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Proteostasis alterations are proposed as a transversal hallmark
of several pathological conditions, including metabolic disor-
ders, mechanical injury, cardiac malfunction, neurodegenera-
tion, and cancer. Strategies to improve proteostasis aim to
reduce the accumulation of specific disease-related misfolded
proteins or bolster the endogenous mechanisms to fold and
degrade abnormal proteins. Endoplasmic reticalum (ER)
stress is a common pathological signature of a variety of dis-
eases, which engages the unfolded protein response (UPR) as
a cellular reaction to mitigate ER stress. Pharmacological
modulation of the UPR is challenging considering the physi-
ological importance of the pathway in various organs. Howev-
er, local targeting of ER stress responses in the affected tissue
using gene therapy is emerging as a possible solution to over-
come side effects. The delivery of ER chaperones or active
UPR components using adeno-associated virus (AAV) has
demonstrated outstanding beneficial effects in several disease
models (e.g., neurodegenerative conditions, eye disorders, and
metabolic diseases). Here, we discuss current efforts to design
and optimize gene therapy strategies to improve ER proteo-
stasis in different disease contexts.

Proteostasis is defined as the dynamic interrelation of all cellular
processes that ensures the generation of functional proteins,
including their synthesis, quality control, localization, and degra-
dation." Maintenance of the health of the proteome is central to
sustain cell function, reflected in the fact that proteostasis imbal-
ance contributes to a wide spectrum of human diseases." Approx-
imately 30% of proteins are synthesized and processed in the
endoplasmic reticulum (ER), representing a key compartment of
the proteostasis machinery.” A variety of noxious inputs to the
cell may alter the function of this fundamental organelle, triggering
a condition known as ER stress. Chronic accumulation of mis-
folded proteins at the ER and subsequent events, such as abnormal
protein aggregation and the collapse of protein degradation sys-
tems, are deleterious to the cell and can result in cell dysfunction
and death.’

A central node of the proteostasis network is a signaling pathway

known as the unfolded protein response (UPR), which is activated
in response to ER stress.” Activation of the UPR have been extensively
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described as an early event in several pathological conditions, suggest-
ing a causative role in the progression of disease.”

Although ER stress is emerging as an attractive target for disease
intervention, the use of small molecules has many disadvantages,"
including side effects due to the fundamental physiological roles of
the UPR, especially in specialized secretory cells.” To overcome this
limitation, several gene therapy strategies have been developed to
target the UPR and ER stress, demonstrating outstanding results in
preclinical models of disease. In this review, we discuss current evi-
dence supporting the potential of gene therapy to improve proteosta-
sis in various disease contexts.

ER Stress and the Unfolded Protein Response

The ER is the main organelle where secretory-pathway-associated
proteins are synthesized and folded. Multiple post-translational mod-
ifications and protein quality control systems ensure the correct
folding and localization of proteins.” The folding capacity of the
cell is constantly adjusted according to demand, and the UPR is essen-
tial to sustain the activity of specialized secretory cells, including B
lymphocytes, salivary glands, and pancreatic beta cells.” Additionally,
environmental changes at the ER lumen also influence the efficiency
of protein synthesis and folding rates. These changes can include the
redox state of the cell, lumenal calcium levels, and alterations in lipid
or energy metabolism. Activation of the UPR enhances the basal
capacity of the cell by enforcing pro-adaptive responses, such as the
adjustment of protein synthesis and the upregulation of genes
involved in folding, quality control mechanisms, and protein degra-
dation of pathways (Figure 1)."> Conversely, under chronic or irre-
versible ER stress, the UPR activates pro-apoptotic signals. Thus,
the UPR represents a central pathway controlling cell fate under

2
stress.' !

The UPR can be viewed as a three-component system mediated by
(1) stress transducers or sensors, (2) transcription factors, and (3)
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Figure 1. ER Stress and the UPR

Left: flowchart showing the hallmarks of the UPR activation under ER stress. Right: principal components and potential targets of the UPR to modulate in disease by AAV-
mediated gene therapy approaches. ASK1, apoptosis signal-regulating kinase 1; ATF4, activating transcription factor 4; ATF6, activating transcription factor 6; ATF6f,
fragmented activating transcription factor 6; BiP, binding immunoglobulin protein; CHOP, C/EBP homologous protein; EDEM1, ER degradation-enhancing alpha-man-
nosidase-like 1; elF2a, eukaryotic translation initiation factor-2 alpha; GADD34, growth arrest and DNA damage-inducible 34; Hrd1, hypoxia responsive domain-1; IRET,
inositol-requiring enzyme 1; JNK, c-Jun N-terminal kinase; PERK, protein kinase RNA-like endoplasmic reticulum kinase; PP1, protein phosphatase 1; Rab1, Ras-asso-
ciated binding protein 1; Sil1, SIL1 nucleotide exchange factor 1; TRAF2, TNF receptor-associated factor 2; Xop1s, spliced X-box binding protein 1; Xbp1u, unspliced X-box

binding protein 1.

downstream targets (Figure 1). UPR signal transducers are located
at the ER membrane and directly or indirectly detect the accumu-
lation of misfolded proteins inside the ER, including inositol-
requiring transmembrane kinase/endonuclease 1 (IRE1) alpha
and beta, PKR-like ER kinase (PERK), and activating transcription
factor 6 (ATF6) alpha and beta.'” Each transducer controls specific
downstream transcription factors. IREle is a ubiquitously ex-
pressed protein, whereas IRE1B is specifically expressed in the
gut and lung. IREla is a kinase and endoribonuclease that, upon
activation, catalyzes the processing of the pre-mRNA encoding
the transcription factor X-box-binding protein 1 (XBP1), deleting
a 26-nt intron that changes the open reading frame to express a
potent transcriptional activator termed XBPls (for the spliced
form)."” XBP1s controls the expression of genes involved in pro-
tein folding, secretion, quality control, and ER-associated degrada-
tion (ERAD), among other processes.M’15 Additionally, IREla
directly cleaves a subset of mRNAs and microRNAs, having impor-
tant regulatory function on inflammation, apoptosis, and other
pathways.'® IREle. mediates the signaling crosstalk with other
pathways through the binding of adaptor proteins, like TRAF2,

to engage alarm genes, including ASK1 and JNK that regulate auto-
phagy and apoptosis.'”

Activation of PERK leads to the transient inhibition of protein trans-
lation in the ER by the phosphorylation of eukaryotic translation
initiator factor 2a. (eIF2a), which attenuates the overload of misfolded
proteins.'® eIF2a. phosphorylation allows the selective translation of
the transcription factor ATF4, which mediates the upregulation of
foldases, proteins involved in autophagy, chaperones, and proteins
involved in the regulation of the redox and metabolic status of the
cell.’” Under prolonged ER stress, ATF4 has an important pro-
apoptotic role through the upregulation of the transcription factor
CHOP and several members of the BCL-2 family of proteins (e.g.,
BIM).'>*° eIF20, phosphorylation is negatively regulated by two phos-
phatase complexes, including the ER-stress-inducible regulatory
subunit GADD34, which is controlled by the ATF4/CHOP
pathway.”' In addition, this UPR signaling branch regulates apoptosis
by enhancing protein synthesis and the production of reactive oxygen
species on the stressed cell.”? Importantly, in addition to PERK, eIF2a.
phosphorylation is a convergent point of several stress responses
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mediated by general control nonderepressible 2 (GCN2), protein ki-
nase R (PKR), and heme-regulated inhibitor (HRI), collectively
known as the integrated stress response (ISR).”’

Under ER stress, ATF6 is transported to the Golgi apparatus,
where it is cleaved to release a cytosolic fragment (ATF6f), which
operates as a transcription factor that regulates a cluster of genes,
including ERAD components and XBP1.** Importantly, the uni-
verse of target genes governed by each of these three transcription
factors depends on the cell type affected and the context (i.e., stress
stimuli), which may be determined by the interaction with other
transcription factors, the formation of heterodimers, genetic
backgrounds, post-translational modifications, and chromatin
remodeling.'' In addition, the threshold to activate UPR stress
transducers and the kinetic pattern of their signaling is regulated
by the selective binding of different cofactors.'’ Thus, activation
of the UPR has distinct consequences to gene expression and cell
physiology. Selective modulation of the stress mitigation (adapta-
tion) responses may offer new therapeutic targets for disease
intervention.

Contribution of ER Stress to Disease

ER stress is emerging as a pathological hallmark of a variety of human
diseases, ranging from cancer, diabetes, obesity, and inflammatory
diseases to neurodegenerative conditions.” Furthermore, the UPR
has been linked to the aging process, a major risk factor to develop
neurodegenerative diseases.”>*® Importantly, functional studies using
genetic or pharmacological manipulation of the UPR in preclinical
models of disease have demonstrated a relevant contribution of ER
stress to disease pathogenesis, placing the UPR as an attractive target
for future interventions.”’

A large proportion of studies have focused on developing strategies
to reduce the pathological consequences of ER stress in models of
neurodegenerative diseases. Although the clinical manifestations of
most neurodegenerative conditions are dissimilar, most of them
share the accumulation of abnormal protein aggregates as a com-
mon disease feature (e.g., Alzheimer’s disease [AD], amyotrophic
lateral sclerosis [ALS], Parkinson’s disease [PD], Huntington’s
disease [HD], Creutzfeldt-Jakob disease [a prion-related disorder
(PrD)], retinitis pigmentosa, etc.) and are now classified as protein
misfolding disorders.”**” Importantly, the presence of chronic ER
stress markers is an emerging signature of most of these dis-
eases,”’ > as well as other conditions, such as spinal cord injury,
brain ischemia,”” and multiple sclerosis.”* Thus, strategies to
reduce the load of protein aggregates have been tested in various
preclinical models of disease, including increasing UPR-dependent
transcriptional responses, improving protein folding, or enhancing
the clearance of misfolded proteins. In the next sections, we
discuss the potential use of gene therapy as a strategy to target
the UPR in a tissue- or cell-type-specific manner. We will focus
on the use of adeno-associated viruses (AAVs) and highlight the
available evidence supporting the applicability of these vectors
for human use.
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AAV-Mediated Gene Therapy

AAVs are small, non-enveloped viruses of the Parvoviridae family
that package a single-stranded linear DNA genome. These vectors
are attractive for use in gene therapy, as they are non-pathogenic;
AAVs have not been associated with any human disease. They
have a very low rate of integration, and the recombinant virus
even lacks the site-specific integration machinery of the native
virus.”® They do not trigger a significant immune response,”® and
transgene expression can persist for years; expression has been
shown for up to 4 years*®
non-human primates.*

in the human CNS and 15 years in

Advances in the engineering of recombinant AAVs has generated
methods for fast production with standards for human use, in a
reliable, highly pure, and affordable manner. %%’ Recently, the use
of AAV:s for gene therapy has been significantly increased with the
US Food and Drug Administration (FDA) approval of two gene ther-
apies for blood cancer and an AAV-based gene therapy for a genetic
form of blindness (Box 1).*"*

AAV-mediated gene delivery has emerged as the most effective and
safe tool for both preclinical and clinical studies.’*** No side effects
have yet been reported in humans treated with AAVs, including the
entrance of Glybera as the first commercial AAV-based gene therapy
in Europe®™ and seven gene therapies with disclosed FDA break-
through designation, including three accepted in 2017.*> Moreover,
data obtained in several clinical trials in PD patients revealed
outstanding safety profiles of AAVs.*™*

In parallel to the development of pharmacological approaches to
attenuate ER stress in preclinical models of disease (reviewed in
Maly and Papa®’ and Hetz et al.**), AAV-mediated gene therapy to
improve ER proteostasis has also demonstrated success in multiple
disease models. Table 1 summarizes most of the advances in the
development of AAV-mediated gene therapies to attenuate ER stress
levels in vivo. Basically, four main concepts have been tested to target
proteostasis alterations: (1) improving the folding process by overex-
pressing ER chaperones or the calcium pump SERCA (ER calcium is a
cofactor of most chaperones); (2) enforcing adaptive gene programs
by overexpressing XBP1s or ATF6f; (3) enhancing ERAD activity;
or (4) the delivery of the e[F2a phosphatase GADD34 to reduce trans-
lational repression. In the following section, we discuss recent efforts
to develop AAV-mediated gene therapy strategies to target ER stress
in various pathologies.

CNS and Peripheral Nervous System Disorders
Neurodegenerative diseases involve the accumulation of protein
aggregates, in addition to synaptic loss, neuronal death, axonal degen-
eration, and inflammation. The experimental manipulation of the
UPR has demonstrated that ER stress signaling impacts many
different aspects of the disease process. In this section, we summarize
key findings supporting the potential of gene therapy strategies to
improve ER proteostasis in the context of different brain disease con-
ditions affecting the nervous system.
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Box 1 A Promising Outlook for AAV-Based Gene Therapies

The promise of gene therapy to revolutionize the treatment of disease has finally come to fruition. Gene therapies using AAV have recently
gained approval by regulatory agencies (e.g., Glybera by the European Medicine Agency and Luxturna by the US Food and Drug Admin-
istration [FDA]). A strong commitment to gene therapy is underscored by the number of companies as well as academic and government
institutions that are pursuing clinical trials. Over 2,200 gene therapy clinical trials have been initiated, of which at least 110 are active trials
using AAVs'"” (see https://clinicaltrials.gov/). Moreover, the FDA has given breakthrough or fast track designations to several gene ther-
apy clinical trials. These designations allow for a faster review process for life-threatening diseases, suggesting confidence in gene therapy

by regulatory agencies.

PD. PD is the second most common age-related neurodegenerative
disease, affecting 1% of the population over 60 years of age. Although
more than 90% of PD cases are sporadic, mutations in several genes
have been linked to familial parkinsonian syndromes and account for
5%-10% of the total PD cases.”’ Currently, PD is one of the best
candidate diseases to apply gene therapy because the neuronal popu-
lations affected are spatially restricted, the volume of the brain that
they cover is small, and the circuits involved are also well-character-
ized. PD involves the progressive degeneration of dopaminergic
neurons of the substantia nigra pars compacta (SNpc).*’ At the histo-
logical level, the presence of intracellular inclusions known as Lewy
bodies is a hallmark of PD. Lewy bodies are formed of fibrillar and
ubiquitinated aggregates of alpha-synuclein. Consequently, the
involvement of ER stress in PD has been extensively studied in mul-
tiple cellular and animal models, including successful pharmacolog-

. 50
ical treatments.’

A few studies have demonstrated positive outcomes of UPR-based
gene therapy in the progression of experimental PD. Adeno-viral-
mediated expression of XBP1s in the SNpc significantly reduced the
degeneration of dopaminergic neurons in a pharmacological model
of PD.”" We confirmed these results by injecting AAVs to express
active XBP1s into the SNpc of adult mice in a PD model, which also
attenuated the denervation of the striatum.”” In contrast, the overex-
pression of ATF4 in the SNpc induced spontaneous cell death.>

AAV-based gene therapy strategies have been also developed to
enhance the folding capacity of the ER by overexpressing the chap-
erone BiP. Remarkably, BiP gene transfer into the SNpc reduced
dopaminergic neuron loss triggered by alpha-synuclein overexpres-
sion.”* Additionally, one of the major targets of alpha-synuclein is
Rabl, impairing ER to Golgi trafficking, with resultant ER stress.””
An AAYV gene therapy to overexpress Rabl was developed and tested
in PD models. Injection of AAV6-Rabl into the SNpc significantly
attenuated motor deficits triggered by alpha-synuclein overexpres-
sion.”® However, this strategy did not rescue dopaminergic neuron
survival.

AD and Synaptic Function. AD is the most common neurodegener-
ative condition, leading to memory loss and dementia involving a
progressive alteration to synaptic function. Although AD is a major
health problem in the world, strategies to alleviate ER stress in mouse
models have been poorly explored.”” Of note, a polymorphism on the

XBPI promoter has been linked to AD,”® in addition to bipolar disor-
ders™ and schizophrenia,”” suggesting ER stress may be of particular
importance to these diseases. In an attempt to study the possible phys-
iological contribution of the UPR to the nervous system, we recently
reported a new function of XBP1 in the brain in learning and memory
processes.”’ Using local administration of AAV6-XBPls into the
hippocampus of wild-type animals (rats and mice), we demonstrated
an improvement in the basal performance in learning and memory
tasks.”' A recent report demonstrated that the ectopic expression of
XBP1 using lentivirus in the hippocampus restored synaptic and
cognitive function in transgenic models of AD.”> However, the
possible consequences of XBP1s overexpression on the accumulation
of amyloid plaques were not described.

ALS. ALS is a fatal adult-onset neurodegenerative disease that
affects motoneurons and thus the motor capabilities of patients.®’
5%-10% of total cases are defined as familial ALS, and the remainder
are sporadic.* Many studies have shown signatures of ER stress and
activation of the UPR in preclinical models of ALS as well as familial
and sporadic induced pluripotent stem cell (iPSC)-derived motoneu-
rons from ALS patients.”°® Multiple reports have shown the conse-
quences of pharmacological modulation of the UPR in ALS mouse
models, including the use of elF20. phosphatase inhibitors.”>®”
Studies to identify factors that explain the differential neuronal
vulnerability of certain motoneuron populations in ALS uncovered
ER stress as a major pathological response,”®®® detecting the expres-
sion of the BiP cofactor SIL1 in resistant motoneurons.”’ Interest-
ingly, AAV-mediated delivery of SIL1 restored ER homeostasis,
delayed muscle denervation, and prolonged survival in mutant
SOD1 transgenic mice.”” Of note, SIL1 was described as a direct target
of XBP1s in myotubes and secretory cells."*

HD. HD is an inheritable neurodegenerative disease generated by
the expansion of a trinucleotide repeat sequence in the gene encoding
huntingtin, resulting in an abnormal polyglutamine expansion that
triggers aggregation and neurotoxicity.”' AAV-mediated XBPIs
gene transfer into the striatum of a HD mouse model significantly
reduced the accumulation of mutant huntingtin inclusions.”> How-
ever, the possible consequences of XBPls overexpression to the
clinical progression of HD remain to be determined.

Spinal Cord Injury and Peripheral Neuropathy. The UPR has been

extensively characterized in several models of tissue damage,
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Table 1. A Summary of Successful Studies Using AAV-Based Gene Therapy to Target Proteostasis Alterations in Preclinical Models of Disease

Organ  Disease/Condition Vehicle Administration/Target ~ Phenotype References
glaucoma AAV2-XBP1s intravitreal increases neuronal survival Hu et al.**
AAV2-XBPls i 5
MS/optic neuritis v s intravitreal preserved visual function Huang et al.””
chop KO context
Eye optic nerve crush AAV2-Hsp70 intravitreal increased retinal ganglion cells Kwong et al.'"®
retinal degeneration AAV2-XBP1s intravitreal reduces axonal degeneration Hu et al.*
retinitis pigmentosa AAV5-BiP sub-retinal restores Ylsual function in mutant rhodopsin Gorbatyuk et al.**
transgenic rats
Heart myocardial ischemia/reperfusion ~ AAV9-ATF6f iv. decreased injury and improved function Jin et al.”!
delayed le d ti d prolonged 7
amyotrophic lateral sclerosis AAV6-SIL1 icv. € ayed muscle denervation and prolonge Filézac de L’Etang et al.”’
survival
Huntington’s disease AAV2-XBP1s striatum reduces aggregation of mutant huntingtin Zuleta et al.”
memory AAV6-XBP1s hippocampus increased learning and memory Martinez et al.®'
CNS AAV5-BiP SNpc reduces toxicity and aggregation of a-synuclein Gorbatyuk et al.”*
. . protected dopaminergic neurons and reduces 52
Parkinson’s disease AAV2-XBP1s SNpc . . . Valdes et al.
striatal denervation against 6-OHDA
AAV6-Rab1A SNpc motor improvement Coune et al.”®
spinal cord injury AAV2-XBPls T12-13 level improves locomotor recovery Valenzuela et al.”®
PNS sciatic nerve injury AAV2-XBPls DRG enhanced axonal regeneration Onate et al.”

6-OHDA, 6-hydroxydopamine; AAV, adeno-associated virus; BiP, binding immunoglobulin protein; CHOP, C/EBP homologous protein; DRG, dorsal root ganglia; HSP70, heat shock
protein 70; i.c.v., intracerebroventricular; i.v., intravenous; MS, multiple sclerosis; PNS, peripheral nervous system; RablA, Rab GTPase 1A; SIL1, SILI nucleotide exchange factor 1;

SNpc, substantia nigra pars compacta; XBP1s, X-box binding protein 1 (spliced form).

-75

including spinal cord injury.”>””> Several pharmacological ap-
proaches that reduce ER stress have been evaluated at the preclinical
level.” The efficacy of UPR-based gene transfer approaches to reduce
ER stress levels after mechanical damage to the nervous system has
been also explored. Local administration of AAV2-XBP1s directly
into the spine in a model of spinal cord injury after damage enhanced
locomotor recovery.”® This therapeutic effect was associated with an
increased number of oligodendrocytes in the injured region.”®

Peripheral neuropathies are the major cause of chronic pain associ-
ated with systemic conditions, such as infections (e.g., HIV and
hepatitis C), metabolic problems (e.g., diabetes), inherited causes
(e.g.» Charcot-Marie-Tooth diseases), and exposure to toxins (e.g.,
chemotherapy).”” We recently delivered AAV2-XBP1s to the dorsal
root ganglia and tested the impact of artificially enforcing the UPR
in models of peripheral nerve degeneration. Overexpression of
XBP1s accelerated axonal regeneration in the sciatic nerve, demon-
strating a novel activity of the UPR in the nervous system.”®

Prion-Related Disorders. A few reports have provided promising
evidence, indicating that targeting ER proteostasis with gene therapy
strategies can delay neurodegeneration. In prion disease models
(scrapie), the sustained phosphorylation of eIF2a leads to decreased
expression of synaptic proteins, resulting in neuronal dysfunction.”
Overexpression of the eIF2a. phosphatase subunit GADD34 into the
brain using lentiviral vectors reduced neurodegeneration of prion-in-
fected mice.** In summary, strategies to attenuate ER stress levels using
gene therapy may have beneficial consequences on a variety of diseases
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and conditions that are associated with altered ER proteostasis in com-
mon despite disparate etiology.

Eye Disease

ER stress has been linked to several eye disorders.®’ Retinitis pigmen-
tosa is a genetic disorder of the eyes that causes vision loss. Mutations
in the rhodopsin gene that cause retinitis pigmentosa are associated
with rhodopsin misfolding and ER stress, leading to photoreceptor
degeneration.” Subretinal delivery of AAV5 to overexpress BiP in
rhodopsin transgenic rats led to a reduction in CHOP levels, attenu-
ating apoptosis. The administration of AAV-BiP had outstanding
effects, resulting in a sustained increase in electro-retinogram ampli-
tudes, suggesting the recovery of vision in the mutant rhodopsin
transgenic rats.*’

Other diseases of the eye, including glaucoma and optic neuritis, have
been also linked with the occurrence of pathological ER stress levels.
AAV-mediated XBP1s overexpression dramatically protected retinal
ganglion cells from axon-injury-induced death from glaucoma.** Addi-
tionally, AAV-mediated XBP1s overexpression led to increased retinal
ganglion cell survival and axonal protection in optic neuritis from
experimental autoimmune encephalomyelitis (a model of multiple
sclerosis) in mice.®

Heart Pathology

Most ER chaperones have a high capacity to bind calcium with low
affinity, operating as a major cofactor for optimal folding activity.*®
The sarco-ER calcium ATPase (SERCA) family of proteins pumps
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calcium from the cytosol to the sarcoplasmic reticulum (SR). SERCA
is essential to maintain steady-state levels of SR and ER calcium and
hence muscle function. In heart failure, several efforts have been made
to develop a SERCA2a AAV-gene therapy and are currently under
clinical testing, including CUPID (Calcium Upregulation by Percuta-
neous Administration of Gene Therapy in Cardiac Disease).”” The
results from these clinical trials suggested a significant improvement
of heart function;***° however, these observations could not be repli-
cated later. The authors suggested that reduced transduction effi-
ciency may explain the failure of the second study.”’

Other strategies have been investigated to target other heart condi-
tions. AAV-mediated ATF6f overexpression restored heart function
under an ischemia/reperfusion paradigm.’’ In heart disease, delivery
of the ER foldase PDIA1 into the heart using adenoviruses yielded
protection against acute myocardial infarction.”” Similarly, overex-
pression of Hdrl, a critical component of protein quality control
and ERAD, by AAVY9 injections showed beneficial effects in a heart
hypertrophy model.”

Metabolic Disorders

ER stress has been proposed as a central pathological event linked to
insulin resistance and obesity.”*”> Aberrant lipid metabolism disrupts
calcium homeostasis, causing liver ER stress in obesity.”
group of disorders characterized by chronic high blood glucose levels
(hyperglycemia) due to a failure to produce insulin or regulate its
action. Treatment of diabetic mice with adenoviruses to express
XBPIs in the liver improves glucose homeostasis.”” In this line,
XBP1s is proposed as a master modulator of insulin action and also
as an anti-lipogenic protein.”® ' In addition, adenovirus-mediated
delivery of BiP to the liver of obese mice or wild-type mice exposed
to a high-fat diet led to a decrease of steatosis correlating with a reduc-
tion on ER stress levels.'"'

Diabetes is a

Current Challenges

ER stress and the activation of the UPR is a feature of normal phys-
iology (i.e., specialized secretory cells) and many pathological condi-
tions. UPR modulation is emerging as an attractive alternative to
target multiple diseases, and gene therapy approaches to modulate
ER stress levels have greatly advanced in the last five years. However,
there are still many critical challenges in the field, ranging from the
optimization of AAV technologies for large-scale production,
improvement of transduction efficiency and spreading of the virus,
and the targeted expression of the transgene. The complexity of
UPR signaling offers multiple levels of intervention from stress
sensors, modulators, transcription factors, and hundreds of down-
stream targets. A complete understanding of the specific outputs of
the UPR and how it relates to disease is key to designing successful
future therapeutic strategies.

Developing an effective gene therapy by modulating the UPR repre-
sents a complex challenge, considering its roles in stress mitigation,
cell physiology, and apoptosis. Most functional studies using small
molecules or genetic manipulation of the UPR in disease conditions

indicate that, depending on disease context, its stage of evolution
(pre-symptomatic and symptomatic versus late stage), the cell type
affected, and the specific signaling branch analyzed, the pathway
may have contrasting and even opposite effects.’
cell-type-specific modulation, temporal regulation of transgene
expression might produce specific effects in the proteostasis network.
Because the UPR is also emerging as a central driver of cancer,'**
including brain cancer,'”?
long-term expression of other active UPR components in the brain,
such as XBP1s, increases the probability of developing this disease.
Until now, no reports have shown the possible efficacy of UPR-based
gene therapy for cancer treatment in preclinical models.

In addition to

it remains to be determined whether the

A major challenge in the AAV field is to increase the spread of the
AAVs to multiple regions within the CNS. This is particularly rele-
vant for neurodegenerative diseases that affect larger portions of the
brain. For example, although PD is often thought of as a nigrostriatal
disease, it is now well accepted that it affects many regions of the
brain. A single conventional injection of AAV to the striatum or cor-
tex is unlikely to transduce the entire brain area. A variety of tech-
niques have been described to attempt to overcome this problem.
One method is to use multiple injection sites to achieve a broader
area of viral transduction; however, this may increase the risk of infec-
tion, hemorrhage, and mechanical damage to the brain. Another
approach for increased viral spread is convection-enhanced delivery.
This technique uses a pressure gradient combined with physiological

104
Broader routes of

interstitial flow to increase AAV distribution.
administration, including intra-cerebroventricular or intravenous
administration, have also been tested to target the entire CNS.'"
Methods to increase blood-brain barrier permeability, including
mannitol or focused ultrasound, also require much higher vector
doses and increase the potential for peripheral organ transduction

and thus side effects.

New engineered capsid proteins are under development to improve
efficacy, target larger neuronal populations,'”* % and display
enhanced blood-brain barrier (BBB) penetrance.*™'*”''* A variety
of natural AAV serotypes and modified recombinant versions are
available to allow specific tropism for selected cell types (i.e., astrocytes,
oligodendrocytes, neurons, liver cells, muscle, etc.).35’36‘45 Moreover,
the site of AAV injection can determine the specific population of cells
transduced, as demonstrated, for example, after injection in gastrocne-
mius muscle to deliver transgenes into lumbar motoneurons.' "

The combination of selected serotypes with cell-type or condition-
dependent promoters to drive gene expression can be used to further
ensure a restricted expression pattern in the desired cell type or even
subpopulations of cells.''*'"* The minimal human synapsin I pro-
moter has been frequently used to ensure neuronal expression, and
a variety of other cell-type-specific promoters are under preclinical
development.''® One of the continuing challenges for cell-type-spe-
cific promoters within the context of AAVs is the large size of most
promoters and the small packaging capacity of AAV. Minimal or par-
tial promoters need to be generated. Additionally, considering the
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early activation of the UPR in some diseases, the use of ER-stress-
responsive cis elements (ERSE) as an expression regulator may be
used as a therapeutic alternative to activate the transgene only in cells
suffering stress.

Conclusions

Overall, gene therapy-mediated delivery of therapeutic agents repre-
sents a unique strategy to provide cellular specificity, temporal activa-
tion/blockage, and dosage. Targeting ER stress and the UPR is
emerging as a promising avenue for disease intervention with possible
applications in neurodegeneration, cancer, metabolic diseases, stroke,
and heart disease. For monogenic diseases, co-treatments involving
mutant gene correction or replacement plus proteostatic modulators
may enhance therapeutic outcomes. For non-familial cases or multi-
factorial diseases, ER stress targeting represents a potential disease-
modifying agent by altering pathological mechanisms of disease.
The concept of intervining homeostatic networks (biological pro-
cesses) rather than single genes may offer the possibility of treating a
larger population of patients independent of the etiology of the disease
(genetic or sporadic forms). However, additional systematic studies
are needed to assess the long-term efficacy of such approaches and
define possible side effects of manipulating the proteostasis network.
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