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Abstract During innate immune responses, proteostasis is
greatly impacted by synthesis of pathogen proteins as well
as by inflammatory tissue damage through radicals or other
damaging molecules released by phagocytes. An adequate
adaptation of cellular clearance pathways to the increased bur-
den of damaged proteins is thus of fundamental importance
for cells and tissues to prevent protein aggregation, inclusion
body formation, and ultimately cell death. We here review the
current understanding of the pivotal role of the ubiquitin pro-
teasome system (UPS) in this proteostasis network. The pro-
teolytic capacity of the UPS can be adjusted by differential
gene expression, the incorporation and maturation kinetics of
alternative active sites, and the attachment of different regula-
tors. Dysregulation of this fine-tuning is likely to induce cell
death but seen more often to promote inflammation as well.
The link between proteostasis impairment and inflammation
may play a crucial role in autoinflammation as well as in age-
related diseases and currently uncharacterized diseases. Re-
cent studies on proteasome-associated autoinflammatory syn-
dromes (PRAAS) discovered that IFN signaling drives the
inflammation caused by reduction of degradation capacity.
Elucidation of these syndromes will reveal further insights in
the understanding of inadequate immune responses. Knowl-
edge related to the diversity of this degradation system will
raise the awareness of potential pitfalls in the molecular
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diagnostics of autoinflammatory syndromes and may help to
identify novel drug targets.
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Introduction

Autoinflammation is primarily the result of alterations in the
innate immune system and shows a broad range of clinical
symptoms. Great advances in genotyping efficiency, sequenc-
ing technology, and bioinformatical evaluation of patients
with autoinflammatory syndromes have revealed single-gene
mutations for example in critical components relating to dan-
ger sensing and cytokine regulation of the innate immune
response, for example, the interleukin (IL)-1, IL-10, NF-kB,
and interferon (IFN) signaling cascades [1, 2]. Interestingly,
mutations or variants in components of the protein clearance
pathways such as the cytokine-induced immunoproteasome
subunit PSMB8 (LMP7/351) or components of the autophagy
pathway were also identified, clearly linking proteinopathies
with innate immune responses [3-5].

Cellular proteostasis is a delicate balance between protein
synthesis and protein quality control with protein degradation.
Perturbations in the cell physiology through environmental
stimuli require a fast and coordinated adjustment of transla-
tional systems, chaperone supply, and various proteolytic sys-
tems. It is increasingly realized that during innate immune
responses proteostasis is severely challenged by the produc-
tion of radicals and/or the massive synthesis of pathogen pro-
teins. The adequate adaptation of their cellular clearance path-
ways to the increased requirement for protein degradation is
thus of fundamental importance for cells and tissues, which
are otherwise faced with the threat of an accumulation of
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faulty, damaged or misfolded proteins, followed by protein
aggregation, inclusion body formation, and ultimately cell
death. The cells choke on their protein trash as shown for
neurodegenerative disorders as classical example for
proteinopathies. An impairment of proteostasis systems
reflected by intra- and extracellular protein deposits accompa-
nied by oxidative stress, neuroinflammation, and progressive
degeneration of specific brain regions all represent hallmarks
of these diseases [6—8]. A further example of disturbance in
proteostasis in disease is the aging-related sporadic inclusion
body myositis, where abnormal intracellular protein accumu-
lation and aggregation is symptomatic combined with protea-
some dysregulation and endoplasmic reticulum (ER) stress.
Patients suffer from inflammatory myopathy characterized
by progressive weakness and wasting of muscle [4]. Restora-
tion of proteostasis network function therefore leads to aggre-
gate detoxification and clearance via chaperone systems and
proteolysis by the UPS, autophagy, and/or phagocytosis as an
important extracellular pathway. Lysosomal degradation via
autophagy has been shown to be crucial for clearance of prion
aggregates in skeletal muscle [9] in particular because prions
tend to inhibit the ubiquitin proteasome system (UPS) via
stabilization of the closed barrel formation [10].

In this review, we will focus on the UPS protein clearance
pathway, the inhibition of which, either by aging, mutation, or
protein interaction, has a dramatic impact on the proteostasis
in cells and leads to proteotoxic stress followed by diverse
stress responses such as the unfolded protein response
(UPR) with chaperone induction, induction of autophagy, ap-
optosis, and inflammation via the innate immune response. In
particular, the proteasome associated autoinflammatory syn-
dromes (PRAAS), in which the UPS is impaired in all cells of
the body, clearly reflects how dynamic adaption of the protein
degradation capacity is essential for cell surveillance and a
regulated immune response.

The ubiquitin proteasome system

Regulated proteolysis of ubiquitylated and/or oxidative dam-
aged proteins via the UPS plays a key role governing the
vitality of eukaryotic cells and tissues, whereby the availabil-
ity of short-lived proteins is determined and the accumulation
of misfolded and damaged proteins is prevented to ensure
protein homeostasis. The UPS fulfills the essential regulation
of numerous important cellular processes, such as gene tran-
scription, DNA repair, apoptosis, cell cycle, cell differentia-
tion, and signaling, as well as the generation of antigenic pep-
tides presented by major histocompatibility (MHC) class I
molecules [11, 12].

Most of the proteins to be degraded are modified with
lysine 48 (K48)-linked poly-ubiquitin chains that serve as a
signal for degradation. This modification is conjugated to
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proteasomal substrates by a three-step thioester cascade in-
volving the El ubiquitin-activating enzyme, E2 ubiquitin-
conjugating enzymes, and E3-ubiquitin ligases [13]. In line
with its multitude of functions, the proteasome appears in
mammals in a variety of compositions to allow for adaptation
to changing proteolytic requirements (Fig. 1). The modular
architecture of the proteasome consists of a 20S catalytic core
complex associated with one or two regulator complexes. The
barrel-shaped 20S proteasome is formed by four stacked rings
of seven subunits each with the arrangement of xl1-«7
(P1-P7), al—x7. With the 31, 32, and 35 subunits, the
two inner -rings harbor six catalytically active sites with
caspase-like, tryptic-like, and chymotryptic-like activities, re-
spectively [14]. Several proteasome isoforms consisting of
alternative compositions can exist in parallel to the above-
described standard proteasome (SP). Constitutively in
hematopoetic cells and in other cells in response to infections
or cytokines like type I or type II interferons (IFNs), the
immunosubunits $1i/LMP2/PSMB9, [32i/Mecl1/PSMBI0,
and B5/LMP7/PSMBS are expressed and rapidly incorporat-
ed into nascent proteasome complexes to form
immunoproteasomes (IP). There is, however, also the possi-
bility that just one or two of the immunosubunits are incorpo-
rated and mixed-type proteasomes (MP) are formed. In addi-
tion, a further alternative catalytic subunit namely 5t/
PSMBI11 is solely expressed in thymic cortical epithelial cells
forming the thymoproteasome (TP), and finally, the
spermatoproteasome containing an alternative o-subunit is
expressed in the testis during spermatogenesis. Alongside the-
se different 20S isoforms, the regulatory complexes 198,
PA28xf3, PA28Yy, and PA200 bind to one or both sides of
the core particle, open the catalytic pore, and form several
complexes such as the 26S (20S+19S), 30S (20S+2x19S),
20S-PA28, 20S-PA200, and hybrid proteasomes (HP) (20S+
19S+PA28 and 20S+19S+PA200) [15-18]. It was reported
that PA28«f3 preferentially binds to IP [19]. While the cata-
lytic activity is located in the 20S proteasome core complex,
the 19S regulatory complex governs the recognition,
unfolding, and access of ubiquitin-conjugated substrates
into the catalytic cavity. Thus, only 19S containing pro-
teasome isoforms (SP, IP, PA28-HP) are involved in the
degradation of ubiquitin-conjugated substrates, and their
impact in the development of diseases will be further
discussed in more detail.

The proteolytic capacity of the UPS can be tailored to par-
ticular proteolytic requirements by differential gene expres-
sion of specific subsets of UPS factors and the assembly of
different proteasome isoforms. Depending on the cell type or
the tissue context, different proteasome modules can be
expressed and coexist in cells. Postmitotic cells like neurons
or muscle cells mainly contain SP, whereas immune cells like
myeloid or lymphoid cells mainly contain IP or HP. The UPS
can be adapted to proteotoxic stress by the Nrfl/Nrf2/ARE-
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Fig. 1 Proteasome diversity upon cellular requirements. In mammalian
cells, a variety of proteasomes is formed according to cell type and
challenging status to ensure an appropriate adaption to protein
degradation requirements. 20S proteasomes are barrel-shaped and
consist of four seven-membered rings in the order of al-«7 (31-{37),
al—-«7. The stepwise assembly of the 20S proteasome is assisted by the
proteasome assembly chaperones (PAC) 1-4 and the proteasome
maturation protein (POMP). After 16S precursor dimerization and
completed maturation of the (-subunits 31, 2, 5, 6, and 7, the latent
inactive 20S proteasome is activated through the binding of regulatory
particles such as 19S, PA28x[3, PA28y, and PA200 on one or both sides
of the proteasome, which open the catalytic pore. According to regulator

activated pathway, which induces the SP and certain UPS-
related genes [20-22].

IPs and HPs in turn are permanently expressed in immune
cells and can be induced not only by cytokine or developmen-
tal signaling, in particular by IFNs, but also by heat stress or
during the course of neurodegenerative diseases in almost all
other cell types. The UPS is responsible for the generation of
the vast majority of intracellular pathogen-derived and self-
peptides presented by MHC class I molecules at the cell sur-
face to cytotoxic T lymphocytes. This function of the adaptive

*

combinations, the 26S/30S (20S+19S/20S+2x19S), the 20S-PA28, 20S-
PA200, and the hybrid proteasomes with two differing regulators (20S+
19S+PA28 or 20S+19S+PA200) can be formed. Besides the standard
proteasome with the catalytic subunits 31, 2, and 5, alternative catalytic
subunits such as 311, 32i, 351, and 35t can be incorporated, forming the
immuno-proteasome (311, 2i, 51), the thymo-proteasome (311, 2i, 5t), and
mixed-type proteasome (31, 2, 5i or 31, 2i, 51). During spermatogenesis,
the alternative a-subunit a4s is expressed, leading to spermato-
proteasome formation [16—18, 58]. The asterisk refers to the main
isoforms expressed in most cell types and are described in more detail
in the text

immune system is generally aided by cytokine-mediated in-
duction of IP, which enhances MHC class I antigen presenta-
tion by improved antigen processing [11]. An additional 1P
function has been uncovered in maintaining protein homeo-
stasis under cytokine-induced oxidative stress [21]. IFNs in-
duce the intracellular production of radicals thus increasing
the content of oxidant-damaged proteins and increased sensi-
tivity to cytokine-induced cell death. Such oxidant-damaged
proteins are immediately ubiquitinated and require the high
proteolytic capacity of IP for their efficient removal. As
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nascent polypeptides are particularly sensitive to oxidation,
IFN-signaling enhances the rate of defective nascent proteins
and concomitantly MHC class I antigen presentation, placing
IP function at the interface of innate and adaptive immune
response. [P-expressing cells such as phagocytes including
dendritic cells or microglia are thus better equipped to handle
cytokine-induced oxidative protein aggregation. The particu-
lar function of HP is still under investigation. However, dif-
ferent studies indicate the involvement of PA28 and HP in the
removal of damaged proteins under oxidative stress [20, 23].

Interestingly, LMP7 (PSMBS) knockout mice do not obvi-
ously show any lipodystrophy or autoinflammatory defect and
are physically undistinguishable from wild-type mice [24], but
they are more susceptible to some infections, and pathogen
clearance is prolonged or inadequate. In particular, an example
for the CNS is that IP deficiency was found to result in signif-
icantly increased clinical scores by studying autoimmune en-
cephalomyelitis (EAE) in a mouse model [21]. IP deficiency
was further associated with severe heart muscle injury with
large inflammatory lesions and severe myocardial tissue dam-
age in a mouse model for Coxsackie virus B3-induced myo-
carditis [25]. This protective role is also evidenced by studies
showing that IP-deficient mice severely suffer from impaired
stress responses, survival, and/or clearance rates upon infec-
tion or inflammation [26-29] or develop severe LPS-induced
hepatitis [21]. Moreover, IP dysfunction is connected with
(auto)inflammation and autoimmunity, often accompanied
by altered cytokine patterns, such as diabetes or Sjogren syn-
drome [30-33].

Taken together, these data evidence that UPS-controlled
proteostasis is important for immune responses to ensure both
a balanced response and protection for non-infected cells.

Proteasome-associated autoinflammatory
syndromes

More recently, several previously described autoinflammatory
syndromes, such as Nakajo-Nishimura syndrome (NNS) [34],
joint contractures, muscle atrophy, microcytic anemia and
panniculitis-induced lipodystrophy (JMP) syndrome [35],
Japanese autoinflammatory syndrome with lipodystrophy
(JASL) [36], and chronic atypical neutrophilic dermatosis
with lipodystrophy and elevated temperature (CANDLE)
[5], were found to have a mutated PSMB8/351 in common
and are now classified as a spectrum of diseases named
proteasome-associated autoinflammatory syndrome
(PRAAS).

The clinical presentation of PRAAS patients is diverse in
severity and shows a broad range of symptoms, including a
pernio-like rash and repetitive spiking fever with progressive
lipodystrophy starting in early infancy. Other reported symp-
toms include nodular erythema with infiltration and

@ Springer

induration, erythema on the eyelids, long clubbed fingers
and toes with joint contractures, progressive partial
lipomuscular atrophy and emaciation mainly of the upper
body, hepatosplenomegaly and basal ganglia calcification,
chronic anemia, and delayed physical development [5,
34-39]. A detailed summary of the clinical presentation was
reviewed by McDermott et al. [40].

To date, an autosomal recessive inheritance of four mis-
sense mutations and one non-sense mutation in PSMBS
(p-T75M; p.G201V; p.A92T; p.M117V; p.C135X) have been
implicated to cause PRAAS [5, 34-37, 41]. The reported mu-
tations have different impacts on the proteasome by modula-
tion of gene expression, subunit folding and maturation, as-
sembly of the core complex, and/or structural alterations of the
proteolytic pocket [5, 34, 36], but all result in reduced protea-
some activity [35, 36] which is probably insufficient to cope
with a higher load of damaged proteins. In collaboration with
the group of R. Goldbach-Mansky [5], we started to investi-
gate an increasing number of patients with autoinflammatory
syndromes similar to CANDLE but without the described
mutations in PSMBS. From the knowledge about the diversity
of the proteasome system, we hypothesize the presence of
additional mutation sites in further proteasome components,
which may affect the assembly, the activity, and even the
regulation of proteasome complexes or other UPS-related
components. There is indeed evidence from our collaboration
that there are mutations in proteasome components other than
PSMBS.

These findings strongly suggest that the disturbance of the
overall proteasome activity and capacity in response to envi-
ronmental stress is crucial, not just a disturbance of the induc-
ible catalytically subunit 35i. We therefore strongly advise for
diagnostic sequencing to broaden the spectrum of candidate
genes up to all 20S subunits, assembly helpers, and regulatory
particle subunits (Table 1).

Laboratory findings and pathogenesis

A strongly reduced chymotryptic-like activity was observed in
Epstein-Barr virus (EBV)-transformed B cells from PRAAS
patients compared to healthy controls [35, 36], and an accu-
mulation of poly-ubiquitylated proteins can be detected in
skin sections, EBV-transformed B cells, and fibroblasts from
patients [34, 36]. In the skeletal muscle cells from a deceased
suspected CANDLE patient, intramitochondrial
paracrystalline inclusions and cytoplasmatic and myeloid bod-
ies were observed [42], indicating accumulation of damaged/
aggregated proteins. Aggregates and inclusions increase cel-
lular sensitivity to apoptosis [21], and this could be a cause of
muscle loss later in life.

Interestingly, adipocyte differentiation seemed to be re-
duced after PSMB8 siRNA treatment of preadipocytes,



327

Semin Immunopathol (2015) 37:323-333

S08200 NN SOWSd 8S 91dd
+08200 AN €OINSd ©9s SLIY
908200 AN 9OINSd Q0TS v1dd
a1od onAejes €05900 NN YOS q9S cLdY
OJul UONEOO[SUEN} PUE ‘SIENSQNS JO Surpjoyun judpuadop-d 1y 208200 AN TOINSd S T1dd
‘a10d onATees jo Suruado pue doepmns Juu-v 03 Furpurg €08200 AN ZOINSd LS 1L
sjunqns ased 1y
J03B[N30I S|
[19-6¢ 81-911 ¥4
Je uonezuawIp pue uonerodioour syungns-¢g asimdo)s IsIssy 7€6S10 AN JNOd 1dwn JNOd
spunqns-x Jo juowafuelre A)jnej sjuoadld pue ¢ punore 165821100 AN OINSd OVd
SuL-0 JO 90BJINS JOUUT A} UO SPUIq JOUWIP-$)VI-EOVd 0FEPETT00 AN EDNS £0Vd
s&emuyped-go pue uonezudwWIp SuL-o sjussdId TE€2020 NN OIS Ovd
pue SuL- JO 00BJINS IOINO A} SPUIq IOWIP-ZIVI-T1IVd 0TLE00 AN [DINSd 1Ovd
s1adjoy Ajquuassy
[81-91 ‘T 1] Anande oxr-ondAnowdypd ‘snwky) ur A[uQ 08L660100 AN [TENSd 159
Ajanoe oyif-ondAnowdy) €616871 NN SAINSd LAN'T 159
SONSSI) JAYJO Ul d[qronput Aanoe axi-ondAug, €108200 AN 0TdINSd I-TOdN 1zg
ounjo)4d “s[[9d dnetodoyewuay uy Aianoe ayi-osedse) £008200 AN 6AINSd TANT g
Suu-¢ suen o) dure[d [eultLio)-5 ‘uonouny [EINJONNS 96L200 AN PANSd EN LY
uondUIy [eININNS £6L700 NN [9NSd Se} 99
Aanoe axi-ondAnowAyo yungns A1s 2AN0Y L6LT00 NN SEAINS -9 ‘X g
uonouny [eIInNg ¥6L200 AN CANSd LD 9
uonduny [eImonng S6L700 NN €AINSd 01D €d
€9 01 durepo [euruio)-5 “Kyanoe oI[-ondAn Junqns 1S AN 66L200 AN LAINS VA 4!
Ayranoe oi[-osedsed Jrunqns oS dANOY 86,700 AN 9GNS A 19
siungng-g
[81-91]
00TVd Wi uonoeseyur poddns Lewr ‘urrads pue spreutiads uf T99vFT AN 8VINSd TLVINS Sp%
€88L700 NN EVINSd 80 Lo
98L200 AN [VINSd 0 9%
06L200 AN SYINSd oz §v
T6L700 NN LYINSd 90 2
L99201100 AN PVINSd 6D €0
soponaed Jojen3ar s uonoerdyur ‘arod onkrees jo Juned 182700 AN TVINSd € 70
‘sradjoy Ajquuasse yIm 101250} SOT JO A[quuasse paping 16,700 AN 9VINSd ol [EY
mﬁﬁ—.—n_zmuvo
a1onaed 2100 swosedjord SOz
uonoun,g [9DN 1dLosuen 20uaIajay (ODNDH) 2uen QIMJB[OUSWIOU JANRUIS)[Y AINJR[OUSWOU JIUNgNg

w)sAs swosedjord unmbiqn oy Jo spusuodwod urejy

1 31q8L

pringer

fHs



Semin Immunopathol (2015) 37:323-333

328

[69—L9] 19z111q8)s Swosedjoid ‘syusunredwod A10)0109s

0 sowosed)oid Jo uonezieso] ‘A[quasse S9g Jo [0nuod Afend) 89COVVI 6CNDA
Jredar N UI POAJOAUT ‘SaUOISIY PRJB[A}20B-N JO UOIBPRISIP
sojowoxd ‘KIATIoR O1[-0sedsed JO J0JeAIIOR QWOSE)OI] 719%10 AN PIINSd 002vd
surojoid pajeroossy
[99—+9] sutajoxd
A1oje[n3a1 jo uonepeI3ap spoddns ‘snajonu oy ur A[uQ 68,500 AN CHINSd ASTI AQTVd
sopndad orprydoIpAy jo uonerousd
ayy 2oueyue Aeur “xa[dwod g Jo eoepms SuL- 818200 AN CTHANSd gsti Jsevd
uo sputq Surtr oLdwe)doyoIalay ‘a[qronpur ouroIk) €97900 AN THINSd 0811 08TVd
J01R[N321 §TVd
[€9 29 ‘L1 “91] €1d¥ spuig ¥18200 AN 0TAINSd uukyuen ged
SLdY spug ssevoud Ajqussse 30 ﬂwmoo“Ez 6NSd Led
CLdd Pue [1dY spurg 2ouanbas Afjerodwoe; oy SuLmp Isisse ‘uoneziiqels L¥0S00 AN Sansd qss
91dd spurg ‘siungns dse Iy JO MIULIo}-0 0} PUIq pue dZIIqN[oS €08L9T100 AN 1AVvd ENAZ PINDI
s1odjoy Ajquuassy
sutojord pajeffymbiqn-Ajod 10§ 101doosy #0€900 AN [NAHS IS8 ‘Twos SINdY
sutajord pajejAymbiqn-£jod 10§ 10)doooy 00L00 AN INIay CINDI
TI8T00 AN 8AINSd IS TINdY
yungns Sunekymbiqn-o(y S08500 AN Y IANSd €IS 1INdY
surojord pojefAymbriqn-Ajod 10§ 101doosy L1800 AN YANSd LISN 0INdI
LT8200 NN €1ANSd 1S ONdY
118200 AN LANSd TIs NI
YISYI0 AN 9ANSd e0[S LNdY
S18200 AN [TANSd 6S INdY
918200 AN CTIANSd god SNJY
608200 AN €ANSd €S ENJY
L08T00 AN TAASd qo01S INdI
puIq ued sjuNgns pue sajensqns
IoYj0 OJUO SPIOJEIS SE DAIOS YIIYM S)UNQNS dFIe] 808700 NN TANSd TS INGY
sjunqgns ased [ y-UoN
uonoung I9DN 1dLosuen 20uaIajoy (ONDH) suon QIMIB[OUSWIOU JARUI)[Y AIMJR[OUSWOU JIUNgNg mo
[=

(panunuod) [ dqeL

A's



Semin Immunopathol (2015) 37:323-333

329

suggesting that a high proteasomal activity is needed for adi-
pocyte differentiation [36].

In skin biopsy, Kitamura et al. observed a much higher
interleukin-6 (IL-6) expression (tenfold) compared to a
healthy control patient. They further showed an IL-6 hyperac-
tivation of the patient’s EBV-B cells (PSMB8 G201V +/+)
after ionomycin/PMA stimulation, which could be partially
rescued by p38 inhibition or PSMB8 WT retroviral overex-
pression. In another study using mouse macrophages, inhibi-
tion of the proteasome with lactacystin results in an increased
p38 and JNK phosphorylation [43], supporting the results
from Kitamura et al. Arima et al. detected higher p38 phos-
phorylation in patients’ fibroblasts as well and found no de-
regulation of NF-kB, INK1/2/3, and ERK1/2 [34]. In contrast,
Liu et al. showed that cytokine analysis of blood serum re-
vealed only moderately elevated levels of monocyte chemo-
tactic protein 1 (MCP1), IL-6, and IL-1 receptor antagonist.
However, a characteristic persistent IFN signature evi-
denced by high levels of IP-10 (CXCL10) was observed
and verified by microarray analysis of whole blood, re-
vealing 48 IFN-regulated genes. Furthermore, the down-
stream mediator of IFN signaling, STAT-1, showed a
much stronger phosphorylation after IFNy stimulation of
patient monocytes compared to a healthy control patient
[5]. In line with Liu et al., reported abnormally high levels
of IL-6 [34, 35, 37], IL-8, IP-10, and IFN-y in serum of
affected patients [35, 37]. This together with the accumu-
lation of ubiquitylated proteins strongly suggests that re-
duced proteasome activity leads to proteotoxic stress,
which is linked by an as yet unidentified pathway to the
innate immune response via IFN signaling and p38.

Model of pathomechanism

We here suggest a model of the pathomechanism involved in
PRAAS (Fig. 2), an overview of observed findings which will
need to be further elaborated in a cell type-specific manner.
Because PRAAS flares coincide with infections and other
stressful events [5], we suggest environmental stress as the
trigger, initiating overwhelming inflammation. The skin and
cells from the hematopoietic system, such as dendritic cells
and macrophages, establish the first line of defense. A bacte-
rial or viral infection leads to activation of pattern recognition
receptors (PRR) such as Toll-like receptors (TLRs) via iden-
tification of pathogen-associated molecular patterns (PAMP),
such as lipopolysaccharides or nucleic acids. Multiple signal-
ing cascades can be induced after pathogen recognition, which
result in expression of genes involved in the specific immune
response such as cytokines, particularly IFN type I, enzymes
for production of reactive oxygen species (ROS), reactive ni-
tric species (RNS), and antimicrobiotics [44, 45]. This initial
“normal” inflammation leads to a higher level of defective

ribosomal products (DRiPs) and oxidant-damaged proteins
due to temporal attenuation of global protein synthesis as re-
sult of elF2a phosphorylation and release of ROS such as
superoxide anions, hydrogen peroxide, and hydroxylradicals
[46, 47]. Due to the cell’s inability to adapt the proteasomal
capacity to levels required to degrade the raising
amount of impaired proteins, aggregates of damaged
proteins are formed [21, 47, 48]. Furthermore, ER stress
is induced through the activity of ROS, and the unfold-
ed protein response (UPR) is activated. Four different
pathways are induced by ER stress; these are the pan-
creatic ER kinase (PERK) pathway, the inositol-
requiring transmembrane kinase/endonuclease 1 (IRE1)
pathway, the activating transcription factor 6 (ATF6)
pathway, and the inflammasome pathway [49-52]. We
can, however, exclude the inflammasome pathway as a
main mechanism in PRAAS because patients are nonre-
sponders for IL-1(3 antagonistic drugs [5]. The detailed
mechanism which leads from accumulation of damaged
proteins in the cytosol and ER to the induction of IFN
type 1 expression needs to be further elucidated, but
with this induction, a vicious circle of overwhelming
inflammation starts.

Diagnostics for proteasome-associated
autoinflammatory syndromes

Many patients pass through a long period of misdiagnosis
associated with variable but not often beneficial treatments
because the full features of PRAAS develop over time. First
described for NNS but also suitable for CANDLE, JMP and
JALS, a tentative set of eight features is used as criteria for
clinical diagnosis, whereby at least five of these features need
to be fulfilled. The criteria are the following: 1. autosomal
recessive inheritance (parental consanguinity and/or familial
occurrence), 2. pernio-like purplish rash on hands and feet
(appearing in winter since infancy), 3. haunting nodular ery-
thema with infiltration and induration (sometimes
circumscribed), 4. repetitive spiking fever (periodic, not nec-
essarily), 5. long clubbed fingers and toes with joint contrac-
tures, 6. progressive partial lipomuscular atrophy and emaci-
ation (marked in the upper part of the body), 7.
Hepatosplenomegaly, and 8. basal ganglia calcification [53].
It is clear that there is an urgent need for improved diagnosis in
the early infancy before full symptoms are apparent, helping
to avoid misdiagnosis like dermatosis, lupus profundus, sys-
temic lupus erythematous, Weber-Christian disease,
cryopyrin-associated periodic syndrome, and inclusion body
myositis [53].

For differential diagnosis, a genomic confirmation is indi-
cated, but this is normally time consuming. There are two
features observed in patient blood samples that could serve
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Fig. 2 Overwhelming inflammation caused by proteasome impairment.
Sensing of stressors such as virus, bacteria, and low temperatures through
pattern recognition receptors (PPRs) leads to the induction of the innate
immune response with secretion of cytokines and activation and
expression of NOX (NADPH-oxidase) enzymes. Reactive oxygen
species (ROS) are produced, which lead to an increased load of
oxidative damaged and misfolded foreign- and self-proteins in the
cytosol and endoplasmic reticulum (ER). An impairment of the
upregulation of the proteasomal degradation capacity results in the

for differential diagnostics, a strong IFN signature [5] and
impaired proteolytic activity [35, 36]. A strong IFN signature
is characteristic for PRAAS patients [5], but this is not
a unique feature, as STING-associated vasculopathy
with onset in infancy, Aicardi-Gouti¢res-syndrome, se-
vere lupus, ISG15 deficiency, and some undifferentiated
interferonopathies show similar induction of IFN-
responsive genes [54-57]. The establishment of an ad-
ditional diagnostic-approved proteasome-specific assay
is therefore essential to verify a significantly reduced
proteolytic activity in at least one of the three protease
activities in PBMCs. From our own data with preclini-
cal mouse models and cell culture, we assume that syn-
dromes with increased interferon signature but without

@ Springer

formation of damaged protein aggregates. This effect is enhanced by
further autocrine and paracrine IFNa/f and IFNy responses. The
accumulation of damaged proteins induces ER stress with the following
unrelated protein response (UPR) acting via the pancreatic ER kinase
(PERK) pathway, the inositol-requiring transmembrane kinase/
endonuclease 1 (IRE1) pathway, and the activating transcription factor
6 (ATF6) pathway PERK. Furthermore, through a still unknown
mechanism, proteasome impairment triggers IFN type I expression and
leads to a vicious circle of IFN signaling and response

proteasome defects may display induced proteolytic ac-
tivity due to the induction of IP [21]. If both features,
induced IFN signature and significantly reduced protea-
some activity, are present, a final confirmation of PRAA
S could be achieved by identification of a disease-
related mutation in one or two proteasome components
such as those listed in Table 1. To date, only mutations
in the 20S proteasome component PSMBS8/[35i have
been identified, but it is worth expanding sequencing
to include regulatory particle components, as the full
catalytic capacity of the 20S core particle is only possible by
interaction with regulators. Mutations can affect not only cod-
ing sequence regions but also regulatory sequences, splice
sites, or the translational control of proteasome subunits.
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Treatment

Some of the symptoms such as skin lesions, fever, and acute-
phase reactants can be alleviated by application of high doses
of systemic steroids. But these treatments fail to halt the pro-
gression of lipodystrophy and even worsens the central obe-
sity and can cause severe side effects including growth retar-
dation and glaucoma. Administration of various antirheumatic
and immunosuppressive drugs, like IL-1 receptor antagonists,
IL-6 receptor antagonists, and TNF-« inhibitors, either have
no effect or showed only a temporal clinical improvement.
Many other immunosuppressant drugs have been used such
as methotrexate, hydroxychloroquine, azathioprine, cyclo-
sporine, tacrolimus, colchicine, and dapsone, but they proved
ineffective in most patients [5, 40, 53].

Because laboratory investigations identified IFN signaling
as the most deregulated pathway in PRAAS patients, inhibi-
tion of this pathway seems to be the most promising target for
therapeutic treatment. Preliminary investigations with the bi-
ological drug group of JAK inhibitors are promising. The JAK
inhibitor tofacitinib (mainly inhibiting JAK3) has been shown
to decrease phosphorylation of STAT-1, a downstream signal-
ing molecule of IFN«&/[3 and IFNy receptors which is consti-
tutively upregulated in CANDLE patients [5]. In an ongoing
compassionate run by the National Institute of Health (NIH)
administration of the JAK1/2 inhibitor baricitinib, which is in
phase three clinical development for rheumatoid arthritis and
phase two development for psoriasis and diabetic nephropa-
thy, produced clinical improvement for CANDLE patients
(NCTO01724580) [40] (oral communication from R.
Goldbach-Mansky).

Conclusions

The accumulation of protein aggregates (misfolded or dam-
aged proteins) is common to proteinopathies and proteasome
dysfunction disorders (PRAAS), and it seems likely that in
both cases, this misbalance in proteostasis triggers an inflam-
matory outcome and cell death. Recent publications showed
that some proteinopathies [3—5] are accompanied with the
dysregulation of the proteasome or autophagy, and this may
also be true for other proteinopathies. More investigations are
needed to clarify the exact signaling pathway; however, recent
studies on autoinflammation caused by mutations of
proteasomal components indicate the involvement of IFN
type I signaling. A detailed knowledge about the molecular
pathway linking proteotoxic stress to type I IFN production
will likely disclose novel targets for therapeutics in several
inflammatory diseases driven by intracellular stress coupled
with IFN production. Besides the development of new drugs,
the development of diagnostic tools to differentiate

inflammation types and to monitor activity of different clear-
ance pathways would be invaluable.
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