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Cognitive Vitality Reports® are reports written by neuroscientists at the Alzheimer’s Drug
Discovery Foundation (ADDF). These scientific reports include analysis of drugs, drugs-in-
development, drug targets, supplements, nutraceuticals, food/drink, non-pharmacologic
interventions, and risk factors. Neuroscientists evaluate the potential benefit (or harm) for brain
health, as well as for age-related health concerns that can affect brain health (e.g.,
cardiovascular diseases, cancers, diabetes/metabolic syndrome). In addition, these reports
include evaluation of safety data, from clinical trials if available, and from preclinical models.

Immunoproteasome Inhibitors

Evidence Summary

Immunoproteasome inhibition may protect against chronic inflammatory damage in autoimmune
disease, but may need to be coupled with proteostasis activators to be useful for neurodegenerative
disease.

Neuroprotective Benefit: Immunoproteasome upregulation may be a protective response to
inflammation and oxidative stress, but promote neurodegeneration if chronically elevated.
Effects of inhibition are likely context dependent.

Aging and related health concerns: Immunoproteasome inhibition may limit inflammatory
damage in cardiovascular events, and treat blood cancers, but exacerbate other cancers,
including breast cancer.

Safety: Likely safer than non-selective proteasome inhibitors, but carries a possible risk for
immunosuppression. Well-tolerated in Phase 1 studies, but associated with nausea and
injection reactions at high doses.
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What is it?

The proteasome plays a major role in the processing of proteins for degradation, cellular signaling, and
antigen processing [1]. It consists of a 20S core particle and a 19S regulatory particle. The 20S core is
comprised of structural alpha subunits and catalytic beta (R) subunits. In addition to the constitutive
catalytic subunits, there are three alternative R subunits (81i, 82i, 85i, also called LMP2, MECL-1, LMP7,
respectively), which are highly expressed in hematopoietic cells, and can be induced in non-
hematopoietic cells following exposure to inflammatory cytokines. Proteasomes containing the
alternative 8 subunits are referred to as the immunoproteasome. The immunoproteasome has altered
protein cleavage preferences, thus the balance between constitutive proteasomes and
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immunoproteasomes in a given cell can play a major role in regulating protein levels and function in
different cell types.

The immunoproteasome has been shown to be better at generating peptides suitable for antigen
presentation due to their increased ability to bind MHC class | molecules [2]. The immunoproteasome
can promote inflammatory immune responses through its roles in antigen presentation, promoting
cytokine production, and promoting pro-inflammatory T helper cell (Th1, Th17) differentiation and
survival. Consequently, immunoproteasome inhibitors are being developed for autoimmune diseases.
One of these inhibitors, KZR-616 from Kezar Life Sciences, is currently in clinical development for several
autoimmune conditions.

Immunoproteasome inhibitors are also being developed for cancer, primarily multiple myeloma, as a
potentially safer alternative to non-selective proteasome inhibitors.

Neuroprotective Benefit: Immunoproteasome upregulation may be a protective response to
inflammation and oxidative stress, but promote neurodegeneration if chronically elevated. Effects of
inhibition are likely context dependent.

Types of evidence:

e 4 observational studies (Immunoproteasome levels in postmortem brain in AD, PD, HD)
e Several laboratory studies (LMP7 preferential inhibitor ONX-0914)

Human research to suggest prevention of dementia, prevention of decline, or improved cognitive

function? None

Human research to suggest benefits to patients with dementia: None

Mechanisms of action for neuroprotection identified from laboratory and clinical research:

The mix of beta subunits in a proteasome determines its enzymatic properties, and the pool of
proteasomes containing particular beta subunits varies in different cell types [3]. There are proteasomes
containing all constitutive subunits, all inducible (immunoproteasome) subunits, as well as hybrids
containing both. The pool of different proteasomes provides plasticity, and the balance can shift under
different conditions. In order to maintain proteostasis, the changes need to be dynamic, and prolonged
shifts in composition are associated with cellular dysfunction and pathology.
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There is evidence from postmortem tissue that the immunoproteasome is upregulated in the CNS in
the context of various neurodegenerative conditions, which may be a downstream effect of increased
basal levels of oxidative stress and inflammation [4; 5; 6]. It may also be a compensatory response to
decreased constitutive proteasome activity, and play a role in directing an immune response toward
aggregation-prone proteins associated with neurodegenerative disease. However, as a byproduct, it
may also accelerate neuroinflammatory damage, and promote the loss of neurons containing these
disease-associated proteins.

The role of the immunoproteasome in neurodegenerative diseases may differ depending on the stage of
disease, the cell type(s) in which it is upregulated, and whether proteostasis is impaired. An early
increase in immunoproteasome activity in response to increased levels of oxidized and aggregated
proteins may be beneficial in limiting the spread of pathology [7]. Inmunoproteasome induction in glial
cells and monocytes may promote the clearance of the protein aggregates [5; 8]. In neurons, a transient
induction of the immunoproteasome may provide resilience against mild oxidative stress and promote
protein homeostasis [9]. However, if there is a prolonged shift in the balance between
immunoproteasome and constitutive proteasome subunits, then it may drive inflammation, impair
neuronal function, and ultimately promote neurodegeneration.

This suggests that inhibition of the immunoproteasome alone is likely to be of limited benefit, and could
potentially promote the accumulation of pathological proteins in contexts where the primary cellular
protein degradation processes, the constitutive proteasome and autophagy, are impaired.
Immunoproteasome inhibition is likely to be most beneficial when coupled with agents that can
promote the constitutive proteasome, as part of a mechanism to restore the balance in neurons.

Evidence from human postmortem tissue

Alzheimer’s disease (AD): The levels of the immunoproteasome subunits LMP7 (85i) and LMP2 (R1i)
were found to increase with age in the hippocampus, as they were present in neurons, astrocytes, and
endothelial cells in elderly individuals (mean age 70), but barely detectable in younger adults (mean age
42) [10]. Polymorphisms in LMP2 can alter proteasome activity in the brain, but it is not yet clear if or
how these changes contribute to AD risk. Postmortem hippocampal tissue showed evidence of a shift in
proteasome activity in Braak staged brains from AD patients, with a decrease in the constitutive R5
subunit and increases in immunoproteasome subunits [4; 11]. The expression of immunoproteasome
subunits was increased primarily in astrocytes. The increase in immunoproteasome subunit activity
was correlated with amyloid pathology (Pearson’s’ r: B5i 0.536, P < 0.0001; B2i 0.543, P < 0.0001; B1i
0.283, P = 0.054) and tau pathology (Pearson’s’ r: 5i 0.554, P < 0.001; 2i 0.630, P < 0.001) [4].
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Parkinson’s disease (PD): The protein levels of the immunoproteasome subunit LMP7 (R85i) were found
to be 3-fold higher in the brains of Lewy body dementia patients relative to controls, and LMP7 levels
were also elevated in the substantia nigra and ventral tegmental area of patients with PD [5]. Notably,
the immunoproteasome subunit was increased in both neurons and glia of the substantia nigra, which is
the most vulnerable to dopamine neuron loss, but only increased in glia in the less vulnerable ventral
tegmental area.

Huntington’s disease: In patients with Huntington’s disease, levels of LMP7 (R5i) and LMP2 (R1i) were
found to be 500% and 80% higher in the cortex, and 350% and 150% higher in the striatum, respectively,
relative to age-matched controls [6]. The increase in immunoproteasome subunits was associated with a
corresponding loss of constitutive proteasome subunits (B1 and R5) in the striatum, but not in the
cortex. The induction of the immunoproteasome subunits in neurons was associated with signs of
neurodegeneration, and may be a secondary response to elevated neuroinflammation.

Evidence from preclinical animal models

Alzheimer’s disease: Unclear

The ratio of immunoproteasome to proteasome subunits was found to increase with age in the
hippocampus of male rats [12], which likely stems from increased levels of inflammation and advanced
glycated end products [13]. Expression of the LMP7 (85i) subunit decreased temporarily in response to
spatial memory training, suggesting that changes in proteasome subunit composition could impact
learning and memory [12]. APP/PS1 mice deficient in LMP7 (R5i) had reduced levels of pro-inflammatory
cytokines (TNFa, IL-6) and modest improvements in spatial memory, but no change in AR plaque burden
relative to AD mice that express LMP7 [14]. However, in the 5XFAD model, the recruitment of
monocytes expressing high levels of LMP7 (R5i) facilitated the clearance of AR in the brain [15].

In the AD11 mouse model of sporadic AD, the expression profile of proteasome subunits diverges over
time from age matched controls, leading to differences in proteasome function [16]. The differential
recruitment of proteasome subunits likely stems from differences in the neuro-environment, such as the
cytokine milieu, and the presence of the pathological proteins, AR and tau. The change in proteasome
subunit composition could impact neuronal function by altering the preference for which proteins are
degraded, as well as the antigenicity and signaling capacity of the cleaved peptides.
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Parkinson’s disease: Potential harm for inhibitors at early stages (preclinical)

The upregulation of the immunoproteasome was found to be protective at early stages in preclinical PD
models. The immunoproteasome subunits were induced in response to oxidative stressors rotenone and
6-OHDA, which limited the extent of dopamine neuron loss [9; 17]. Knockdown or inhibition of the
immunoproteasome subunits exacerbated neurotoxicity, while overexpression was protective. The
immunoproteasome may also help protect against alpha-synuclein pathology by promoting its clearance
[5]. In contrast to the constitutive proteasome, cleavage of alpha synuclein fibrils by the
immunoproteasome results in the production of peptides within the antigenic region, which may help
direct an immune response toward alpha-synuclein. This suggests that at least early in the disease
course, the immunoproteasome may be responding to elevations in oxidative stress and alpha synuclein
fibrils, and acting to mitigate damage by promoting the degradation of oxidized proteins and
aggregation prone alpha-synuclein.

Amyotrophic lateral sclerosis (ALS): Potential harm for inhibitors (preclinical)

In the SOD1%%*mouse model, there is an induction of immunoproteasome subunits in microglia and
astrocytes in the spinal cord in response to increased levels of inflammatory cytokines as the disease
progresses [8; 18; 19]. Degenerating motor neurons show impairment of the ubiquitin proteasome
system. Treatment with a drug blocking the immunoproteasome induction decreased survival by 15%
(20 days) [19], thus the immunoproteasome induction may be part of a compensatory response.

APOE4 interactions: Unknown

Aging and related health concerns: Immunoproteasome inhibition may limit inflammatory damage in
cardiovascular events, and treat blood cancers, but exacerbate other cancers, including breast cancer.

Types of evidence:

e 4 observational studies (Immunoproteasome levels in heart failure, breast cancer, stroke)
e Several laboratory studies

Lifespan: Dynamic immunoproteasome induction associated with longevity

Longevity in primates was associated with elevated 20S proteasomal activity (R?=0.21, P = 0.03) and
increased expression of the LMP7 (R5i) immunoproteasome subunit (R =0.29, P = 0.04) in fibroblasts
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[20]. The fibroblasts from long-lived primates had better induction of immunoproteasome subunits in
response to IFN-y, and incurred less protein damage in response to oxidative stress, relative to shorter-
lived primates. Additionally, both constitutive and immunoproteasome expression was found to
increase in the livers of male mice exposed to drugs associated with lifespan extension (rapamycin,
nordihydroguaiaretic acid, 17-a-estradiol). This suggests that the dynamic induction of the
immunoproteasome is protective, and dysregulation of this process could impair cellular resiliency.

Cancer

As metabolically active cells, cancer cells require high levels of proteasome activity, and thus are
vulnerable to proteasome inhibitors [1]. However, proteasome inhibitors also target metabolically active
healthy cells, leading to side effects. Specifically targeting the immunoproteasome could improve the
therapeutic window, however, there is variation in the expression of the immunoproteasome and its
contribution to disease progression across different types of cancer. Therefore, for some cancers
inhibition of the immunoproteasome may be beneficial, whereas it may be detrimental for other types.

Multiple Myeloma: Immunoproteasome inhibition has potential benefit (preclinical)

Since the immunoproteasome is normally most highly expressed in cells of hematopoietic origin,
immunoproteasome subunits are highest in myeloid cell and lymphoid cell cancers [21].
Immunoproteasome inhibitors are primarily being developed for these blood cell cancers, especially
multiple myeloma, for which non-selective proteasome inhibitors are currently used. In multiple
myeloma cell culture and/or mouse xenograft models, treatment with the LMP7 (R5i) selective inhibitor
M3258, LMP7 (R5i) preferential inhibitor PR-924, or LMP2 (R1i) preferential inhibitor IPSI-001 was
effective at reducing tumor cell growth, improving survival, and/or overcoming chemoresistance [22; 23;
24]. M3258 will be tested in a Phase 1 trial for multiple myeloma (NCT04075721).

Breast Cancer and Colon Cancer: Immunoproteasome expression associated with better outcome

The immunoproteasome plays a role in processing proteins for MHC class | antigen presentation, and
can promote the activation of the immune system towards tumor antigens [25]. The downregulation of
the immunoproteasome is associated with the loss of antigen presentation and fosters tumor evasion
for breast and colon cancer. High expression of LMP7 (R5i) was associated with higher levels of tumor
infiltrating lymphocytes and better disease-free survival (Hazard Ratio HR: 0.483, 95% Cl 0.239-0.978,
p=0.043) [26]. Breast cancer patients in the top-third of immunoproteasome expression were found to
have better ten-year survival relative to those in the bottom third (61.9% vs 36.1%) [21]. The LMP7 Q/Q
genotype is associated with a lower risk of colon cancer (Odds Ratio OR: 0.10, P = 5.97 x 107%3), relative
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to those with the K/Q genotype (OR: 8.10, P = 1.10 x 107*!), which may stem from the lower LMP7
induction capacity and stability of the K polymorphism, leading to reduced tumor antigen presentation
[27].

Melanoma: Immunoproteasome expression associated with disease progression

However, for melanoma, the MART-1,6.35 antigen is optimally produced through different proteasome
subunits, and high levels of immunoproteasome subunits can prevent effective antigen production, thus
facilitating melanoma immune evasion and progression [28].

Cardiovascular disease: Immunoproteasome inhibition has potential benefit (preclinical)

The upregulation of immunoproteasome subunits in the blood and heart may serve as a biomarker for
worse cardiovascular outcomes, and signify an increase in inflammation-associated damage. Partial
inhibition of the immunoproteasome may help limit inflammation-associated damage in cardiovascular
tissue.

Heart failure: Increased levels of the immunoproteasome subunit LMP7 (R5i) in the heart (n=6) and
serum (n=76) were found to be associated with heart failure (OR: 12.123, 95% Cl 2.38-62.08, p=0.003)
[29]. LMP7 (R5i) expression is also elevated in cardiac tissue from patients with aortic abdominal
aneurysms and atrial fibrillation [30; 31]. In mouse models of angiotensin-Il induced heart disease, LMP7
(R5i) expression is upregulated, and knockdown or inhibition of LMP7 has been shown to reduce cardiac
inflammation and fibrosis [29; 30; 31]. In addition to promoting inflammatory immune cell infiltration,
the immunoproteasome can contribute to pathological processes by promoting the degradation of
protective proteins [29; 31].

Stroke: Elevated levels of immunoproteasome subunits (LMP2 > 988.3 pg/mL, MECL-1 >584.7 pg/mL,
LMP7 = 509.0 pg/mL) were found to be associated with ischemic stroke severity and serve as prognostic
factors for hemorrhagic transformation risk [32]. The induction of immunoproteasome subunits
occurred under conditions of high inflammation, as marked by elevated levels of Hs-CRP and IL-1R. In
the mouse MCAO stroke model, treatment with the LMP7 inhibitor ONX-0914 reduced T cell infiltration,
inflammatory cytokine levels, and infarct volume [33].
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Safety: Likely safer than non-selective proteasome inhibitors, but carries a possible risk for
immunosuppression. Well-tolerated in Phase 1 studies, but associated with nausea and injection
reactions at high doses.

Types of evidence:

e 2 clinical trials [KZR-616: Phase 1 (n=72) in healthy volunteers, Phase 1b/2 (n=72) in lupus]
e Numerous laboratory studies

Non-selective proteasome inhibitors which inhibit both the constitutive and immunoproteasome
catalytic subunits by approximately 80%, such as bortezomib, which is used for multiple myeloma, have
a narrow therapeutic window due to the high risk for side effects, especially peripheral neuropathy [3].
Immunoproteasome specific inhibitors are expected to have a better safety profile because they only
target cells with high levels of immunoproteasome activity, presumably pathogenic cells, while
preserving the essential functions of the constitutive proteasome in healthy cells. However, the
improved safety is dependent on the inhibitors having strong selectivity for the immunoproteasome
subunits over the constitutive subunits.

ONX-0914 (PR-957) has been the most extensively tested immunoproteasome inhibitor used in
preclinical studies, but due to its relatively low selectivity for the immunoproteasome, is not a good
candidate for clinical translation. It has been found to be effective in animal models of autoimmune
diseases including rheumatoid arthritis, diabetes, multiple sclerosis, colitis, and lupus, without
significantly impacting normal immune function [34]. The efficacy appears to depend on the ability of
ONX-0914 to inhibit multiple immunoproteasome subunits, as one study found that a highly selective
LMP7 (R5i) inhibitor was not effective in these autoimmune models. While ONX-0914 maximally inhibits
LMP7, at efficacious doses, it also inhibits LMP2 (B1i) by 60%, with additional minor effects on MECL-1
(B2i). The good safety exhibited in these models may be due to the short duration of treatment in these
studies. Cellular toxicity stems from the inhibition of the constitutive proteasome [35], and since ONX-
0914 is only 20 to 40-fold more selective for the R5i immunoproteasome subunit over the R5
constitutive subunit [36], its long-term use could lead to gradual inhibition of the constitutive
proteasome and poses a risk for toxicity.

The immunoproteasome is highly expressed in immune cells, and affects immune system function
through its roles in promoting antigen presentation, cytokine secretion, and T cell differentiation [37].
Inhibition of immunoproteasome subunits limits the diversity of generated antigenic and signaling
peptides, which could compromise the ability of the immune system to clear some types of pathogens
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[2; 38]. Preclinical studies may also underestimate the potential risk of immunosuppression because the
immune system is typically not challenged in these models. In a mouse model of fungal infection
(Candida albicans), treatment with the immunoproteasome inhibitor ONX-0914, increased susceptibility
to infection and fungal burden, leading to increased neutrophil recruitment and immunopathology [39].
This suggests that chronic immunoproteasome inhibition could increase risk for some types of
infections.

KZR-616 is an LMP7 (85i) and LMP2 (1i) inhibitor being developed for autoimmune diseases [34] which
has been shown to be well-tolerated at doses up to 45 mg in Phase 1 trials in healthy volunteers and
systemic lupus erythematosus patients. At a dose of 45 mg injected subcutaneously, KZR-616 inhibited
LMP7 (R5i) by 95% and LMP2 (R1i) by 70% in blood cells from healthy volunteers [40], and inhibited
LMP7 (R5i) >80% and LMP2 (R1i) >40% in lupus patients (MISSION Study Data Presentation). Meanwhile,
the activity of the B5 constitutive proteasome subunit was largely spared, with study subjects showing
levels of inhibition between ~ 0 to 60%. A couple of patients showed >60% R5 inhibition at the 60 mg
dose, which is a dose that was also associated with a higher number of adverse events, including nausea

and vomiting.

In the Phase 1 study in healthy volunteers (n=72), the most common adverse events were mild,
transient injection site reactions, with no evidence of peripheral neuropathy, or clinically significant
laboratory or ECG abnormalities [40]. At the 60 mg dose, 4 subjects experienced a systemic drug
reaction including chills, elevated heart rate and nausea. As a result, the protocol was changed for all
other cohorts to escalate from an initial 30 mg dose and to include prophylactic treatment with
antihistamines and prednisone. There was a similar safety profile found in the ongoing Phase 1b/2 study
(n=72) in lupus patients (NCT03393013). There were two serious adverse events of thrombotic
microangiopathy and herpes zoster virus, however, since these are associated with both protease
inhibitors and lupus, it is unclear whether they are drug related (MISSION Study Data Presentation).

Non-selective protease inhibitors have interactions with drugs that act as immunosuppressants and QT
prolonging agents (WebMD), and although it has not yet been established, immunoproteasome
inhibitors may have similar drug interactions.

Sources and dosing:

Immunoproteasome inhibitors, such as ONX-0914, are available for research use from commercial
suppliers. KZR-616 is currently being developed by Kezar Life Sciences for autoimmune diseases. It is

being clinically tested at a dose of 45 mg subcutaneously once weekly (with dose escalation from 30 mg)
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in combination with prednisone in a Phase 2 study in patients with lupus, but a clinically therapeutic
dose has not yet been established.

Research underway:

KZR-616 is currently being tested in a Phase 1b/2 RCT for lupus with and without nephritis
(NCT03393013), a Phase 2 RCT for autoimmune hemolytic anemia and immune thrombocytopenia
(NCT04039477), and a Phase 2 RCT for polymyositis and dermatomyositis (NCT04033926).

M3258 is recruiting for a Phase 1 open label trial in patients with multiple myeloma (NCT04075721).

Principia Biopharma is in the lead optimization phase in the development of oral immunoproteasome

inhibitors for inflammation. The development of this program is unclear since AbbVie ended its
collaboration in 2019 (Press Release).

The currently used immunoproteasome inhibitors have a peptide epoxyketone backbone and act as
irreversible inhibitors by covalently modifying proteasome subunits. There are efforts underway to
develop reversible inhibitors that have a high degree of specificity and selectivity toward
immunoproteasome subunits relative constitutive subunits [41].

Search terms:

Pubmed, Google: Immunoproteasome inhibitor, LMP7 inhibitor, LMP2 inhibitor, ONX-0914, KZR-616,
UK-101, IPSI-001, M3258 +

e Alzheimer’s disease, Parkinson’s disease, neurodegeneration, aging, cancer, cardiovascular,
inflammation, safety, clinical trials

Websites visited for Immunoproteaseome Inhibitors:

e C(linicaltrials.gov (KZR-616), (M3258)
e PubChem (KZR-616, ONX-0914)

References:

1. Miller Z, Ao L, Kim KB et al. (2013) Inhibitors of the immunoproteasome: current status and future directions. Curr
Pharm Des 19, 4140-4151.https://www.ncbi.nlm.nih.gov/pubmed/23181576
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3821965/

Conquering Alzheimer’s 57 West 57th Street, Suite goq CognitiveVitality.org 11
Through Drug Discovery New York, New York 10019 AlzDiscovery.org


https://www.alzdiscovery.org/
https://clinicaltrials.gov/ct2/show/NCT03393013?term=KZR-616&rank=2
https://clinicaltrials.gov/ct2/show/NCT04039477?term=KZR-616&rank=1
https://clinicaltrials.gov/ct2/show/NCT04033926?term=KZR-616&rank=3
https://clinicaltrials.gov/ct2/show/NCT04075721?term=M3258&rank=1
https://www.principiabio.com/
https://www.globenewswire.com/news-release/2019/03/11/1751122/0/en/Principia-Biopharma-Reacquires-Rights-to-Oral-Immunoproteasome-Program.html
https://clinicaltrials.gov/ct2/results?cond=&term=KZR-616&cntry=&state=&city=&dist=
https://clinicaltrials.gov/ct2/results?cond=&term=M3258&cntry=&state=&city=&dist=
https://pubchem.ncbi.nlm.nih.gov/compound/Unii-O4BT6C02M2
https://pubchem.ncbi.nlm.nih.gov/compound/Onx-0914-_PR-957
https://www.ncbi.nlm.nih.gov/pubmed/23181576
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3821965/

Alzheimer’s .
Drug Discovery Cognitive
Foundation Vitality_org Last updated on September 6, 2019

2. Ferrington DA, Gregerson DS (2012) Immunoproteasomes: structure, function, and antigen presentation. Prog Mol Biol
Transl Sci 109, 75-112.https://www.nchi.nlm.nih.gov/pubmed/22727420
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4405001/

3. Eskandari SK, Seelen MAJ, Lin G et al. (2017) The immunoproteasome: An old player with a novel and emerging role in
alloimmunity. American Journal of Transplantation 17, 3033-
3039.https://onlinelibrary.wiley.com/doi/abs/10.1111/ajt.14435

4. Orre M, Kamphuis W, Dooves S et al. (2013) Reactive glia show increased immunoproteasome activity in Alzheimer’s
disease. Brain 136, 1415-1431.https://doi.org/10.1093/brain/awt083

5. Ugras S, Daniels MJ, Fazelinia H et al. (2018) Induction of the Immunoproteasome Subunit Lmp7 Links Proteostasis and
Immunity in a-Synuclein Aggregation Disorders. EBioMedicine 31, 307-
319.https://www.ncbi.nlm.nih.gov/pubmed/29759483 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6014061/

6. Diaz-Hernandez M, Hernandez F, Martin-Aparicio E et al. (2003) Neuronal Induction of the Immunoproteasome in
Huntington's Disease. The Journal of Neuroscience 23, 11653-
11661.https://www.jneurosci.org/content/jneuro/23/37/11653.full.pdf

7. Johnston-Carey HK, Pomatto LCD, Davies KJA (2015) The Immunoproteasome in oxidative stress, aging, and disease. Crit
Rev Biochem Mol Biol 51, 268-281.https://www.ncbi.nlm.nih.gov/pubmed/27098648
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4968084/

8. Cheroni C, Marino M, Tortarolo M et al. (2009) Functional alterations of the ubiquitin-proteasome system in motor
neurons of a mouse model of familial amyotrophic lateral sclerosis. Hum Mol Genet 18, 82-
96.https://www.ncbi.nlm.nih.gov/pubmed/18826962

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3298865/

9.Sun C, Mo M, Wang Y et al. (2019) Activation of the immunoproteasome protects SH-SY5Y cells from the toxicity of
rotenone. NeuroToxicology 73, 112-119.http://www.sciencedirect.com/science/article/pii/S0161813X18303735

10. Mishto M, Bellavista E, Santoro A et al. (2006) Immunoproteasome and LMP2 polymorphism in aged and Alzheimer's
disease brains. Neurobiology of Aging 27, 54-66.http://www.sciencedirect.com/science/article/pii/S0197458005000084

11. Nijholt DAT, de Graaf TR, van Haastert ES et al. (2011) Endoplasmic reticulum stress activates autophagy but not the
proteasome in neuronal cells: implications for Alzheimer's disease. Cell Death Differ 18, 1071-
1081.https://www.ncbi.nlm.nih.gov/pubmed/21252911

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3131935/

12. Gavilan MP, Castafio A, Torres M et al. (2009) Age-related increase in the immunoproteasome content in rat
hippocampus: molecular and functional aspects. Journal of Neurochemistry 108, 260-
272.https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1471-4159.2008.05762.x

13. Grimm S, Ott C, Horlacher M et al. (2012) Advanced-glycation-end-product-induced formation of immunoproteasomes:
involvement of RAGE and Jak2/STAT1. Biochemical Journal 448, 127-
139.http://www.biochemj.org/content/ppbiochemi/448/1/127 full.pdf

14. Wagner LK, Gilling KE, Schormann E et al. (2017) Immunoproteasome deficiency alters microglial cytokine response
and improves cognitive deficits in Alzheimer's disease-like APPPS1 mice. Acta Neuropathol Commun 5, 52-
52.https://www.ncbi.nlm.nih.gov/pubmed/28646899

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5483273/

Conquering Alzheimer’s 57 West 57th Street, Suite goq CognitiveVitality.org 12
Through Drug Discovery New York, New York 10019 AlzDiscovery.org


https://www.alzdiscovery.org/
https://www.ncbi.nlm.nih.gov/pubmed/22727420
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4405001/
https://onlinelibrary.wiley.com/doi/abs/10.1111/ajt.14435
https://doi.org/10.1093/brain/awt083
https://www.ncbi.nlm.nih.gov/pubmed/29759483
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6014061/
https://www.jneurosci.org/content/jneuro/23/37/11653.full.pdf
https://www.ncbi.nlm.nih.gov/pubmed/27098648
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4968084/
https://www.ncbi.nlm.nih.gov/pubmed/18826962
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3298865/
http://www.sciencedirect.com/science/article/pii/S0161813X18303735
http://www.sciencedirect.com/science/article/pii/S0197458005000084
https://www.ncbi.nlm.nih.gov/pubmed/21252911
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3131935/
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1471-4159.2008.05762.x
http://www.biochemj.org/content/ppbiochemj/448/1/127.full.pdf
https://www.ncbi.nlm.nih.gov/pubmed/28646899
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5483273/

Alzheimer’s .
Drug Discovery Cognitive
Foundation Vitality_org Last updated on September 6, 2019

15. Méhle L, Israel N, Paarmann K et al. (2016) Chronic Toxoplasma gondii infection enhances B-amyloid phagocytosis and
clearance by recruited monocytes. Acta Neuropathol Commun 4, 25-25.https://www.ncbi.nlm.nih.gov/pubmed/26984535
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4793516/

16. Arisi I, D'Onofrio M, Brandi R et al. (2015) Time dynamics of protein complexes in the AD11 transgenic mouse model
for Alzheimer's disease like pathology. BMC Neurosci 16, 28-28.https://www.nchi.nlm.nih.gov/pubmed/25925689
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4436769/

17. Mo M-S, Li G-H, Sun C-C et al. (2018) Dopaminergic neurons show increased low-molecular-mass protein 7 activity
induced by 6-hydroxydopamine in vitro and in vivo. Trans| Neurodegener 7, 19-
19.https://www.ncbi.nlm.nih.gov/pubmed/30128145

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6097308/

18. Puttaparthi K, Elliott JL (2005) Non-neuronal induction of immunoproteasome subunits in an ALS model: Possible
mediation by cytokines. Experimental Neurology 196, 441-
451.http://www.sciencedirect.com/science/article/pii/S0014488605003195

19. Ahtoniemi T, Goldsteins G, Keksa-Goldsteine V et al. (2007) Pyrrolidine Dithiocarbamate Inhibits Induction of
Immunoproteasome and Decreases Survival in a Rat Model of Amyotrophic Lateral Sclerosis. Molecular Pharmacology 71,
30-37.http://molpharm.aspetjournals.org/content/molpharm/71/1/30.full.pdf

20. Pickering AM, Lehr M, Miller RA (2015) Lifespan of mice and primates correlates with immunoproteasome expression. J
Clin Invest 125, 2059-2068.https://www.ncbi.nlm.nih.gov/pubmed/25866968
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4463211/

21. Rouette A, Trofimov A, Haberl D et al. (2016) Expression of immunoproteasome genes is regulated by cell-intrinsic and
-extrinsic factors in human cancers. Sci Rep 6, 34019-34019.https://www.nchi.nlm.nih.gov/pubmed/27659694
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5034284/

22. Klein M, Busch M, Esdar C et al. (2019) Abstract LB-054: Discovery and profiling of M3258, a potent and selective LMP7
inhibitor demonstrating high efficacy in multiple myeloma models. Cancer Research 79, LB-054-LB-054

23. Kuhn DJ, Hunsucker SA, Chen Q et al. (2009) Targeted inhibition of the immunoproteasome is a potent strategy against
models of multiple myeloma that overcomes resistance to conventional drugs and nonspecific proteasome inhibitors.
Blood 113, 4667-4676.https://www.nchi.nlm.nih.gov/pubmed/19050304
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2680370/

24. Singh AV, Bandi M, Aujay MA et al. (2011) PR-924, a selective inhibitor of the immunoproteasome subunit LMP-7,
blocks multiple myeloma cell growth both in vitro and in vivo. Br J Haematol 152, 155-
163.https://www.ncbi.nlm.nih.gov/pubmed/21114484

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3138210/

25. Kaur G, Batra S (2016) Emerging role of immunoproteasomes in pathophysiology. Immunology & Cell Biology 94, 812-
820.https://onlinelibrary.wiley.com/doi/abs/10.1038/icb.2016.50

26. Lee M, Song IH, Heo S-H et al. (2019) Expression of Immunoproteasome Subunit LMP7 in Breast Cancer and Its
Association with Immune-Related Markers. Cancer Res Treat 51, 80-89.https://www.ncbhi.nlm.nih.gov/pubmed/29510614
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6333994/

Conquering Alzheimer’s 57 West 57th Street, Suite goq CognitiveVitality.org 13
Through Drug Discovery New York, New York 10019 AlzDiscovery.org


https://www.alzdiscovery.org/
https://www.ncbi.nlm.nih.gov/pubmed/26984535
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4793516/
https://www.ncbi.nlm.nih.gov/pubmed/25925689
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4436769/
https://www.ncbi.nlm.nih.gov/pubmed/30128145
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6097308/
http://www.sciencedirect.com/science/article/pii/S0014488605003195
http://molpharm.aspetjournals.org/content/molpharm/71/1/30.full.pdf
https://www.ncbi.nlm.nih.gov/pubmed/25866968
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4463211/
https://www.ncbi.nlm.nih.gov/pubmed/27659694
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5034284/
https://www.ncbi.nlm.nih.gov/pubmed/19050304
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2680370/
https://www.ncbi.nlm.nih.gov/pubmed/21114484
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3138210/
https://onlinelibrary.wiley.com/doi/abs/10.1038/icb.2016.50
https://www.ncbi.nlm.nih.gov/pubmed/29510614
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6333994/

Alzheimer’s .
Drug Discovery Cognitive
Foundation Vitality_org Last updated on September 6, 2019

27. Fellerhoff B, Gu S, Laumbacher B et al. (2011) The LMP7-K Allele of the Immunoproteasome Exhibits Reduced
Transcript Stability and Predicts High Risk of Colon Cancer. Cancer Research 71, 7145-
7154.https://cancerres.aacrjournals.org/content/canres/71/23/7145.full.pdf

28. Keller M, Ebstein F, Burger E et al. (2015) The proteasome immunosubunits, PA28 and ER-aminopeptidase 1 protect
melanoma cells from efficient MART-126-35-specific T-cell recognition. European Journal of Immunology 45, 3257-
3268.https://onlinelibrary.wiley.com/doi/abs/10.1002/eji.201445243

29. Xie X, Bi H-L, Lai S et al. (2019) The immunoproteasome catalytic B5i subunit regulates cardiac hypertrophy by targeting
the autophagy protein ATG5 for degradation. Sci Adv 5, eaau0495-
eaau0495.https://www.ncbi.nlm.nih.gov/pubmed/31086810

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6506244/

30. Li F-d, Nie H, Tian C et al. (2019) Ablation and Inhibition of the Immunoproteasome Catalytic Subunit LMP7 Attenuate
Experimental Abdominal Aortic Aneurysm Formation in Mice. The Journal of Immunology 202, 1176-
1185.https://www.jimmunol.org/content/jimmunol/202/4/1176.full.pdf

31.LiJ, Wang S, Zhang Y-L et al. (2019) Immunoproteasome Subunit b5i Promotes Ang Il (Angiotensin Il) Induced Atrial
Fibrillation by Targeting ATRAP (Ang Il Type | Receptor Associated Protein) Degradation in Mice. Hypertension 73, 92-
101.https://www.ahajournals.org/doi/abs/10.1161/HYPERTENSIONAHA.118.11813

32. Chen X, Wang Y, Fu M et al. (2017) Plasma Immunoproteasome Predicts Early Hemorrhagic Transformation in Acute
Ischemic Stroke Patients. Journal of Stroke and Cerebrovascular Diseases 26, 49-
56.http://www.sciencedirect.com/science/article/pii/S1052305716302993

33.Guo Y, Chen X, Li D et al. (2018) PR-957 mediates neuroprotection by inhibiting Th17 differentiation and modulating
cytokine production in a mouse model of ischaemic stroke. Clin Exp Immunol 193, 194-
206.https://www.ncbi.nlm.nih.gov/pubmed/29603201

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6046491/

34. Johnson HWB, Lowe E, Anderl JL et al. (2018) Required Immunoproteasome Subunit Inhibition Profile for Anti-
Inflammatory Efficacy and Clinical Candidate KZR-616 ((2S,3R)-N-((S)-3-(Cyclopent-1-en-1-yl)-1-((R)-2-methyloxiran-2-yl)-1-
oxopropan-2-yl)-3-hydroxy-3-(4-methoxyphenyl)-2-((S)-2-(2-morpholinoacetamido)propanamido)propenamide). Journal of
Medicinal Chemistry 61, 11127-11143.https://doi.org/10.1021/acs.jmedchem.8b01201

35. Ladi E, Everett C, Stivala CE et al. (2019) Design and Evaluation of Highly Selective Human Immunoproteasome
Inhibitors Reveal a Compensatory Process That Preserves Immune Cell Viability. Journal of Medicinal Chemistry 62, 7032-
7041.https://doi.org/10.1021/acs.jimedchem.9b00509

36. Muchamuel T, Basler M, Aujay MA et al. (2009) A selective inhibitor of the immunoproteasome subunit LMP7 blocks
cytokine production and attenuates progression of experimental arthritis. Nature Medicine 15,
781.https://doi.org/10.1038/nm.1978

37. Kimura H, Caturegli P, Takahashi M et al. (2015) New Insights into the Function of the Immunoproteasome in Immune
and Nonimmune Cells. Journal of Immunology Research 2015, 8.http://dx.doi.org/10.1155/2015/541984

38. Winter MB, La Greca F, Arastu-Kapur S et al. (2017) Immunoproteasome functions explained by divergence in cleavage
specificity and regulation. Elife 6, e27364.https://www.ncbhi.nlm.nih.gov/pubmed/29182146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5705213/

Conquering Alzheimer’s 57 West 57th Street, Suite goq CognitiveVitality.org 14
Through Drug Discovery New York, New York 10019 AlzDiscovery.org


https://www.alzdiscovery.org/
https://cancerres.aacrjournals.org/content/canres/71/23/7145.full.pdf
https://onlinelibrary.wiley.com/doi/abs/10.1002/eji.201445243
https://www.ncbi.nlm.nih.gov/pubmed/31086810
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6506244/
https://www.jimmunol.org/content/jimmunol/202/4/1176.full.pdf
https://www.ahajournals.org/doi/abs/10.1161/HYPERTENSIONAHA.118.11813
http://www.sciencedirect.com/science/article/pii/S1052305716302993
https://www.ncbi.nlm.nih.gov/pubmed/29603201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6046491/
https://doi.org/10.1021/acs.jmedchem.8b01201
https://doi.org/10.1021/acs.jmedchem.9b00509
https://doi.org/10.1038/nm.1978
http://dx.doi.org/10.1155/2015/541984
https://www.ncbi.nlm.nih.gov/pubmed/29182146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5705213/

Alzheimer’s .
Drug Discovery Cognitive
Foundation Vitality_org Last updated on September 6, 2019

39. Mundt S, Basler M, Buerger S et al. (2016) Inhibiting the immunoproteasome exacerbates the pathogenesis of systemic
Candida albicans infection in mice. Sci Rep 6, 19434-19434.https://www.ncbhi.nlm.nih.gov/pubmed/26776888
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4726078/

40. Lickliter J, Bomba D, Anderl J et al. (2018) AB0509 Kzr-616, a selective inhibitor of the immunoproteasome, shows a
promising safety and target inhibition profile in a phase i, double-blind, single (SAD) and multiple ascending dose (MAD)
study in healthy volunteers. Annals of the Rheumatic Diseases 77, 1413-

1414 .https://ard.bmj.com/content/annrheumdis/77/Suppl 2/1413.3.full.pdf

41. Santos RdLA, Bai L, Singh PK et al. (2017) Structure of human immunoproteasome with a reversible and
noncompetitive inhibitor that selectively inhibits activated lymphocytes. Nat Commun 8, 1692-
1692.https://www.ncbi.nlm.nih.gov/pubmed/29167449
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5700161/

Disclaimer: Cognitive Vitality Reports® do not provide, and should not be used for, medical
advice, diagnosis, or treatment. You should consult with your healthcare providers when
making decisions regarding your health. Your use of these reports constitutes your agreement
to the Terms & Conditions.

If you have suggestions for drugs, drugs-in-development, supplements, nutraceuticals, or
food/drink with neuroprotective properties that warrant in-depth reviews by ADDF’s Aging and
Alzheimer’s Prevention Program, please contact INFO@alzdiscovery.org. To view our official
ratings, visit Cognitive Vitality’s Rating page.

Conquering Alzheimer’s 57 West 57th Street, Suite goq CognitiveVitality.org 15
Through Drug Discovery New York, New York 10019 AlzDiscovery.org


https://www.alzdiscovery.org/
https://www.ncbi.nlm.nih.gov/pubmed/26776888
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4726078/
https://ard.bmj.com/content/annrheumdis/77/Suppl_2/1413.3.full.pdf
https://www.ncbi.nlm.nih.gov/pubmed/29167449
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5700161/
https://www.alzdiscovery.org/terms-and-conditions
mailto:INFO@alzdiscovery.org
https://www.alzdiscovery.org/cognitive-vitality/ratings

