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ABSTRACT

Despite an increase in approved therapies for treating the inflammatory and 
neurodegenerative disease multiple sclerosis (MS), many of which have efficacy 
in the early, acute phases, there are no reliable treatments for the chronic, 
progressive stages of the disease. A deeper understanding of the biological 
underpinnings that govern differences between acute and chronic stages of MS 
and an animal model of MS, experimental autoimmune encephalomyelitis, will 
inform therapeutic development and personalized treatment strategies. It is 
well-known that the effects of inflammation are complex and the implications 
vary between stages. Complimentary to our recent publication, we will discuss 
here the pleiotropic effects of the cytokine interferonγ across disease states, 
along with the implications of downstream mechanisms of action. 
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MS is commonly thought of as an autoimmune, neurodegenerative 
disease of the central nervous system (CNS)1,2. Relapsing-remitting 
MS (RRMS) is a subtype of MS affecting 85% of patients and is 
characterized by periods of neurological dysfunction followed by 
partial or complete recovery2-4. The relapses in RRMS are typically 
associated with inflammation and the infiltration of immune cells 
into the CNS, and during remissions there is reduced inflammation4. 
Many patients with RRMS go on to develop secondary progressive 
MS (SPMS), in which there is enhanced brain atrophy and fewer 
remissions. Additionally, approximately 15% of patients develop 
primary progressive MS (PPMS), which is characterized by continuous 
neurological loss2,4. Both SPMS and PPMS have significantly dampened 
inflammation compared to RRMS4. However, all of the current FDA-
approved therapies for MS are immunomodulatory5. As such, it is not 
surprising that they have little or no effect in SPMS and PPMS patients 
and in some cases have even led to patient worsening6-8. Effective 
treatments for SPMS and PPMS patients are desperately needed and 
further dissecting the molecular differences between these stages 
may provide critical insight.

Experimental autoimmune encephalomyelitis (EAE) is a 
commonly used animal model of MS, and like MS, EAE is inflammatory 
and progresses to include demyelination and neurodegeneration9. 
In EAE, T helper (Th)1 and Th17 cells are primed against myelin by 
antigen-presenting cells and are then able to cross the blood-brain 
barrier9,10. Once in the CNS parenchyma, T cells produce a variety 
of pro-inflammatory cytokines that signal directly to glia, including 
astrocytes, and can damage both myelin and axons9,11. Similar to MS, 
EAE induced in the C57Bl/6 mouse strain has an acute, inflammatory 
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stage and a chronic phase with altered and reduced 
inflammation2,9,12. While the role of Th1 cells in MS is more 
complicated, during EAE, they are the primary driver of 
clinical disease9,13. Interferon (IFN)γ is one of the primary 
cytokines that is produced by Th1 cells14. Traditionally, 
IFNγ is thought of as pro-inflammatory, particularly during 
acute EAE; however, more recently, IFNγ has been shown 
to have a protective role in chronic stages of both EAE 
and MS15-18. Early studies showed that while deleterious 
in acute stages, during chronic stages of MS, infusions of 
IFNγ had little to no negative effect on clinical outcome19. 
Furthermore, in the MS marmoset model of MS, treatment 
with IFNγ led to slower disease progression during chronic 
stages20. Combined with EAE data demonstrating the 
differing effects of IFNγ between stages, these findings 
suggest that while the pro-inflammatory effects of IFNγ 
may be pathogenic during acute MS, as the disease 
progresses, the protective functions of IFNγ may help 
resolve the inflammatory damage seen in chronic MS. 

IFNγ differentially regulates many genes that may 
result in various inflammatory profiles between stages 
of neuroinflammation18; and yet, there is still much to be 
discovered about the specific downstream effects of IFNγ 
signaling. We recently described a region- and stage-
specific effect of IFNγ on a protein complex called the 
immunoproteasome (iP) in astrocytes during EAE15. The 
iP is a specialized form of the constitutive proteasome 
and is strongly induced by IFNγ20-22. Classically, the iP was 
described to process antigen for major histocompatibility 
complex (MHC) Class I-mediated presentation20-22. Since 
both EAE and MS are associated with MHC class II antigen 
presentation and astrocytes do not readily present 
antigens in vivo, we hypothesized that the astrocyte iP had 
alternative functions outside of antigen presentation22-25. 
Recently, it was demonstrated that the iP has a critical role 
in protein homeostasis, cellular proliferation, cytokine 
regulation, and the clearance of reactive oxygen species 
(ROS)15,26-28. We expanded on these findings, examining 
the effects of IFNγ signaling and the iP in astrocytes 
during neuroinflammation. After confirming astrocytic 
iP expression in postmortem MS lesions, we found that 
increased iP expression correlated with a reduction in 
oxidative stress proteins in astrocytes, suggesting that 
the expression of the iP may be protective. Next, we 
induced EAE in C57Bl/6 WT mice, and following the 
acute phase, mice were treated with a specific, global 
iP inhibitor. Upon treatment, clinical signs of EAE were 
immediately exacerbated. Similar to our findings in MS 
tissue, compared to vehicle-treated mice with EAE, lesions 
in mice treated with the iP inhibitor were larger, there was 
evidence of astrocyte dropout, and an increase in poly- 
ubiquitinated proteins and oxidative stress indicators in 
astrocytes. Together, these data suggested that the iP plays 
an important role in the clearance of damaged proteins 

and ROS, which enhances astrocyte survival and limits 
tissue damage. To show this was an astrocyte-specific 
phenomenon, we generated Ifngr1fl/fl Gfap-Cre mice and 
induced EAE. Compared to controls, the loss of astrocyte 
IFNγ signaling resulted in reduced iP expression in 
astrocytes, exacerbated EAE, specifically in the later stages 
of the disease course, and an increase in lesion size, poly-
ubiquitination, and oxidative stress. 

Of note, Bassler and colleagues29 showed that inhibition 
of the iP during the induction of EAE led to an amelioration 
of disease. This was primarily attributed to the role of the 
iP in cytokine regulation in immune cell priming during 
acute EAE. Without the proper cytokine environment, 
autoreactive T cells may not be fully activated and thus 
would cause less damage. However, the stage of EAE is 
important to consider with regards to the function of 
the iP. Because immune cells are past the initial priming 
phase and there are fewer CNS infiltrating immune cells 
during chronic EAE9, the iP inhibitor-mediated cytokine 
dysregulation demonstrated by Bassler et al. during acute 
EAE likely plays a lesser role during chronic stages. We 
demonstrated a novel role for the iP in astrocytes during 
chronic EAE that does not directly involve infiltrating cells 
or antigen presentation, but rather focuses on restoration 
of cellular homeostasis. 

Immunoproteasome inhibitors have been suggested 
as a potential treatment for MS30. Given the findings of 
Bassler et al., if translated to MS, iP inhibitors may reduce 
the activation of autoreactive T cells; however, this is akin 
to the immunomodulatory treatments already available. 
Further, MS pathology is different from EAE in that while 
EAE has a clear progression from acute to chronic stages, 
MS progression is more muddled4,5,9. Importantly, RRMS 
patients tend to have active lesions with many infiltrating 
cells with concurrent chronic active lesions that are less 
inflammatory31. So, while iP inhibitors may reduce the 
formation of new lesions, they could simultaneously 
exacerbate chronic active lesions in RRMS by limiting 
mechanisms that maintain cellular homeostasis. In SPMS 
and PPMS, a majority of the lesions are chronic active 
and chronic inactive, which have few infiltrating cells31. 
As such, reducing the activation of immune cells using iP 
inhibitors would provide little or no benefit to SPMS and 
PPMS patients and may even cause additional damage by 
reducing the ability of CNS cells to clear ROS and damaged 
proteins, leading to further cell and tissue damage. In 
addition, since the iP is critical for antigen presentation, 
blockade of its function may lead to deleterious side effects 
or opportunistic infections stemming from immune system 
compromise. For these reasons, the use of iP inhibitors is 
ill-advised for all stages of MS. 

Due to the reduced influence of the peripheral immune 
system during SPMS and PPMS, an agonist of the iP, or an 
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inhibitor of an iP regulator, may prove beneficial in reducing 
CNS damage. Specifically, promotion of the proteome 
maintenance functions of the iP without induction of the 
pro-inflammatory components induced by IFNγ is ideal. 
While there are currently no such agonists, there is some 
evidence of upstream iP inhibitors that could be evaluated 
as potential therapeutic targets32. Due to the differing 
pathological processes that underlie acute versus chronic 
MS and EAE, each stage should be examined and treated 
separately. Further analysis of stage-specific mechanisms 
ongoing during MS may yield specific treatment strategies 
and lead to great strides in our understanding of the 
disease.
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