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cFLIP is critical for oligodendrocyte protection from
inflammation

DC Tanner*'®, A Campbell3, KM 0’Banion?, M Noble' and M Mayer-Préschel*'

Neuroinflammation associated with degenerative central nervous system disease and injury frequently results in oligodendrocyte
death. While promoting oligodendrocyte viability is a major therapeutic goal, little is known about protective signaling strategies.
We report that in highly purified rat oligodendrocytes, interferon gamma (IFNy) activates a signaling pathway that protects these
cells from tumor necrosis factor alpha (TNFa)-induced cytotoxicity. IFNy protection requires Jak (Janus kinase) activation,
components of the integrated stress response and NF-xB activation. Although NF-«xB activation also occurred transiently in the
absence of IFNy and presence of TNFe, this activation was not sufficient to prevent induction of the TNFa-responsive cell death
pathway. Genetic inhibition of NF-xB translocation to the nucleus abrogated IFNy-mediated protection and did not change the cell
death induced by TNFe, suggesting that NF-xB activation via IFNy induces a different set of responses than activation of NF-xB via
TNFa. A promising candidate is the NF-xB target cFLIP (cellular FLICE (FADD-like IL-1f-converting enzyme)-inhibitory protein),
which is protease-deficient caspase homolog that inhibits caspase-3 activation. We show that IFNy-mediated protection led to
upregulation of cFLIP. Overexpression of cFLIP was sufficient for oligodendrocyte protection from TNFa and short hairpin RNA
knockdown of cFLIP-abrogated IFNy -mediated protection. To determine the relevance of our in vitro finding to the more complex
in vivo situation, we determined the impact on oligodendrocyte death of regional cFLIP loss of function in a murine model of
neuroinflammation. Our data show that downregulation of cFLIP during inflammation leads to death of oligodendrocytes and
decrease of myelin in vivo. Taken together, we show that IFNy-mediated induction of cFLIP expression provides a new mechanism
by which this cytokine can protect oligodendrocytes from TNFa-induced cell death.
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reactive oxygen and nitrogen species,?' and overexpression
of IFNy before the induction of experimental autoimmune

Interferon gamma (IFN-y), the only type-ll class IFN, has a
paradoxical role in modulating cell function. It is critical for

innate and adaptive immunity, but has multiple other functions.
In the central nervous system (CNS), IFNy has contrasting
effects on the oligodendrocyte progenitor cells (O-2A/OPCs)
that generate myelin-producing oligodendrocytes. O-2A/OPCs
show suppressed division when exposed to IFNy."~ However,
when O-2A/OPCs differentiate into oligodendrocytes, IFNy
becomes pro-apoptotic.*~” Although IFNy has a critical role
in the pathogenesis of immune-mediated demyelinating
disease;®® the response of committed oligodendrocytes to
IFNy is more complex. For example, tumor necrosis factor alpha
(TNFa) can show enhanced cytotoxicity in oligodendrocytes
and transformed human neural cell lines when co-exposed with
|FNy.3’10_19

In contrast with reported toxic effects of IFNy on oligoden-
drocytes, other studies did not see negative effects on mature
oligodendrocytes®®2° or saw protection of glial lineage cells.
IFNy protects the Oli-neu oligodendrocyte-like cell line from

encephalomyelitis (EAE) protected oligodendrocytes from
immune-mediated damage.° The mechanism of such
protection remains elusive.

We now report that IFNy protects purified, committed
oligodendrocytes from TNFa-mediated apoptosis via Janus
kinase (Jak)-mediated activation of the stress kinase PKR
(double-stranded RNA-dependent protein kinase) and NF-«B-
induced expression of cFLIP (cellular FLICE (FADD-like IL-1-
converting enzyme)-inhibitory protein), which inhibits caspase
activation. Moreover, gain-of-function and loss-of-function
experiments show that cFLIP is necessary and sufficient for
oligodendrocyte protection from TNFa. These results demon-
strate induction of cFLIP in a stress response and NF-«B-
dependent manner, leading to inhibition of caspase-mediated
apoptosis, and reveal an important role for cFLIP in
oligodendrocyte protection in vivo.
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Results

IFNy protects galactocerebroside-positive oligodendro-
cytes from TNFa-mediated toxicity and caspase activa-
tion. Contrary to previous findings on O-2A/OPCs
demonstrating IFNy enhances toxicity to TNFa,® we found
that IFNy protects committed oligodendrocytes (defined
by galactocerebroside (GalC) expression®~2°) from TNFa
(Figure 1). In cultures of >99.5% GalC™" oligodendrocytes,
TNFa exposure caused concentration-dependent cell death
within 72 h. Significant cell death was observed with 0.1 ng/ml
TNFa (Figure 1a; 44 +1.6% to 77 +1.8% cell death at 0.1—
100 ng/ml, respectively). Co-exposure of oligodendrocytes to
IFNy prevented the TNFa-induced death in a dose-dependent
manner (Figure 1b; 77 +3.3% cell death with 20 ng/ml TNFa
versus 24 + 9% and 10 +7.8% with 20 ng/ml TNFa and 1 or
10 ng/ml IFNy, respectively).

TNFa exposure also induced caspase-3 activation in
oligodendrocytes, as indicated by caspase-3-positive pyknotic
nuclei (Figure 1c), which was prevented by IFNy (Figures 1c
and d). Activated caspase-3 was detected in 24.5+5% or
25.8 + 5% of oligodendrocytes with control or IFNy treatment,
respectively. TNFa exposure significantly increased the
proportion of caspase-3-positive oligodendrocytes to
70.3 +6%. IFNy- plus TNFa-treated cells were not significantly
different from controls (35.8+4%; Figure 1d), thereby
suggesting that IFNy signaling inhibits caspase activation.

IFNy -mediated protection also represented a direct effect
on oligodendrocytes. Conditioned medium (CM) collected for
3 days from oligodendrocytes exposed to IFNy (IFNy-CM), or
control oligodendrocyte growth media (Ctl-CM), did not protect
oligodendrocytes from TNFa (Figure 1e), thereby suggesting
that no secreted or secondary factor is responsible for
protection. In contrast, IFNy neutralizing antibodies inhibited
oligodendrocyte survival in IFNy/TNFa co-treatments
(Figure 1e).

Jak activation is required for IFNy-mediated oligoden-
drocyte protection. We next asked whether IFNy-mediated
protection relied on canonical signaling pathways. Canonical
IFNy signaling involves ligand binding to the type-2 IFN
receptor, activation of Jak and subsequent recruitment,
activation, and dimerization of the signal transducer and
activators of transcription proteins (STATs).2527 Jak/STAT
signaling in oligodendrocytes typically involves Jak2-
mediated activation of STAT1 and to a lesser extent STAT3,
which translocates to the nucleus and activates transcription.
Oligodendrocytes treated with 10 ng/ml IFNy alone showed
increased STAT1 phosphorylation within minutes, lasting for at
least 3h without changing total STAT1 (Figure 2a). Phos-
phorylated STAT3 was undetectable (data not shown) and
levels of total STAT3 did not change at the time points
investigated (Figure 2a). Exposure to TNFa alone did not
induce STAT1 phosphorylation, but when cells were co-treated
with IFNy plus TNFa, we observed greater levels of phospho-
STAT1 than in cells exposed to IFNy alone (Figure 2a).
STAT1 activation of transcription in oligodendrocytes was
examined by analysis of expression of IFN response factor 1
(IRF-1). These studies indicated robust induction of STAT1-
mediated transcription (Figure 2b). Exposure to IFNy induced
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a >100-fold increase in IRF-1 gene expression 5 days after
treatment. Activation of this pathway was maintained despite
significant upregulation of suppressor of cytokine signaling
(SOCS) transcripts. SOCS1 was transcriptionally upregulated
over 50-fold for up to 5 days (Figure 2c), whereas SOCS3 was
upregulated 5-fold at 1 day but returned to control levels by
5 days (Figure 2d).

We further found that IFNy-mediated protection required Jak
activation. Treatment of oligodendrocytes (72 h) with the Jak
inhibitor AG-490 showed no significant cytotoxicity at 1 uM
(Figure 3a) versus DMSO vehicle control and abolished IFNy-
mediated phosphorylation of STAT1 (Figure 3b). Jak inhibition
by AG-490 also abolished IFNy-mediated protection
(Figure 3c), suggesting that Jak activation is required for
protection.

While Jak activation was necessary for protection of cells
from TNFa, STAT1 protein was necessary for TNFato actas a
cell death signal (consistent with previous studies in a
macrophage cell line where non-phosphorylated STAT1
interacts with the TNF receptor (TNFR1) leading to caspase
activity and subsequent apoptosis®®). Analysis of cell death
after 3d showed that knockdown of STAT1 by short hairpin
RNA (shRNA) itself prevented TNFa-induced oligodendrocyte
death, as compared to scrambled control-treated cells
(Figures 3d and f).

PKR is required for oligodendrocyte protection and
activates the integrated stress response. It was pre-
viously reported that IFNy protects oligodendrocytes from
immune-mediated apoptosis by activating the unfolded
protein response (UPR).° The UPR is one component of
the integrated stress response (ISR) that enables cells to
react to stressors through phosphorylation of the eukaryotic
translation initiation factor-a (elF2a), while at the same time
upregulating specific protective mRNAs.2° To examine the
role of the ISR in IFNy-mediated protection, we first
determined whether protection depended on PKR. PKR is a
well-characterized IFNy target and is critical for IFN-mediated
antiviral response.30"

Oligodendrocytes exposed to IFNy (10ng/ml) with or
without TNFa (20 ng/ml) for 72 h showed elevated PKR levels
(Figure 4a). We also found robust activation of elF2a (which is
phosphorylated by PKR), while total elF2a levels were
unchanged (Figure 4a). As further evidence of ISR activation,
we found significant increases (3.2 to > 5-fold) in mRNA levels
of Chop (also known as GADD153; Figure 4b).

Oligodendrocytes transduced with lentiviral shRNA con-
structs targeting PKR (reduced PKR expression 80% com-
pared with scr-shRNA controls; Figure 4c) showed marked
suppression of IFNy protection from TNFa (Figure 4d). Cell
viability in PKR knockdown cells exposed to TNFa with IFNy
did not differ from cells exposed to TNFa alone (Figure 4d).
In contrast, cells expressing scrambled shRNA showed
no change in IFNy-mediated protection (Figure 3f).

In contrast with effects of IFNy on PKR activation, we found
no activation of PKR-like endoplasmic reticulum (ER) kinase
(PERK), which was recently implicated in IFNy-mediated
protection of oligodendrocytes®®2:33 (Figure 4a). Furthermore,
we found no change in expression of the ER chaperone
protein BiP (Figure 4e), which is associated with accumulation
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Figure 1 IFNy protects GalC* oligodendrocytes from TNFa-induced cell death and inhibits caspase activation. (a) Oligodendrocyte differentiation was induced with thyroid
hormone for 5-7 days and treated with TNFa (0.1, 1, 10 and 100 ng/ml) for 72 h. Live oligodendrocytes were MTT* and GalC*, and had DAPI* nuclei. Data are plotted as
mean + S.E.M. of at least three independent experiments. ***P< 0.0001, relative to control treatment; ANOVA followed by Bonferroni’s post hoc test. (b) Oligodendrocyte viability
was determined after 72 h in the presence of 20 ng/ml TNFa and increasing concentrations of IFNy (0.1, 1, 10 and 100 ng/ml). **P<0.001, relative to control treatment; ANOVA
followed by Bonferroni’s post hoc test. (¢) Oligodendrocytes were treated with IFNy and/or with TNFa for 72 h and immunostained with anti-activated caspase-3 antibody, anti-
GalC and DAPI. Note the pyknotic nucleus in the TNFa condition. Images were optimized for brightness and contrast. Scale bars, 25 um. (d) Oligodendrocytes treated as in b
were quantified and expressed as % activated caspase-3*/GalC* cells. Data are plotted as mean + S.E.M. of at least three independent experiments. **P<0.001 relative to
control treatment; ANOVA followed by Bonferroni’'s post hoc test. (e) IFNy promoted oligodendrocyte protection from TNFa while control conditioned media (Ctl-CM), IFNy-treated
oligodendrocyte CM (IFNy-CM) and IFNy blocking antibodies plus IFNy failed to protect oligodendrocytes. Data are plotted as mean + S.E.M. of at least three independent
experiments. ***P<0.0001, **P<0.001 relative to control treatment; ANOVA followed by Bonferroni’'s post hoc test. NS, no significant difference
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Figure 2

IFNy activates Jak/STAT signaling in oligodendrocytes. (a) Whole-cell lysates were obtained from oligodendrocytes treated as indicated and probed by western

blotting for pSTAT1 (Y701), STAT1 and STAT3, normalized to 4-tubulin. pSTAT1 (Y701) levels were represented as pSTAT1 (Y701)/STAT1. (b—d) Oligodendrocytes were treated as
indicated, and RNA was isolated for RT-gPCR of IRF-1, SOCS1, SOCS3 and GAPDH. Data are plotted as mean + S.E.M. of at least three independent experiments.
***P<0.0001, **P<0.001 compared with control treatment; ANOVA followed by Bonferroni’s post hoc test

of mis- or unfolded proteins in the ER. These data demonstrate
that PKR is required for IFNy-mediated protection from TNFa,
and IFNy protection involves activation of the ISR, without BiP
or PERK activation.

NF-kB activation is required for IFNy-mediated protec-
tion. Having established PKR as a critical regulator of IFNy-
mediated protection, we next investigated the possible
mechanism of its actions. NF-«B, a PKR target,3*®® can act
as a general cytoprotective factor through activation of
manganese superoxide dismutase and Bcl-2.3 NF-kB com-
plexes are expressed throughout the CNS, activating diverse
genes in a cell-specific manner,%” but the contribution of
oligodendrocytic NF-kB activation to protection remains
elusive (see for review Blank and Prinz®®).

We next asked whether activation of NF-kB is critical for
IFNy-mediated protection. Exposure of oligodendrocytes to
IFNy, TNFa or the combination significantly enhanced NF-«B
reporter activity after 3 h with the greatest increase in TNFa
and TNFa plus IFNy treatments. NF-kB activation returned to
baseline levels by 24 h, with no significant difference in cells
exposed to control medium, TNFa, IFNy or TNFa plus IFNy
(Figure 5a). The absence of prolonged NF-«kB activation in
IFNy and TNFa plus IFNy exposed cultures was surprising,
considering that strong activation of PKR was still present at
72h. Therefore, we analyzed IkB phosphorylation and
degradation, which represents a critical step in NF-«B
activation by facilitating NF-kB translocation to the
nucleus.?#394° Whole-cell lysates from oligodendrocytes,
treated for 24 h, showed no significant changes in levels of
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IkB-a or plkB(S32/36) in response to IFNy (Figure 5b).
Although levels of plkB were lower and the ratio of plkB-a to
IkB dropped from 0.8 and 0.7 in the IFNy- and TNFa-treated
cells, respectively, to 0.5 in the combination treatment, the
decrease was not reflected in any changes in NF-kB reporter
activation.

Prolonged activation of NF-kB seems not to have a role in the
IFNy protection, but transcription of NF-xB targets might act in
the IFNy rescue from TNFa even if NF-kB itself is no longer
active. To test whether NF-kB activation was necessary for the
IFNy rescue, we infected oligodendrocytes with lentivirus
overexpressing a FLAG-tagged, non-phosphorylatable IkB-a
mutant (IkB-super repressor (IkB-SR); Figure 5c), which
functions as a super repressor of NF-«B activation and nuclear
translocation.*! Expression of IkB-SR blocked IFNy-mediated
protection from TNFa (Figure 5d), suggesting that activation of
NF-kB-responsive genes is necessary.

Oligodendrocyte protection requires NF-kB-mediated
upregulation of cFLIP. Having found that NF-kB is critical
to IFNy-mediated protection, and that such protection
prevents caspase activation, we next sought to identify the
specific effector(s) that prevent this step in activation of cell
death. In these studies, we focused on the long form of flice
inhibitory protein cFLIP|_ (referred here as cFLIP), a protease-
deficient caspase-8 homolog.*?> Although there is no
previously reported linkage of IFNy to cFLIP, cFLIP is
upregulated by NF-kB activity*® and directly inhibits activation
of caspase-8,** a critical effector in TNFa-mediated death
signaling.
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Figure 3 Jak activation is required for oligodendrocyte protection. (a) Dose-response curve of Jak inhibitor AG-490 (0.1, 1, 5, 10 and 100 M) on oligodendrocytes after 3 days
in culture. Data are plotted as mean + S.E.M. of at least three independent experiments. ***P < 0.0001 relative to DMSO vehicle control; ANOVA followed by Bonferroni’s post hoc
test. (b) AG-490 (1 uM) effectively inhibited STAT1 phosphorylation. Whole-cell lysates were obtained from oligodendrocytes treated with AG-490 or DMSO vehicle control and
probed with antibodies against phospho-STAT1 (Y701) and -tubulin. (c) Oligodendrocytes were treated with [FNy and/or TNFe in the presence of AG-490 (1 M) or DMSO vehicle
control for 72 h. Data are plotted as mean + S.E.M. of technical triplicates from a representative experiment repeated three times. ***P<0.0001, **P<0.01 relative to DMSO vehicle
control; ANOVA followed by Bonferroni's post hoc test. (d) Oligodendrocytes were infected with lentivirus (pLKO.1) expressing either scrambled shRNA or STAT 1-targeting shRNA
for 4 h, allowed 48 h for recovery and treated with IFNy (1, 10 and 100 ng/ml) and 20 ng/ml TNF« as indicated for 72 h. Data are plotted as mean + S.E.M. of at least three
independent experiments and were compared with scrambled shRNA control. (e) Oligodendrocytes were infected with lentivirus (pLKO.1) expressing either scrambled shRNA or
STAT1-targeting shRNA for 4 h, allowed 48 h for recovery and whole-cell lysates were collected for western blotting to determine the degree of STAT1 knockdown. Lysates were
probed with antibodies against STAT1 and p-tubulin. Lentiviral ShRNA constructs targeting STAT1 protein specifically reduced STAT1 expression by >90% compared with
scrambled control shRNA. (f) Oligodendrocytes were infected with lentivirus expressing scrambled shRNA as in e and treated as indicated. Data are plotted as mean + S.E.M. of at
least three independent experiments. *P<0.05 compared with control treatment by ANOVA followed by Bonferroni's post hoc test. NS, not significant

Western blot and mRNA analysis revealed that cFLIP exposure to TNFa led to significant cell death (Figure 6c, lower
transcript and protein levels were significantly (~50%) panel), with loss of GalC* membranes and fragmented
upregulated by IFNy alone or in combination with TNFa apoptotic nuclei (Figure 6c¢’). In contrast, oligodendrocytes
(compared with TNFa alone; Figures 6a and b). Although infected with cFLIP expressing virus (Figure 6¢, upper panel)

TNFa alone increased the active fragment/form of caspase-8, revealed high levels of cFLIP expression, membrane integrity
the addition of IFNy reduced the amount of active fragment/ and viability after TNFa exposure.
form of caspase-8 by over 50% (Figure 6b). As caspase-3 We also found that cFLIP expression was necessary for

activity is regulated by the protease activity of active fragment/ IFNy-mediated protection. Targeting of cFLIP using lentiviral
form of caspase-8, this would explain our earlier observations ~ shRNA decreased protein expression by ~50%, as compared
that IFNy significantly reduced the proportion of TNFa-induced with scrambled shRNA-treated oligodendrocytes (Figure 6d).

caspase-3-positive oligodendrocytes (Figures 1c and d). Quantification of viable MTT*/GalC* cells revealed that IFNy

To confirm that expression of cFLIP protected oligoden- was unable to confer oligodendrocyte protection from TNFa in
drocytes from TNFa-induced death, we infected oligodendro- cFLIP knockdown conditions. In contrast to the nearly
cytes with lentivirus expressing full-length cFLIP (cFLIP OE) or complete protection provided by IFNy in parental cells
control virus (Ctl) and exposed cells to TNFa. In control- (Figure 1b), survival of oligodendrocytes was decreased by

infected oligodendrocytes (RFP+ cells), we found that 72h ~75% with TNFa plus cFLIP shRNA, and decreased by ~60%

1493

Cell Death and Differentiation



Interferon-y protects oligodendrocytes via cFLIP
DC Tanner et al

a b
IFNoy - + - +
TNFa - - + +
PKR -
12 22
p-elF2a - . 3
! Q
10 14 08 12 3
X
elF2a -
[mmee] 3
10 11 09 07 S
p-PERK -
10 10 09 08
PERK -
10 09 09 07
B-tub - c
d
120 ns
) = ns
T 100
o e
+
O 80 e
8 *kk
~~
+ 60
|—
|—
= 40
]
(S
X 20
0
IFN-y 0 0 0 10 10
TNF-e O 0 20 0 20
scr.  PKR shRNA

BiP/Gapdh

ot

1d 3d 5d

PKR-shRNA
scr shRNA

[Jctt  [J7TNFo
| QN =y

ns

0=

1d 3d 5d

Figure 4 PKR activation is required for IFNy-mediated oligodendrocyte protection. (a) Whole-cell lysates were obtained from oligodendrocytes treated as indicated for 72 h
and probed by western blotting for PKR, phospho-elF2a, elF2a, phospho-PERK, PERK and f-tubulin. (b) Oligodendrocytes were treated as indicated, and RNA was isolated for
RT-gPCR of Chop and GAPDH. Data are plotted as mean + S.E.M. of at least three independent experiments. *P<0.05, **P< 0.01 compared with control treatment; ANOVA
followed by Bonferroni’s post hoc test. (c) Oligodendrocytes were infected with lentivirus expressing either scrambled shRNA or (pGIPZ) PKR-targeting shRNA for 4 h, allowed
48 h for recovery and whole-cell lysates were collected for western blotting to determine the degree of PKR knockdown. Lysates were probed with antibodies against PKR and
S-tubulin. Lentiviral ShRNA constructs targeting PKR protein specifically reduced STAT1 expression by >80% compared with scrambled control shRNA. (d) Oligodendrocytes
were infected with lentivirus expressing scrambled shRNA (see also Figure 3d for full set of scrambled shRNA controls) or (pGIPZ) PKR-targeting shRNA for 4 h, allowed 48 h for
recovery and treated with IFNy and/or TNFa. ***P<0.0001 compared with scrambled shRNA-infected, control-treated oligodendrocytes; ANOVA followed by Bonferroni's post
hoc test. (€) RNA was isolated as in b and levels of BiP mRNA were normalized to that of GAPDH

in cFLIP knockdown cells exposed to IFNy plus TNFa
(Figure 6e).

Having shown that IFNy-mediated protection requires Jak
activation (Figure 2), we next asked whether the inhibition of
Jak/STAT signaling impaired the IFNy-induced upregulation of
cFLIP. As shown in Figure 6f, treatment of oligodendrocytes
with the Jak inhibitor AG-490 abolished IFNy-mediated
upregulation of cFLIP expression.

Loss of cFLIP during inflammation increases oligoden-
drocyte death in vivo. To address whether cFLIP expres-
sion is important for oligodendrocyte viability in vivo under
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inflammatory conditions, we performed loss-of-function
experiments in a mouse model of sustained inflammation
using IL-18*AT mice. The IL-18*T transgene consists of the
human IL-18 transcript driven by the GFAP promoter
separated by a lox-STOP-lox cassette. Exposure to Cre
recombinase induces IL-18 expression, reaching peak
inflammation at 14 days.**™*” We further confirmed that
intracranial injection of Cre recombinase-expressing lenti-
virus caused upregulation of a number of inflammatory
markers, including IFNy and TNFa (Figure 7d).

IL-18*AT mice show no overt oligodendrocyte death despite
significant leukocyte infiltration into the CNS,*°~*" suggesting
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the existence of a protective mechanism that shields the
oligodendrocytes in this mouse model from inflammation-
induced apoptotic cell death. As we also found that in the
inflamed CNS of IL-18*AT mice there is an upregulation of
cFLIP expression (Figure 7d), we next determined whether
increased c-FLIP expression following induction of inflamma-
tion might be involved in protecting oligodendrocytes from the
effects of inflammation an in vivo model.

To determine whether the high levels of cFLIP occurring
in vivo were necessary for preventing oligodendrocyte death,

we injected both hemispheres of IL-18*AT transgenic mice with
the Cre-expressing virus into the corpus callosum, with one
side also receiving a cFLIP-specific shRNA-expressing virus
(Figure 7b) and the contralateral side receiving a non-
targeting, scrambled shRNA-expressing virus (Figure 7a).
Controls also consisted of intracranial injections as above into
non-transgenic (WT) littermates. To confirm that the induction
of inflammation is specific to the site of transgene activation,
we labeled sections with CD45 and found, consistent with
previous reports,*® robust leukocyte infiltration into the CNS of
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Figure 6 IFNy significantly increases cFLIP in a Jak-dependent manner, which is both sufficient and necessary for protection from TNFa. (a) Oligodendrocytes were treated
as indicated and RNA was isolated for RT-gPCR of ¢FLIP and GAPDH. Data are plotted as mean + S.E.M. of at least three independent experiments. *P< 0.05, **P<0.01
compared with control treatment; ANOVA followed by Bonferroni’s post hoc test. (b) Whole-cell lysates were obtained from oligodendrocytes treated for 72 h as indicated and
probed by western blotting for cFLIP, activated caspase-8 and #-tubulin. Protein expression was quantified and normalized to tubulin intensity. (c) Oligodendrocytes were infected
with control (RFP) or cFLIP overexpressing lentivirus (pCDH) constructs for 16 h, given 48 h to recover and treated with TNFa for 72 h. Cells were then fixed and stained with anti-
GalC and cFLIP antibodies. Images show representative cell cultures treated with the indicated conditions. Images were optimized for brightness and contrast. Note the pyknotic
nucleus in the control virus, TNFa condition (¢’). (d) Oligodendrocytes were infected with lentivirus (pLKO.1) expressing either scrambled shRNA or cFLIP-targeting shRNA for
16 h, allowed 48 h for recovery and whole-cell lysates were collected to determine the degree of cFLIP knockdown. Lysates were probed with antibodies against cFLIP and
P-tubulin. Lentiviral shRNA constructs targeting cFLIP protein specifically reduced cFLIP expression by > 50% compared with scrambled control shRNA. (e) Oligodendrocytes
were infected with lentivirus (pLKO.1) expressing either scrambled shRNA or cFLIP-targeting shRNA for 16 h, allowed 48 h for recovery and treated for 72 h with IFNy and/or
TNFa. (A full set of scr ShRNA control vectors is shown in Figure 3f). Data are plotted as mean + S.E.M. of at least three independent experiments. *P<0.05, **P<0.01
compared with scrambled shRNA-infected, control-treated oligodendrocytes; ANOVA followed by Bonferroni’s post hoc test. (f) Oligodendrocytes were pre-treated with 5 um
AG-490 or DMSO for 16 h, then co-treated with DMSO, 5 um AG-490, IFNy and/or TNFa as indicated for 6 h. RNA was isolated for RT-qgPCR of ¢FLIP and GAPDH. Data are
plotted as mean + S.E.M. of three independent experiments. *P<0.05, **P<0.001; ANOVA followed by Bonferroni’'s post hoc test
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Figure 7  cFLIP knockdown during sustained neuroinflammation in vivo increases oligodendrocyte death and decreases myelin staining intensity. (a and b) Adult IL-15XAT
mice were injected with transgene activating Cre-expressing lentivirus and either scrambled shRNA (Cre-virus scr-shRNA) or cFLIP-targeting (Cre-virus cFLIP) shRNA and aged
for 2 weeks. Brain sections were stained with GSTz antibodies, DAPI and for TUNEL. (b’) Higher magnification views of TUNEL*/GSTx=" oligodendrocytes. (¢) Quantification of
TUNEL*/GSTx=* oligodendrocytes per field. Data are plotted as mean + S.D. of five fields per section from two mice. *P<0.05, ttest. (d) Adult IL-13XAT mice were injected with
Cre-expressing virus or control virus and RNA was isolated from brain for RT-PCR of TNFa, IFNy and cFLIP. Note that the upregulation of cFLIP levels during IL-14-mediated
inflammation coincides with the absence of oligodendrocytes death in this mouse model. (e) Sections from adult IL-1XAT mice injected with the Cre-expressing virus into the
corpus callosum of both hemispheres, with one side also receiving a cFLIP-specific sShRNA-expressing virus (right, r) and the contralateral side receiving a non-targeting,
scrambled shRNA-expressing virus (left, |) that were stained with FluoroMyelin. (f) Quantification of fluorescence intensity in arbitrary units from three sections per mouse and two

mice. *P<0.05 ttest

transgenic mice 2 weeks after transgene activation, while WT
brains lacked detectable CD45 staining (data not shown).

Introduction of cFLIP shRNA into the CNS was associated
with increased oligodendrocyte death as indicated by
increases in the number of TUNEL* and GSTr* cells in the
corpus callosum (Figures 7b and 7b’). In contrast, inflamma-
tion alone (and injection of scrambled control virus) did not
result in significant oligodendrocyte death in the corpus
callosum as determined by the paucity of TUNEL*/GSTn*
cells (Figure 7a). Furthermore, when we assessed gross
myelination of the corpus callosum with FluoroMyelin staining,
we found a significant decrease in myelin staining intensity in
the hemisphere that received cFLIP shRNA compared with the
scrambled shRNA-treated hemisphere within the same brain
section (Figures 7e and f).

Discussion

We have identified a novel mechanism by which IFNy protects
oligodendrocytes from TNFa-mediated apoptosis. In this
pathway, IFNy exposure activates Jak, leading to phosphor-
ylation of STAT1, PKR and NF-kB activation, and ultimately to
increased expression of c-FLIP_, which inhibits caspase
activation and TNFa-induced cell death. We further show that
cFLIP., a target of NF-kB, is both necessary and sufficient to
protect oligodendrocytes from TNFa-induced cell death.

Our results suggest a number of novel and unexpected
interactions between IFNy and TNFa. Activation of ISR,
including PERK was reported to be critical in providing
protection,*® although the molecular mechanisms leading to
inhibition of cell death were not clear. Unlike previous

reports®323348 gsyggesting that protection by IFNy requires

activation of the ISR, we did not observe phosphorylation of
PERK and BiP expression induced by IFNy. This suggests that
the UPR was not activated in our system, and that there was
no ER stress induced by IFNy or TNFa. The significant
upregulation in oligodendrocytes of PKR was essential in
conferring IFNy protection, which represents a novel finding.
Induction of cFLIP by IFNy signaling might, however, not be
the sole event that prevents TNFa-induced cell death.
Wesemann et al.*® showed in macrophages that IFNy induced
depletion of Stat1 through phosphorylation, thus limiting the
ability of cytoplasmic STAT1 to associate with TNFR1 and
initiate cell death, while at the same time enhancing NF-«xB
activation that could act as a pro-survival signal. While we saw
increased STAT1 phosphorylation by IFNy, and STAT1 protein
was necessary for TNFa to cause oligodendrocyte death, we
did not see enhanced NF-«kB activation in the presence of
IFNy. Our results instead showed that TNFa transiently
activates NF-kB to a higher degree than IFNy alone or in
combination, and that NF-«kB activation has ceased at the time
we see rescue from cell death. It hence seems unlikely that
IFNy protects oligodendrocytes through increased NF-«B
activation. On the other hand, we found that eliminating the
ability of cells to activate NF-«B also prevented IFNy rescue.
If NF-kB activation is necessary for protection, why is it then
that NF-«B activation by TNFa leads to cell death? A possible
and attractive explanation is provided by the work by Ganster
et al.®® who showed that the relative orientation of juxtaposed
NF-«B-Stat (SIE) cis-elements determines the ability of TNFa
and IFNy to induce gene transcription. Interestingly, their data
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suggest that IFNy-induced activation involved STAT DNA
binding while TNFa’s induction of NF-kB DNA binding was
unaffected by the presence or absence of STAT1. In other
words, it seems likely that IFNy-induced STAT1 phosphoryla-
tion, which leads to nuclear translocation, results in a NF-kB—
STAT complex that activates a different set of genes than
activation of NF-kB and TNFa in the absence of nuclear
STAT1. In support of such a differential activation is a
preliminary analysis of the rat c-Flip (= Cflar) promoter region
(15 kb upstream to 5 kb downstream of transcription start site),
using the Transfac database and Patch 1.0 software
(BIOBASE Biological Databases, Beverly, MA, USA), revealing
two NFkB binding sites at position — 3943 and — 4405 bp, and
several STAT1/STAT3 binding sites (position — 2539, —4397
and —4452bp). Differential expression could be highly
cell type specific, consistent with different outcomes of
NF-kB activation in astrocytes, microglia or O-2A/OPCs
(see for review Blank and Prinz®®).

A limitation of our study is that our experiments using a JAK
inhibitor did not allow us to clearly define the role of
phosphorylated STAT1, as JAK inhibition would also lead to
inhibition of PKR,®' which we show is critical for IFNy rescue.
We can also not exclude the involvement of other, perhaps
parallel acting, pathways that might contribute to IFNy—
mediated protection. We detected significant and sustained
Chop activation in the absence of cell death, but the relevance
of this activation is not clear. CHOP expression is generally
considered protective in oligodendrocytes, but in Schwann
cells (the myelinating cells of the peripheral nervous system),
Chop activation is pro-apoptotic.52%3

Irrespective of the relative contribution of various IFNy-
induced pathways, we were able to identify cFLIP as a key
effector protein in protection. cFLIP was both necessary for
IFNy-mediated protection and sufficient to confer protection on
its own against TNFa-mediated killing. cFLIP inhibits caspase-
8 activation, thereby decreasing caspase-3 activation, provid-
ing direct means of regulating executioner pathways in cell
death. Despite the well-described role of cFLIP as an anti-
apoptotic factor,* its protective role has only been described
in the context of activation of the terminal complement
cascade and Fas-mediated apoptosis.** Based on our
studies, cFLIP appears to also offer an instance of a protein
naturally induced by a relevant inflammatory cytokine that
confers protection.

Our mechanistic and cell-specific studies used a highly
purified cell culture system that offered the advantage of
enabling cell-specific analyses but has the disadvantage of not
resembling complex inflammatory in vivo environments.
Evidence that cFLIP expression might be relevant in vivo,
however, came from our studies on IL-18%AT mouse. This
model was uniquely well suited for our studies, as IL-18
expression leads to robust leukocyte recruitment to the CNS,
astrocyte activation and induction of pro-inflammatory cyto-
kines but no oligodendrocyte toxicity.*>*” Although the
reasons for the absence of toxicity were initially not clear,
our analyses showed a robust upregulation of cFLIP expres-
sion in IL-18%T mice, thereby raising the question of whether
this might be protective. Indeed, cFLIP knockdown with
shRNA led to a significant increase in TUNEL" oligoden-
droyctes in addition to a decrease in global myelin staining
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intensity. While the number of TUNEL* oligodendrocytes
seems small in relation to the decrease in FluoroMyelin
staining intensity, this may be owing to the rapid pace at which
apoptotic oligodendrocytes are cleared from the white matter,
which may be accelerated during neuroinflammation and
macrophage infiltration.*®

The possibility of IFNy-induced cFLIP upregulation acting as
a protective pathway seems consistent with studies, reporting
that elimination of IFNy expression increases EAE severity,>>%°
and that its expression can protect against disease onset,>”
oligodendrocyte death and demyelination induced by
cuprizone.®® However, the protective effect might depend on
the concentration, timing and/or source of IFNy, as there are
also studies showing that administration of IFNy to multiple
sclerosis patients, or in animals with EAE, can worsen
inflammation and clinical symptoms.5%€° Although the upregu-
lation of IFNy in the model used here is defined by the time of
viral induction, we have not yet identified the source of IFNy in
our model. We have described significant infiltration of
peripheral macrophages, neutrophils and T cells.*® In addition,
preliminary data show that induction of inflammation also
induced proliferation of microglia. All these cells are potential
candidates to be activated and to respond with a variety of
factors that are released including IFNy. It is thus likely that the
context in which IFNy acts on oligodendrocytes has a role in the
activation of pro-survival or pro-apoptotic signaling cascades.

As the ability of IFNy to worsen CNS damage in
certain situations makes it hard to conceive of utilizing this
cytokine in protective strategies, it is important to identify
molecular mechanisms involved in conferring its protective
effects. The finding that cFLIP loss of function inhibits IFNy-
mediated protection in vitro and increases oligodendrocyte
apoptosis in vivo provides proof of concept that cFLIP is a good
candidate protein to promote oligodendrocyte viability. These
findings may provide a means of defining the context in which
the protective mechanisms induced by IFNy can be induced.

Materials and Methods

Cell culture. Al animal procedures were reviewed and approved by the
University Committee on Animal Resources of the University of Rochester Medical
Center. Optic nerves were isolated from (Thermo Fisher Scientific, Waltham, MA,
USA) postnatal day 7 mixed sex rat pups and processed as described previously.2
Briefly, nerves were minced, digested with papain and collagenase, and were
triturated. Cells were enriched by magnetic cell sorting (Miltenyi Biotec, San Diego,
CA, USA) using magnetic bead-conjugated A2B5 antibody and grown in defined
media, DMEM/F12 containing insulin, transferting and Sato components®' as
previously described (Tanner et al?). Cells were expanded in the presence of
PDGF-AA (10 mg/ml; PeproTech, Rocky Hill, NJ, USA) on poly-L-lysine-coated
Nunc tissue culture plastic (Thermo Fisher Scientific) for only one passage before
plating for differentiation. Cells were never exposed to serum. Differentiation of
0-2A/OPCs into oligodendrocytes involved decreasing the PDGF-AA concentration
to 1 ng/ml and adding thyroid hormone (40 nM, consisting of 30 ng/ml thyroxine and
36 ng/ml triiodothrionine (Sigma-Aldrich, St. Louis, MO, USA) for 5-7 days. At this
point, all cells were GalC*. We did not use CNTF to induce maturation as this
cytokine also actives the Jak/STAT pathway, thus potentially confounding our finding.
We define these postmitotic, premyelinating and/or myelinating cells as ‘committed
oligodendrocytes’. Similar results were obtained from corpus callosum-derived
0-2A/OPCs, but differentiation into oligodendrocytes was more uniform in optic
nerve-derived cells. Oligodendrocyte cultures were treated with 10 ng/ml
recombinant rat IFNy (Peprotech) and 20 ng/ml rat TNFa (Peprotech) unless
otherwise noted. Oligodendrocytes were treated with AG-490 (Enzo Life Sciences,
Farmingdale, NY, USA) as described. Cell viability was scored as % Ctl MTT*/
GalC* cells.



Immunocytochemistry. Cells were plated as indicated and processed as
described previously (Tanner et al?). Cell staining was performed with the following
antibodies diluted in HBSS (Invitrogen, Carlshad, CA, USA) with 5% fetal calf
serum, 0.5% sodium azide and 0.1% Triton X-100: anti-GalC (mouse IgG3,
hybridoma supernatant; 1:10 dilution), activated caspase-3 (Rb IgG; 1:500;
Abcam, Cambridge, UK), anti- cFLIP, (Rb IgG; 1:50; MBL International, Woburn,
MA, USA). Secondary antibodies were Alexa-conjugated 488 or 568 (1:2000;
Invitrogen). Nuclei were stained with DAPI (Invitrogen). MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue; Sigma-Aldrich) was diluted in
PBS (5 mg/ml), sterile filtered and applied to oligodendrocytes, which were treated
as indicated, for 4 h immediately before fixation. Soluble MTT was converted to an
insoluble precipitate marking cells as having active mitochondrial dehydrogenases,
and therefore, alive. Under a variety of culture conditions, dead oligodendrocytes
can appear to be viable with elaborate GalC* membranes, despite being MTT~ and
lacking DAPI* nuclei. For this reason, we considered viable oligodendrocytes to be
only GalC*/DAPI*/MTT*. Oligodendrocytes were grown on Nunc tissue culture
grade plastic (Thermo Fisher Scientific), were imaged on an inverted fluorescence
Nikon Eclipse TE300 microscope (Nikon, Tokyo, Japan) and images were acquired
with a Spot camera using Spot software (Diagnostic Instruments, Sterling Heights,
MI, USA) as described previously (Tanner et al?).

Immunoblotting. O-2A/OPCs were plated on 10-cm Nunc tissue culture dishes
(Thermo Fisher Scientific) at 10° cells per dish. Cells were induced to differentiate as
described above and treated as indicated. Whole-cell lysates were obtained in
modified RIPA buffer containing protease and phosphatase inhibitors, and were
subjected to SDS-PAGE, transferred to PVDF and probed with primary antibodies
against the following substrates: STAT1 (Rb IgG; 1:1000) phospho-STAT1 (Tyr701;
Rb 1gG; 1:1000), STAT3 (Rb mAb clone 79D7; Rb IgG; 1:2000), phospho-STAT3
(Ser727; Rb 1g9G; 1:1000), elF2a (Rb IgG; 1:1000), phospho-elF2a (Ser51; Rb
mAB clone 119A11; Rb IgG, 1:1000) and IxBa (Rb IgG; 1:1000), all obtained from
Cell Signaling Technology (Danvers, MA, USA); PKR (Ms IgG2a; 1:1000), PERK
(H300; Rb IgG; 1:1000), phospho-PERK (Thr981; Rb IgG; 1:1000), A-tubulin
(H-235; Rb 1gG; 1:2000) and p-actin-HRP (C4; Ms IgG1; 1:20000), all obtained
from Santa Cruz Biotechnology (Dallas, TX, USA); anti-active caspase-8 (Rb IgG;
1:500) and anti-cFLIP, (58 kDa; Rb IgG; 1:100), all obtained from MBL International
and anti-FLAG (M2; Ms IgG1; 1:2000) obtained from Sigma-Aldrich. Secondary
antibodies were all HRP conjugates (1:2500; Santa Cruz Biotechnology).

PCR. Rat oligodendrocytes were treated as indicated, and RNA was isolated from
cells and converted to cDNA following standard protocols. Quantitative real-time
PCR primers and probes for IRF-1, Chop, BiP and Caspase 12 have been
previously published and were synthesized by IDT.>®? Tagman assays (Thermo
Fisher Scientific) were used for SOCS1, SOCS3, cFLIP and GAPDH. Samples were
run multiplexed with GAPDH, and expression levels were calculated using the
AACr method.

NF-kB reporter assay. Oligodendrocytes were infected with lentivirus
containing NF-xB luciferase reporter as indicated for lentivirus propagation. After
3, 24 or 48 h treatment with indicated cytokines or control media, oligodendrocytes
were treated with a Renilla Luciferase Assay Kit (Biotium, Hayward, CA, USA)
according to directions. Luciferase buffer and oligodendrocyte lysate were combined
in Corning Costar white opaque microplates (Corning, Tewksbury, MA, USA) and
luciferase was determined in relative units on plate reader. Relative luciferase
intensity was normalized to the protein content of each well.

Lentivirus propagation. Constructs containing shRNA sequences for STATT,
cFLIP and scrambled shRNA control sequence were purchased from Open
Biosystems (now GE Healthcare, Lafayette, CO, USA) as inserts into the pLKO.1
vector. shRNA against PKR was an insert in the pGIPZ vector (GE Healthcare).
Propagation was performed essentially as previously described (Tanner et al?).
Viral supernatant was sterile filtered and added to oligodendrocytes in culture for 4—
16 h, as indicated, and cells were recovered for 48 h. Infection efficiency was
routinely tested for shRNA backbones expressing fluorescence constructs and was
consistently > 90%. Expression constructs for IxB(SR) (kind gift from Guzman and
Jordan;*' 32,36 S— A), cFLIP (GE Healthcare, clone ID 7376876) and nis-Cre
(plasmid 12106; Addgene, Cambridge, MA, USA)®® were cloned into pCDH-CMV-
MCS (CD500B-1; GE Healthcare). An NF-xB promoter response element sequence
was conjugated to a renilla luciferase gene and then cloned into FG12 (Addgene).
Virus was prepared as described previously (Tanner et al?). Lentivirus was
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prepared for stereotactic injection by concentration with PEG 6000 as previously
described.% Essentially, viral supernatant was sterile filtered and precipitated in
PEG 6000 (final concentration 8.5%) and NaCl (final concentration 0.3 M) in
100 mM phosphate buffer (PB). After 1.5 h at 4 °C, samples were concentrated by
centrifugation at 7,000 x g for 10 min. Pellets were resuspended in 50 mM Tris-HClI,
pH 7.4. pCDH-nIsCRE was tested for recombinase activity in 293 T cells that were
selected for pCALNL-DsRed expression (plasmid 13769; Addgene).%

Stereotactic injection. Adult IL-18**" mice were anesthetized with ketamine

(100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and secured in a stereotactic frame
(David Kopf Instruments, Tujunga, CA, USA). Two burr holes were drilled at
0.26 mm anterior and 1.0mm lateral of the bregma, one in each hemisphere.
A 10-ul syringe with a 33-G needle was inserted to a depth of 1.5 mm (corpus callosum)
deep over the course of 3 min. In each animal, the right hemisphere received a total
of 4ul containing concentrated CRE-expressing lentivirus and cFLIP-shRNA-
expressing lentivirus. The left hemisphere received a total of 4 ul containing
concentrated CRE-expressing lentivirus and scrambled shRNA-expressing lenti-
virus. After each injection, the needle was left in place for 5 min and removed over
the course of 1 min. Scalps were sutured and mice were given analgesic and
monitored for 6 h continuously and subsequently at least once per day for 12 days.
All mice, two IL-14*4T mice and three WT control littermates, survived surgery and
only transgenic mice demonstrated CD45" cell infiltration into the CNS after CRE
injection.

Tissue staining. Adult IL-15" mice were deeply anesthetized with ketamine
(100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and transcardially perfused with 10 ml
ice-cold PBS with heparin (2 U/ml) followed by fresh 0.4% PFA. Brains were
removed from skulls and postfixed in 0.4% PFA overnight at 4 °C. PFA was replaced
by cryoprotectant (30% sucrose in PBS) for at least 48 h until brains sunk at 4 °C.
Brains were mounted in cryoprotectant surrounded by dry ice for sectioning on a
Leica SM 2000R sliding knife apparatus (Leica Microsystems, Buffalo Grove, IL,
USA). Sections were cut at 30 um and stored at 4 °C. Sections were rinsed four
times each in 100 mM PB, pH 7.4) and blocked in vehicle consisting of 10% normal
goat serum and 0.3% Triton X-100 in 100 mM PB. Anti-CD45 (Ms IgG1; 1: 1000,
AbD Serotec, Raleigh, NC, USA) primary antbody was diluted in vehicle.
Secondary antibody was Alexa-conjugated 568 (1:2000; Invitrogen). Nuclei were
stained with DAPI (Invitrogen). Free-floating brain sections were assayed for myelin
staining intensity using FluoroMyelin (1:300 in 100mM PB, pH 7.4; Invitrogen).
Tissue sections were mounted onto glass slides in Fluoromount-G (Southern
Biotech, Birmingham, AL, USA) and were analyzed on an upright fluorescence
Nikon eclipse 80i microscope (Nikon) and pictures were taken with a Cool SNAP EZ
(Photometrics, Tuscon, AZ, USA) camera using NIS Elements software (Nikon).
TUNEL staining was performed using the ApopTag Fluorescein Direct apoptosis
detection kit (Chemicon, now EMD Millipore, Billerica, MA, USA) according to
manufacturer’s protocol combined with anti-GST~ (Ms IgG1; 1:1000; BD
Biosciences, San Jose, CA, USA) staining. Secondary antibodies for GSTz was
Alexa-conjugated 568 (1:2000; Invitrogen). Nuclei were stained with DAPI
(Invitrogen). Tissue sections were mounted onto glass slides in Fluoromount-G
(Southern Biotech) and were analyzed as a series of 1 um z-stacks with a Leica
SP2 confocal microscope with a x 40 oil objective (Leica Microsystems).

RT-PCR. Conventional RT-PCR was performed on RNA isolated from adult
IL-18*4T mouse brains using the following primers: TNF-a, forward 5'-GACAAGGC
TGCCCCGACTA-3 and reverse 5'-TTTCTCCTGGTATGAGATAGCAAATC-3'; IFNy,
forward 5’-TACTGCCACGGCACAGTCATTGAA-3" and reverse 5'-TGGACCTGTG
GGTTGTTGACCTCAACCTCAAACTTGGC-3'; cFLIR, forward 5'-GGCGGCCATTC
TCATCTTCTCGG-3' and reverse 5-ACCTCGGCAGACACAGGGCT-3; and
GAPDH, forward 5’-GGTGAAGGTCGGTGTGAACG-3' and reverse 5'-CTCGCTC
CTGGAAGATGGTG-3'.

Statistical analyses. All experiments were performed at least three
independent times and bar on graphs represent mean + S.E.M. unless otherwise
indicated. Statistical tests used were the Student’s ttest and one-way ANOVA with
Bonferroni’s multiple comparison post hoc test as indicated in the figure legends.
P-values <0.05 were considered statistically significant and are marked by . Data
that did not reach statistical significance are marked by ‘NS’ (no significant difference).
All statistical analyses were performed using Prism4.0 (GraphPad software,
Graphpad, La Jolla, CA, USA).
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