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Abstract
In addition to being a critical part of host 
defense against pathogens, the inflammatory 
response can also be triggered by a number of 
perturbations to cellular homeostasis, includ-
ing responses to protein misfolding and endo-
plasmic reticulum (ER) stress. Physiologically, 
these responses can lead to activation of tissue 
repair pathways, but when not properly regu-
lated, these stress response pathways can lead 
to chronic inflammation. ER stress and other 
inflammatory pathways triggered by mis-
folded proteins have been implicated in the 
pathogenesis of several monogenic autoin-
flammatory diseases, and also may play a role 
in other conditions such as neurodegenerative 
diseases, where increasing evidence has accu-
mulated about the contribution of inflamma-
tion to disease pathogenesis. Alterations in 
protein homeostasis can trigger autoinflam-
matory diseases in a number of ways, includ-
ing (1) a pathogenic protein is itself misfolded, 
primarily activating inflammatory signaling 
pathways, as with the mutant tumor necrosis 
factor receptor 1 (TNFR1) protein in TNF 
receptor-associated periodic syndrome 
(TRAPS), or triggering an intracellular ER 

stress response, such as the human leukocyte 
antigen (HLA)-B27 protein in spondylar-
thropathies; (2) inflammatory responses can 
also be triggered by extracellular misfolded 
proteins, and (3) genetic defects in protein 
homeostasis pathways which lead to inflam-
matory diseases. Examples of this mechanism 
are proteasome mutations in chronic atypical 
neutrophilic dermatitis with lipodystrophy 
and elevated temperature (CANDLE) and 
related syndromes, and variants in the gene 
encoding ATG16L which reduce the effi-
ciency of autophagy and related secretory 
pathways in inflammatory bowel disease.
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AD Alzheimer disease
AIM Absent in melanoma
AMPK AMP-activated protein kinase
AS Ankylosing spondylitis
ATG Autophagy-related genes
Bcl-2 B-cell lymphoma 2
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CANDLE Chronic atypical neutrophilic derma-
titis with lipodystrophy and elevated 
temperature

cGAMP cyclic guanosine monophosphate–
adenosine monophosphate

cGAS cyclic guanosine monophosphate-
adenosine monophosphate synthetase

FIP200 Family interacting protein of 200
HLA Human leukocyte antigen
IRF Interferon regulatory transcription 

factor
ISG Interferon-stimulated gene
LAP LC3-associated phagocytosis
LC3 Microtubule-associated protein light 

chain 3
MHC Major histocompatibility complex
mTOR mammalian target of rapamycin
NEDD Neural precursor cell expressed, 

developmentally down-regulated
NF-κB Nuclear factor kappa B
NK Natural killer
NLRP NOD-like receptor family pyrin 

domain containing
NMDA N-methyl-d-aspartate
NOD Nucleotide-binding oligomerization 

domain
PARKIN Parkinson kinase
PDA Protein disulfide isomerase
PE Phosphatidylethanolamine
PI Phosphatidylinositol
PINK PTEN-induced putative kinase 1
ROS Reactive oxygen species
SAVI STING-associated vasculopathy with 

onset in infancy
STING Stimulator of interferon genes
SUMO Small ubiquitin-like modifier
TBK TANK binding kinase
TLR Toll-like receptor
TNF Tumor necrosis factor
TORC Target of rapamycin complex
TRAPS TNF receptor-associated periodic 

syndrome
TRIM The superfamily of tripartite 

motif-containing
ULK unc-51 like autophagy activating kinase
UPR Unfolded protein response
UPS Ubiquitin–proteasome system
VPS Vacuolar protein sorting
WIP WPP domain–interacting proteins

Key Points
• Autophagy and the proteasome control 

protein homeostasis, and also regulate 
inflammation and immunity

• Dysregulation or disruption of these pro-
cesses can contribute to pathology of a vari-
ety of diseases

• Accumulation of misfolded proteins trig-
gers ER stress responses and can contrib-
ute to the pathogenesis of monogenic 
autoinflammatory diseases, and other con-
ditions including neurodegenerative disor-
ders and type II diabetes

• Genetic alterations in the efficiency of 
autophagy or proteosome function can con-
tribute to autoinflammatory disease

• Better understanding of these pathways 
may aid the design of therapeutic interven-
tions in both monogenic and more complex 
autoinflammatory diseases

8.1  Cellular Mechanisms 
Maintaining Protein 
Homeostasis and Links 
to Inflammation Biology

Key Points
• Damaged or ubiquitinated proteins are 

degraded via the proteasome, which also 
has essential roles in antigen presentation, 
the cellular stress response, and regulating 
cell death

• Autophagy is primarily responsible for the 
degradation of long-lived proteins and cel-
lular organelles (mitochondria, peroxi-
somes), and is essential for cell growth and 
the response to nutrient deprivation

• The proteasome and autophagy proteins 
also regulate intracellular metabolism and 
inflammatory signaling pathways

Balancing protein synthesis, degradation and 
secretion is an essential part of cellular physiol-
ogy, and multiple molecular mechanisms exist to 
maintain protein homeostasis, with over 1000 
proteins estimated to participate in this process. 
Feedback mechanisms control the rate of protein 
synthesis. Separate networks of chaperones 

C. D. Cudrici and R. M. Siegel



139

control protein folding and sensing of unfolded 
proteins, both in the cytoplasm and inside the 
vesicular network of the secretory pathway. Two 
major mechanisms of protein degradation, the 
proteasome (see also Chap. 7) and autophagy, are 
responsible for homeostasis of most proteins and 
other cellular components. Together, these sys-
tems maintain cellular viability amidst dramatic 
changes in protein output which occur particu-
larly in immune cells. These cells can dramati-
cally upregulate their biosynthetic protein flux to 
support rapid growth and secretion of large quan-
tities of cytokines and antibodies. This is most 
evident in B lymphocytes, where in as little as 
1 week, cells can differentiate from a resting B 
lymphocyte with little secretory capacity to 
plasma cells, which synthesize and secrete up to 
175 million antibody molecules per day.

8.1.1  The Proteasome

The proteasome, a multi-subunit cytoplasmic 
protein complex, is capable of rapid degradation 
of proteins marked with small molecules in the 
ubiquitin family, which share a structural β-grasp 
fold. K48-linked ubiquitin was the first identi-
fied modifier protein, which has expanded to 
include other related molecules including: small 
ubiquitin-like modifier (SUMO), neural precur-
sor cell expressed, developmentally down-regu-
lated 8 (NEDD8), interferon-stimulated gene 15 
(ISG15), F adjacent transcript 10 (FAT10), and 
monoclonal non-specific suppressor factor beta 
(MNSFB) proteins. A special set of proteasome 
subunits is induced in antigen-presenting cells 
and forms a so-called ‘immunoproteasome’ that 
facilitates processing of peptides with hydropho-
bic C-termini that are optimized to be presented 
in the groove of major histocompatibility com-
plex (MHC) class I molecules. The immunopro-
teasome also plays an important role in 
eliminating protein aggregates which can accu-
mulate under inflammatory conditions [1]. 
Ubiquitination of target proteins is accomplished 
through three sets of enzymes termed E1, E2 and 
E3 ubiquitin ligases, with E1 and E2 having cata-
lytic activity and E3 proteins serving to link the 
target protein to the ubiquitination machinery. 

Ubiquitin-like proteins are conjugated to target 
proteins through parallel sets of enzymes, and 
like ubiquitin, these proteins also have functions 
beyond mediating recognition of target proteins 
by the proteasome. Once recognized by the pro-
teasome, target proteins are loaded into the pro-
teolytic core of the proteasome where adenosine 
triphosphate (ATP)-dependent proteases digest 
proteins into short oligopeptides suitable for fur-
ther catabolism and antigen presentation (for 
details on proteasomes see Chap. 7).

8.1.2  Autophagy

The other major proteolytic mechanism in cells is 
autophagy, a process in which organelles and 
cytoplasmic contents are enveloped in lipid 
membrane-enclosed vesicles which fuse with 
lysosomes to degrade proteins into smaller frag-
ments. Autophagy was originally considered to 
be a constitutive process by which long-lived 
proteins and damaged organelles are degraded, 
but more recently, it has been found to be regu-
lated by a series of proteins which allow environ-
mental conditions, particularly nutrient 
starvation, to induce autophagy to maintain cel-
lular protein homeostasis and function [2].

Two key nutrients sensing pathways regulate 
autophagy (Fig. 8.1a). Depletion of ATP or other 
stressors (starvation, hypoxia, oxidative stress, 
ER stress, infections) can activate AMP-activated 
protein kinase (AMPK), which phosphorylates 
substrates that activate autophagy. Another key 
nutrient sensor, the target of rapamycin complex 
(TORC), represses autophagy, but under condi-
tions of amino acid starvation or removal of 
growth  factors, TORC is repressed, which acti-
vates autophagy. Biochemically, TORC and 
AMPK regulate the pre-initiation complex, con-
sisting of unc-51 like autophagy activating kinase 
1/2 (ULK1/2), autophagy-related genes 13 
(ATG13) and family interacting protein of 200 
(FIP200) proteins (Fig.  8.1b) which regulate a 
class III phosphatidylinositol-3 kinase (PI-3 
kinase) enzyme complex termed the initiation 
complex, consisting of the proteins ATG14L, 
beclin1, vacuolar protein sorting 34 (VPS34) and 
VPS15. Full activation of the initiation complex 
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requires dissociation of the anti-apoptotic protein 
B-cell lymphoma 2 (Bcl-2) from the beclin-1 
protein, linking autophagy to regulation of apop-
totic cell death. The PI-3 kinase activity of the 
initiation complex phosphorylates lipids on intra-
cellular membranes, creating a substrate for bind-
ing of proteins such as WPP domain–interacting 
proteins 1(WIP-1 or ATG18). This converts the 
nascent autophagic vesicle into a crescent shaped 
isolation membrane (Fig. 8.1c). The completion 
of autophagic lipid vesicles is accomplished 
through a ubiquitin-like chain-reaction of protein 
modification termed the elongation reaction, in 
which a lipid modified protein LC3, takes the 
place of ubiquitin. The protease ATG4 cleaves 
LC3 to produce LC3-I, which in turn is bound by 
the ATG7 molecule and transferred to ATG3. A 
protein complex consisting of ATG5, ATG12, 
and ATG16L1 transfers a phosphatidylethanol-
amine (PE) molecule onto LC3-I, forming 
LC3-II, which is incorporated into the growing 
isolation membrane and assists in the formation 
of the completed double-walled autophagic vesi-

cle (Fig. 8.1d). Fusion of autophagosomes with 
lysosomes to degrades the organelles and pro-
teins within (Fig. 8.1e), providing substrates for 
synthesis of new macromolecules in nutrient lim-
iting conditions.

In addition to being a generalized mechanism 
for recycling cellular components, autophagy 
and components of the autophagic machinery can 
perform targeted degradation of damaged cellu-
lar components and control exocytic and endo-
cytic processes where lysosomes are coupled to 
vesicular trafficking. Even under non-starvation 
conditions, certain organelles, including peroxi-
somes and mitochondria, can be recycled through 
autophagy, which performs the valuable cellular 
function of removing sources of reactive oxygen 
species (ROS) and toxic lipids. In damaged mito-
chondria, loss of the mitochondrial electrochemi-
cal gradient causes the accumulation of the 
PTEN-induced putative kinase 1 (PINK1) kinase 
on the cytosolic-facing outer mitochondrial 
membrane. PINK1 activates Parkinson kinase 
(Parkin), an E3 ligase, which catalyzes 
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Fig. 8.1 Cellular autophagy pathways. Lettered steps 
described in the main text. AMBRA1 activating molecule 
in BECN1-regulated autophagy protein 1, AMPK AMP-
activated kinase, ATG autophagy-related genes, FIP200 
family interacting protein of 200, LC3 Microtubule-
associated protein 1A/1B-light chain 3, mTORC mam-
malian target of rapamycin, Nox2 NAPDH oxidase 2, 

PI3K phosphatidylinositol-3 kinase, PI3P phosphati-
dylinositol 3-phosphate, ROS reactive oxygen species, 
Ub ubiquitin, ULK1/2 unc-51 like autophagy activating 
kinase 1/2, UVRAG UV radiation resistance-associated 
gene protein, VPS vacuolar protein sorting, WIP WPP 
domain–interacting proteins
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ubiquitination of multiple substrates on the mito-
chondrial membrane. These substrate proteins 
recruit molecules such as p62/sequestrome and 
optineurin, which in turn recruit LC3 to the sur-
face of these particular mitochondria and results 
in their selective elimination.

During exocytosis, fusion of exocytic and 
other intermediate vesicles to lysosomes can reg-
ulate the secretory process. Certain components 
of the autophagy machinery also participate in 
the LC3-mediated fusion of endocytic vesicles 
with lysosomes, which enhances the degradation 
of phagocytosed apoptotic cells and dampens the 
inflammatory response triggered by apoptotic 
cells, a process termed LC3-associated phagocy-
tosis (LAP) [3] (Fig.  8.1f). Mice deficient in 
components of LAP have heightened inflamma-
tory responses to apoptotic cells, and develop 
features of both autoinflammatory and autoim-
mune disease [4].

8.2  Protein Homeostasis 
in the Pathogenesis 
and Regulation 
of Monogenic 
Autoinflammatory Diseases

Key Points
• Autophagy degrades activated NLRP3 

inflammasomes
• Autophagy and proteasome-mediated deg-

radation regulate production of type I 
interferons via the cGAS-STING pathway

• In TRAPS, mutant TNFR1 protein are 
retained in ER and are able to activate 
MAPK signaling via mitochondrial ROS

8.2.1  Degradation 
of Inflammasomes Through 
Autophagy (Fig. 8.2)

Protein homeostasis regulate many key inflam-
matory pathways which are disrupted in mono-
genic autoinflammatory diseases (Table  8.1, 
Fig. 8.2). For the group of syndromes caused by 
activating mutations in the nucleotide-binding 
oligomerization domain (NOD)-like receptor 

family pyrin domain containing 3 (NLRP3) 
inflammasomes, a key link was made by the 
observation that activated inflammasomes are 
degraded through autophagy [5]. This was first 
observed during activation of NLRP3 and absent 
in melanoma 2 (AIM2) and inflammasomes, 
where ubiquitination of activated inflammasome 
components led to recognition by the p62 autoph-
agy adaptor proteins and targeted delivery of acti-
vated inflammasome components to the 
autophagolysosome [6]. The superfamily of tri-
partite motif-containing (TRIM) family proteins 
also specifically target NLRP3, NLRP1 and cas-
pase-1 for autophagic degradation. Other mecha-
nisms regulate autophagic degradation of 
pro-interleukin (IL)-1β [7, 8]. Multiple activators 
of autophagy, including amino acid starvation, 
have been shown to reduce production of IL-1β 
whereas inhibitors of autophagy or genetic defi-
ciency of genes encoding autophagosome com-
ponents enhance inflammatory responses [9, 10]. 
Autophagy also inhibits the release of mitochon-
drial DNA into the cytoplasm in cells triggered to 
undergo inflammatory responses, likely due to 
the rapid degradation of mitochondria in which 
the proton gradient has collapsed after triggering 
of inflammatory responses, short circuiting the 
amplification loop in inflammation [11]. 
Autophagy itself can also be induced by inflam-
masome-regulated processes, generating a feed-
back loop which keeps inflammasome-mediated 
pathology under control, while allowing appro-
priate activation of innate immunity for host 
defense.

8.2.2  Regulation of Cyclic 
Guanosine Monophosphate-
Adenosine Monophosphate 
Synthetase (cGAS) 
and Stimulator of Interferon 
Genes-(STING) Pathway by 
Autophagy

Autophagy can also regulate the activity of 
the cyclic guanosine monophosphate-adenos-
ine monophosphate synthetase (cGAS)-stimu-
lator of interferon genes (STING) pathway, 
another key intracellular sensor of pathogens 
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and ectopic double stranded DNA (Fig. 8.2c). 
The enzyme (cGAS) is activated by cytosolic 
dsDNA to synthesize the dinucleotide second 
messenger cyclic guanosine monophosphate–
adenosine monophosphate (cGAMP). The 

sensor protein STING is activated by cGAMP 
and activates the production of type I interfer-
ons through the kinase TANK binding kinase 
(TBK1) and the transcription factor interferon 
regulatory transcription factor 3 (IRF3) [12]. 
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Fig. 8.2 Consequences of protein misfolding and intra-
cellular signaling complexes that play a role in the 
pathogenesis of specific autoinflammatory disease. (a) 
The effects of the misfolding of secretory proteins in 
the endoplasmic reticulum (ER) are depicted at the bot-
tom of the figure. The degradation of misfolded pro-
teins can cause a loss-of-function, whereas the 
accumulation of misfolded proteins can trigger abnor-
mal intracellular signaling or, at higher levels, the 
induction of the unfolded-protein response (UPR), 
which can also lead to the induction of inflammation 
and programmed cell death. Different foci of abnormal 
cellular signaling that trigger autoinflammatory dis-
eases are depicted in the cell. (b) In proteasome subunit 
beta 8 (PSMB8) deficiency, reduced degradation of 
misfolded proteins and peptides by the immunoprotea-
some leads to the accumulation of ubiquitylated pro-
teins and cellular stress. This can lead to the production 
of interferon-β (IFN-β), which in turn upregulates the 
synthesis of immunoproteasome subunits, perpetuating 
the abnormalities. (c) stimulator of interferon genes 
(STING) senses cyclic dinucleotides generated by 
cyclic guanosine monophosphate-adenosine mono-
phosphate synthetase (cGAS) from endogenous and 
viral DNA or directly from bacteria, and triggers induc-
tion of interferon production through TBK1 and IRF3. 
STING is degraded in an autophagy-dependent manner. 

(d) In the cryopyrin-associated periodic syndromes 
(CAPS), mutations in nucleotide-binding oligomeriza-
tion domain (NOD) leucine-rich repeats (LRR) and 
pyrin domain-containing 3 (NLRP3) enhance the acti-
vation of the NLRP3 inflammasome and the processing 
of pro-interleukin (IL)-1β into its active form. In famil-
ial Mediterranean fever, mutant pyrin is thought to 
associate with the inflammasome adaptor protein apop-
tosis-associated speck-like protein containing a caspase 
recruitment domain (ASC) and increase IL-1β process-
ing. The NLRP3 inflammasome can also be degraded 
through autophagy. (e) In the spondyloarthropathies, 
human leukocyte antigen (HLA)-B27 is expressed at a 
high level (which is enhanced in inflammation), fails to 
fold properly and is retained in the endoplasmic reticu-
lum (ER), triggering a partial ER stress response that 
leads to type I IFN and IL-23 production. (f) In tumor 
necrosis factor receptor-associated periodic syndrome 
(TRAPS), mutations in the extracellular region of the 
TNF receptor 1 (TNFR1) leads to accumulation of the 
mutant receptor in the ER, which triggers an abnormal 
inflammatory response that is amplified by TNF or lipo-
polysaccharide (LPS) signaling through cell-surface 
receptors. CARD caspase recruitment domain, JNK 
c-Jun N-terminal kinase, LRR leucine-rich repeat, PYD 
pyrin domain, ROS reactive oxygen species, TLR Toll-
like receptor. Adapted from [42]

C. D. Cudrici and R. M. Siegel



143

Activating mutations in STING trigger the 
syndrome of STING-associated vasculopathy 
with onset in infancy (SAVI) which is marked 
by excess production of type I interferon in 
response to cGAMP and a strong in  vivo 

interferon gene transcriptional signature [13] 
(see Chap. 24). Bacterial dinucleotide metab-
olites can activate STING directly without 
cGAS [14]. In parallel with activating inter-
feron synthesis, dsDNA also activates autoph-

Disease/Model
Causative gene

/Mechanism
Induction of ER

stress/UPR

Inflammasome

activation by

misfolded protein

Defective
autophagy

Defective

proteasome

Regulated by
autophagy

Regulated by
proteasome

TNF receptor- associated periodic syndrome (TRAPS) TNFRSF1A

Familial Mediterranean fever (FMF) MEFV

Proteasome-associated autoinflammatory syndromes:

JMP, NNS, CANDLE, JASL
PSMB8

Hyperimmunoglobulinemia D with periodic fever

syndrome (HIDS)
MVK

Neonatal-onset multisystem inflammatory disease

(NOMID)/ Muckle-Wells syndrome (MWS)/Familial

cold autoinflammatory syndrome (FCAS)

NLRP3

Deficiency of IL-1 receptor antagonist (DIRA) IL1RN

Deficiency of IL-36 receptor antagonist (DITRA) IL36RN

Pyrin-Associated Autoinflammation with Neutrophilic

Dermatosis
CD2BP1(PSTPIP1)

Sideroblastic anemia with immunodeficiency,

fevers, and developmental delay (SIFD)
TRNT1

STING-associated vasculopathy with onset in infancy

(SAVI)
TMEM173

NLRC4-associated Autoinflammatory Disease NLRC4

Haploinsufficiency of A20 (HA20) syndrome TNFAIP3†

Otulin Deficiency FAM105B(OTULIN)†

Immunodeficiency and Autoinflammatory Disease

associated with C-terminal NEMO mutations
IKBKG

Immunodeficiency, autoinflammation and

amylopectinosis

HOIL1/RBCK1,
HOIP/RNF31

Pediatric Onset Inflammatory Polyarthritis Myd88

Polygenic inflammatory diseases Inflammatory bowel

disease (IBD): Crohn,UC
ATG16L

HLA-B27 associated AS HLA-B27

Gout and calcium pyrophosphate disease NRLP3 inflammasome

Type-2 diabetes (T2D) IAPP

Alzheimer’s disease (AD) APOE, APP, ADAM10

Parkinson’s disease (PD)
LRRK2, Parkin, PINK1,

PS1, PS2, SNCA

Amyotrophic lateral sclerosis (ALS) SOD1, TDP-43, PDI

Huntington’s chorea HTT

Mendelian Diseases

Complex Diseases

Table 8.1 Disruption and regulation of protein homeostatic mechanisms in genetic autoinflammatory diseases and 
complex diseases with an autoinflammatory component

Diseases are listed with causative and associated genes, and shading indicates the strength of evidence linking to 
the mechanisms in the columns. TNF tumor necrosis factor, TNFRSF1A TNF receptor super family, member 1A, MEFV 
familial Mediterranean fever gene, TRNT1 tRNA nucleotidyltransferase, CCA-adding 1, JMP joint contractures, mus-
cle atrophy, microcytic anemia, and panniculitis-induced childhood-onset lipodystrophy, NNS Nakajo-Nishimura 
syndrome, CANDLE chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature, JASL 
Japanese autoinflammatory syndrome with lipodystrophy, MVK mevalonate kinase, PSMB8 proteasome subunit 
beta type 8, IAPP islet amyloid polypeptide, APP amyloid precursor protein, APOE apolipoprotein E, ADAM10 A disin-
tegrin and metalloproteinase domain 10, PS1 preselenin 1, PS2 preselenin 2, LRRK2 leucine rich repeat kinase 2, 
SNCA synuclein alpha, PARKIN Parkinson protein 2, PINK1 PTEN-induced putative kinase 1, SOD1 superoxidase dis-
mutase 1, TDP-43 TAR DNA binding protein 43, PDI protein disulfide isomerase, HTT huntingtin. Adapted from [41]
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agy through cGAS, and a pathway requiring 
activation of AMPK and the downstream 
kinases ULK1/2 [15]. Activated STING is 
also ubiquitinated, leading to recruitment of 
the p62/sequestrin which mediates its deliv-
ery to autophagocytic vesicles and degrada-
tion [15]. This regulatory mechanism is likely 
important in preventing sustained activation 
of STING and type I interferon and the severe 
clinical consequences that are seen in the 
SAVI syndrome.

8.2.3  Accumulation of Misfolded 
Mutated Proteins

In addition to being regulated by autophagy, 
inflammatory signaling pathways can be acti-
vated in monogenic autoinflammatory disease 
by the altered protein encoded by the causal 
genetic mutation. The tumor necrosis factor 
receptor-associated periodic syndrome (TRAPS) 
is caused by autosomal dominant missense 
mutations in the extracellular domain of TNFR1, 
the key pro-inflammatory receptor for TNF [16] 
(see Chap. 18). In cells from patients with 
TRAPS and mice engineered to express TRAPS-
associated TNFR1 mutations, the mutant protein 
misfolds and is retained in the endoplasmic 
reticulum (ER), where it signals in a ligand-
independent manner to activate MAPK signaling 
through a pathway dependent on mitochondrial 
ROS [17]. Autophagy may also play a role in 
degrading TNFR1 [18]. Cells from patients with 
TRAPS have enhanced pro-inflammatory 
responses to innate immune stimuli and sensitiv-
ity to in vivo lipopolysaccharide (LPS) challenge 
in a manner dependent on the wild-type TNFR1 
[19]. Accumulated TNFR1 also triggers a low 
but detectable activation of the unfolded protein 
response (UPR) [20]. Upregulation of NLRP3 
and enhanced inflammasome activation and 
IL-1β production ensues in myeloid cells, likely 
explaining the clinical responsiveness of TRAPS 
to blockade of IL-1β [21].

8.3  Alteration in Protein 
Homeostasis Mechanisms 
and Triggering 
of Inflammatory Responses 
by Misfolded Proteins 
in Complex Diseases

Key Points
• Intracellular misfolded proteins are key 

players in inducing the inflammation and 
ER stress responses in various diseases 
including ankylosing spondylitis

• Extracellular protein aggregates can also 
induce ER stress and are important players 
in pathogenesis of Alzheimer disease and 
type II diabetes

In addition to genetic variants in specific pro-
teins which can trigger ER stress responses or 
altered signal transduction, alterations in protein 
homeostasis mechanisms themselves can lead to 
enhanced inflammation. For diseases associated 
with misfolded proteins, pathogenesis can further 
be divided into intracellular vs. extracellular pro-
teins, as the mechanisms by which inflammation 
is triggered vary depending on the location of the 
misfolded protein.

8.3.1  Defects in the Autophagy 
Pathway

Genetic deficiencies in components of the 
autophagy pathway such as ATG5 and ATG7 
result in accumulation of damaged mitochondria, 
as do mutations in parkin, which are associated 
with hereditary forms of Parkinson disease link-
ing defective mitophagy to neurodegeneration. In 
studying the susceptibility allele for Crohn dis-
ease linked to the gene encoding ATG16L1, it 
was discovered that exocytosis by intestinal 
Paneth cells can be regulated by autophagy, with 
the disease susceptibility variant reducing secre-
tion of antimicrobial peptides [22].
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8.3.2  Accumulation of Intracellular 
Misfolded Proteins (Fig. 8.2)

The human leukocyte antigen (HLA)-B27 pro-
tein is a well-studied example of an abundant 
protein where misfolding contributes to induc-
tion of an ER stress response and inflammation in 
spondylarthropathies. Ankylosing spondylitis 
(AS) is a polygenic immune mediated multisys-
tem inflammatory chronic disorder characterized 
by inflammation centered on the axial spine with 
syndesmophyte formation resulting in the fusion 
of vertebral facet joints, involvement of sacroil-
iac and peripheral joints, enthesitis and extra-
articular manifestations including inflammatory 
bowel disease and acute anterior uveitis. AS has a 
strong genetic predisposition, and presence of the 
HLA-B27 MHC class I allele remains the great-
est genetic risk factor identified to date, confer-
ring a relative risk of more than 80-fold in AS and 
somewhat lower, but significant risk in other 
spondylarthropathies [23]. It was initially pre-
sumed that the pathogenesis involved presenta-
tion of pathogenic peptides to class-I restricted T 
cells, but the failure to identify these putative 
peptides, and the persistence of AS-like disease 
in HLA-B27 transgenic rats in the absence of 
CD8+ T cells has refocused research into roles for 
HLA-B27  in triggering inflammation indepen-
dent of the adaptive immune system, thus sup-
porting the concept of AS as an autoinflammatory 
disease. Compared to other HLA molecules, 
HLA-B27 is predisposed to form homodimers in 
the absence of β2-microglobulin. A role in recog-
nition of surface HLA-B27 through KIR3DL2, 
an activating receptor found on the surface of 
natural killer (NK) cells, T cells and myeloid 
cells has been hypothesized in AS [24, 25], and 
the recent development of therapeutic antibodies 
against KIR3DL2 may allow clinical testing of 
this hypothesis. Another property of HLA-B27 
dimers is accumulation in the ER, likely due to 
protein misfolding. Accumulation of misfolded 
HLA-B27 can trigger the ER stress response, 
also known as the UPR which in turn can increase 

the expression of proinflammatory mediators, 
including IL-23 in myeloid cells. IL-23 is a pow-
erful costimulatory signal for the development of 
IL-17 secreting lymphocytes [26, 27]. A possible 
target cell for IL-23 has emerged from studies of 
non-classical T cells which reside in the tendon 
sheath and respond to IL-23 by secreting IL-17 
[28]. These findings correlate with the therapeu-
tic efficacy of antibodies blocking the activity of 
IL-23 and IL-17  in AS in clinical trials [29]. 
Inflammatory signals including toll-like receptor 
(TLR) ligation can also enhance activation of the 
UPR, constituting a positive feedback loop [30].

8.3.3  Accumulation of Extracellular 
Misfolded Proteins

Inflammation has recently been implicated in the 
pathogenesis of neurodegenerative and other dis-
eases associated with organ failure, with specific 
misfolded proteins triggering inflammation and 
cell death through shared and individual path-
ways. Alzheimer disease (AD) is a neurodegen-
erative disease that is the most common cause of 
dementia in the elderly. The main histopathologi-
cal features of AD are intracellular deposits of 
neurofibrillary tangles made of hyperphosphory-
lated Tau proteins and extracellular aggregates 
of amyloid-β, which form amyloid plaques. This 
accumulation is associated with glial activation, 
increased brain inflammation in the hippocam-
pus and the cerebral cortex and neuronal toxicity. 
Several studies have identified abnormal levels 
of ER stress in the human brain of patients with 
AD.  Markers of dysfunctional ER proteostasis 
correlate with the progression of AD and are 
associated with an activation of the UPR machin-
ery [31]. Amyloid-β oligomers can induce ER 
stress in cultured neurons via interaction with 
N-methyl-d-aspartate (NMDA) receptors lead-
ing to alteration of ER calcium homeostasis and 
neuronal dysfunction [32]. The study of brain tis-
sue from patients with AD as well as those with 
Parkinson disease also revealed s-nitrosylation 
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and inactivation of protein disulfide isomer-
ase (PDA), a protein critical for folding in the 
ER.  Inactivation of PDA leads to accumulation 
of misfolded proteins, ER stress and neuronal 
cell death [33]. A connection to inflammation 
was made through the observation that the UPR 
activates the production of pro-inflammatory 
cytokines through the nuclear factor kappa B 
(NF-κB) signaling pathway [34]. Some mis-
folded extracellular proteins, such as islet amy-
loid polypeptide, can directly activate the NLRP3 
inflammasome, triggering IL-1β release [35]. 
These findings may partly explain the respon-
siveness of type II diabetes to therapeutic block-
ade of IL-1β [36], and are inspiring clinical trials 
of anti-inflammatory and anti-cytokine agents for 
the treatment of these diseases.

8.4  Targeting Protein 
Homeostasis for the Therapy 
of Autoinflammatory 
Diseases: Future 
Perspectives

Although cytokine blocking therapies have been 
notably successful in the treatment of some auto-
inflammatory diseases, preventing protein mis-
folding and triggering of ER stress by mutant 
proteins in monogenic disease or misfolding-
prone protein isoforms such as HLA-B27 remains 
an important therapeutic goal. ‘Molecular chaper-
ones’ which bind misfolded proteins and attenu-
ate ER stress responses to them have been 
successful in some animal models of diseases 
such as in α-crystallin mutations which cause cat-
aracts [37]. The discovery that autophagy and pro-
teasome-mediated degradation control expression 
of inflammatory mediators and pathways involved 
in autoinflammatory as well as other diseases has 
spurred research into enhancing proteolysis of key 
inflammatory mediators or autophagy in general 
as a therapeutic strategy [38, 39]. Pharmacological 
agents that activate AMPK, such as methotrexate, 
or inactivate mTOR, such as rapamycin, can pro-
mote autophagy and degradation of aggregate-
prone proteins, but what portion of their 
anti-inflammatory or immunosuppressive effects 
are due to this mode of action is not clear. Using 

bifunctional molecules to enhance degradation of 
targeted proteins through the recruitment of E3 
ligases may be a more selective strategy to remove 
key inflammatory mediators from the cell [40]. If 
these strategies succeed, it will be a good example 
of how harnessing the powerful physiological 
mechanisms of protein homeostasis can lead to 
therapeutic benefit.
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