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Abstract
Microglia are the resident immune cells of the central nervous system (CNS). We and others have shown
that the in�ammatory response of microglia is partially regulated by the immunoproteasome, an
inducible form of the proteasome responsible for the generation of major histocompatibility complex
(MHC) class I epitopes. While the role of the proteasome in the adaptive immune system is well
established, emerging evidence suggests the immunoproteasome may have discrete functions in the
innate immune response. Here, we show that inhibiting the immunoproteasome reduces the IFNγ-
dependent induction of complement activator C1q, suppresses phagocytosis, and alters the cytokine
expression pro�le in a microglial cell line and microglia derived from human inducible pluripotent stem
cells. Moreover, we show that the immunoproteasome regulates the degradation of IκBα, a modulator of
NF-κB signaling. Finally, we demonstrate that NADH prevents induction of the immunoproteasome,
representing a potential pathway to suppress immunoproteasome-dependent immune responses.

Main Points
The immunoproteasome regulates complement gene expression and chemokine production in
microglia.

Inhibiting the immunoproteasome reduces microglia phagocytic activity. 

Inhibiting the immunoproteasome decrease IFNγ-dependent IκBα degradation in microglia. 

NADH suppresses immunoproteasome induction.

INTRODUCTION
As immune cells of the central nervous system (CNS), microglia constantly survey the brain and spinal
cord for changes to the local environment. In response to CNS infection or injury, microglia transition to a
reactive state, where they are responsible for mounting an immune response. The adaptive immune
response occurs over a period of days to weeks and is more speci�c to particular pathogens or invaders.
The innate immune response in the CNS is primarily mediated by microglia and is activated within hours
of pathogen recognition (For review, 1). There are three major components of the innate immune
response. First, activation of the complement cascade activates additional immune cells, facilitating
identi�cation of bacteria, dying cells and foreign pathogens. The complement system can also target
invading cells for destruction. Second, dead cells, foreign particles and cell debris are cleared by
phagocytosis.  Finally, the innate immune response involves production of cytokines and chemokines
which act to promote cell migration and recruitment of additional immune cells to the site of injury or
infection. 

Activation of microglia and the subsequent innate immune response is critical for defense against
infection, however, during trauma, it can have confounding effects. The in�ammatory response is
important for returning the CNS to homeostasis, however increased microglia reactivity and the
subsequent in�ammatory response can result in reduced functional recovery following trauma and
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stroke. In addition, persistent activation of the immune response can result in an exacerbated response
to subsequent injuries. Decreasing in�ammation following trauma can reduce some of the long-term
functional de�cits associated with CNS injury. Furthermore, neuroin�ammation has been linked to
neurodegenerative disease progression such as in Alzheimer’s and Parkinson’s diseases 2,3. Thus,
controlling the in�ammatory response of microglia following CNS disruption could prove to be a
bene�cial therapeutic option.

Protein degradation machinery lies at the intersection of cellular homeostasis and neuroin�ammation.
The proteasome is the �nal destination for proteins tagged for degradation by the ubiquitin proteasome
system 4. During trauma, infection and subsequent neuroin�ammation, the constitutive proteasome

subunits are replaced by immunoproteasome subunits 5,6. The inducible immunoproteasome has
alternative regulator and catalytic subunits than the constitutive proteasome (For review, 7). IFNγ, a pro-
in�ammatory cytokine up-regulated during CNS trauma triggers the formation of the
immunoproteasome. We have previously reported that inhibiting the immunoproteasome alters the
microglia transcriptome pro�le, most notably in regards to the immune response and in�ammation 6.
While the immunoproteasome has been shown to be critical in peptide processing for antigen
presentation during the adaptive immune response, there have been few studies to date that link the
immunoproteasome and the innate immune response in microglia 7. We thus sought to examine the role
of the immunoproteasome on the innate immune response of microglia and investigate the mechanism
of immunoproteasome mediation of in�ammation. Our study demonstrates that pharmacological and
genetic ablation of the immunoproteasome subunit β5i reduces IFNγ-dependent expression of the
classical complement system activator C1q, phagocytosis, and chemokine production. In addition, we
demonstrate that genetic ablation of β5i results in reduced IκBα degradation, signifying increased NF-κB
activation, providing insight into a possible mechanism of immunoproteasome-mediated in�ammatory
response in microglia. Finally, we show that NADH, a known inhibitor of microglia-mediated
neuroin�ammation, blocks IFNγ-mediated induction of the immunoproteasome. Taken together, this
study provides initial evidence that the immunoproteasome mediates key features of the innate immune
response in mouse and human microglia exposed to IFNγ. 

MATERIALS AND METHODS
Cell Culture 

BV-2 cells were cultured under standard conditions in DMEM (Thermo�sher) medium containing 5% FBS
(Sigma), 2 mM L-Glutamine, 100 units/ml penicillin and 100 μg/ml streptomycin (Thermo�sher). Cells
were passaged 2-3 times per week. CRISPR/Cas9-mediated β5i knock-out BV-2 cells were created as
previously described 6. We obtained doxycycline inducible microglia IPSCs from Dr. Michael Ward’s lab 8.
Ward 9. IPSC lines were maintained in standard 6-well tissue culture plates coated with growth factor
reduced Matrigel (Cat. 354277, Corning) or Geltrex (Cat. A1569601, Gibco) diluted 1:100 in DMEM/F12
(Gibco) on the same day as iPSC plating. Frozen stocks of iPSCs were thawed and plated on Matrigel or
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Geltrex coated plates in Essential 8™ Basal Medium (Gibco) supplemented with 10μM ROCK inhibitor (Y-
27632 dihydrochloride; Tocris #1254). iPSC lines were passaged using 0.5 mM EDTA in PBS without
CaCl2 and MgCl2 (Life Technologies). Cells were maintained in incubators at 37°C, 5% CO2. The iPSCs
and differentiated cells were con�rmed to be mycoplasma negative.

IPSC Microglia Differentiation 

Doxycycline-inducible microglia iPSCs were grown in StemFlex or Essential 8™ Basal Medium
(Gibco) until reaching at least 50% con�uency and were grown for at least 24 h without ROCK inhibitor
(Tocris #1254). Cells were dissociated, centrifuged and pelleted cells were resuspended in Day 0
differentiation medium containing the following: Essential 8™ Basal Medium as a base, 10μM ROCK
inhibitor, and 2 μg/ml Doxycycline (Clontech). Doxycycline inducible microglia iPSCs were counted and
seeded onto double coated plates (Poly-D-Lysine-precoated Bio plates (Corning) + Matrigel or Geltrex
coating) with 350,000 cells per /well for a 6-well plate. Media was replaced on day 2 with differentiation
media consisting of Advanced DMEM/F12 Medium (Gibco) as a base medium , 100X GlutaMAX™
(Gibco), 2 μg/ml doxycycline, 100 ng/ml Human IL34 (Peprotech) and 10 ng/ml Human GM-CSF
(Peprotech). On day 4, the medium was replaced with maintenance Microglia medium, containing
Advanced DMEM/F12 as a base medium combined with 100X Antibiotic-Antimycotic (1X Anti-Anti)
(Gibco), 100X GlutaMAX, 2 μg/ml doxycycline, 100 ng/ml Human IL-34 and 10 ng/ml Human GM-CSF, 50
ng/ml Human M-CSF (Peprotech) and 50 ng/ml Human TGFB1 (Peprotech), and 50 uM
Mevalonate (Sigma). On Day 8, half the media was replaced with fresh Microglia medium. Microglia were
cultured for up to 12 additional days in maintenance Microglia medium with full medium changes every
3-4 days. Cells were assayed on day 9.

Cytokine and Drug Treatment

BV-2 cells were plated 60-70% con�uent, allowed to adhere overnight then treated with 200 U/mL of IFNγ
(R&D Systems) for 24 h. Immunoproteasome inhibition was achieved using 100 nM ONX-0914 (UBPBio).
Cells requiring nicotinamide adenine dinucleotide treatment were pre-treated for 24 h (100 μM, Sigma-
Aldrich). 

RNA Isolation and Gene Expression Analysis

Gene expression analysis was performed as previously described 6. Brie�y, RNA was isolated by the
Trizol and chloroform extraction method, then puri�ed RNA was then converted to cDNA using a Veriti
thermal cycler and a high capacity cDNA conversion kit (Applied Biosystems). Gene levels were
measured using pre-validated Taqman probes (Life Technologies).

Western and Native Gel Electrophoresis

For western blotting, cells were lysed (20 mM Hepes, .32 M Sucrose, 5 mM MgCl2, 2 mM ATP, .2% W/V
NP-40, 2 mM DTT, Protease Inhibitor, pH 7.2), combined with sample buffer on run on 4-12% gels
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(Invitrogen). All antibodies were obtained from Abcam unless otherwise stated: Psmb5 (ab3330), Psmb8
(ab3329), IκBα (sc371, Santa Cruz), β actin (A3854, Sigma), C1q (ab71089), IP-10 (MAB466, R&D
Systems), CCL2 (NBP1-07035, Novus Biologicals). 

Flow Cytometry

Cells were prepared for �ow cytometry as previously described 6. Brie�y, cells were rinsed with warm
PBS, then dislodged by scraping in FACS buffer (ThermoFisher). Following, cells were spun down at 1400
RPM at room temperature for 5 min. Samples were then incubated with pre-conjugated antibodies from
Biolegend (anti-CR1/2, anti-CR3, anti-CD88, and anti-CD93).

Phagocytosis Assay

BL-21 DE3* (ThermoFisher) were transformed with pAcGFP1 vector as described previously 10. 40 μl of

bacteria (3.0 x 108) were combined with 1 ml of culture media and added to each well of BV-2 cells
which had been pre-treated with 200 U/mL IFN γ and/or 100nM ONX-0914 for 24 h. Cells were incubated
at 37 °C for 30 min then washed 3 times with ice-cold PBS before being dislodged by scraping with FACS
buffer and submitted to �ow cytometry (BD Accuri C6, BD Biosciences). Cells were gated so that only
viable cells were counted. 10,000 cells per treatment group were counted. To adjust for background,
control cells that were not incubated with E. coli were used for each experiment (n=6). The percentage of
GFP positive cells was measured and data were analyzed using an ANOVA with Tukey’s post hoc
analysis. 

Real-time phagocytosis functionality was assessed using a bead-based assay. IgG (Sigma-Aldrich, 12-
371) was �rst labeled with pHrodo™ iFL Red following the manufacturer's instructions (ThermoFisher
Scienti�c, Cat# P36014). Subsequently, 60 μg of labeled IgG was opsonized with 60 μL of 2 μm Polybead
Carboxylate Microspheres (Polysciences, Inc, 18327-10) in 500 μL of 1X PBS. The IgG-opsonized beads
were then vigorously vortexed. Cells were seeded into a 24-well plate at a desired density. Following cell
attachment, 4 μL of the opsonized beads were added to each well and the plate was gently shaken to
ensure even distribution. The phagocytosis assay was then run on a Cytation 5 Imaging Reader. Images
were captured every 15 minutes for 2 hours using both Relief Contrast and TRITC channels. Four
positions within each well were imaged. After the 2-hour incubation, the media was aspirated from the
wells. Cells were then stained with a 1:10,000 dilution of Hoechst stain in 1X PBS for 5 minutes.
Following thorough washing with PBS, a �nal image was captured using Relief Contrast, TRITC, and DAPI
channels.

Quanti�cation was performed using the Cytation 5 software. The software was used to count the
number of cells in the DAPI channel and to measure the number, size, and intensity of phagosomes in
the TRITC channel. Data analysis was then performed using the software outputs. The ratio of
phagosomes to cell number, the difference in phagosome intensity per condition, and the difference in
phagosome average area per condition were all calculated.
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Cytokine Panel

The Proteome Pro�ler Mouse Cytokine Array Panel Cytokine expression was used to measure cytokine
expression at 24 hours post-treatment (R& D systems, Minneapolis, MN). The assay was conducted per
the manufacturer’s instructions. 300μg of protein was collected from cell lysates (n=4 per group).
HLImage++ machine vision and image processing software with Array QuickSpots was used to analyze
the cytokine expression density (2011 Western Vision Software). Duplicate spots representing individual
cytokines were averaged and background was subtracted. For statistical analysis, all spots that were not
detectable were counted as 0. Data are normalized to the IFNγ treatment group. 

Data Analysis

All data were analyzed using SPSS24 or Graphpad Prism for Windows. Outliers were removed by
calculating the Z-score (95% con�dence interval) for each data set. Data points where Z>2 were
considered outliers and omitted from analysis. For analysis between 2 groups (Control and IFNγ, sham
and injury, BV-2 WT and BV-2 β5i KO) an independent samples t-test (2-tailed) was conducted. Levene’s
test was used to assess variance and normality and appropriate transformations were applied when
necessary. For experiments involving multiple treatment groups, one-way analysis of variance was used
(ANOVA), with Tukey’s HSD post-hoc to compare differences between groups when appropriate. For all
�gures, *p<.05, **p<.01, ***p <.001, ****p<.0001. Data are presented as mean values ± standard error of
the mean (SEM). 

RESULTS
Immunoproteasome inhibition decreases IFNγ-dependent activation of the complement cascade. 

Reactive microglia have increased activation of the complement cascade, which can promote neural
necrosis and in�ammation 11. BV-2 cells are an immortalized microglia cell line that, upon induction by
IFNγ, express immunoproteasomes at approximately the same level as primary microglia 5,6. In addition,
BV-2 cells express complement genes similar to primary brain and retinal microglia 12. Activation of the
classical complement cascade begins when C1q, a �uid phase complement activator, binds to apoptotic
cells or other microbes and debris, 13. Given that C1q promotes microglial reactivity, we sought to
examine the role of the immunoproteasome on complement activation. We treated BV-2 cells with
IFNγ and measured the C1q gene cluster, C1qa, C1qb and C1qc expression via qRT-PCR.  We found that
IFNγ treatment resulted in signi�cantly higher gene expression of all 3 genes (p<.001, p<.001, and
p<.001, respectively), which was abrogated in the presence of an immunoproteasome inhibitor (Figure
1A-C). To con�rm that loss of immunoproteasome activity suppressed complement gene activation we
utilized BV2 cells where the catalytic β5i subunit was deleted (BV-2 β5i KO).  Interestingly, we found low
basal expression of each C1q gene in BV-2 β5i KO cells (Figure 1A-C). Moreover, IFNγ-dependent
complement gene induction is blocked in BV-2 β5i KO cells (Figure 1A-C), consistent with
pharmacological inhibition of immunoproteasome activity. In addition to gene expression, C1q protein
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levels were upregulated by IFNγ in WT BV-2 cells. This IFNγ-dependent increase in C1q protein levels was
reduced in β5i KO BV-2 cells compared to WT BV-2 cells (Figure 1D).

C3 is a major component of the complement immune system, involved in both the classical and lectin
complement pathways and is important for tagging pathogens, extracellular protein plaques such as
amyloid beta, and other foreign complexes for phagocytosis 14,15. C3 is synthesized under basal
conditions but can be stimulated by IFNγ 16. We measured C3 gene expression in the absence or
presence of IFNγ and immunoproteasome inhibitor ONX-0914. We found that ONX-0914 treatment
reduced basal levels of C3 expression compared to control (Figure 1E). Further, IFNγ and ONX-0914 co-
treatment reduced C3 expression compared to IFNγ alone (Figure 1E). These data suggest that the
immunoproteasome regulates C3 expression.

C3b tagged pathogens or complexes are recognized by microglia via the C3b receptor, Cr1 (also known
as CD35) 17,18.  It has been previously reported that IFNγ decreases Cr1 levels on human monocytes in a
dose dependent manner 19. Given that immunoproteasome inhibition reduced the IFNγ-dependent
increase in C1q, we sought to determine if IFNγ and/or the immunoproteasomes alter complement
receptors in BV-2 microglia. We found the levels of the complement receptors Cr1/2 or Cr3 levels were
unchanged following IFNγ, ONX-0914 or co-treatment (Supplemental Figure 2A-B). Interestingly, C1q
receptor (CD93) levels were reduced in the presence of IFNγ, but was not reduced by ONX-0914 co-
treatment (Supplemental Figure 2C).  The levels of the complement receptor C5aR (CD88) were also
unchanged between groups (Supplemental Fig. 2D). Together, these data suggest that the
immunoproteasome plays a critical role in complement activation by modulating C1q induction
independent of complement receptor expression.

Given the growing evidence demonstrating differences in human and mouse microglia, we next sought
to con�rm that the immunoproteasome regulated IFNγ-dependent complement gene induction in human
microglia cells. We utilized a doxycycline inducible human inducible pluripotent stem cells (iPSCs)
microglia line that expresses crucial microglia markers and adopts a rami�ed morphology 8 days after
differentiation. We then wanted to con�rm that our iPSC-derived microglia expressed
immunoproteasome subunits in the presence of IFNγ. We found all immunoproteasome catalytic
subunits exhibited increased gene expression after exposure to IFNγ (Supplemental Figure 1A-C). We
treated iPSC-derived microglia with IFNγ and measured C1qa, C1qb and C1qc expression by qRT-PCR.
Consistent with �ndings in mouse microglia, IFNγ treatment resulted in robust induction of C1q gene
cluster, which was reversed in the presence of the immunoproteasome inhibitor (Fig. 1F). Together, our
�ndings suggest that the immunoproteasome regulates IFNγ-dependent complement activation in
mouse and human microglia.

Phagocytosis is slowed by immunoproteasome inhibition

Phagocytosis is a major component of innate immunity, and we have previously shown that
immunoproteasome inhibition decreased phagocytosis of carboxylate-modi�ed microspheres 6. IgG-
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mediated phagocytosis is one mechanism employed by microglia to recognize and engulf pathogens 20.
To test whether immunoproteasomes were involved in IgG-mediated phagocytosis, we treated BV-2 cells
with ONX-0914 for 24h ours, then incubated cells with FITC-conjugated, IgG-coated latex beads. We
found that ONX-0914 treatment reduced microglial-mediated phagocytosis of IgG-coated beads (Figure
2A). This �nding was reproduced in β5i KO BV-2 cells, demonstrating that the effect on phagocytosis
was not due to off -target effects of ONX-0914. We next tested if phagocytosis of E. coli, a more
physiological relevant substrate, was impaired by inhibition of the immunoproteasome. We incubated
cells with GFP-expressing E. coli for 30 m, in the presence or absence of ONX-0914, then subject the
cells to �ow cytometry to measure the percentage of cells that were GFP+ 10. BV-2 cells treated with

ONX-0914 did not engulf E. coli as effectively as control cells, resulting in reduced percentage of GFP+

cells compared to control (Figure 2B). Similar to the effect seen in phagocytosis of IgG-coated beads, the
phagocytosis of E.coli was signi�cantly reduced in the β5i KO BV-2 cells. 

Additionally, WT and β5i KO BV-2 cells plated in glass chambers and treated with 2-micron beads coated
with pHrodo-opsonized IgG showed a signi�cant difference in phagocytosis at the end of 2 hours.
The β5i KO BV-2s demonstrated a decrease in phagocytosis of these IgG coated beads, as seen through
visualizing the red �uorescence of the internalized pHrodo label in cells when compared to WT BV-2s
(Figure 2C). When comparing the �uorescence across cell types, WT BV-2s generate more phagosomes
with higher �uorescence intensity than β5i KO BV-2s (Figure 2D). Taken together, these data indicate that
the immunoproteasome has a global effect on phagocytosis, regardless of the substrate being engulfed,
suggesting that it controls a cellular mechanism common to the different types of phagocytosis. 

IFNγ-dependent cytokines are modulated by immunoproteasome inhibition

In addition to complement activation and phagocytosis, cytokine release is a major feature of the innate
immune response. During infection, release of cytokines and chemokines initiate the in�ammatory
response, facilitating debris clearance, immune cells recruitment and subsequent protection from
infection. During trauma and ageing, however, blood brain barrier (BBB) dysfunction and recruitment of
peripheral immune cells to the CNS are detrimental side-effects of cytokine production and release 21,22.
We next performed an unbiased cytokine protein array to examine the relative amounts of various
cytokines produced by BV-2 cells exposed to IFNγ (Figure 3A-B and Table 1). We found that
IFNγ signi�cantly increased the levels of 11 cytokines examined, compared to control (p<.05).
Furthermore, we found that co-treatment with ONX-0914 signi�cantly reduced the levels of 4 of these
cytokines compared to IFNγ treatment alone. Interestingly, not all the cytokines that were up-regulated by
IFNγ were reduced by ONX-0914, suggesting that the immunoproteasome mediates a speci�c sub-set of
IFNγ-induced cytokines. These results were consistent in β5i KO BV-2 cells, suggesting that ONX-0914
off-target effects did not affect cytokine secretion (Figure 3C).

Table 1: Mean cytokine levels. 
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  Control IFNγ ONX-0914 IFNγ+ONX-0914

BLC 866.50  1218.27 1508.71 1337.00

C5/C5a* 467.32 811.13 969.00 891.92

G-CSF* 151.79 465.61 534.88 411.57

GM-CSF Undetected 164.42 275.10 174.34

sICAM-1 14824.16 22037.30 21240.40 21870.84

IL-1ra* 3096.32 10518.27 4585.73 7466.45

IL-2 808.91 373.07 117.85 264.98

IL-3 792.38 1260.42 1407.41 1469.89

IL-4* 416.19 767.21 922.63 825.54

IL-5 84.65 380.33 393.02 290.82

IL-6 Undetected 168.73 209.51 60.62

IL-27* 51.76 387.53 189.89 255.20

IP-10** 1389.76 21515.35 1971.25 14879.69

I-TAC* 429.45 752.20 907.04 800.80

KC 93.74 379.99 384.28 208.07

M-CSF 9.02 401.14 453.96 74.95

MCP-1** 1029.59 2077.57 1458.85 885.17

MIG** Undetected 3707.30 35.24 1916.18

MIP-1alpha 7084.88 4003.13 9256.91 2516.37

RANTES** Undetected 932.45 47.91 270.62

SDF-1* 414.34 1229.00 1130.33 866.24

TARC 834.81 1133.93 1417.26 1343.51

TIMP-1 726.10 1129.15 1389.80 1177.04

BV-2 cells were treated for 24 hours then submitted to cytokine analysis. Values are mean pixel density
of 4 independent experiments. * indicates a signi�cant difference between control and IFNγ groups. **
(p<0.05) indicates that ONX-0914 treatment reversed the IFNγ−dependent increase.

The immunoproteasome mediated cytokines include Cxcl10, MIG, MCP-1, and RANTES. Cxcl10 (also
known as IP-10) is a chemokine released by multiple cell types which binds to its receptor; Cxcr3,
activating and facilitating microglia migration to sites of injury 23. Binding of Cxcl10 to neurons has been
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linked to neuronal death, highlighting the importance of understanding the mechanisms of modulating
Cxcl10 levels 24. We found that Cxcl10 is increased following IFNγ treatment, however when cells are co-
treated with ONX-0914, this effect is diminished (Figure 3A-B). Another ligand that binds to Cxcr3,
resulting in microglia activation and immune cell recruitment, is MIG (also known as Cxcl9) 25. Here we
found that MIG levels are increased following IFNγ treatment, which is abrogated in the presence of
ONX-0914. 

Monocyte Chemotactic and Activating Factor, MCP-1, (also known as Ccl2) is released by microglia
during trauma and infection, and is also a key modulator of neuropathic pain 26. Microglia lacking MCP-1
are less activated and have reduced motility, resulting in improved histological and behavioral outcomes
following intracerebral hemorrhage in mice 27. We found that IFNγ increased MCP-1 in BV-2 microglia, an
effect that was blocked when cells were co-treated with the immunoproteasome inhibitor (Figure 3A-B).  

RANTES (also known as Ccl5) is a chemokine that is up-regulated in response to trauma and other
neurological diseases that, in addition to its chemo attractant properties, induces microglia to a pro-
in�ammatory state 28. Inhibition of RANTES reduces neuroin�ammation and decreases BBB

permeability, thus decreasing RANTES levels during chronic in�ammation could prove useful 29. Here we
show that IFNγ signi�cantly increases RANTES protein levels, but not when cells were co-treated with
ONX-0914 (Figure 3A-B). In addition, we showed that the IFNγ-dependent induction of each chemokine
was blocked in BV-2 cells where the β5iβ subunit was knocked out, con�rming the �ndings observed
with ONX-0914 treatment (Figure 3C).

Given human and mouse chemokines may be differentially regulated, we next sought to determine if the
chemokines we identi�ed in mouse BV-2 cells were similarly immunoproteasome-dependent in human
microglia. Inducible human iPSC-derived microglia were exposed to IFNγ and the expression of the
select chemokines were determined by qRT-PCR. We found that Cxcl10, MCP-1, and RANTES expression
were increased in the presence of IFNγ (Supplemental Figure 3CB). This IFNγ-dependent induction of
each chemokine was suppressed when cells were co-treated with ONX-0914. We did not detect the
presence of MIG in iPSC-derived microglia. Taken together, we show that the immunoproteasome
mediates multiple chemokines that are primarily related to chemotaxis, responsible for microglial
motility, and immune cell recruitment. 

Altered microglia innate immune response is due to immunoproteasome regulation of NF-κB

In addition to complement activation and phagocytosis, MIG 30, RANTES 31, MCP-1 32 and Ip-10 33 have
all been shown to be transcriptionally regulated by NF-κB,  so we sought to determine whether loss of
the immunoproteasome subunit β5i altered IκBα degradation, a surrogate marker of NFκB activation. We
treated WT and β5i KO BV-2 cells with IFNγ over the course 4 hours and analyzed IκBα protein levels. We
found that IκBα was signi�cantly reduced after 20 minutes of IFNγ treatment in WT BV-2 cells (Figure 4
A-B). However, later time points resulted in no signi�cant change compared to untreated cells (0
minutes) (Figure 4A-B). This suggests that IFNγ signaling exhibits peak IκBα degradation 20 minutes



Page 12/27

post-stimulation and begins resynthesis at 40 minutes post-stimulation. Interestingly, IκBα was
stabilized in the β5i KO BV-2 cells as we observed no signi�cant change in IκBα degradation over time
compared to control (Figure 4A, B). Concomitantly, IκBα basal levels were signi�cantly greater in β5i KO
BV-2 cells compared to WT BV-2 cells prior to IFNγ treatment (Figure 4A, B).

Cox-2 is a well-known downstream gene target of NF-κB which, when NF-κB is inhibited, Cox-2 gene
expression is also inhibited. As a measure of NF-κB activity, we measured gene expression levels of
Cox2 in the absence and presence of IFNγ and/or ONX-0914 treatment. We found that IFNγ treatment
increased Cox2 levels (Figure 4C). The IFNγ-dependent increase in Cox-2 expression was blocked when
cells were co-treated with ONX-0914 (Figure 4C). These data are consistent with the reduced IκBα
degradation in β5i KO BV-2 cells, providing further evidence that immunoproteasome inhibition
decreases IFNγ-dependent NF-κB activation. 

NADH reduces immunoproteasome levels and complement gene expression.  

Extracellular Nicotinamide Adenine Dinucleotide (NAD) concentrations are basally low, however, it is
released in high amounts during in�ammation 34. Exogenous NAD has been previously shown to
decrease microglia activation following traumatic brain injury 35. Interestingly, it has been reported that

endogenous NAD+ can get taken up by cells, converted to NADH, and stabilize the constitutive
proteasome 36. Thus, we looked to determine if NADH treatment modulated the microglia in�ammatory
response via stabilization of the constitutive proteasome and subsequent suppression of
immunoproteasome assembly. Pre-treatment of cells with NADH blocked IFNγ-dependent induction of
the β5i subunit (Figure 5A) and assembly of the immunoproteasome (Figure 5B). We found a signi�cant
reduction in the expression of the complement protein C1qa, demonstrating a functional consequence of
NADH treatment (Figure 5C).These data suggest that assembly of the immunoproteasome can be
blocked by  stabilizing the constitutive proteasome. 

DISCUSSION
The proteasome is responsible for the selective degradation of most intracellular proteins and regulates
in�ammatory and immune responses. Based on transcriptome analysis from our previous study we
hypothesized that the immunoproteasome played a role in both adaptive and innate immune responses.
The goal of this study was to examine which aspects of the microglial innate immune response are
mediated by the immunoproteasome. We found three central components of the innate immune
response, activation of the complement cascade, phagocytosis and cytokine release, were all impacted
by immunoproteasome inhibition, consistent with a critical role of the immunoproteasome in the
microglial innate immune response.

The immunoproteasome and the innate immune response
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Microglia are the dominant source of complement activation protein, C1q, in the brain 37. Activation of
the complement cascade in microglia has implications seen in multiple neurodegenerative diseases.
Microglial reactivity, complement activation and pro-in�ammatory cytokine release are commonly
reported in Alzheimer’s Disease (AD) (For review, 38). However, recent evidence shows microglia may not

just respond to injury, but may actually precede and exacerbate neuropathology 39. One of the
neuropathological hallmarks of AD is synaptic loss, which microglia have been shown to facilitate via
complement mediated synaptic pruning 40,41. In neurodegenerative diseases such as AD and Parkinson’s
disease (PD), as well as after traumatic brain injury (TBI), phagocytosis is critical for clearance of dying
cells. Contrary to this, several studies have suggested that phagocytosis may exacerbate neuronal death
during in�ammation, promoting neurodegeneration 42-46. Bacterial infection is one of the major
activators of the innate immune system and there is some evidence suggesting a role of bacterial
infection in the pathogenesis of AD 47. Thus, tight regulation of phagocytosis during and after
in�ammation is critical to maintain a healthy balance between debris clearance and unwanted neuronal
phagocytosis. In the current study, we demonstrate that genetic ablation of β5i and -treatment with
immunoproteasome inhibitors slows phagocytosis through different mechanisms, suggesting that there
are potentially multiple converging immunoproteasome-dependent phagocytosis pathways in microglia.
Better understanding of this process will allow us to devise mechanisms to maintain the proper balance
between clearance of debris and over-activation of phagocytosis.   

In addition to phagocytic activity, microglia rapidly release several cytokines and chemokines in response
to infection or injury which act to limit the toxic insult and recruit other immune cells. In the current work
we found that immunoproteasome inhibition selectively alters levels of some cytokines, but does not
have a global effect on all cytokines measured. Cxcl10, RANTES, MIG, and MCP-1 are all
chemoattractant molecules that help facilitate cellular migration, recruitment of microglia and peripheral
immune cells to the site of damage. Following a CNS lesion, microglia migrate to the site of damage in
an IP-10 dependent manner, resulting in dendritic degeneration. IP-10 receptor knockout, spares
dendritic degeneration by microglia 23. Our �nding reveals that IFNγ stimulates microglia to release
speci�c chemoattractants through an immunoproteasome-dependent mechanism, potentially
in�uencing neuronal degeneration following an injury.

The immunoproteasome regulates NF-κB 

Upon degradation of IκBα, the p65 subunit of NFκB is translocated to the nucleus to activate the
transcription of a large amount of immune response-related genes. There have been con�icting reports
regarding whether the immunoproteasome more e�ciently degrades IκBα compared to the constitutive
proteasome 48,49. Here we report that in response to IFNγ, IκBα is stabilized in β5i KO BV-2 cells,
suggesting. This the immunoproteasome regulates IκBα turnover and subsequent IFNγ-dependent NFκB
activation. 

Stabilizing the constitutive proteasome inhibits aspect of IFNγ-dependent microglial activation
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NAD is a coenzyme that is found in all cells and is most commonly studied for its role in metabolism.
However, recent studies have implicated decreased NAD levels in aging and neurodegeneration 50.
Another, somewhat less investigated function of the reduced form of NAD, NADH, is its ability to bind
and stabilize the constitutive proteasome 36. We and others have reported that IFNγ results in the loss of
constitutive proteasome levels; however, we recently suggested that immunoproteasome subunits are
inserted into pre-existing constitutive proteasomes, following disassembly 6,51. Interestingly, data from
this study support our previous �ndings; as cells pre-treated with NADH, which stabilizes the constitutive
proteasome, have reduced levels of immunoproteasomes compared to IFNγ treatment alone.

In summary, we provide evidence that the immunoproteasome is critically involved in the major aspects
of innate immunity, including the complement system, phagocytosis and cytokine release. In addition,
the data presented here suggest that immunoproteasomes modulate microglia immune response by
regulating NF-κB activation. Finally, we show that NADH, a known proteasome interacting co-factor, can
reduce levels of assembled immunoproteasomes in response to IFNγ and, by doing so, reduce the
immune response.    
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Figure 1

Immunoproteasome inhibition reduces IFNγ-dependent complement gene activation. Wild-type or β5i
knockout BV-2 cells were treated with IFNγ in the absence and presence of immunoproteasome inhibitor,
ONX-0914 and levels of C1q genes were analyzed. A. Gene expression analysis revealed a signi�cant
difference of C1qa gene expression between treatment groups ([F(5, 20) =9.21], p<.001, n=5). Post hoc
analysis revealed that IFNγ resulted in a signi�cant increase of C1qa compared to all other groups
(control, p<.001; ONX-0914, p=.001; ONX+IFNγ, p<.01; KO control, p<.001; K.O. IFNγ, p<.001). C1qa levels
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were not increased by IFNγ, in β5i KO cells (p=.996, n=3). B. Gene expression analysis revealed a
signi�cant difference of C1qb gene expression between treatment groups ([F(5, 20) =10.56], p<.001,
n=5). Post hoc analysis revealed that IFNγ resulted in a signi�cant increase of C1qb (control, p<.001; KO
control, p<.001; KO IFNγ, p<.05. C1qb levels were not increased by IFNγ, in β5i KO cells (p=.974, n=3). C.
Gene expression analysis revealed a signi�cant difference of C1qc gene expression between treatment
groups ([F(5, 24) =10.56], p<.001, n=6). Post hoc analysis revealed that IFNγ resulted in a signi�cant
increase of C1qc (control, p<.001; ONX+IFNγ, p=.012; KO control, p<.001; K.O. IFNγ, p<.01. C1qc levels
were not increased by IFNγ, in β5i KO cells (p>.999, n=3). D. Western blot analysis con�rms that IFNγ
treatment increases C1q protein levels in WT BV2 cells but not in β5i KO BV-2 cells. E. Analysis of C3
gene expression revealed a signi�cant difference between groups (F(3,12)=15.76, p<.001, n=4). Post hoc
analysis revealed that ONX-0914 treatment reduced C3 levels compared to control and IFNγ treatments
(p<.01 and p≤.001,  respectively). Further, ONX-0914 co-treatment with IFNγ reduced C3 levels
 compared to IFNγ alone, (p=.002). F. Gene expression analysis of C1qa, C1qb and C1qc in iPSC-derived
microglia were determined by qRT-PRC (control n=4, SMA n=4; * p<0.05, ** p=0.01, *** p<0.001, ****
P<.0001).
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Figure 2

Phagocytosis is impaired by immunoproteasome inhibition. WT and β5i KO BV-2 cells were treated for
24 hours with ONX-0914 prior to measuring phagocytosis by �ow cytometry. To adjust for background,
control cells that were not exposed to �uorescent beads were used for each experiment A. Phagocytosis
of IgG-coated latex beads was signi�cantly different between groups ([F(3,10)=7.68, p=.005). Post hoc
analysis revealed that treatment with ONX-0914 resulted in signi�cantly decreased phagocytosis
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compared to control (p=.032). B. Phagocytosis of eGFP-expressing E. coli was measured after a 30
minute incubation by quantifying the percentage of cells that were GFP positive. Flow cytometry analysis
revealed a signi�cant difference between treatment groups ([F(3,18)=39.23], p<.001). Treatment with
ONX-0914 resulted in signi�cantly decreased phagocytosis compared to control (p<.001). C. Example
images of pHrodo IgG mediated phagocytosis uptake at end of 2-hour imaging in WT (left) and β5i KO
BV-2 cells (right). Red �uorescence signi�es pHrodo bead uptake. Blue �uorescence signi�es Hoechst
staining of cell nuclei. Scale bar is 500μm. D. Number of phagosomes per cell and mean phagosome
signal intensity was signi�cantly decreased in β5i KO BV-2 cells compared to WT. Reported as mean
value per experiment. Error bars demonstrate SEM. Phagosome count per cell statistical analysis was
performed with unpaired t-test, *p<0.0289. Mean phagosome �uorescence intensity analysis was
performed with unpaired t-test, *p<0.0132.
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Figure 3

Immunoproteasomes mediate IFNγ-dependent cytokine production. BV-2 cells were treated for 24 hours,
and cytokine levels were measured using a Proteome Pro�ler assay. A and B. Statistical analysis
revealed that ONX-0914 treatment abrogated the IFNγ-dependent increase of Ip-10 ([F(3,11)=104.4],
p<.001). Post hoc analysis revealed that IFNγ increased Ip-10 levels compared to control (p<.001), ONX-
0914 (p<.001), and ONX-0914+IFNγ co-treatment (p<.001). In addition, there was a signi�cant difference
of Mig protein levels between treatment groups ([F(3,11)=18.61], p<.001). Post hoc analysis revealed that
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IFNγ treatment resulted in higher Mig protein levels than all other groups (Ctrl,ontrol p<.001; ONX-0914,
p<.001; ONX-0914+IFNγ, p=.003). MCP-1 levels were signi�cantly different between groups
([F(3,8)=5.591], p=.02). IFNγ treatment increased MCP-1 levels compared to control (p=.035) which was
reduced by ONX-0914 co-treatment (p=.029). Rantes protein levels were also different between
treatment groups ([F(3,12)=24.18], p<.001). Post hoc analysis revealed that Rantes cytokine levels were
signi�cantly higher in the IFNγ treatment group compared to all other groups (Control, p<.001; ONX-0914,
p<.001; ONX-0914, +IFNγ, p<.0001).. C. BV-2 β5i KO cells were treated with IFNγ for 24 hours, and
cytokine levels were measured using a Proteome Pro�ler assay. Ip-10, Mig, Rantes, and MCP-1
chemokine induction wasere abrogated in BV-2 β5i KO cells exposed to IFNγ, similar to ONX-0914
treatment.
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Figure 4

Altered degradation of IκBαin the absence of immunoproteasome activity. IκBα levels were measured in
WT and β5i KO BV-2 cells in the absence and presence of IFNγ. A. Representative Western blot of IκBα in
WT BV-2 and β5i KO BV-2 βcells over a 240 minute time course following IFNγ exposure. B.
Quanti�cation of the data represented in A. (n=4, *p<0.05, ns=no signi�cance) . There was a signi�cant
difference between groups ([F(3,28)=12.75], p<.001). Post hoc analysis revealed that IFNγ treatment
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signi�cantly reduced IκBα levels compared to control (p<0.05) after 20 minutes. IκBα levels were
unchanged in BV-2 β5i KO cells treated with IFNγ. C. Gene expression analysis of cox2C by qRT-PCR
(n=5, ***p<0.001, ****p<0.0001, ns=no signi�cance).

Figure 5

NADH blocks formation of the immunoproteasome. BV-2 cells were pre-treated with NADH for 24 hours,
then treated with IFNγ for an additional 24 hours. Relative amounts of immunoproteasome protein levels
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were quanti�ed. A. Western blot analysis revealed a signi�cant difference between treatment groups
([F(3, 16) =19.04], p<.001, n=4). Post hoc analysis revealed that IFNγ increasesd total β5i protein levels
compared to all groups (Control, p=.006; NAD, p<.001; NADH+IFNγ, p<.0001). Further, IFNγ did not
signi�cantly increase β5i protein levels in cells pre-treated with NADH (p=.997). B. Assembled
immunoproteasomes (20i represents puri�ed positive control) were measured using native gel
electrophoresis. Analysis revealed that there was a signi�cant difference between treatment groups
([F(3, 11) =9.845], p=.002, n=4). Post hoc analysis revealed that IFNγ increased the amount of assembled
immunoproteasomes compared to all treatment groups (Control, p=.003; NADH, p=.004; NAD+IFNγ,
p=.009).  Interestingly, when cells are pre-treated with NADH, immunoproteasomes are not increased in
response to IFNγ (p=.996). C. To determine if NADH treatment would successfully reduce complement
activation in BV-2 cells, we pre-treated with NADH, then measured gene expression of complement
activator C1qa. An ANOVA revealed a signi�cant treatment effect ([F(3,12)=48.22, p<.001). Post hoc
analysis revealed a signi�cant increase of C1qa gene expression in response to IFNγ treatment (p<.001),
an effect that was reduced by NADH pre-treatment (p=.049).
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