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Abstract

Background: Immune activation, neuroinflammation, and cell death are the hallmarks of multiple sclerosis (MS),
which is an autoimmune demyelinating disease of the central nervous system (CNS). It is well-documented that the
cellular inhibitor of apoptosis 2 (clAP2) is induced by inflammatory stimuli and regulates adaptive and innate immune
responses, cell death, and the production of inflammatory mediators. However, the impact of clAP2 on neuroinflam-
mation associated with MS and disease severity remains unknown.

Methods: We used experimental autoimmune encephalomyelitis (EAE), a widely used mouse model of MS, to assess
the effect of clAP2 deletion on disease outcomes. We performed a detailed analysis on the histological, cellular, and
molecular levels. We generated and examined bone-marrow chimeras to identify the clAP2-deficient cells that are
critical to the disease outcomes.

Results: cIAP2~/~ mice exhibited increased EAE severity, increased CD4™ T cell infiltration, enhanced proinflamma-
tory cytokine/chemokine expression, and augmented demyelination. This phenotype was driven by clAP2-deficient
non-hematopoietic cells. clAP2 protected oligodendrocytes from cell death during EAE by limiting proliferation and
activation of brain microglia. This protective role was likely exerted by clAP2-mediated inhibition of the non-canonical
NLRP3/caspase-8-dependent myeloid cell activation during EAE.

Conclusions: Our findings suggest that clAP2 is needed to modulate neuroinflammation, cell death, and survival
during EAE. Significantly, our data demonstrate the critical role of clAP2 in limiting the activation of microglia during
EAE, which could be explored for developing MS therapeutics in the future.
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Background

Neuroinflammation develops in the central nervous sys-
tem (CNS) in response to injury, infection, autoimmune
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immune cells of the brain [5]. Subsequently, B cells and
T cells of the adaptive immune system are recruited pro-
viding a highly specific, but much slower response [4, 6].
Recruitment of these cells is tightly controlled especially
at the onset of neuroinflammation because of the pres-
ence of a blood-brain barrier that separates the CNS
from the rest of the body. In addition, non-immune cells,
including astrocytes, endothelial cells, and oligodendro-
cytes modulate neuroinflammation [4, 7-10]. While neu-
roinflammation is critical for tissue repair, unresolved
chronic neuroinflammation, with persistent activation
of microglia and increased expression of proinflamma-
tory cytokines and chemokines, can lead to neurodegen-
eration as manifested in Alzheimer’s, Parkinson’s, and
Huntington’s diseases, amyotrophic lateral sclerosis, and
multiple sclerosis (MS) [11-13]. MS is an inflammatory
autoimmune demyelinating disease of the CNS char-
acterized by muscle weakness, impaired coordination,
and sensory loss. While the primary cause of the disease
remains elusive, demyelination, primarily mediated by
autoreactive T cells recognizing myelin, and persistent
inflammation cause damage to the CNS. Lesions that
develop in MS patients are characterized by immune cell
infiltration, loss of oligodendrocytes and myelin-asso-
ciated glycoproteins, activation of glial cells, and axon
degeneration [1, 2].

Inhibitors of apoptosis (IAPs) belong to a family of
highly conserved proteins, containing the baculovi-
ral IAP repeat (BIR), found in many organisms, includ-
ing yeast, insects, fish, and mammals [14, 15]. Although
IAPs are anti-apoptotic and regulate cell death [16], they
also act as critical cell signaling regulators [17]. Mamma-
lian cellular IAP1 (cIAP1), cIAP2, X-linked IAP (XIAP),
melanoma IAP, and IAP-like protein 2 contain the RING
domain and function as E3-ubiquitin ligases catalyzing
both polyubiquitylation and monoubiquitylation [18—21].
Three unique BIR domains and a single ubiquitin-binding
domain are present in cIAP1, cIAP2, and XIAP [14]. In
addition, cIAP1 and cIAP2 contain caspase activation
and recruitment domain [22]. cIAP1, cIAP2, and XIAP
are potent regulators of both the innate and adaptive
immune responses regulating signaling pathways activat-
ing transcription factor nuclear factor kB (NF-«xB) and
mitogen-activated protein kinase (MAPK) [14]. cIAP1
and cIAP2 function downstream of the tumor necro-
sis factor receptor 1 (TNFR), toll-like receptors (TLR),
nucleotide-binding oligomerization domain (NOD)
receptors, and several cytokine receptors [23, 24]. Both
cIAP1 and cIAP2 bind and function with an adaptor,
Tumor Necrosis Factor Receptor (TNFR)-Associated
Factor 2 (TRAF2), which is required for their stabiliza-
tion, recruitment to the ligand-bound receptors, and
localization within the cell [25, 26]. cIAP1/2 mediate
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ubiquitylation of various signaling components, includ-
ing receptor-interacting kinase 1 (RIPK1), apoptotic
caspases, an inhibitor of NF-kB kinase gamma (IKKy)
and IKKe, NF-kB-inducing kinase (NIK), and transcrip-
tion factors, such as c-Rel, interferon regulatory factor
1 (IRF1), and IRF5 [27-32]. Importantly, cIAP1/2 not
only regulate apoptosis and inflammatory signaling, but
also limit activation of RIPK1/3-mediated necroptosis
depending on the presence of the other regulatory pro-
teins, such as caspase-8, and cellular FLICE-like-inhibi-
tory protein [33-35]. Deletion of both cIAP1 and cIAP2
in mice induces inflammation and leads to death that can
be partially rescued by deletion of caspase-8 [35], sug-
gesting that a major function of cIAP1/2 is suppression
of caspase-8-dependent cell death. In contrast to consti-
tutively expressed cIAP1, cIAP2 expression is induced in
response to many inflammatory stimuli [36—38], suggest-
ing its unique functions. cIAP27/~ mice are protected
from lipopolysaccharide (LPS)-induced death due to
increased macrophage apoptosis and diminished inflam-
matory responses [39]. However, cIAP2~/~ mice are more
susceptible to Listeria monocytogenes infection because
of increased macrophage necroptosis [34]. cIAP2 also
orchestrates intestinal homeostasis with cIAP2™/~ mice
being more susceptible to acute and chronic colitis due
to increased cell death and impaired activation of regen-
erative interleukin 18 [40]. Furthermore, cIAP2, but not
cIAP1, mediates polyubiquitylation of IL-1-induced
IRF1 that stimulates expression of chemokines needed to
recruit adaptive immune cells to the site of inflammation
[31].

Immune activation, neuroinflammation, and cell death
are the hallmarks of MS. Although cIAP2 is one of the
known regulators of these processes, its impact on neu-
roinflammation and MS remains unknown. Furthermore,
small-molecule antagonists, known as SMAC (second
mitochondrial-derived activator of caspases) mimetics
that promote IAP autoubiquitylation and the degrada-
tion [41, 42] are being developed for cancer therapy. This
raises the question of their putative impact on neuroin-
flammation. In this work, we explored the role of cIAP2
on neuroinflammation associated with MS.

Materials and methods

Mice

cIAP2~/~ mice provided by Dr. Korneluk (University of
Ottawa) were housed at Virginia Commonwealth Uni-
versity according to the guidelines of the Institutional
Animal Care and Use Committee. The mouse protocols
were approved by the Institutional Animal Care and Use
Committee. Animals were housed in the animal facil-
ity, with a 12 h light/dark cycle, and provided water and
standard laboratory chow ad libitum. Randomly chosen
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males and females were used for all experiments. All ani-
mals were included for data analysis unless they reached
a set humane endpoint (20% weight loss) before the end
of the experiment. The group sizes for each experiment
are provided in figure legends. The disease progress was
recorded for all experimental animals, while molecular
analysis was performed in smaller animal groups.

Induction and scoring of experimental autoimmune
encephalomyelitis

EAE was induced in wildtype (WT) and cIAP2-defi-
cient mice. Mice were immunized twice, on day 0 and
day 7, subcutaneously with 250 pg MOG;,;_s5 peptide
(AnaSpec) emulsified in CFA containing 500 pg Myco-
bacterium tuberculosis H37Ra (Difco). On days 0 and 3,
mice received intraperitoneally 200 ng Bordetella per-
tussis toxin (Enzo Life Sciences). Mice were weighed,
and severity of the disease was scored daily for neuro-
logical signs using a five-point scale: 0, no symptoms; 1,
limp tail; 2, limp tail with loss of righting; 3, paralysis of
a single hind limb; 4, paralysis of both hind limbs; and 5,
moribund state or death. Two—three independent experi-
ments were performed (as indicated in figure legends),
and cumulative data are presented. Tissues were col-
lected at day 12 for molecular/cellular analysis.

Bone-marrow reconstitution

Both WT and cIAP2~/~ mice were irradiated for 6 min
15 s at an intensity of 550 centi-Gy at an interval of 2 h.
Bone marrow from naive mice were harvested from the
femur and tibia of the naive wildtype and cIAP2~/~ mice.
Five million bone-marrow cells were injected in the irra-
diated mice by tail vein. EAE was induced in these mice
after 8 weeks of bone-marrow reconstitution.

Isolation and flow cytometry analysis of CNS cells

Isolation of cells and their analysis were previously
described [43]. Briefly, brains of naive (Additional file 3:
Fig. S3B) or at day 12 of EAE (Figs. 1F and 4C) WT
and cIAP2~/~ mice were homogenized using Wheaton
Dounce glass tissue grinders. Cells were centrifuged at
1500 rpm for 5 min at 4 °C, resuspended in 10 ml of 30%
Percoll (Amersham Bioscience), and centrifuged onto
a 70% Percoll for 30 min at 2600 rpm. Cells collected at
the 30-70% interface were strained through 70 um filters
and stained with fluorescence-conjugated monoclonal
antibodies against CD45 (clone 30-F11), CD11b (clone
M1/70), CD4 (clone GK 1.5), CD8 (clone 53-6.7), and
Ly6C (clone HK1.4), F4/80 (clone BM8), and isotype con-
trol antibodies (Biolegend) were used to define specific-
ity of the staining. Fluorescence data were collected on a
BD LSRFortessa-X20 and acquired using BD FACS Diva
8 software and analyzed.
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Isolation of microglia from EAE brains

The microglia were isolated from the brains of EAE-
induced mice after 12 days of immunization as described
previously [44]. In brief, meninges were removed in cold
ACSEF buffer (120 mM NaCl, 3 mM KCl, 2 mM MgCl,
0.2 mM CaCl, 26.2 mM NaHCO3, 11.1 mM glucose,
5 mM HEPES, 3 mM AP5, and 3 mM CNQX) bub-
bled with 95% oxygen. The tissue was dissociated with
the papain dissociation kit (Worthington). Microglia
were isolated using anti-CD11b+ microbeads (Miltenyi
Biotec).

Histological analysis

Animals were perfused with 4% paraformaldehyde solu-
tion and cryopreserved. Tissues were paraffin-embedded
and 20 pum sections were stained with hematoxylin and
eosin at the Cancer Mouse Models Core Facility (VCU).
For Luxol fast blue staining, paraffin embedded lumbar
spinal cord sections were deparaffinized in xylene and
stained with Luxol fast blue overnight at 60°C. The sec-
tions were differentiated in lithium carbonate and 70%
ethanol until the gray matter was clear and white mat-
ter was sharply defined. Sections were counterstained
with hematoxylin. The images were taken on Zeiss Axio
imager Al microscope and processed using Zen 2012
Blue acquisition software (Zeiss Inc.). Quantitative analy-
sis was carried out using Image J software.

Immunofluorescence

Animals were perfused with 4% paraformaldehyde, cry-
opreserved in 30% sucrose for 48 h, the lumbar region
of the spinal cords were embedded in Tissue-Tek OCT
Compound (VWR), and 30 um frozen sections of L2—
L4 spinal cords were prepared. For antibody staining,
sections were incubated with primary anti-GFAP (Cell
Signaling Technology; 1:300), anti-IBA (Wako Chemi-
cals; 1:1000), anti-CC1 (Millipore; 1:300), anti-caspase-8
(Santa Cruz Biotechnology; 1:1000), or anti-NLRP3 (Adi-
poGen; 1:300) antibodies overnight at 4 °C. Subsequently,
sections were incubated with Alexa Fluor 488 or Alexa
Fluor 594 secondary antibodies (1:500, Invitrogen) for
1 h at room temperature. Nuclei were counterstained
with Hoechst. Slides were mounted and sections were
examined using Zeiss LSM 700 confocal microscope.
Maximum projection images from confocal z-stacks were
acquired. Care was taken to minimize pixel saturation
while imaging each z-stack. Captured images were pro-
cessed using Zen 2012 Blue acquisition software (Zeiss
Inc.). Quantitative analysis of the cells was determined
using Image ] software. No fluorescence crossover was
found between the channel and images were collected
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Fig. 1 cIAP2 deficiency exacerbates EAE disease. A Mean clinical EAE scores in WT (n=11) and clAP2~/~ (n=10) mice. Data are representative
of two independent experiments. B Disease onset, peak symptoms, and percentage of mortality for WT (n=11) and clAP2~/~ (n=10) mice.
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cords (L2-L4) (6 areas each). F T cell infiltration. Flow cytometry gating of CD41 and CD8™ T cells (initially gated as CD457CD11~ lymphocytes)
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separately using appropriate laser excitation. Three—four
animals per each group were examined and representa-
tive images are shown.

Quantification of caspase-8 activity in spinal cord tissue
Lumbar spinal cord tissue of naive or day 12 of EAE WT
and cIAP27'~ mice were flash-frozen in liquid nitrogen,
mechanically powdered, and resuspended in 450 pl of
cold extraction buffer (20 mM HEPES, 150 mM NaCl, 1%
Triton X-100, 0.1% SDS, and 1 mM EDTA pH 7.5). Sam-
ples were sonicated, centrifuged, and the supernatants
(100 ug protein/assay) were used for the assessment of
caspase-8 activity using Caspase-Glo® 8 Assay kit (Pro-
mega). Results were expressed as relative luminescent
units per 100 pg protein.

Quantitative PCR

mRNA expression was analyzed as previously described
[45]. Total RNA was prepared from flash-frozen lum-
bar spinal cords of naive (Figs. 1C, D and 5B) or day 12
of EAE (Figs. 1C, D and 4E, F) WT and cIAP2~/~ mice
were flash-frozen tissue using Trizol (Life Technologies),
reverse transcribed with the high-capacity cDNA kit
(Applied Biosystems), and amplified on the BioRad CFX-
Connect Real-time System. SYBR Green intron-spanning
pre-design qPCR primers (BioRad) were used. Gene
expression levels were normalized to GAPDH and repre-
sented as fold expression over control.

Isolation and culturing of primary cells from mice brains
Primary mixed glial cultures were prepared from W'T
and cIAP27/~ PO-P3 pups. Briefly, brains were asepti-
cally dissected, and meninges were removed. The tissue
was mechanically dissociated, incubated with trypsin
and DNasel at 37 °C for 30 min, and centrifuged. Suspen-
sions were filtered through 70 pM nylon cell strainers to
obtain single-cell suspensions. Cells were resuspended
and plated in dishes pre-coated with poly-D-lysine in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, penicillin/streptomycin, sodium
pyruvate, and non-essential amino acids. The culture was
fed after every 2 days for 8—9 days. The flask was shaken
at 120 rpm for 2 h to isolate microglia.

TUNEL assay

Lumber tissue was processed for terminal deoxynu-
cleotidyl transferase biotin—dUTP nickend labeling
(TUNEL) as per as manufacture’s protocol (Roche), and
co-stained with either anti-Ibal or anti-CC1 antibodies.
Images of lumbar spinal cord tissue of day 12 of EAE W'T
and cIAP27/~ mice were either captured on Zeiss Axio
imager A1l microscope or LSM 700 confocal microscope.
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Isolation of bone-marrow-derived macrophages (BMDM)
Bone-marrow cells were isolated from the femurs of
WT and cIAP2~'~ mice and cultured in RPMI 1640
media containing 10% FBS. For differentiation, the
media was supplemented with 30 ng/ml of M-CSF (Bio-
legend) for 5 days.

Antigen presentation assay

BMDM were stimulated with 50 ng/ml IFN-y for 24 h
and then treated with 50 ng/ml OVA antigen conju-
gated with fluorochrome AF-647 for 24 h. Antigen pre-
senting cells and MHC II expression were quantified
(Biolegend) by flow cytometry.

Lactate dehydrogenase assay

The mixed glial cells or microglia were treated with LPS
(100 ng/ml), TNF-a (30 ng/ml), or IL-1f (20 ng/ml) for
24 h. The lactate released by the dead cells was quanti-
fied using LDH assay kit (Dojindo Molecular Technolo-
gies, Inc) as per the manufacturer’s protocol.

Blood-brain barrier permeability assay

100 ul of sodium fluorescein dye (100 mg/ml) was
administered intraperitoneally into WT and cIAP2~/~
mice (EAE, day 12). After 45 min, blood was collected
by cardiac puncture. Mice were perfused with PBS
and CNS tissues were harvested, homogenized in PBS,
clarified by centrifugation, precipitated in 1% trichloro-
acetic acid, and neutralized with borate buffer. Fluores-
cence was excited at 485 nm and read at 528 nm using
microplate reader (Parkin Elmer 2000). Fluorescein
concentration was calculated from standard curve and
tissue fluorescence values were normalized to plasma
fluorescence value of the same mouse.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 7 software. Quantitative data are expressed
as mean+ SEM or mean=+SD (as specified). Sample
sizes are indicated in figure legends. Differences across
groups with multiple comparisons were analyzed with
Two-way ANOVA with Tukey’s Multiple Comparison
with the significance level of p<0.05 was considered
statistically significant.

Results

Deletion of clAP2 exacerbates the severity of EAE
Although cIAP1 and cIAP2 limit cell death and inflam-
mation [35], they are also critical for the induction of
proinflammatory responses, including activation of
NF-kB and MAPK [14]. cIAP2 also controls activation
of IRF1, IRF1-driven expression of chemokines, and
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recruitment of T cells into sites of inflammation [31].
Interestingly IRF1~/~ mice are resistant to experimen-
tal autoimmune encephalomyelitis (EAE) [46], a com-
monly used mouse model of MS [47]. Based on these
previous reports, we expected that cIAP2™/~ mice
may be protected from neuroinflammation associated
with EAE. Although disease incidence was similar in
WT and cIAP27/~ mice (75-85%), cIAP2™/~ mice dis-
played more exacerbated EAE symptoms than the WT
mice (Fig. 1A) with an earlier onset of the disease and
attained the peak symptoms much faster (Fig. 1B). In
addition, 40% of cIAP2~/~ mice died due to the pro-
gress of the disease, while WT mice survived for a
prolonged time (Fig. 1B). Since expression of proin-
flammatory cytokines and chemokines is elevated in
MS patients and can cause oligodendrocyte cell death
and axonal damage [48-50], we examined cytokine
mRNA levels in the spinal cords during EAE. In agree-
ment with the higher clinical scores, levels of proin-
flammatory cytokine (Fig. 1C) and chemokine (Fig. 1D)
mRNAs were significantly higher in cIAP27/~ mice
than in WT littermates. Concordant with higher clini-
cal scores and elevated cytokine/chemokine expression,
the cIAP2™/~ mice also displayed more robust infiltra-
tion of immune cells into the lumbar spinal cords dur-
ing EAE than the WT littermates (Fig. 1E). While this
difference was evident during EAE, no infiltration of
immune cells was found in either naive cIAP27'~ or
WT mice (Additional file 1: Fig. S1A). Subsequent flow
cytometry analysis indicated increased numbers of
brain-infiltrating CD4" T cells during EAE in cIAP27/~
mice (Fig. 1F). Furthermore, cIAP2™/~ mice exhibited
more extensive demyelination during EAE than the
WT littermates (Fig. 1G, H). Exacerbated inflammation
and demyelination in cIAP2~/~ mice during EAE was
accompanied by activation of astrocytes indicated by
an increased glial fibrillary acidic protein (GFAP) stain-
ing in the cIAP27/~ spinal cords (Fig. 1I). Importantly,
naive WT and cIAP27/~ littermates displayed compara-
ble spinal cord myelination (Additional file 1: Fig. S1B),
activation of astrocytes (Additional file 1: Fig. S1C),
and blood-brain barrier integrity (Additional file 1:
Fig. S1D) indicating lack of preexisting differences.
Altogether, deletion of cIAP2~/~ enhances EAE sever-
ity, increases CD4% T cell infiltration, enhances proin-
flammatory cytokine expression, increases activation of
astrocytes, and augments demyelination.

Deletion of clAP2 from non-hematopoietic cells promotes
severity of EAE

Since deletion of cIAP2 increased severity of EAE,
we sought to determine which cell types contrib-
ute to this phenotype. We turn our attention to
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bone-marrow-derived cells, because cIAPs negatively
regulate NIK and restrict B and T cell activation [51—
53]. We generated bone-marrow chimeras in which
only the hematopoietic or non-hematopoietic com-
partment expressed cIAP2 (Additional file 2: Fig.
S2A). The cIAP27/~ chimeras receiving either W'T
(WT->cIAP27/7) or cIAP27/~ (cIAP27/~->cIAP27/)
bone marrow rapidly displayed symptoms of EAE that
were more severe than in WT chimeras receiving WT
bone marrow (WT->WT) (Fig. 2A). This suggests that
cIAP2 in non-hematopoietic cells is primarily required
to protect mice during EAE. Surprisingly, cIAP2~/~ bone
marrow delayed the onset of the disease in WT chimeras
(cIAP27/~->WT) (Fig. 2A) but the severity of the disease
was comparable to that in WT chimeras receiving WT
bone marrow (WT->WT) at the later timepoints (Addi-
tional file 2: Fig. S2B). The delayed onset of the disease
in the cIAP27/~->WT chimeras suggested a partial dys-
function of cIAP2~/~-derived bone-marrow cells. Since
proliferation and activation of T cells requires antigen
presentation [54], we compared antigen presentation and
MHCII expression by cIAP2~/~ and WT BMDM. The
uptake of the antigen by cIAP2~/~ BMDM was signifi-
cantly reduced (Fig. 2B, C), and these cells also expressed
MHCII at lower levels (Fig. 2D, E) suggesting that cIAP2
is needed for optimal antigen presentation. We conclude
that the severity of EAE in cIAP2™/~ mice is driven by
cIAP2-deficient non-hematopoietic cells. However, in
contrast to this finding, cIAP2 deficiency in macrophages
impairs antigen presentation, which can delay disease
onset.

clAP2 deficiency limits the survival of glial cells in vivo

and in vitro

Expression of cIAP2 is upregulated during inflammation
[36—-38], which supports the pro-survival NF-kB signal-
ing. Conversely, cIAP2 deficiency leads to cell death via
caspase-8-dependent apoptosis or RIPK3-dependent
necroptosis [9, 55, 56]. In MS, death of oligodendrocytes
has been attributed to both apoptosis [57] and necrop-
tosis [56]. As expected, we found significant amounts of
TUNEL positive dying cells in the spinal cords of both
WT and cIAP2™/~ mice during EAE (Fig. 3A). Most
of these dying cells were oligodendrocytes, since they
were also positive for the oligodendrocyte marker CCI
(Fig. 3B). In agreement with exacerbated inflammation,
demyelination, and disease severity, the numbers of
TUNEL positive oligodendrocytes in cIAP2~/~ mice were
significantly higher than in the WT littermates (Fig. 3C).
Subsequently, we examined cell death of primary mixed
glial cultures exposed to TNFa, which is abundantly
expressed during EAE. LPS was also used because of the
previously reported sensitivity of cIAP2~/~ macrophages
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[39]. Overall, cIAP2~/~ mixed glial cultures exhibited
increased sensitivity to these stimuli, which was statisti-
cally significant for TNFa (Fig. 3D). We also examined
cytokine expression in TNFa-stimulated microglia cul-
tures; however, there was no difference in the expression
of major proinflammatory cytokine mRNAs (Fig. 3E).
These, data suggest that cIAP2 protects cells from cell
death during EAE.

clAP2 restricts activation of microglia during EAE

Microglia and blood-derived macrophages are critical
for the pathogenesis of both MS and EAE [58]. Although
the number and morphology of myeloid cells in the spi-
nal cords of naive WT and cIAP27/~ littermates were
comparable (Additional file 3: Fig. S3A), the number of
activated myeloid cells that lost their characteristic den-
dritic processes were significantly higher in cIAP27/~
spinal cords during EAE (Fig. 4A, B). It is established
that EAE-induced activated myeloid cells represent
both CD45"°"/CD11b* microglia-derived macrophages

(MiDM) and CD45 "e"/CD11b* monocyte-derived mac-
rophages (MoDM) [43, 59]. The numbers of myeloid
cells were comparable in naive WT and cIAP27/~ lit-
termates and these cells were mostly resting microglia
(Additional file 3: Fig. S3B), indicating that deletion of
cIAP2 does not exhibit effects in naive animals. However,
the numbers of MiDM were nearly three times higher in
cIAP27/~ mice than in the WT littermates during EAE
with the numbers of MoDM also higher but not statisti-
cally significant (Fig. 4C, D). Since MoDM and MiDM
have different gene expression profiles [60], we ana-
lyzed expression of their specific markers during EAE.
In agreement with drastically increased numbers of
MiDM, expression of MiDM-specific mRNAs was signifi-
cantly increased in the of cIAP2~/~ spinal cords (Fig. 4E).
Although the numbers of MoDM were only moderately
increased, some of the markers of MoDM were expressed
at higher levels (Fig. 4E). To define whether cIAP2 dele-
tion affects the polarization of activated myeloid cells,
we examined expression of pro-inflammatory (M1) and
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anti-inflammatory (M2) markers in the spinal cords
during EAE. In addition to abundantly expressed pro-
inflammatory cytokines (Fig. 1C), we found increased
expression of iNOS, CIITA, and CD86 (Fig. 4F) indicating
a proinflammatory M1 phenotype. Interestingly, although
expression of M2 specific markers, such as IL-10 and
CD163, were not affected in cIAP2~/~ spinal cords, argi-
nase expression was drastically increased (Fig. 4F). This
corroborated previous reports that arginase expression is
enhanced during acute EAE [61]. Subsequently, we exam-
ined whether cIAP2-deficient myeloid cells in the CNS are
more prone to cell death during EAE, since cIAP2-defi-
cient macrophages are more susceptible to cell death [39].
Although we found increased number of TUNEL-positive

myeloid cells in cIAP27/~ spinal cords during EAE, they
had ameboid morphology indicating their activation
rather than cell death (Fig. 4G), These cells seemed to be
engulfing TUNEL-positive oligodendrocytes. Indeed, we
found that MiDM as well as MoDM were proliferating
as indicated by Ki67 staining (Fig. 4H). We conclude that
cIAP2 limits proliferation and activation of brain myeloid
cells, mostly microglia, during EAE.

Increased caspase 8 expression and activation in clAP2~/~
microglia during EAE

Since expression of inflammatory mediators and mark-
ers is significantly upregulated in cIAP2~/~ spinal cords

(See figure on next page.)

Fig. 4 clAP2 restricts activation of microglia during EAE. A Iba1 staining of lumbar spinal cords (L2-L4) collected at day 12 of disease. The
quantification is shown in B. C Flow cytometry gating of myeloid cells in the WT (n=4) and clAP2~/~ (n =4) brains of mice at day 12 of EAE
disease. The quantification is shown in D. E Expression of markers of microglia-derived macrophages (MiDM), monocyte-derived macrophages
(MoDM), and markers of polarization in the WT and clAP2™/~ (n=4, 4) lumbar spinal cords (L2-L4) collected at day 12 of disease. G TUNEL and Iba'
double staining of lumbar spinal cords (L2-L4) collected at day 12 of disease. (Quantification; n=4, 4). H The quantification of flow cytometry of
Ki67-positive cells in the WT and clAP2™/~ (n=4, 4) brains at day 12 of EAE disease. B-H Mean & SEM, *p < 0.05, T-test
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during EAE (Figs. 1C, D and 4E, F), we examined whether
this increase can be attributed to the microglia. Indeed,
expression of most of these markers, including IL-1q,
IL-1B, TNFa, IL-6, iNOS, and Argl, was significantly
higher in cIAP27/~ than WT microglia isolated from spi-
nal cords of animals with EAE (Fig. 5A). We also analyzed
expression of caspase-8, since it is a critical regulator of
cell death and death-associated inflammation [35, 62].
However, caspase-8 mRNA levels were similar in WT or
cIAP27/~ microglia during EAE (Fig. 5A). In agreement,
caspase-8 mRNA expression was also similarly upregu-
lated in the WT and cIAP2~/~ spinal cords during EAE
(Fig. 5B). In contrast to mRNA, expression of caspase-8
protein was significantly increased only in cIAP2~/~ spi-
nal cords during EAE (Fig. 5C). The higher levels of cas-
pase-8 protein in the cIAP27/~ spinal cords correlated
with increased caspase-8 activity (Fig. 5D). Caspase-8 has
been reported to play an important role in the activation
of microglia [63—66]. We explored whether cIAP2 defi-
ciency leads to caspase-8 accumulation in myeloid cells
during EAE. We found fivefold increase in the numbers
of caspase-8-positive myeloid cells in the spinal cords of
cIAP27/~ mice during EAE (Fig. 5E). Importantly, cas-
pase-8 is involved in controlling inflammation by regu-
lating IL-1p expression and inflammasome activation
(reviewed in [62]). More recently, caspase-8 activation by
a non-canonical inflammasome [containing NLR family
pyrin domain containing 3 (NLRP3), IRAKM, and ASC]
has been shown to be critical for autocrine IL-1B-driven
proliferation and activation of microglia as well as ampli-
fied cytokine production during EAE [66]. We found
that the numbers of NLRP3 positive myeloid cells are
much higher in the cIAP27/~ spinal cords during EAE
(Fig. 5F). These findings suggest that cIAP2 may inhibit
non-canonical NLRP3/caspase-8-dependent myeloid cell
activation during EAE thus restricting inflammation and
the severity of the disease.

Discussion

The proinflammatory role of cIAP2 in innate immune
cells has been well-documented and involves multiple
mechanisms. cIAP2 supports activation of the canoni-
cal NF-kB pathway, the MAPK pathway, and inflam-
masomes [14]. These are all critical to initiate responses
of the immune cell after detection of pathogens. cIAP2
also limits apoptotic and necroptotic cell death of innate
immune cells during their activation [14]. In contrast, the
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precise role of cIAP2 during adaptive immune responses
is more elusive. cIAP2 regulates the non-canonical
NE-kB pathway, which regulates many processes, includ-
ing generation and maintenance of effector and mem-
ory T cells [67] as well as the survival, maturation, and
homeostasis of B cells in peripheral lymphoid organs
[67]. Nevertheless, the role of cIAP2 in complex immune
diseases, such as MS, that involve coordinated responses
of innate, adaptive immune, and non-immune cells is
enigmatic. Our studies suggest a critical role of cIAP2
in regulating neuroinflammation during EAE. Indeed,
the data we collected suggest that cIAP2 is required to
limit disease severity and associated neuroinflamma-
tion. Surprisingly, however, the deleterious effects of
cIAP2 deletion seem not to involve cells that originate
in the bone marrow, which include T and B cells, as well
as monocytes, since severity of the EAE was comparable
in WT and cIAP2~/~ bone-marrow chimeras. Interest-
ingly, cIAP2 deletion impaired activation of BMDM and
their ability to express MHCII that is needed for antigen
presentation. Decreased activation of BMDM is not sur-
prising, since different aspects of antigen presentation
are coordinately regulated by NF-«kB [68-70]. Neverthe-
less, the decreased activation of cIAP27~/~ BMDM only
resulted in the delayed onset of EAE. Furthermore, our
studies indicate that cIAP2 limits EAE-associated neuro-
inflammation and disease severity by its specific actions
in non-hematopoietic cells. Although our experimental
setup does not allow to decisively identify the cell type(s)
responsible for the observed phenotype, collectively the
data point to microglia as a primary cell type driving the
exacerbated neuroinflammation. We found that these
cells become hyperactivated in cIAP2~/~ animals, which
is associated with their increased proliferation, polariza-
tion towards M1 phenotype, and enhanced expression
of proinflammatory mediators known to be associated
with MS. However, in contrast to cIAP2~/~ macrophages
[39] and cIAP2~/~ mixed glial cells in vitro (this study),
cIAP27/~ microglia seem to be resistant to neuroinflam-
mation-associated cell death. Interestingly, activation
of these cells coincided with elevated expression of cas-
pase-8 and NLRP3.

Although caspase-8 plays a central role in initiating
apoptosis and inhibiting necroptosis, it has well-docu-
mented functions that regulate inflammatory responses
(reviewed in [62]). First, caspase-8 regulates IL-1p mRNA
expression via activation of NF-kB [71-73]. Second,

(See figure on next page.)

Fig. 5 Increased caspase 8 expression and activation in clAP2~/~ microglia during EAE. A Inflammatory gene expression in microglia isolated from
WT and clAP2~"~ (n=3, 3) brains at day 12 of EAE disease. B Caspase-8 expression in naive (=4, 4) and EAE (n =4, 4) lumbar spinal cords (L2-L4,
day 12 of EAE). C Caspase-8 staining of lumbar spinal (L2-L4) cords at day 12 of disease (left panels) and quantification (right panel). D Caspase-8
activity in lumbar spinal cords (L2-L4) at day 12 of disease. Caspase-8 and Ibal E and NLRP3 and Iba1 F double staining of lumbar spinal cords (L2
L4) collected at day 12 of disease (left panels) and quantification (right panel). A—-F Mean £ SEM, *p <0.05, T test
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caspase-8 can directly cleave pro-IL-1p to active IL-1f in
response to multiple stimuli. Third, caspase-8 can regulate
both priming and activation of NLRP3 inflammasomes
[74-76]. Fourth, caspase-8 can promote IL-1f secretion,
which is RIPK3-dependent [33]; however, EAE severity is
only minimally affected in RIPK3~/~ animals [77]. Fifth,
caspase-8 can activate microglia, and its inhibition pre-
vents microglia-mediated neurodegeneration [63, 65].

Recently, a non-canonical inflammasome, caspase-8/
IRAKM/NLRP3/ASC complex, has been shown to
assemble in microglia during EAE [66]. Processing of
pro-IL-1p to active IL-1p by this non-canonical inflam-
masome and subsequent autocrine IL-1f stimulation has
been proposed as a required step supporting microglia
survival and proliferation during EAE. It remains to be
established whether cIAP2 deficiency enhances activ-
ity of this non-canonical inflammasome and pro-IL-1f
processing in microglia during EAE. Although cIAP2
and caspase-8 have not been shown to interact, TRAF2-
mediated K48-linked degradative polyubiquitylation of
caspase-8 has been reported [78]. As TRAF2 binds to
cIAP1 and cIAP2 and serves as an adapter, it remains to
be established whether caspase-8 is polyubiquitylated by
the cIAP1/cIAP2/TRAF2 complex in activated microglia.
While our data point to caspase-8-dependent microglia
activation as a mechanism of increased neuroinflamma-
tion in cIAP2™/~ animals during EAE, it is possible that
cIAP2 regulates other mechanisms in microglia. For
example, the cIAP1/cIAP2/TRAF2 complex regulates the
stability of c-Rel [30] and c-Rel is critical for the develop-
ment of EAE with c-Rel ™'~ mice protected from the dis-
ease [79]. RelB/p50 complexes are also known targets of
the necroptosis-independent RIPK3-dependent pathway,
promoting inflammation that could operate in micro-
glia [80]. It is also possible that cIAP2 deficiency in other
non-hematopoietic cells causes increased oligodendro-
cyte death and secondary neuroinflammation driven by
overactivated microglia.

Since SMAC mimetics that target cIAPs are evaluated
in multiple clinical trials for treatment of various cancers,
they impact on neuroinflammation, and subsequent neu-
rodegeneration needs to be carefully examined. Our data
suggest that although these drugs are well tolerated, they
may activate microglia and have deleterious neuroinflam-
matory effects in patients.

Conclusions

Overall, our data demonstrate that cIAP2 modulates
neuroinflammation, and cell death and survival during
EAE. Significantly, cIAP2 seems to be crucial to limit
activation of microglia during EAE thus limiting associ-
ated neuroinflammation.
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