoinflammation. We particularly focus our discussion on the notion of how cells sense and integrate
protecstasis perturbations as danger signals in the context of autoinflammatory diseases to provide
insights into the complex and multiple facets of sterile inflammation.

Keywords: proteostasis; autoinflammation; ribosomopathies; pro&einopathies; proteasomopathies

L. Intreduction

Inflammation describes a highly conserved generally beneficial reaction—if controlled—of
the body in response to a variety of danger signals [1-3]. It is triggered by the innate immune
system ‘and characterized by the rapid mobilization of specialized cells ‘and humeral factors
which combat the insult with a relatively low specificity [4-6] Neoxious signals capable of
initiating innate responses are raditionally divided into exogenous and endogencus insults in
order to facilitate self and non-self-discrimination [7,8] External stimuli are typically derived
from infections agents and include a wide range of microbial products referned to as pathogen-
associated molecular pattemns (PAMPs) which are recognized by pathogen-recognition reaeptors
(PRR) such as Toll-like receptors (TLR), RIG-Flike receptors (RLR), NOD-like receptors (NLR),
among others [%,10]. The binding of PAMFP to FER triggers multiple intracellular signaling
cascades ultimately resulting in the activation of the NF-xB and IRF3 transcription factors
which in turn promote the e ion of pro-inflammatory cytokines (Le., TNFe, IL-1, [L-6)
and type land/ or [l interferons (IEN) [11,12]. Type [IFN is a la.rge cytokine family consisting
of 18 members with 14 [FN-« species and one single specimen each of IFN- -B. ]F'\I—r IFN-w and
[FN-¢ which are produced by both immune and non-immune cells [13]. Follow ing autocrine
and /or paracrine binding to their receptor [FINARL/2, type 1 IFN engage JAK/STAT signaling
that results in the rapid transeription of a myriad of so-called IFN-stimulated genes (I5G) [14].
Prominent ISG include PKR and OAST whose products confer the cell an antiviral state by
armesting protein translation and promoting RNA degradation, respectively [14]. Internal stimuli
alzo known as damage-associated molecular patterns (DAMPs) are widely re as self-
maolecules that accidently reach undedicated compartments following tissue injury [15,16].
Prime examples of DAMPs include extracellular and / or eytosolic DNA as well as extracellular
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ATP or histones, only to name a few [17-20]. Like PAMPs, DAMPs use various PRR to elicit
innate immune responses which are characterized by the prompt production of NF-xB- and
[RF3-responsive genes [21,22]. As innate immunity triggered by DAMPs is pathogen-free, it
is frequently categorized as sterile inflaimmation [23,24]. Importantly, sterile inflarnmation is
not necessarily restricted to the unphysiological release of molecules from necrotic cells and/ or
damaged intracellular organelles. Disturbances in protein fhux have also long been known
to be immunostinmulant and prominent hallmarks of a flarry of autoimnune diseases. It is
indeed more than 60 years ago that extracellular protein aggregates initially called “rheumatoid
factors” have been described in the plasma and synovial tissues of patients with theumatoid
arthritis (RA) [25]. It became rapidly evident that such aggregates were in fact large insoluble
autoimmune complexes (IC) made up of self-reactive immunoglobulin (Ig) G [26]. It is their
inefficient clearance by circulating proteases and /or phagocytes that results in their deposition
in tissues and contributes to autoinflammation, notably through the stimulation of monocytes,
macrophages and dendritic cells (DC) [27,28]. Herein, RA provided the first example of sterile
inflammation triggered by loss of protein homeostasis. Meanwhile, over 40 autoinflammatory
diseases have been meported to be associated with probein homeostasis (or mone commoenly
teferred to as “protecstasis”) perturbations.

2. Proteostasis Sensors and Their Roles in Triggering Sterile Inflammation

Imbalances of protein flux are not limited to the extracellular space but can also occur
within the cell as a consequence of a disequilibrium between protein synthesis at ribosomes
(e, translation) and degradation by the ubiguitin—proteasome system (UPS) and / or au-
tophagy [29]. Regardless of localization, it is becoming increasingly clear that proteostasis
perturbations behave as danger signals and have the potential to initiate sterile inflam-
mation. Although our current knowledge on the mechanisms perceiving and integrating
these signals are not fully understood, a growing body of evidence suggests a critical role
of the endoplasmic reticulum (ER) in the surveillance of intracellular proteostasis. The
mechanisms monitoring protecstasis outside the cell are less clear, albeit a couple of studies
point to a potential involvement of PRR in this process, as discussed below.

2.1. The Unfolded Protein Response (LIPR)

As shown in Figure 1, the ER-membrane resident proteins IRE1, ATF6 and PERK
belong to the mechanisms by which the cell is capable of sensing intracellular proteostasis
disruption. One estimates that approximately 30-40% of the newly synthetized proteins
traffic through the endoplasmic reticulum (ER) [30]. It is further understood that up
to 25% of these proteins fail to achieve final conformation and that such products are
recognized by the protein quality control machinery in the ER and transported back to
cytosol by the ER-associated degradation (ERAD) pathway for subsequent degradation
by 265 proteasomes [31]. Given that retro-translocation is driven by degradation [32-34],
proteasome dysfunction ultimately results in the accumulation of misfolded proteins within
the ER lumen and subsequent activation of the IRE1, ATF6 and PERK receptors. This in turn
engages the so-called unfolded protein response (UPR), a compensatory reaction which
mostly aims to restore protecstasis by
L Arresting global protein biosynthesis;

II. Upregulating specific genes coding for chaperones and ERAD components [35-37].

While transient stimulations of the UPR are physiclogical reactions devoid of inflam-
mation, excessive UPR activation is considered pathological and associated with persistent
innate responses [35,38]. The mechanisms by which the UFPR triggers sterile inflammation
are diverse, complex, poorly understood and have been already discussed elsewhere [35,39].
Of particular interest is the PERK arm of the UPR which mediates the phosphorylation of
elF2x, an event that shuts down canonical translation of 5" capped mRNA molecules and
affects the steady-state level of short-lived proteins [40]. These proteins include notably
IkBa whose increased turnover upon activation of the UPR facilitates the nuclear translo-
cation of NF-xB and the subsequent production of inflammatory mediators [41,42]. As
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discussed later, the UPR has been proposed as a major contributor to autoinflammation in
various proteinopathies [35].
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Figure L Most inflammatory pathways engaged following proteostasis disruption originate from
the ER. Proteostasis perturbations are typically caused by proteasome dysfunction and/ or excessive
protein misfolding, as indicated. (1) Sustained misfolding of secretory proteins results in their
accumulation within the ER lumen and generates ER stress, which is sensed by the IRE1, ATF6 and
PERK meptors upon dissociation of the chaperone protein Bip. This, in turn, initiates the UPR that
comprises the formation of sXBF1, ATF6f as well as a translational arrest, the activation of ATF4
and the formation of SGs following phosphorylation of elF2x by PERK. Persistent activation of all
UPR branches have been reported to trigger sterile inflammation by various mechanisms (for more
details, see main text). (2) Misfolding of 1L-24 typically results in its subsequent retro-translocation
back to the cytosol by the ERAD machinery. In case of proteasome dysfunction, IL-24 misfolded
species accumulate in the cytosol and activate PKR to trigger a type [ [FIN response and inflammation
via elF2a phosphorylation. (3) Proteome imbalance is also sensed by the short-lived ER-membrane
resident protein TCF11/Nrfl whose turmover rate decreases with increased profeasome dysfunction.
This results in its proteclytic cleavage by DIDI2, thereby giving rise to a transcription factor inducing
the ex pression of proteasome genes to restore protein homeostasis and mitophagy genes that may
exacerbate inflammation through persistent glycolysis, as indicated. (4) Proteasome defects also
reduce the intracellular pool of free amino acids and result in mTORC1 downmegulation. This, in
turn, promotes sterile inflammation by increasing mitophagy and blocking lipid synthesis (for more
details, see the main text). Amino acid depletion in the cell also activates GCN2 of the integrated
stress response (ISR) which facilitates inflammation following elF2o phosphorylation.

2.2. The Integrated Stress Response (ISR)
As proteasome-mediated protein degradation produces peptides which are further
degraded into amino acids by peptidases [43], it is legitimate to assume that the intracellular
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pool of amino acids is regulated—at least partially—by the UPS. This hypothesis, which
has been proven to be true in yeast [43], implies that protecstasis perturbations caused by
impaired prolein breakdown are followed by a parallel depletion of intracelular amino acids.

A major sensor of amine acid deficiency in the cell is the general control nonderepress-
ible 2 (GCNZ) kinase which undergoes activation by uncharged tRNA that accumulate upon
amine acid starvation [44]. As shown in Figure 1, like PERK, GCN2 promotes the phospho-
rylation of elF2« in a pathway referred to as the integrated stress response (ISR) [45] which,
bv definition, intersects with the UPR. As both the ISR and PERK branch of the UPR con-
verge loelF2s, these pathways share similar consequences regarding their proinflammatory
properties in case of sustained stimulus. Another kinase of the ISR capable of phosphory-
lating e[F2x is protein kinase R (PKR) [46], which is primarily activated by double-stranded
(ds) ENA in infected cells during viral replication [47,458]. Besides phosphorylating elF2,
PKR also triggers a signaling cascade resulting in the nuclear translocation of the transerip-
tion factor IRF3 and subsequent transcription of type [ IFN genes [49-52]. Interestingly, the
PKR activation spectrum is not restricted to RNA viruses and can be expanded to a flurry
of non-microbial stimuli including protecstasis distuptors such as hunicamycin, oxidative
stress and heat shock [52-58]. A recent study by Davidson et al. described cytosolic IL-24 as
a potent PKR activator following proteasome dysfunction [59]. In this process, misfolding
of newly synthetized I1-24 within the ER lumen results in its retro-translocation back to the
cytosol by ERAD where it accumulates and activates PKR to engage a type 1 IFN response.
Suppm‘hng the notion that abnormal cytosolic accumulation of [1-24 is a danger =ignal
alerting the immune system via PKR, cells devoid of IL-24 and,/ or PKR fail to exhibit a bype
I IFN signature in response to proteasome inhibition [59]. The work of Davidson et al. there-
fore unambiguously identifies the IL-24 /PKR axis as a new surveillance pathway capable
of initiating sterile inflammation in response to perturbed protecstasis. This notion is fully
in line with the observation that PKR is found constitutively phosphorylated/ activated
in the CNS of patients suffering from neurodegenerative pmiemﬁpathles [60~63] and that
PKR inhibition is able to delay neurcinflammation in rats [64].

2.3. The mTORCI Signaling Complex

Apart from GCNZ, major amino acid sensors include the oytosolic SESN2 and CASTOR
proteins which sense leucine and arginine levels, respectively [65]. Binding of these amino
acids to their respective receptors activate GATORZ, which in turn inhibits the mTORC1
complex inhibitor GATOR1 [66]. Subsequently, mTORCT itself undergoes activation and
engages several downstream signaling pathway s inhibiting autophagy, while promoting
protein translation, lipid biosynthesis and mitochondria biogenesis [67]. Based on the as-
sumption that the UPS regulates amino acid homeostasis, one would expect that impaired
protecstasis result in downmegulation of mTORC] signaling (Figure 1). Indeed, our recent
investigation on cells isolated from patients with PSMIM 2 haploinsufficiency confirmed that
proteazome loss-of-function was associated with reduced activation of mTORCI [68]. From
the mTORC1 downstream pathways, lipid biosynthesis seems of particular interest regarding
sterile inflammation. It was indeed recently suggested that a reduced cholesterol fhux in the
cell engages spontanecus type [ IFN responses in a poorly understood process involving the
cGAS/STING pathway [69]. Likewise, increased autophagy by reduced mTORC1 activation
might be relevant with respect to sterile inflammation following protectoxic stress. Elevated
autophagy does not only imply increased lysosomal protein breakdown but also presupposes
increased elimination of intracellular organelles inchuding mitochondria, a process referred
to as “mitophagy”. Supporting the notion that mTORCT is a protecstasis sensor, increased
mitophagy has been observed in patients with proteasomopathies [65]. Interestingly, sustained
mitophagy implies a switch of the energetic metabolism from oxidative phosphorylation to
glycolysis, the latter being associated with the accumulation of PEF, succinate, citrate and
itaconate all exhibiting pro-inflammatory properties (i.e, M1 phenoty pe) by various and
sometimes poorly understood mechanisms [70] Whether mitophagy indeed participates in
the initiation of sterile inflammation in response to impaired protecstasis is not known, but the
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observation that glycolysis is increased in microglia and astrocy tes of patients in AD [7(-72]
supports this notion.
2.4, Stress-Induced Granulation

A cellular feature frequently shared by many neurodegenerative proteinopathies is the
formation of so-called stress granules (SGs) in the CNS [73-84]. 5Gs ame cytoplasmic liquid-like
seemingly compartmentalized structures devoid of membranes mostly containing translation
factors, RNA as well as RN A-binding proteins [85-85]. Importantly, SGs are not an exclusive
feature of neurodegenerative diseases, and their formation may be induced in all cell types
in response to various stress reactions driven by e[F2x phosphorylation, namely following
activation of the UPR and /or ISR (Figure 1) [89]. Accordingly, 5Gs are induced in situations in
which the protecstasis network is challenged such as viral infection and proteasome inhibition
and [90-92]. Interestingly, while the role of SGs in the propagation of type [ IFN responses
during viral infection seems to be established [93-95], their contribution to inflammation
following sterile protecstasis disruption is not known. Viral 5Gs are thought to amplify innate
immumne signaling by building a platform that facilitates the recruitment of the DNA/RNA
sensors cGAS, PKR and RIG-1 [96-98]. It is unclear whether viral SGs are biochemically
distinct from those observed in proteinopathies. In this regard, further investigations are
warranted to answer the question whether 5Gs due to impaired protecstasis of nor-viral
origin predispose the aells to generate type [ IFN responses,

2.5 The TCFI1 NrfI-NGLYI-DDI? Axis

Another proteostasis sensor is the ER membrane-resident protein TCF11/Nrfl, also
referred to as nuclear factor erythroid derived 2-related factor 1 (NFE2L1) and encoded
by the NFEZLT gene [99,100]. TCF11/Nrfl is a highly glycosylated short-lived protein
which under noermal conditions is rapidly targeted to proteasome-mediated degradation by
ERAD [99,100] following its de-gly cosylation by the enzyme N-glycanase 1 (NGLY1) [101].
Consequently, in case of proteasome dysfunction, TCF11/Nrfl becomes stabilized and
prone to enzymatic processing by the asparty| protease protein DDI1 homolog 2 (DDI2) at
the ER membrane [102]. As shown in Figure 1, following proteclytic cleavage, processed
TCF11/Nrfl translocates into the nucleus and binds to ARE promoters to induce the
transcription of 205 and 195 proteasome subunit genes and a subset of ubiquitin factors,
The TCF11/ Nrfl-DDI2 pathway is widely viewed as a compensatory mechanism ensuring
the replacement of defective 265 mmpl&xes by newly synthetized ones. Like all proteostasis
sensors, TCF11/ Nrfl seems to have the pctenha] to engage proinflammatory programs.
This assumption is based on the observation that TCF11/Nrfl also up-regulates mitophagy
genes [103]. While the safe elimination of damaged mitochondria by autophagy prevents
the accidental leakage of immunostimulatory mitochondrial (mt) DMA into the cytosol, the
removal of the healthy cnes due to excessive mitophagy might reprogram the cells towards
glycoly tic processes and their inherent proinflammatory consequences. On the other hand,
TCFl'l,f Nrfl has been shown to mitigate lipid-mediated inflammation acting as a sensor
for cholesterol [104]. Altogether, these studies highlight that cur current understanding of
TCF11/Nrfl in inflammation remains incomplete and warrants further investigation.

2.6. Pathogen Recognition Receptors (PRR)

Unexpectedly, works aimed to unravel the pathogenesis of neurodegenerative pro-
teinopathies have revealed that PRR are able to sense intra- and extracellular proteostasis
perturbations. Indeed, normally specialized in the recognition of PAMP and /or DAMPs,
PRR are also capable of perceiving abnormal protein aggregates. For instance, extracellular
a-syn oligomers and fibrils produced during the course of Parkinson disease (PD) bind to
TLR4 and TLRZ expressed on microglia [105-110]. In a very similar fashion, Af aggregates
from Alzheimer disease (AD) are captured by TLR2, 4, 6 and 9 [111-115]. In ALS, the
inflammasome is activated by cytosolic TDP-43 aggregates [116-118]. These observations
suggest a role for PRE bevcmd sensing PAMP and/ or DAMFP in surveilling both intra- and
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extracellular protecstasic disturbances. It remains however unclear whether this perception
is limited to certain types of proteins and /or aggregates.

3. Causes of Proteostasis Perturbations and Associated Autoinflammatory Syndromes

Depending on the source of perturbation, protecstasis imbalances carry two possible
consequences, namely
L Protein aggregation or;
1L Protein depletion.

As illustrated in Figure 2, protein aggre gation is frequently found in disorders such as
proteinopathies or proteasomopathies following excessive protein misfolding or protea-
some dysfunction, respectively. By contrast, intracellular protein depletion mostly occurs
as a consequence of impaired translation in so-called ribosomopathies. The investigation of
the molecular pathogenesis of such disorders have greatly improved our knowledge on
how the innate immune respond reacts to disrupted protecstasis, as discussed below.
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Figure L Proteostasis perturbations may arise at any stage of the protein life cycle and typically
result in the initiation of sterile inflammation. Depicted are three pathological situations causing
impaired protecstasis in which translation (1), protein folding (2) and proeasome-mediated protein

degradation of defective ribosomal products (DRiPs) following their poly ubiquitination by E1, E2
and E3 enzymes of the ubiquitin-conjugation pathway (3) are affected.

3.1. Proteostasis Perturbations Caused by Translation Deficiency

Defects in protein synthesis are typically due to loss-of-function mutations in genes
encoding components of the translation machinery. Prominent vulnerable genes in this
category include those coding for proteins of the 405 and 605 ribosomal subunits (RPS and
RPL, respectively). Genomic alterations of the RFS and /or RPL genes generally result in
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ribosome assembly distuption which itself causes a wide range of disorders traditionally
referred to as “ribosomopathies™ [119].

At the molecular level, this group of syndromes is essentially characterized by re-
duced protein synthesis due to pemstentlv depressed translation [120]. Accordlnglv,
ribosomopathies primarily affect cells with high protein demand, particularly those of
the hematopoietic lineage. Major ribosomopathies include the various forms of Diamond-
Blackfan anemia (DBA), which are inherited monogenic autosomal dominant genetic
dicorders characterized by ineffective erythropoiesis and caused by mutations in either RPS
or RPL genes [121]. Here, insufficient protein synthesis leads to protein depletion and cell
death. Specifically, it is understood that the ribosomal subunits that fail to become i incorpo-
rated into ribosomes initiate a so-called nucleolar stress response that results in cell cycle
arrest and apoptosis [122,123]. Paradoxically, ribosomopathies also increase cancer risk
overtime [124]. This seemingly inconsistency can be however easily explained by the fact
that cell proliferation defects exert a strong pressure that results in the progressive selection
of transformed cells that have acquired compensatory mutations in proto-oncogenes [124].

Most importantly, it was recently suggested that proteostasis disruption in DBA was
associated with the generation of inflammatory gene signatures [125-127]. Autoinflamma-
tion could be confirmed in a DBA zebrafish model in which affected animals constitutively
express type [ [FN-stimulated genes (I5G) [128]. Further evidence for a functional cause-
and-effect relationship between translation deficiency and sterile inflammation comes from
the observation that mutations in RPL10 drive type TIFN responses in T cell leukemia [129].
The mechanisms by which ribosomopathies favor auteinflammation remain unclear, but it
is conceivable that senescence due to prolonged cell cycle arnest might play a role in this
process. Indeed, as shown in Figure 3, it was recently shown that senescence is intrinsically
associated with genome instability and the subsequent leakage of DNA fragments into the
cytosol which trigger type 1 IFN response by the ¢GAS/STING pathway [130,131]. Con-
sistent with a potential role of ¢GAS in driving inflammatory nesponses upon ribosomal
dysfunction, Wan et al. have shown that ribesome collision during translation results in the
cytosolic accumulation of cGAS [132], thereby predisposing the cells to respond stronger to
cy tosolic, even background, DNA (Figure 3).

3.2, Proteostasis Perturbations Caused by Protein Misfolding

It is well established that protein biosynthesis (or mRNA translation) in eukaryotic
cells is not an accurate process. Farly works from Yewdell's lab estimate that approximately
30% of newly synthetized pmtems fail to reach their 3D structure because of damage,
premature termination and/ or incorporation of wrong amino acids [133,134]. As these
improperly folded proteins (or DRiPs) are non-functional and, in most cases, prone to
aggregation, they are rapidly sampled and sorted out by various protein quality control
(PQC) systems. One major co-translational POC mechanism relies on the action of the
maolecular chaperones Hsp7(0 and Hsp90 that are capable of sensing hydrophebicity exposed
by all misfolded nascent proteins [135]. Both Hep70 and Hsp90 recruit E3 ubiquitin ligases
such as the carboxy-terminus of the Hsc70 interacting protein (CHIP), leucine-rich repeat
and sterile alpha motif-containing 1 (LRSAM]I) and/ or Ef-associated protein (E6-AP) which
themselves mediate the ubiquitination of the presented protein substrates and target them
for subsequent degradation by the 265 proteasome [136,137].

Besides aging, major causes for excessive misfolding include alterations in genes
coding for
(i) UFPScomponents or;
(ii) Highly translated host {or viral) proteins.
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Figure 3. Molecular pathogenesis of ribosomopathies and their potential inflammatory consequences.
The failure of mutant ribosomal proteins of the small 405 (RPS) and /or large 605 (RPL) ribosomal
subunits to assemble into ribosomes induces the nucleolar stress response leading to pA3 stabilization
via persistent inactivation of the MDM2 E3 ubiquitin ligase. This, in turn, results in genome instability
and subsequent leakage of double-stranded {ds)DNA into the cytosol. Cytoplasmic dsDNA is
then sensed by the cyclic GMP-AMP synthase (cGAS) which promotes a type [ [FN response via
the STING /IRF3 signaling pathway, as indicated. The recruitment of cGAS in the oytosol is itself
facilitated by defective and collided ribosomes.

These events may result in the accumulation of inscluble protein aggregates, a typi-
cal feature of a heterogenous group of disorders known as proteinopathies [138,139]. As
mentioned above, protecstasis disruption in proteinopathies is not necessarily due to UPS
dysfunciion Indeed, virtually every protein variant with a particularly high synthesis rate
may increase protein supply and /or misfolding, thereby surpassing UPS capacity. Prime ex-
amples of protein mutants predisposed to misfolding and aggregating include the HLA-B27
allele as well as various variants of the cystic fibrosis ransmembrane conductance regulator
(CFTR), transthyretin (TTR), a-1 antitrypsin (AAT), amyloid protein precursor (APF), a-
synuclein (SNCA), huntingtin (HTT) and transactive response RNA/DNA-binding protein
(TDP-43), just to name a few. With the exception of HLA-BZ7, CFTR and A AT, all these
proteinopathies primarily affect CNS and promote typical neurodegenerative phenotypes.
The reasons for this Hssue selectivity remain obscure and intriguing in view of the wide
distribution of these proteins throughout the body. An undebatable issue in this field,
however, is that neurodegeneration has a sterile inflammatory component—commonly
referned to as neurcinflammation—predominantly triggened by glia cells (Le., microglia,
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astrocy tes and / or oligodendrocytes). Likewise, non-neurodegenerative proteinopathies
are strongly associated with autoinflammation. These observations unambiguously point
to a cause-and-effect relationship bebween protein aggregation and innate immunity, as
discussed below.

3.2.1. Non-Neurodegenerative Proteinopathies

These disorders are essentially caused by misfolding and subsequent aggregation of
protein variants outside the CNS. These typically include ankylosing spondylitis {AS), cystic
fibrosis (CF), alpha-T-antitrypsin deficiency (AATD) and hereditary ransthyretin amvlcldee.ls
(ATTR) which are all associated with mﬂarnrml:orv reactions. As a ]arge fraction of these
mutant prokeins (Le, HLA-27, CFTR and AATD in AS, CF and AATD, respectively) typically
misfold within the ER lumen, persistent activation of the UPR is thought to contribute to the
disease inflammatory phenotype [140-148]. Nevertheless, additional pathways may synergize
with the UPR to trigger autoinflammation in these patients.

For instance, ATTR is an autosomal dominant proteinopathy with neuronal and car-
diac manifestations which provides an excellent example of extracellular protecstasis
perturbation. It is characterized by the extracellular deposition of transthyretin (TTR)-
derived amyloid fibrils, particularly in the peripheral nervous system (FNS) [149]. The
pathologic basis of ATTR are single amino acid variations in the TTR protein, among which
the Val30Met and Val142lle substitutions are the most frequent ones [150]. The TTR protein
is produced by the choreid plexus and liver and found in the cerebrospinal fluid (CSF)
aswell as in the bloodstream where it carries thyroxin and retinel [35,151]. TTR misfold-
ing mutations typically result in the formation of extracellular precipitates resembling
B-pleated sheet structures named amyloid fibrils which cause tissue dysfunction [152].
Although patients with ATTR exhibit no evidence of systemic in ﬂam.mahn-n they present
with elevated circulating inflammatory markers [153,154]. Recent evidence suggests that
activation of the innate immune s.ystem in ATTR occurs extracellularly as well with TTR
agglegales capable of activating immune cells, notably neutrophils and microglia to pro-
duce preoinflammatory cytokines [155,156]. The receptors involved in this process remain
however ill-defined.

3.2.2 Neurodegenerative Proteinopathies

This group of proteinopathies is by far the largest and includes prominent disorders
such as Alzheimer's diseasze (AD), Parkinson's diseasze (PD), Huntington's disease (HD),
spinocercbellar ataxias and poly glutamine (polyQ) diseases, among others. Although
these disorders are clinically and phenotypically distinct, their molecular etiology is iden-
tical and based on the uncontrolled accumulation of protein variants mostly in the CNS.
Az alluded to earlier, one major mechanism by which protecstasis perturbations trigger
neurcinflammation in these diseases involves the release of protein aggregates into the
extracellular space and their subsequent binding to PRR such as TLR and/or TREM2 on mi-
croglia [105-115]. However, recent research on the molecular pathogenesis of amyotrophic
lateral sclerosis (ALS) has expanded the spectrum of the molecular pathway s initiating
sterile inflammation in response to protecstasis disruption.

ALSis a neurodegenerative proteinopathy characterized by a progressive loss of motor
neurons [157,158]. While most cases of ALS are sporadic, a dozen of predisposition genes
have been identified over the past two decades [159,160]. These include notably SOD1
and TARDBF which code for the superoxide dismutase 1(50D1) and transactive response
DNA binding protein 43 (TDP-43), respectively [161,162]. Both proteins tend to misfold
and aggregate in neurons upon specific point mutations. In particular, abnormal accu-
mulation and / or localization of TDP-43 accounts for 90% of ALS cases [163]. TDP-43iz a
riborucleoprotein highly expressed in the CNS with functions in RNA processing [164,165]
and its deposition is favored by aging, variations in the TDP-43 gene itself and/or in the
Coorf72, GRN or TBK1 genes. [166-171]. Not surprisingly, ALS is associated with constitu-
tive activation of microglia and ongoing neurcinflammation [172,173]. The mechanisms
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involved in the inflammatory component of ALS are diverse and seem to depend on genetic
lesion. For instance, TDP-43 or its variants, as cytosolic proteins not trafficking in the ER,
do not generate ER stress and/or induce the UPR [174]. By contrast, SOD1 mutant species,
although devoid of signal sequence, have been shown to impair ERAD and activate the
UPR [175], which itself conceivably contributes to autoinflammation (Figure 4). In addition,
SOD1 aggregates are released to activate microglia via binding to TLR2, TLR4 and/or
CD14 (Figure 4) [176]. The neurcinflammatory phenotype of individuals with ALS is also
thought to be a direct consequence of aggregation of TDP-43 or its mutant in the mitochon-
dria [177,178]. Indeed, a recent study showed that mislocalization of TDP-43 variants in
mitochondria results in mitochondrial DNA leakage into the cytosol, subsequent activation
of the cGAS/STING innate pathway and IFN signaling in ALS. (Figure 4) [118]. In addition,
cytosolic TDP-43 aggregates may promote innate immune responses by activating the in-
flammasome (Figure 4) [116,117]. Whether these processes occur simultaneously is unclear
and their respective contributions to neuroinflammation may be also difficult to assess. In
any case, these works reveal that the ability of the cells to react to impaired proteostasis
due to protein misfolding is broad and probably even wider than initially assumed.

Figure 4. Neurcinflammation caused by impaired proteostasis in ALS involves multiple pathways.
Pathogenic variants of superoxide dismutase 1 (SOD1) facilitate the formation of intracellular protein
aggregates which themselves promote sterile inflammation by causing persistent activation of the
unfolded protein response (UPR) via inhibition of the ER-associated degradation machinery (ERAD),
as indicated. In addition, extracellular SOD1 protein aggregates exert their pro-inflammatory effects
by binding to phagocyte pattern recognition receptors such as Toll-like receptors (TLR)-2, 4 and 6.
Pathogenic mutations within the TAR DNA-binding protein 43 (TDP-43) results in protein aggregation
which activates the inflammasome and triggers the release of mitochondrial (mt) DNA. The latter, in
turn, initiates a type I IFN response following sensing by the cytosolic cyclic GMP-AMP (cGAS) synthase
and subsequent STING activation, as indicated. NLRP3: NOD-like receptor pyrin domain-containing-3;
ASC: apoptosis associated speck-like protein containing a CARD; pro-CASP1: pro-caspase 1.

3.3. Proteostasis Perturbations Caused by Impaired Protein Degradation

As alluded to earlier, the breakdown of intracellular proteins in eukaryotic cells is
ensured by two major conserved machineries from yeast to humans, namely
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L The ubiquitin—proteasome system (UF5) and;
1L The autophagy—-lysosomal system [179].

The UPS allows the specific elimination of ubiquitin-tagged protein by the 265 pro-
teazome [180]. Ubiquitination is a three-step process involving three groups of enzymes
(ie., E1, E2 and E3) that catalyze the transfer of ubiquitin moieties or chains on lysine,
serine, threonine or cysteine residues of target proteins (a modus operandi described in
excellent reviews) [Ibl 182]. The 265 proteasome is formed by 205 core complex and a
195 regulatory particle [1583,184]. While the 205 core complex contains the three different
catalytic activities that permit degradation, the 195 regulatory particle is specialized in
the recognition and unfolding of ubiquitin-modified substrates [185]. Specifically, the 205
proteasome is a large complex comprised of two outer g-subunits rings (x1-7) embracing
two central head-to-head oriented rings containing f-subunits (£1-7). The catalytic activity
is conferred by three of the £ subunits, namely B1, 82 and A5 which exhibit caspase—l]ke
trypsin-like and chymotry psin-like activity, respectively [186]. The 195 regulatory particle
is made up of a base containing six ATPase subunits (Rpt1-6) which unfold the protein
substrate and a lid carrying subunits (i.e., Rpnl0, Rpnl3) capable of binding ubiquitin-
modified proteins [187]. Importantly, the g1, B2 and g5 standard subunits may be replaced
by the so-called £1i, f2i and g5i inducible ones in newly synthetized complexes to promote
a switch from constitutive proteasomes to immunoproteasomes [188,189]. It is appreciated
that immunoproteasomes are more effective than their standard counterparts at degrading
ubiquitincmodified proteins, making them particularly important in situations in which
protein homeostasis is challenged such as during infection or oxidative stress [190-195].
Due to its unique position at the intersection of multiple pathways [196], the UPS is in-
volved in the regulation of myriad of cellular processes, and as such any dysfunction of
one of its components may carry serious consequences on cell functioning or viability.

3.3.1. The UPS and its Dysfunctions

Omne major cause of proteasome dysfunction is aging [197]. Although not abvays
consistent, investigations in animals and patients suffering from sporadic aging-related
neurodegenerative diseases point to a decline ability of the UPS to eliminate undesir-
able proteins [195-205]. (ther causes of UPS impairment are loss-of-function mutations
in genes encoding proteasome subunits [35]. Surprisingly, as shown in Table 1, such
genomic alterations lead to bwo clinical distinct phenotypes, namely autoinflammation
(CANDLE/PRAAS) and neurodevelopmental disorders (NDD).

3.3.2 Proteasome-Associated Autoinflammatory Syndromes (PRAAS)

From the mid-eighties, an increasing number of cases of rare autoinflammatory syn-
dromes sharing similar clinical features such as lipodystrophy, skin lesions and recurrent
fever have been reported. These conditions were referred to by a number of different
names including Nakajo—Nishimura syndrome (NNS) [2258-230], joint contractures, mus-
cle atrophy and panniculitis-induced lipodystrophy (JMP) syndrome [230] and chronic
atypical neutrophilic dermatitis with lipodystrophy and elevated temperatures (CAN-
DLE) [231,232]. From 2010, it became evident that such syndromes were caused by loss-of-
function mutations in genes encoding proteasome subunits and/ or proteasome assembly
factors and were subsequently renamed proteasome-associated autoinflammatory syn-
dromes (PRAAS) [207,210-212,220,221,225,233] (Table 1). Twwo major hallmarks of PRAAS
are the presence of a constitutive type I IFN gene signature in patients’ blood cells and a
concomitant increased accumulation of ubiquitin-modified proteins in various cell types
including fibroblasts. Recent studies have identified cells of the hematopoietic lineage
as decisive mediators of type I IFN in PRAAS [208,234] and in view of increased elF2a
phosphorylation in B cells isclated from PRAAS subjects [221], a possible role of the UPR
has been suggested in the induction of autoinflammation in these patients [35]. This notion
was supported by in vitro studies showing that blocking the IRE1 arm of the UPR prevents
the upregulation of IFN-stimulated genes (I5G) in response to proteasome inhibition in
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