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Fyn kinase regulates misfolded a-synuclein uptake
and NLRP3 inflammasome activation in microglia

Nikhil Panicker"?3, Souvarish Sarkar?, Dilshan S. Harischandra'@®, Matthew Neal, Tae-In Kam?3, Huajun Jin!, Hariharan Saminathan?, Monica Langley?,
Adhithiya Charli!, Manikandan Samidurai!, Dharmin Rokad'@®, Shivani Ghaisas'®, Olga Pletnikova’, Valina L. Dawson®>>*°, Ted M. Dawson?>4¢@®,
Vellareddy Anantharam?, Anumantha G. Kanthasamy'@®, and Arthi Kanthasamy*

Persistent microglia-mediated neuroinflammation is a major pathophysiological contributor to the progression of Parkinson’s
disease (PD), but the cell-signaling mechanisms governing chronic neuroinflammation are not well understood. Here, we show
that Fyn kinase, in conjunction with the class B scavenger receptor CD36, regulates the microglial uptake of aggregated
human a-synuclein (aSyn), which is the major component of PD-associated Lewy bodies. aSyn can effectively mediate LPS-
independent priming and activation of the microglial NLRP3 inflammasome. Fyn kinase regulates both of these processes; it
mediates PKC8-dependent NF-kB-p65 nuclear translocation, leading to inflammasome priming, and facilitates aSyn import
into microglia, contributing to the generation of mitochondrial reactive oxygen species and consequently to inflammasome
activation. In vivo experiments using A53T and viral-aSyn overexpression mouse models as well as human PD neuropathological

results further confirm the role of Fyn in NLRP3 inflammasome activation. Collectively, our study identifies a novel Fyn-
mediated signaling mechanism that amplifies neuroinflammation in PD.

Introduction
Parkinson’s disease (PD) is a neurodegenerative movement
disorder characterized by the death of dopaminergic neurons
within the nigrostriatal tract. Sterile inflammation mediated
primarily by resident brain microglia has gained momentum as
both an important mediator of the neuron loss contributing to
the progressive nature of PD and an attractive drug target for
neurodegenerative disease therapy (Imamura et al., 2003; Block
et al., 2007; Glass et al., 2010; Tansey and Goldberg, 2010).
Inflammasomes are large, multimeric protein complexes
comprising a cytosolic pattern-recognition receptor, the adaptor
protein apoptosis-associated Speck-like protein containing a
caspase recruitment domain (ASC), and caspase-1 (Casp-1;
Lamkanfi and Dixit, 2014). Their assembly is triggered by a
variety of stimuli and culminates in the activation of Casp-1,
which then cleaves pro-IL-18 to IL-18 (Latz et al., 2013; Walsh
et al., 2014). The Nod-like receptor protein 3 (NLRP3) in-
flammasome is the best-studied inflammasome and has a two-
step activation mechanism: “priming,” which entails induction
of pro-IL-1B and NLRP3, and “activation,” wherein a functional
inflammasome complex is assembled following uptake of a

pathogen or danger-associated molecular pattern. This is hy-
pothesized to serve as a checkpoint to prevent unabated release
of IL-1B. Increased IL-1B and cleaved Casp-1 levels have been
demonstrated in PD patient tissues, but this was shown before
inflammasome-mediated IL-18 processing was demonstrated
(Mogi et al., 1996, 2000). The pathology of various other dis-
eases, including Alzheimer’s disease (AD; Heneka et al., 2013),
diabetes (Lee et al., 2013), and atherosclerosis (Duewell et al.,
2010; Sheedy et al., 2013), has been linked to hyperactivation of
the NLRP3 inflammasome. In peripheral immune cells, ASC
specks released from inflammasome-activated cells can propa-
gate inflammasome activation in a prionic manner (Baroja-Mazo
et al, 2014). Recently, microglia-released ASC specks were
found to cross-seed amyloid-B, thereby enhancing AD pathology
(Venegas et al., 2017).

a-synuclein (aSyn) is a presynaptic protein whose dysfunc-
tion is intimately associated with idiopathic and genetically in-
herited PD. Mutations of the SNCA gene cause autosomal
dominant PD (Polymeropoulos et al., 1997; Kriiger et al., 1998;
Zarranz et al., 2004; Appel-Cresswell et al., 2013; Lesage et al.,
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2013; Pasanen et al., 2014; Allen Reish and Standaert, 2015).
Misfolded aSyn is also the major component of PD-associated
Lewy bodies, the neuropathological hallmark of PD. aSyn spe-
cies can transmit from neuron to neuron via self-amplification
in vivo, propagating pathology and cell death in a prionic
manner (Luk et al., 2012). This transmission is mediated by
lymphocyte-activation gene 3 (Mao et al., 2016). The action of
aSyn on nonneuronal cells is an active area of investigation; in
patients with multiple system atrophy, aSyn accumulates in
oligodendrocytes as glial cytoplasmic inclusions (Tu et al., 1998)
and can seed endogenous aSyn aggregation with even greater
potency than neuronal aSyn (Peng et al., 2018).

aSyn uptake in neurons causes impairment in mitochondrial
function (Devi et al., 2008; Luth et al., 2014; Reeve et al., 2015).
Dysfunctional mitochondria release excessive amounts of mi-
tochondrial reactive oxygen species (mitoROS), which are nec-
essary and sufficient to activate the NLRP3 inflammasome in
macrophages and microglia (Zhou et al., 2011; Sarkar et al.,
2017). Although aSyn is known to elicit the production of IL-
1B in monocytes and microglia (Codolo et al., 2013; Gustot et al.,
2015. Lee et al., 2010; Boza-Serrano et al., 2014; Daniele et al.,
2015; Gordon et al., 2018), the inceptive signaling mechanisms
that regulate microglial NLRP3 inflammasome assembly have
yet to be established. In this study, we demonstrate that Fyn
kinase intrinsically regulates both aSyn-mediated priming as
well as activation of the microglial NLRP3 inflammasome.

Fyn is a nonreceptor Src family tyrosine kinase known to
mediate proinflammatory signaling in T cells, mast cells, natural
killer cells, and bone marrow-derived macrophages (BMDMs) in
response to diverse activating agents (Moore et al., 2002;
Palacios and Weiss, 2004; Gomez et al., 2005; Stuart et al., 2007).
In the central nervous system, Fyn mediates amyloid-B-induced
apoptosis in cortical neurons (Lambert et al., 1998), and con-
tributes to astrocytic migration (Dey et al., 2008) and the dif-
ferentiation of oligodendrocytes (Sperber et al., 2001). Very
recently, the FYN gene was identified in a genome-wide asso-
ciation study (GWAS) as a novel PD risk locus (Nalls et al., 2018
Preprint). We demonstrated Fyn’s role in inflammogen-mediated
proinflammatory signaling in microglia via tyrosine phospho-
rylation of PKC8 (Panicker et al., 2015). To the best of our
knowledge, no study exists on the role that Fyn plays in the
activation of the NLRP3 inflammasome in any cell type. Al-
though PKC8 has been shown to play a crucial role in activating
the NLRC4 inflammasome via S533 phosphorylation activation
(Quetal., 2012), the current study is also the first to characterize
its role in NLRP3 inflammasome activation.

Results

Fyn and CD36 mediate aSyn uptake in microglia

We purified human recombinant aSyn (Fig. S1). aSyn aggrega-
tion and protein fibril characterization was performed as pre-
viously described (Zhang et al., 2005; Sarkar et al., 2018). aSyn
stimulation of primary murine microglia rapidly induced the
active loop phosphorylation of Fyn (Fig. 1, A and B). We used the
p-Y416 Src family kinase (SFK) antibody to blot for activated
Fyn. Since this antibody recognizes all active SFKs, we verified
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that aSyn did not induce any discernible p-Y416 Src phospho-
rylation in Fyn~/~ microglia (Fig. 1 A).

To demonstrate the activation of Fyn in a well-characterized
in vivo aSyn mouse model, we used the adeno-associated virus
overexpressing aSyn (AAV-aSyn) model, wherein viral con-
structs coding for human aSyn or GFP (as a control) are injected
into the substantia nigra pars compacta (SNpc) of mice. 30 d
after injection, brains from AAV-aSyn-injected (the AAV-SYN
group) and adeno-associated virus overexpressing GFP (AAV-
GFP) mice were extracted, sectioned, and stained for Iba-1 and
p-Y4l6 SFK. Significantly increased p-Y416 SFK levels within
Iba-1-positive microglia were observed in the AAV-SYN group
when compared with the AAV-GFP group (Fig. 1 C), indicating
that microglial Fyn was activated early in this in vivo PD model.

Immunoprecipitation of CD36 and TLR2 in control and
aSyn-stimulated WT primary microglia showed that both
receptors interacted with aSyn, but only CD36 interacted with
Fyn upon aSyn treatment (Fig. 1 D). Next, we transfected
human embryo kidney (HEK) cells with FLAG-tagged human
CD36. These cells were then treated with aSyn aggregates for
15, 30, 45, and 60 min. CD36 was immunoprecipitated using a
monoclonal FLAG antibody. Immunoblot analysis revealed
transient interaction between CD36 and aSyn 15 and 30 min
after treatment (Fig. 1 E). aSyn-mediated p-Y416 SFK activa-
tion was significantly attenuated in CD36~/- BMDMs (Fig. 1F),
showing that Fyn was activated following CD36 engagement
of aSyn.

We next tested whether CD36 and Fyn play a role in the
uptake of aSyn. Aggregated aSyn was first added to WT and
Fyn~/- microglia as well as WT and CD36/~ BMDMs for various
time points. Immunoblots of whole-cell lysates from aSyn-
treated Fyn~/~ microglia or CD36~/~ BMDMs displayed signifi-
cantly attenuated aSyn uptake in these cells (Fig. 1, G and H). To
verify this, immunocytochemistry (ICC) experiments were
performed. aSyn-treated WT and Fyn~/- microglia were triple
washed with PBS and then fixed and stained for microglial up-
take of human aSyn, which was visualized as intracellular
puncta (Fig. 1, I and J). The number of puncta per cell was
quantified. Fyn™/~ microglia display reduced uptake of human
aSyn. To confirm these findings, we transfected primary mi-
croglia with FLAG-tagged WT and activation loop mutant Fyn
(Y417A Fyn), following which the cells were treated with ag-
gregated aSyn for 15, 30, and 45 min (Fig. 1 K). Whole-cell lysates
were probed for FLAG and p-Y416 SFK antibodies. WT Fyn-
FLAG-transfected cells demonstrated a rapid induction of p-Y416
SFK levels, which was abolished in the Y417A Fyn-FLAG-trans-
fected groups. The import of aSyn was significantly attenuated
in the cells transfected with the activation loop mutant Fyn,
indicating that Fyn activity was required for aSyn import into
microglia.

Microglial Fyn activation in human PD brain

Recently, the FYN gene was identified as a novel PD risk locus via
GWAS (Nalls et al., 2018 Preprint). Analysis of nigral lysates from
AAV-GFP and AAV-SYN (SNpc-injected) mice showed a signif-
icant induction of Fyn and p-Y416 SFK levels (Fig. 2 A). Immu-
nohistochemistry (IHC) of nigral sections revealed increased

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20182191

920z Areniged 60 uo 3senb Aq 4pd- 16128102 Wel/0SEL9.L/L L1 1/9/91Z/pd-elonie/wal/Bio sseidni//:dpy woy papeojumoq

1412


https://doi.org/10.1084/jem.20182191

*kk

7.5+
;E‘ Fedede i
(7]
wWT Fyn™- § M
ECs,] B Fyn”
S RS | =37
+aSyn 0 10 30 45 0 10 30 45 (min) S ©
p-Y416 SFK [ P s, T
ke
Fyn [ oo o= o= B 5, S <2
_actin | -50 £
B-actin D) 5
P
0.0-
Con 10 30 45 (min)
C p-Y416 +asyn
p-Y416 SFK Iba-1 SFK Iba-1 DAPI
o= *
o [ AAV-GFP
L
o < * [T AAV-SYN
> e
2
Z 23
38 4
2o
Z 8 £
> 2% .
? §% 2
> s
é 30 days
0 Sectioning, staining

EM

e
Y A
V)

v %
[T
oz
23

< 4
> g
o'y
T £
=C
= €

o O
5 v 2
=

30 (min)
D IP: IP:
NPut  cpss  TLR2
+aSyn - - + 30 min

Fyn | se——| 450
CD36
TLR2 | — |»100

(kD)

v et "

*kk

e ]

E FLAG-CD36 + + + + + =
| Input:aSyn g
+aSyn 0 15 30 45 60(min) . R £
Q o e 3 - E
3 5 5 s
| FLAG ™= = - v w7 = £ 3
e 2 2g 3
[ © > ©
aSyn — 115 g 2 g
8 2 S
3 FLAG e wn = wm wf /> g g
£ 2 2
[N [ p—— Con 15 30 45 60 (min) Con 15 30 45 60 (min)
kD) + aSyn +aSyn
WT CD36™ 225,
F WT CD36™ 159 G 200
T | 2 z 175 mwWT
B ©~ _ EWT +aSyn 0 30 45 0 30 45 (min) §
+aSyn 0 30 0 30 (mn) § | i £ 150 [=ICD36*
p-Y416 SFK = . =i B¢ 1254
i 52 8@ 100
Fa f 82 ors
(50 § ;‘ o5 . . % 0.50_
24 aSyn — + .50
CD36 |8 l7s g — g 0.25
| 50 ‘Za CD36 |ee— — - 175 z o:00.]
-Acti :
e GAPDH | la7 +aSyn 0 3045 0 30 45 (min)
*D) | oy
H o K WT Fyn Y417A Fyn
WT Fyn I Con J o5, —= FLAG  FLAG
- " _FLAG _FLAG
+aS i — 0.4 W |
R g MFyn +aSyn 15 30 45 15 30 45 (min)
g— 0.2 p-Y416 + FLAG &
- B B s H ovoloy e e

Py
GAPDH [ th)

—_—
s *
EWT
I Fyn”

Normalized band intensity
(aSyn)

04

+aSyn 0153045 0153045 (min)

Panicker et al.

Fyn mediates NLRP3 inflammasome activation in PD

o
o
I

Normalized band intensity
(aSyn)
S~

+aSyn 15 3045 15 30 45 (min)

W WT Fyn FLAG
B Y417A Fyn FLAG

(p-Y416 SFK)
S

N

Normalized band intensity

0
+aSyn 15 30 45 15 30 45 (min)

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20182191

920z Areniged 60 uo 3senb Aq 4pd- 16128102 Wel/0SEL9.L/L L1 1/9/91Z/pd-elonie/wal/Bio sseidni//:dpy woy papeojumoq

1413


https://doi.org/10.1084/jem.20182191

Figure 1. Fyn and CD36 contribute to aggregated aSyn uptake into microglia. (A) Immunoblot analysis of aggregated aSyn-treated WT and Fyn=/-
microglial lysates reveals a rapid induction of SFK activity in WT, but not Fyn~/~, microglia. Error bars represent mean + SEM. One-way ANOVA followed by
Tukey’s post hoc test (n = 3). Con, control. (B) ICC reveals rapid increase in p-Y416 SFK levels in aSyn-treated Iba-1-positive WT microglial cells. Scale bars,
15 pm. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 4). (C) IHC analysis to show microglial Fyn activation in the AAV-SYN model at 30 d.
Schematic of AAV injection on the side. Scale bars, 15 um. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 4 mice per group). (D) Upon its
application to microglial cells, aSyn associates with TLR2 and CD36, as evidenced by colP analysis. Upon aSyn treatment, Fyn associates with CD36, but not
TLR2. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). IP, immunoprecipitation. (E) Immunoprecipitation of FLAG-
tagged human CD36 in aSyn-treated HEK cells shows a transient interaction of CD36 and aSyn. Error bars represent mean + SEM. One-way ANOVA followed
by Tukey’s post hoc test (n = 3). IB, immunoblotting. (F) Immunoblot for p-Y416 SFK reveals that Fyn activation occurs downstream of CD36. Error bars
represent mean + SEM. Unpaired two-tailed t test (n = 3). (G) Immunoblot analysis showing diminished aSyn uptake by CD36~/~ BMDMs. Error bars represent
mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). (H) Immunoblot analysis also reveals that reduced aSyn was taken up by Fyn~/~
microglia. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 5). (1 and J) ICC for human aSyn revealed diminished
uptake of the protein in Fyn-deficient microglia. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 5). Scale bars, 15 um. (K) Whole-cell lysate
analysis from aSyn-treated, WT-transfected, and activation loop-deficient (Y417A) Fyn-FLAG-transfected cells showed diminished aSyn uptake in inactive Fyn
mutant-expressing cells. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). Asterisks indicate the level of statistical
significance: ns, not significant; *, P < 0.05; **, P < 0.0L; ***, P < 0.001.

Fyn expression within Iba-1-positive microglia in the AAV-SYN
group (Fig. 2 B). It is worth noting that at this time point (45 d
after injection), the SNpc region of AAV-SYN mice shows sig-
nificant microgliosis, as evidenced by the dramatic shift in mi-
croglial morphology from ramified to amoeboid. Following this,
analysis of ventral midbrain lysates from PD patients and age-
matched controls showed significant induction of Fyn expres-
sion and activation (Fig. 2 C). IHC of age-matched and PD brain
sections revealed increased microgliosis and significantly in-
creased Fyn expression and activation within microglia under

PD conditions (Fig. 2, D and E). Details of the postmortem PD and
control tissues are provided in Table S1.

aSyn uptake induces mitochondrial dysfunction and mitoROS
generation in microglia, leading to NLRP3

inflammasome activation

aSyn causes impairment of mitochondrial function in neurons
(Devi et al., 2008; Grassi et al., 2018). To quantify aSyn-induced
mitoROS generation in microglia, we used MitoSOX dye. Ag-
gregated aSyn treatment induced progressively increasing
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Figure 2. Microglial Fyn activation in human PD brains. (A) Significantly increased Fyn expression and activation were observed in AAV-SYN-injected
nigral lysates, as assessed by immunoblots. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 4 mice per group). (B) IHC analysis revealed Fyn
induction in Iba-1-positive microglia in AAV-SYN-injected nigral brain sections. Scale bars, 30 um. (C) Significant increase in Fyn expression and activation in
PD ventral midbrain lysates, when compared with age-matched control lysates. Representative immunoblot is shown. Error bars represent mean + SEM.
Unpaired two-tailed t test (n = 12). (D) IHC analysis of PD brain sections revealed strongly increased p-Y416 SFK expression within Iba-positive microglia when
compared with age-matched non-PD brain sections. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 6). Scale bars, 15 um. (E) IHC shows
increased microglial Fyn expression in PD ventral midbrain sections. Scale bars, 15 um. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 6).
Asterisks indicate the level of statistical significance: *, P < 0.05; ***, P < 0.001.
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Figure 3. Fyn-dependent aSyn uptake into microglial cells induces mitochondrial ROS generation. (A) MitoSOX assay shows diminished mitoROS
generation from aSyn-treated Fyn~/~ microglia. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). (B and C) ICC
analysis reveals diminished mitochondrial morphology deficits observed in the aggregated aSyn-treated Fyn~~ microglia. Scale bars, 15 um. Con, control.
(D) Quantification of mitochondrial circularity. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). (E) LPS-primed
aSyn-treated WT microglia produced higher amounts of proinflammatory cytokines than Fyn-deficient microglia, as evidenced by Luminex supernatant
analysis. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 4). (F) aSyn treatment induced the production of supernatant nitrite and NOS2, as
evidenced by Griess assay and immunoblots, respectively, but did so to a significantly lesser extent in Fyn-deficient microglia. Error bars represent mean + SEM.
One-way ANOVA followed by Tukey’s post hoc test (n = 3). Asterisks indicate the level of statistical significance: *, P < 0.05; **, P < 0.03; ***, P < 0.001.

B-D). NLRP3 inflammasome priming occurs after NF-«B path-
way activation (Hayden and Ghosh, 2004). The exact nature of

mitoROS to a significantly greater extent in WT microglia than
in Fyn~/- microglia, presumably because of diminished aSyn

uptake under Fyn~/~ conditions (Fig. 3 A). Mitochondrial dys-
function in microglia alters mitochondrial morphology, result-
ing in increased circularity (Sarkar et al., 2017). aSyn-treated
WT, but not Fyn~/~, microglia exhibited a change in mitochon-
drial morphology, indicating fragmented mitochondria (Fig. 3,

Panicker et al.
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the NLRP3 inflammasome activating signal remains contested.
Lysosomal dysfunction and potassium efflux are implicated as
potential activating agents. However, excessive mitoROS gen-
eration has now been accepted as the most important contrib-
utor to the activation of the NLRP3 inflammasome in various
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models (Tschopp and Schroder, 2010; Zhou et al, 2011).
Complex-I inhibition in mitochondria is sufficient to activate the
NLRP3 inflammasome in LPS-primed microglia (Sarkar et al.,
2017). To that end, we first checked whether aSyn could act
as a danger signal to activate the LPS-primed NLRP3 in-
flammasome. Primary murine microglia primed with 100 ng/ml
LPS for 3 h were treated with 500 nM aggregated aSyn for 24 h,
with or without pretreatment with the pan-caspase inhibitor
Z-VAD-FMK or the Casp-l-specific inhibitor Z-YVAD-FMK.
aSyn induced IL-1B secretion in LPS-primed microglia, which
was significantly reduced in the groups pretreated with caspase
inhibitors (Fig. S2 A, left panel). In contrast, TNFa secretion in
aSyn-treated LPS-primed cells did not significantly change and
was only marginally reduced by Casp-1 and pan-caspase inhi-
bition (Fig. S2 A, right panel). Next, we treated LPS-primed
BMDMs from WT, NLRP3~/~, ASC~/~, Casp-17/-, and Casp-11-/~
mice with 500 nM aggregated aSyn for 24 h (Fig. S2 B).
aSyn-stimulated IL-1B secretion from NLRP3-, ASC-, and
Casp-1-deficient BMDMs was dramatically reduced but only
modestly attenuated in Casp-11-deficient BMDMs (Casp-11-/~
BMDMs served as a control, since the Casp-1~/~ mouse line in-
herently lacks Casp-11; Fig. S2 B, left panel). Supernatant levels
of TNFa did not change significantly in any of the genotypes
(Fig. S2 B, right panel). Immunoblotting revealed that a defi-
ciency of NLRP3, ASC, Casp-1, or Casp-11 did not affect the levels
of pro-IL-1B induced upon LPS treatment (Fig. S2 C). In-
flammasome activation in vitro and in vivo is characterized by
the formation of ASC specks (Stutz et al., 2013; Kuri et al., 2017;
Venegas et al., 2017). LPS priming alone did not elicit ASC speck
formation in primary microglia, but the number of LPS-primed
cells displaying ASC puncta significantly increased after adding
aSyn (Fig. S2, D and E). aSyn treatment of LPS-primed microglia
also significantly induced the secretion of IL-18, TNFa, and IL-12
as well as nitrite and NOS2 induction much more in WT than in
Fyn~/- microglia (Fig. 3, E and F).

Aggregated aSyn primes and activates the NLRP3
inflammasome, resulting in IL-1B processing and secretion
Next, we tested whether aggregated aSyn could activate the
NLRP3 inflammasome independent of an LPS priming step.
Unprimed WT microglia were treated with aSyn alone or in
combination with the NLRP3 inflammasome inhibitor MCC 950,
the Casp-1 inhibitor Z-YVAD-FMZK, and the Fyn kinase inhibitor
saracatinib. aSyn induced robust IL-1B secretion, which was
inhibited in a dose-dependent manner by all three pretreat-
ments (Fig. 4 A, left panel). The secretion of TNFa was also re-
duced following saracatinib pretreatment, suggesting that Fyn
might serve a broader role in mediating proinflammatory
pathways (Fig. 4 A, right panel). We also treated unprimed,
immortalized WT and Casp-1~/~ microglial cells with aggregated
aSyn for 4 and 6 h. As assessed via immunoblot, aSyn induced
pro-IL-1B and NLRP3 expression equivalently in both cell types
(Fig. 4 B). It also brought about the secretion of IL-18 in WT, but
to a strikingly lower extent in Casp-1-deficient microglial cells
(Fig. 4 C, left panel). TNFa secretion was unchanged (Fig. 4 C,
right panel). aSyn treatment of WT, NLRP3~/-, ASC~/~, Casp-17/-,
and Casp-11"/~ BMDMs revealed no genotypic difference in
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their ability to induce pro-IL-1B and import aSyn (Fig. 4 D).
However, the aSyn-mediated cleavage of Casp-1 was abrogated
in ASC~/-, NLRP3~/~, and Casp-17/~ BMDMs. This was further
evidenced using a Casp-1 immunoblot from 24-h aSyn-treated
WT, NLRP3~/-, ASC~/~, and Casp-1~/~ cell supernatants (Fig. 4
E). Furthermore, supernatant analysis of BMDMs treated with
aggregated aSyn for 24 h showed that aSyn elicited robust IL-18
production from WT, but not NLRP3~/-, ASC~/~, and Casp-17/~
BMDMs, and was largely restored in the Casp-117/~ BMDMs
(Fig. 4 F, left panel). aSyn-mediated TNFa production was not
statistically different in any of the cell types (Fig. 4 F, right
panel). To confirm that our findings held significance when
applied to microglia, we confirmed that Casp-1- and NLRP3-
deficient primary microglia did not secrete detectable levels
of IL-18 in the supernatant when stimulated with aSyn
(Fig. 4 G). To ensure that the inflammasome activation seen in
our systems was independent of endotoxin contamination from
our aSyn preps, we used endotoxin-free mouse aSyn to prime
and activate WT microglia, with or without MCC 950 pre-
treatment for 24 h. Supernatant lysates were probed for Casp-
1 via immunoblot and IL-1B secretion assayed via ELISA. aSyn
was able to elicit a robust inflammasome response, which was
strongly blocked with MCC 950 pretreatment (Fig. 4, H and I).
aSyn treatment elicited the formation of large, single specks in
the ASC-CFP reporter cell line, which overexpresses ASC tag-
ged with CFP (Fig. 4 J). Heneka et al. (2013) conclusively
demonstrated NLRP3 inflammasome activation in the APP/PS-1
AD model, as well as in postmortem AD brains, as indicated by
increased levels of cleaved Casp-1. Accordingly, we detected
significantly increased cleaved Casp-1 levels in the ventral
midbrain lysates of 4-mo-old A53T mice compared with their
littermate controls, indicating that aSyn aggregation/over-
expression can elicit inflammasome activation in vivo (Fig. 4 K).
Ventral midbrain lysates of AAV-SYN-injected mice also
showed significantly increased Casp-1 p20 levels when com-
pared with AAV-GFP lysates (Fig. 4 L). Lastly, both Casp-1 p20
and IL-1B levels were significantly increased in human PD
ventral midbrain lysates when compared with those of control
patients (Fig. 4 M). These data strongly suggest that aSyn itself
can prime and activate the NLRP3 inflammasome in vitro and
in vivo.

Fyn contributes to aSyn-induced NLRP3 inflammasome
priming via PKC8-mediated NF-kB activation
Previously, we described how Fyn kinase tyrosine phosphor-
ylates PKCS, feeding into the NF-«B pathway activation in mi-
croglia (Panicker et al., 2015). To determine whether Fyn plays a
role in inflammasome priming, we treated WT and Fyn~/~ pri-
mary microglia with various doses of LPS and TNFa for 3 h and
blotted the lysates for pro-IL-18 and NLRP3, which were induced
to discernably lower levels in Fyn~/~ microglia (Fig. S3 A). We
next treated Fyn*/* and Fyn~/~ mice with 5 mg/kg LPS for 24 h
and determined that LPS-mediated serum IL-18 production in
Fyn~/~ mice was strongly attenuated (Fig. S3 B).

Activation of the NF-«kB pathway is characterized by nuclear
translocation of its p65 subunit. To assess the role of Fyn in
aSyn-mediated priming of the NLRP3 inflammasome, we
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Figure 4. aSyn can prime and activate the NLRP3 inflammasome to mediate IL-13 production. (A) Luminex analysis shows that aSyn treatment elicited
IL-1B production from unprimed microglial cells, which could be inhibited in a dose-dependent manner by inhibitors of the NLRP3 inflammasome, Casp-1 and
Fyn. Fyn inhibition also inhibited aSyn-mediated TNFa production. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 5).
(B) aSyn induced Casp-1-independent induction of pro-IL-13 and NLRP3 levels, as evidenced by immunoblot analysis from aSyn-treated WT and Casp-17/~
microglial cell lysates. (C) Luminex analysis shows aSyn treatment induced Casp-1-dependent production of IL-1B, but not TNFa, from microglial cells. Error bars
represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). (D) NLRP3~/~, ASC~/~, and Casp-1~/~ BMDMs exhibited similar aSyn-induced
production of pro-IL-1B and uptake of aSyn but almost completely attenuated Casp-1 cleavage, as shown by immunoblots. Error bars represent mean + SEM.
One-way ANOVA followed by Tukey’s post hoc test (n = 3). (E) aSyn induced Casp-1 p20 secretion in WT, but not NLRP3~/~, ASC™/~, and Casp-1"/~ BMDM
supernatants, as shown by supernatant (SN) immunoblot. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). (F)
aSyn-mediated production of IL-1B, but not TNFa, was strongly attenuated in NLRP3~/~, ASC~/~, and Casp-1~/~ but minimally affected in Casp-11~~ BMDM
supernatants, indicating that aSyn both primes and activates the NLRP3 inflammasome primarily through its canonical activation, as shown by Luminex analysis.
Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 5). Con, control. (G) Supernatant immunoblot analysis shows that WT, but
not Caspl™/~ and NLRP3~/~ primary microglia, secrete IL-1B upon aSyn treatment. (H) Endotoxin-free aggregated mouse aSyn was able to elicit Casp-1 cleavage and
secretion in WT microglia, and this was blocked with MCC 950 pretreatment. MCC 950 had no effect on NLRP3 induction in whole-cell lysates, as shown via
immunoblots. (I) Endotoxin-free aggregated mouse aSyn was able to elicit IL-1B secretion from WT microglia, and this was substantially blocked upon MCC 950
pretreatment, as assessed via ELISA for IL-1. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). (J) ICC shows aggregated
aSyn treatment induced ASC speck formation in the ASC-CFP reporter cell line. Scale bars, 15 um. (K) Immunoblot analysis of 4-mo-old A53T nigral lysates revealed
a significant increase in the levels of cleaved Casp-1 levels when compared with littermate controls. Bars represent mean + SEM. Unpaired two-tailed t test (n = 4
mice per group). (L) Immunoblot analysis shows increased cleaved Casp-1 levels in AAV-SYN nigral lysates. Error bars represent mean + SEM. Unpaired two-tailed
t test (n = 4 mice per group). (M) Immunoblot analysis of PD nigral tissue lysates revealed significantly increased IL-18 and Casp-1 p20 levels when compared with
age-matched control nigral lysates. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 3). Asterisks indicate the level of statistical significance: ns, not

significant; *, P < 0.05; **, P < 0.03; ***, P < 0.001.

treated WT and Fyn~/~ primary microglia with aggregated aSyn
for 15, 30, and 45 min and probed the lysates for p-Y311 PKCS.
aSyn treatment rapidly induced PKC3 activation in WT, but not
in Fyn~/-, microglia (Fig. 5 A). To examine whether Fyn and
PKCS contribute to aSyn-mediated NF-«kB pathway activation,
we prepared nuclear extracts from aSyn-treated WT, Fyn™/-,
and PKC8~/~ microglia. Immunoblot analysis revealed reduced
p65 nuclear translocation in Fyn~/~ and PKC8~/~ microglial nu-
clear lysates (Fig. 5, B and I). The aSyn-mediated induction of
pro-IL-18 and NLRP3 mRNAs was reduced in Fyn~/~ microglia
(Fig. 5 C). Notably, aSyn treatment did not induce NLRC4 and
AIM?2 inflammasome levels, demonstrating that the NLRP3 in-
flammasome was preferentially activated. Immunoblot analysis
revealed that pro-IL-1B, mature IL-13, NLRP3, and cleaved Casp-
1 levels were significantly diminished in aSyn-treated Fyn=/~
microglia (Fig. 5 D). The aSyn-mediated induction of Casp-1 ac-
tivity was induced in WT, but not Fyn-deficient, microglia, as
verified by the FLICA Casp-1 activity assay (Fig. 5 E). We also
knocked down Fyn using Fyn-specific siRNA and observed di-
minished induction of pro-IL-18 in aSyn-treated primary WT
microglia (Fig. 5 F). Immunoblot and Luminex analyses of aSyn-
treated microglial supernatants revealed diminished secretion of
mature IL-18 and IL-12 from Fyn~/~ cells (Fig. 5, G and H). As
expected, the aSyn-mediated up-regulation of pro-IL-13 mRNA
was also significantly attenuated in the PKC§-deficient microglia
(Fig. 5J), as was the synthesis of pro-IL-18 (Fig. 5 K) and the
production of supernatant IL-18 (Fig. 5 L). We also tested the role
of PKCS in aSyn import by using whole-cell lysates from WT and
PKC8~/~ microglia treated with aggregated aSyn for 30 and
45 min. We saw no change between either genotype with respect
to aSyn import (Fig. 5 M). These results suggest a bifurcation of
the Fyn-dependent signaling pathway, showing that Fyn acti-
vation feeds into the PKC8-dependent NF-kB pathway activation
and priming of the NLRP3 inflammasome and the CD36-
dependent but PKC8-independent import of aSyn. CD36-
deficient BMDMs also showed attenuated aSyn-induced p-Y311
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PKC8 phosphorylation, pro-IL-18 induction, and IL-1B secretion
when compared with WT BMDMs, showing that the aSyn-
mediated priming and activation of the NLRP3 inflammasome
occurred downstream of CD36 (Fig. S4).

Fyn kinase contributes to microgliosis and microglial
inflammasome activation in the AAV-aSyn mouse model of PD
To verify Fyn’s role in inflammasome activation in vivo, we used
the AAV-SYN model at 45 d after injection (Fig. 6 A). Successive
coronal brain sections were stained for tyrosine hydroxylase
(TH) and GFP or human aSyn to verify that virus injections were
correctly targeted to the SNpc as evidenced by a colocalization of
the TH-positive dopaminergic neurons and the GFP or human
aSyn (Fig. 6 B). As evidenced by the colocalization IHC analysis,
neurons in the SNpc were targeted with accuracy, whereas
dopaminergic neurons of the ventral tegmental area were
relatively untargeted. This was intentional, since it is the de-
generation of SNpc neurons that best characterizes PD neuro-
degeneration. Interestingly, a modest loss of TH-positive cells
was evident within the SNpc of WT AAV-SYN-injected mice. In
ventral midbrain sections stained for TH and Iba-1, massive
nigral microgliosis was observed in WT, but not Fyn™/-, AAV-
SYN-injected mice (Fig. 6 C). To better visualize the degree
of microgliosis, we used Imaris software to generate three-
dimensional (3D) reconstructions of the Z-stack images
(Fig. 6 D). AAV-SYN injection in WT mice elicited Iba-1-positive
microglia accumulation in the SNpc as well as microgliosis, as
quantified by an increase in Iba-1 staining intensity in WT, but
not Fyn~/~, mice (Fig. 6, E and F). A feature that validates acti-
vation of the inflammasome in vivo is the formation of ASC
specks in the microglia, as has been demonstrated in the APP/
PS1 mouse AD model (Heneka et al., 2013). Accordingly, we
stained sections with antibodies to ASC and Iba-1 and quantified
the number of microglial cells per field showing ASC specks.
AAV-SYN-injected WT, but not Fyn~/-, mice demonstrated a
significant increase in the number of ASC speck-positive
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Figure 5. Fyn contributes to aSyn-mediated priming of the NLRP3 inflammasome, resulting in diminished production of IL-13 and other pro-
inflammatory cytokines. (A) Immunoblot analysis of aggregated aSyn-treated WT and Fyn=/~ microglial lysates reveals a rapid induction of pY311-PKC&
levels in WT, but not Fyn~/~, microglia. (B) Diminished aSyn-induced nuclear translocation of NF-kB-p65 in Fyn~/~ microglial cells, as shown by immunoblot
analysis of nuclear fractions. Error bars represent mean + SEM. Unpaired two-tailed t test (n = 3). (C) Diminished induction of pro-IL-18 and NLRP3 mRNA
levels in Fyn-deficient microglia upon aSyn treatment, as shown by qRT-PCR. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc
test (n = 3). (D) Reduced induction of pro-IL-18 and NLRP3 protein levels, as well as Casp-1 and IL-1B cleavage, in Fyn~/~ microglia, as demonstrated by
immunoblot analysis. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 4). Con, control. (E) FLICA assay revealed
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strongly increased Casp-1 activation in aSyn-treated WT, but not Fyn~/~, microglia. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s
post hoc test (n = 3). (F) Knocking down Fyn using siRNA reduces aSyn-mediated induction of pro-IL-18 in primary WT microglia, as shown by immunoblot.
Error bars represent mean + SEM. Unpaired two-tailed t test (n = 3). (G and H) Supernatant immunoblot and Luminex show reduced supernatant levels of IL-18
and other proinflammatory cytokines from aSyn-treated Fyn™~ microglia. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc
test (n = 3). (1) Reduced aggregated aSyn-mediated p65 nuclear translocation seen in PKC&~/~ microglia, as shown by immunoblot analysis of nuclear fractions.
Error bars represent mean + SEM. Unpaired two-tailed t test (n = 3). (J) QRT-PCR shows attenuated aSyn-induced pro-IL-18 mRNA induction in PKCS-deficient
microglia. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 3). (K and L) Reduced induction of pro-IL-18 and NLRP3
proteins (verified by immunoblot; K) and secretion of IL-1B (checked via Luminex; L) from PKC8§/~ microglia. Error bars represent mean + SEM. One-way
ANOVA followed by Tukey’s post hoc test (n = 3). (M) No change in the import of aggregated aSyn observed between PKC§*/+ and PKCS~/~ microglia, as shown

by immunoblot analysis. Asterisks indicate the level of statistical significance: ns, not significant; *, P < 0.05; **, P < 0.0, ***, P < 0.001.

microglia (Fig. 7, A and B). Double staining of AAV-SYN-injected
WT and Fyn~/~ mouse ventral midbrain sections for NLRP3 and
Iba-1 revealed diminished induction of microglial NLRP3 in the
Fyn~/~ mice (Fig. S5). To visualize the formation of ASC specks in
the AAV-SYN model, confocal microscopy Z-stacks of ASC/Iba-
1-stained sections were visualized in Imaris, where 3D recon-
struction of the ASC staining pattern clearly demonstrated the
presence of ASC specks within Iba-1-positive microglia in AAV-
SYN-injected WT mice. Microglial ASC in AAV-SYN-injected
Fyn~/~ mice showed cytosolic localization with no speck forma-
tion (Fig. 7 C). The aSyn-mediated NLRP3 inflammasome acti-
vation pathway is summarized in Fig. 8.

Discussion

Increased neuroinflammation, mediated primarily by resident
brain microglia is a well-acknowledged hallmark of PD. aSyn
can induce microglial activation (Zhang et al., 2005), but the
underlying signaling pathways that lead to microgliosis and
specifically to microglial NLRP3 inflammasome activation in PD
are poorly characterized. We first demonstrate rapid aSyn-
mediated microglial Fyn activation in cell culture, as well as in
the AAV-SYN model (Fig. 1, A-C).

Various receptors have been indirectly implicated in binding
to and mediating aSyn signaling. Kim et al. (2013) considered
TLR2 essential for aSyn-induced proinflammatory signaling and
aSyn import into microglia. TLR4-, CD36-, and FcyR-deficient
microglia have exhibited attenuated neuroinflammatory re-
sponses to aSyn treatment (Su et al., 2008; Cao et al., 2012;
Fellner et al., 2013). Misfolded aSyn also interacts with micro-
glial TLR1/2 and mediates Myd-88-dependent proinflammatory
signaling (Daniele et al., 2015). Fyn activation can occur down-
stream of the class B scavenger receptor CD36 (Moore et al.,
2002; Chen et al., 2008) as well as TLR2 (Finberg et al., 2012)
in other cell types. We show that aSyn can interact with the
microglial receptors TLR2 and CD36 in microglia (Fig. 1, D and
E). Immunoprecipitation analysis revealed a transient interac-
tion between CD36 and aSyn, one that may allow aSyn entry
into microglia (Fig. 1 E). Since immunoprecipitation-based in-
teractions of aSyn with its potential microglial receptors, in-
cluding TLR2, have proven difficult to accomplish in the past
(Kim et al., 2013), we posit that the transient nature of its in-
teraction with receptors (CD36 and aSyn interaction was only
observed at 15 and 30 min after treatment, not after) may pre-
clude identification of its binding partners. Concordant with this
hypothesis, the uptake of aSyn was significantly attenuated in
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CD36-deficient BMDMs, as well as Fyn-deficient microglia
(Fig. 1, F-K). Recent GWASs indicate an association of the FYN
locus with risk of PD (Nalls et al., 2018 Preprint). We observed
induction and activation of Fyn within Iba-1-positive microglia
using the AAV-aSyn mouse model, as well as in the PD brain
(Fig. 2). This is the first paper that demonstrates an induction of
Fyn in PD mouse models and, especially in light of its association
with human PD, might prove to have pathological and/or ther-
apeutic significance.

aSyn elicits mitochondrial deficits in neurons. Defective
mitochondria produce excessive mitoROS as a result of inef-
fective mitochondrial respiration. MitoROS generation has now
been accepted as a key contributor to the activation of the NLRP3
inflammasome (Tschopp and Schroder, 2010; Zhou et al., 2011).
aSyn treatment elicited mitoROS generation and concomitant
mitochondrial circularization in WT, but not Fyn™/-, microglia
(Fig. 3, A-C).

Misfolded proteins have been shown to activate LPS-primed
NLRP3 inflammasome in microglia (Halle et al., 2008; Hafner-
Bratkovi¢ et al., 2012). We demonstrate that aSyn can elicit IL-18
production in LPS-primed microglia by activating the NLRP3
inflammasome, as evidenced by the Casp-1-, NLRP3-, and ASC-
dependent production of IL-1B (Fig. S2, A and B). A major finding
of this paper is that aSyn can serve as both a priming and ac-
tivating agent to assemble the NLRP3 inflammasome in mi-
croglia. Thus far, in most major NLRP3 inflammasome studies,
the fulfillment of these two steps has been accomplished by two
disparate agents, with LPS usually used for priming. This has
limited significance in human disease, because progressive
protein aggregation diseases like AD and PD do not entail the
presence of LPS. Since aSyn can serve both steps to elicit NLRP3
inflammasome assembly and activation, we believe that this
portends its significance as a pathology-inducing entity.

aSyn treatment of unprimed microglia resulted in robust IL-
1B production, which was inhibited in a dose-dependent manner
by inhibitors of the NLRP3 inflammasome (MCC-950), Casp-1
(Z-YVAD-FMK), and Fyn (saracatinib; Fig. 4 A). IL-1B secretion
was also strongly attenuated in immortalized Casp-1~/~ microglia
when compared with WT microglial cells (Fig. 4, B and C). MCC-
950 pretreatment reduced IL-1B secretion in microglia by ~85%
but did not abolish it entirely. MCC-950 prevents the activation
of the canonical NLRP3 inflammasome, but not NLRC4, NLRPI,
and noncanonical inflammasomes. Hence, our results suggest
that while canonical activation of the NLRP3 inflammasome
accounts for the bulk (80-85%) of the aSyn-mediated IL-1B se-
cretion in microglia, activation of an alternate inflammasome
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Figure 6. Diminished microgliosis activation in Fyn-deficient mice using the AAV-SYN PD model. (A) Representational diagram of AAV injection site in
mice (left [L] and right [R]). VTA, ventral tegmental area. (B) Stereotaxic injection of AAV-GFP- and AAV-SYN-overexpressing particles into the SNpc resulted
in specific targeting of SNpc dopaminergic neurons, as indicated by a colocalization of TH and GFP/human aSyn expression. Scale bars, 500 pm (left panel) and
100 pm (right panel). (C) IHC analysis shows massive microgliosis within the SNpc of Fyn*/* mice injected with the AAV-SYN particles, but not in Fyn™/~ mice.
Scale bars, 100 um. (D) 3D reconstruction of the Z-stack images in the ventral midbrain of AAV-SYN-injected WT and Fyn~/~ reveals contrasting microglial
response between the genotypes. Scale bars, 20 pm. (E) Quantification of the number of microglia per field in the SNpc in AAV-GFP- or AAV-SYN-injected
Fyn*/* and Fyn~/~ ventral midbrain sections. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 5 mice per group).
(F) Quantification of the number of microglia Iba-1 staining intensity in the SNpc in AAV-GFP- or AAV-SYN-injected Fyn*/* and Fyn=/~ ventral midbrain
sections. Error bars represent mean + SEM. One-way ANOVA followed by Tukey’s post hoc test (n = 5 mice per group). Asterisks indicate the level of statistical
significance: ***, P < 0.001.
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may account for the remainder. Recently, dual activation of the
NLRP3 and NLRC4 inflammasomes was demonstrated in mi-
croglia and astrocytes in a lysophosphatidylcholine model of
multiple sclerosis, wherein NLRP3- and ASC-deficient astrocytes
display strongly reduced, but not completely abolished, pro-
duction of IL-1B, strongly reminiscent of our results (Freeman
et al., 2017). However, the secretion of residual IL-1 under
Casp-1 inhibition/knockout conditions suggests that even
though canonical NLRP3 inflammasome activation accounts for
the majority of aSyn-induced IL-1B release, a small portion of it
occurs via Casp-l-independent mechanisms. Inflammasome-
independent production of IL-1B has been demonstrated in os-
teomyelitis model systems (Lukens et al., 2014) and in response
to Mycobacterium tuberculosis (Mayer-Barber et al., 2010). How-
ever, since Casp-1-independent IL-1B only accounts for a small
fraction of the total IL-18 produced in response to aSyn, further
investigations into the mechanisms that mediate Casp-1-
independent IL-18 secretion should be investigated in a
future study.

Next, we showed that BMDMs from NLRP3~/-, ASC~/~, and
Casp-17/~ mice had negligible aSyn-induced Casp-1 activation
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Figure 7. Reduced aSyn-induced NLRP3 in-
flammasome activation in Fyn-deficient mice.
(A) AAV-SYN injection in Fyn*/*, but not Fyn™-,
mice elicits microglial ASC speck formation in the
ventral midbrain, as seen by double IHC for Iba-1
and ASC. Scale bars, 15 um. (B) Quantification of
the midbrain ASC specks upon AAV-GFP or AAV-
SYN injection in Fyn*/* and Fyn™/~ ventral mid-
brain sections. Error bars represent mean + SEM.
One-way ANOVA followed by Tukey’s post hoc
_ns test (n = 5 mice per group). (C) 3D reconstruction

of microglial ASC expression in AAV-SYN-injected

Fyn*/* and Fyn~~ mouse ventral midbrain sec-

tions. Asterisks indicate the level of statistical
+ significance: *, P < 0.05; ns, not significant. Scale

+ bars, 15 pm.

I Fyn
[ Fyn™

Fyn** AAV-SYN

Fyn* AAV-SYN

(Fig. 4, D and E). aSyn-mediated secretion of IL-1B, but not
TNFa, was greatly diminished in cell supernatants obtained
from these cells, but not from cells obtained from Casp-11-/~
mice (Fig. 4 F). We used Casp-11~/~ BMDMs in this study, since
Casp-17/~ mice were developed using an S129 mouse back-
ground, and these mice inherently lack Casp-11 expression.
Gustin et al. (2015) indicated that commercially obtained ag-
gregated aSyn could not elicit IL-1B production, but their finding
has been refuted by multiple studies using recombinant
endotoxin-free aSyn to elicit microglial IL-18 production (Lee
et al., 2010; Boza-Serrano et al., 2014; Daniele et al., 2015), al-
though these studies did not prove direct involvement of the
NLRP3 inflammasome. To confirm that endotoxin contamina-
tion of our aSyn preparations did not lead to NLRP3 in-
flammasome activation, we used endotoxin-free mouse aSyn
and showed that it could prime and activate the NLRP3
inflammasome, leading to IL-13 secretion in an NLRP3
inflammasome-dependent manner (Fig. 4, H and I). Endotoxin
removal did not affect aSyn-mediated IL-1B secretion from mi-
croglia (Fig. 4, A and I). Since we made some inferences from
studies based on BMDMs, we confirmed that aSyn treatment of
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Figure 8. Aggregated aSyn-mediated NLRP3 inflammasome activation pathway. aSyn binds to the receptors TLR-2 and CD36 on microglial cells. CD36
recruits Fyn kinase, which is activated, and subsequently tyrosine phosphorylates PKCS at Y311, leading to increased PKC8-dependent activation of the NF-kB
pathway. p65 translocates to the nucleus and brings about the induction of pro-IL-18 and NLRP3 mRNAs. Aggregated aSyn is taken up by the microglia, after
which it brings about mitochondrial dysfunction-mediated activation of the NLRP3 inflammasome. Fyn, but not PKCS, contributes to this process as well.

WT, but not Casp-1- and NLRP3-deficient, primary microglia
elicited supernatant IL-1B secretion, as evidenced by immuno-
blot analysis (Fig. 4 G). A terminal readout of the NLRP3 in-
flammasome is the formation of ASC specks. We confirmed that
aSyn treatment elicited ASC speck formation in the ASC-CFP
macrophage cell line (Fig. 4 J).

Apart from microglia, aSyn also induces IL-18 production in
monocytes (Codolo et al., 2013; Gustot et al., 2015). However,
monocytes have constitutively activated Casp-1 (Netea et al.,
2009). Because of this, pathways identified using these sys-
tems might not be relevant to resident microglial cells. We also
demonstrate that NLRP3 inflammasome activation might have
in vivo and clinical relevance. Cleaved Casp-1 levels increased
markedly in nigral lysates of A53T and nigral lysates of AAV-
SYN mice (Fig. 4, K and L), while levels of cleaved IL-18 and
Casp-1 increased significantly in PD ventral midbrain lysates
(Fig. 4 M). Although both these latter events were previously
demonstrated in PD tissues (Mogi et al., 1996, 2000), these prior
observations were made before the roles of these proteins were
established within the context of inflammasome activation.

Since NLRP3 inflammasome priming involves induction of
pro-IL-18 and NLRP3 following NF-«B activation, we reasoned
that Fyn might contribute to this process as well, since we
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previously demonstrated its role in PKC8-mediated NF-«B acti-
vation (Panicker et al., 2015). We show that the induction of
NLRP3 and pro-IL-1B following LPS and TNFa treatment was
significantly reduced in Fyn~/~ microglia (Fig. S3 A). Fyn~/~ mice
also demonstrated diminished serum IL-1B response to intra-
peritoneal LPS administration (Fig. S3 B). aSyn treatment in
microglia rapidly resulted in Fyn-dependent PKCS Y311 phos-
phorylation in microglia (Fig. 5 A). The nuclear translocation of
p65-NF-kB was reduced in both Fyn~/~ and PKC8~/~ microglia
(Fig. 5, B and I), as was the induction of pro-IL-18 mRNA (Fig. 5,
C, and J) and protein (Fig. 5, D and K) and the secretion of mature
IL-1B (Fig. 5, G, H, and L). The reduction in IL-1B secretion was
more evident in Fyn-deficient microglia, presumably because
Fyn played a role in both inflammasome priming and activation,
whereas PKCS only contributed to inflammasome priming.
Knockdown of Fyn expression via siRNA reduced aSyn-
mediated induction of pro-IL-18 in WT microglia (Fig. 5 F).
Expectedly, PKC8~/~ microglia showed no deficits in aSyn up-
take (Fig. 5 M). The experiments involving Fyn- and PKC-
deficient microglia were performed using separate WT mouse
strains. This is because PKC8*/* mice were originally developed
on a C57BL/6 background, whereas Fyn*/* mice originated from
an S129 background, which inherently lacks Casp-11 expression.
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Casp-11 participates in the activation of a noncanonical in-
flammasome (Kayagaki et al., 2011). Hence, we thought it pru-
dent to use separate WT microglia for each genotype. From our
results, both WT strains have nearly identical IL-13 responses to
aSyn. Since Fyn lies downstream of CD36 in our signaling
mechanism, we confirmed that aSyn-mediated PKCS activation,
inflammasome priming, and IL-18 secretion were significantly
dampened in CD36-deficient BMDMs (Fig. S4). Switching to the
AAV-SYN model, we observed significant microgliosis and mi-
croglial ASC speck formation in the ventral midbrain of Fyn*/*,
but not Fyn~/-, mice (Figs. 6 and 7). There was also less micro-
glial NLRP3 induction in AAV-SYN-injected Fyn~/~ mice when
compared with Fyn*/* mice (Fig. S5). This provides in vivo
support to our findings that Fyn contributes to microglial in-
flammatory signaling with relevance to PD (Fig. 8). AAV-GFP
infection alone has been shown to induce mild neurotoxicity
over time, with previous reports showing 15% neuron loss at 12
wk after injection (Gombash et al., 2013). Inhibition of the
NLRP3 inflammasome was recently investigated as a potential
strategy to limit pathology in neurodegenerative diseases.
Identifying the signaling mechanisms through which this com-
plex is assembled is, in our view, the next step in unraveling
how its activation can be curtailed. To the best of our knowledge,
this is the first study that maps a molecular pathway that
demonstrates how aSyn mediates simultaneous inflammasome
priming and activation in models of PD. The identification of Fyn
as an active contributor to both these processes holds particular
significance, especially with the revelation of the FYN gene as a
novel PD-associated locus. Future studies will investigate the
role that Fyn plays in nonmicroglial cells in contributing to
disease progression in PD.

Inhibitors of the NLRP3 inflammasome and Fyn have been
used with success to control the progress of experimental au-
toimmune encephalitis and AD, respectively (Coll et al., 2015;
Kaufman et al., 2015). Hence, it is conceivable that similar in-
hibitors could be used to halt the progression of PD.

Materials and methods

Chemicals and reagents

DMEM/F-12, ascorbic acid, RPMI 1640 medium, FBS,
L-glutamine, Hoechst nuclear stain, penicillin, streptomycin,
and other cell culture reagents were purchased from Invitrogen.
1929 conditioned medium was a kind gift from Douglas Jones
at Iowa State University (Ames, IA). Recombinant TNFo was
purchased from PeproTech, and LPS (Escherichia coli 0111:B4,
endotoxin content 6.6000000 EU/mg) and 6-OHDA were pur-
chased from Sigma-Aldrich. The rabbit antibody to human aSyn
were obtained from EMD Millipore. The MitoTracker Red and
MitoSOX dyes were obtained from Life Technologies. Goat IL-18,
rat NLRP3, goat CD36, and TLR2 antibodies were obtained from
R&D Systems. Mouse NLRP3, mouse Casp-1, and rabbit ASC
antibodies were obtained from Adipogen. The mouse Fyn and
GAPDH antibodies, as well as the Rhodamine Phalloidin stain
were purchased from Thermo Fisher Scientific. Antibodies for
rabbit Fyn, PKCS, p-Y311 PKCS, IxBa, Lamin-B, NOS2 (iNOS),
mouse tubulin, and human aSyn were purchased from Santa
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Cruz Biotechnology. Antibodies against the rabbit p-Y416 SFK
and native p65 were purchased from Cell Signaling. The TH
antibody was purchased from Chemicon. Mouse M2 FLAG and
B-actin antibodies as well as the rabbit B-actin antibody were
purchased from Sigma-Aldrich. Rabbit and goat Iba-1 antibodies
were purchased from Wako Chemicals and Abcam, respectively.
The rat Casp-11 antibody was purchased from Novus Biologicals.
FLAG-tagged human CD36 expressing plasmid was obtained
from Sino Biological. The Bradford protein assay kit was pur-
chased from Bio-Rad Laboratories. FLAG-tagged human WT Fyn
and Y417A mutant Fyn constructs were obtained as described
previously (Kaspar and Jaiswal, 2011). GFP and human aSyn-
overexpressing adeno-associated viruses (GFP-AAV and SYN-
AAV, respectively) were obtained from the University of North
Carolina Viral Vector Core. The titers were 0.95 x 10'® and 10"
viral particles per milliliter, respectively. Both viral vectors were
of the AAV-5 serotype and coded for GFP and human aSyn,
respectively, under a chicken B-actin promoter. The WT and
Casp-17/~ microglial cell lines and the ASC-CFP cell line were a
gift from Dr. Douglas Golenbock at the University of Massa-
chusetts (Worcester, MA). Femurs from WT, NLRP3~/~, ASC~/~,
Casp-17/~, and Casp-11/~ mice were obtained from Dr. Leslie
Freeman and Dr. Jenny P.Y. Ting at the University of North
Carolina (Chapel Hill, NC). Apart from the Department of Pa-
thology at Johns Hopkins, PD and age-matched brain sections
were obtained from the University of Miami Brain Endowment
Bank. CD36-, NLRP3-, and Casp-1-deficient mice were procured
from Jackson Laboratories. NLRP3- and Casp-1-deficient mice,
developed on a C57BL/6 background, were crossed in-house to
C57BL/6 WT mice to obtain respective heterozygous mice, and
these were interbred to obtain NLRP3-WT, Caspl-WT, NLRP3~/-,
and Caspl™~ pups. For primary microglial experiments, litter-
mate control mice were used as WT mice.

Human aSyn purification and aggregation

BL21 (DE3) cells transformed with a pT7-7 plasmid encoding
WT human aSyn were freshly grown on an ampicillin agar
plate. Then a single colony was transferred to 10 ml of Luria
broth medium with 100 pg/ml ampicillin incubated overnight
at 37°C with shaking (preculture). The next day, the pre-
culture was used to inoculate 1 liter of Luria broth/ampicillin
medium. When the ODg(, of the cultures reached 0.5, protein
expression was induced with 1 mM isopropyl B-D-1-thio-
galactopyranoside (Invitrogen), and the cells were further
incubated at 37°C for 8 h before harvesting by centrifugation.
Lysis was performed on ice by resuspending the cell pellet in
10 mM Tris-HCl, pH 8.0, 1 mM EDTA, and 1 mM PMSF and
ultrasonicated with 30-s pulses followed by a 30-s pause, for a
total ultrasonication time of 2 min. Lysates were finally fil-
tered through 0.22-pm membranes and loaded onto a Bio-Rad
UNO Q6 ion exchange column on a Biological DuoFlow (Bio-
Rad Laboratories) chromatography system. Fractions eluted
with a salt gradient were assayed for the presence of aSyn
protein by SDS-PAGE followed by Coomassie staining. Frac-
tions containing aSyn were pooled, dialyzed against 10 mM
Hepes, pH 7.4, and 50 mM NaCl for protein concentration
determination by Bradford assay.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20182191

920z Areniged 60 uo 3senb Aq 4pd- 16128102 Wel/0SEL9.L/L L1 1/9/91Z/pd-elonie/wal/Bio sseidni//:dpy woy papeojumoq

1424


https://doi.org/10.1084/jem.20182191

Endotoxin-free mouse aSyn purification and aggregation

Recombinant mouse aSyn proteins were purified as previously
described (Mao et al., 2016). Bacterial endotoxin was removed
using the ToxinEraser endotoxin removal kit (GenScript). Fol-
lowing the manufacturer’s instructions, aSyn was prepared in
PBS to 5 mg/ml by agitating at 1,000 rpm at 37°C. Aggregated
aSyn was stored at -80°C until use. The endotoxin levels post
ToxinEraser treatment were 0.08 EU/pg protein. All batches of
aSyn were found to have endotoxin levels of <0.5 EU/ug protein.

Animal studies

The Fyn*/* and Fyn~/~ mice used in these studies were bred in
our animal facility. Fyn™/~ mice were originally obtained from
Dr. Dorit Ron’s laboratory at the University of California, San
Francisco, and are available from the Jackson Laboratory (stock
number 002271). The Fyn*/* and Fyn~/~ mice used for the AAV
studies were littermates. Commercial C57BL/6 WT mice were
not used for animal studies with Fyn~/~ mice. PKC8~/~ mice were
obtained originally from Dr. Keiichi Nakayama’s laboratory
(Division of Cell Biology, Department of Molecular and Cellular
Biology, Medical Institute of Bioregulation, Kyushu University,
Fukuoka, Japan). The human aSyn-overexpressing A53T mice
were obtained from the Jackson Laboratory (B6.Cg-Tg(Prnp-
SNCA*A53T)23Mkle/], stock number 006823). Mice were housed
under standard conditions of constant temperature (22 + 1°C),
humidity (relative, 30%), and a 12-h light cycle with food and
water provided ad libitum. 6-8-wk-old male mice were used for
all studies. Stereotaxic injection of the GFP-AAV and SYN-AAV
particles into the SNpc was performed using the Angle 2 ster-
eotaxic apparatus (Leica Biosystems). The coordinates, relative
to bregma, were anteroposterior -3.1 mm, mediolateral -1.2
mm, and dorsoventral 4.0 mm.

Primary microglial cultures and treatments

Primary microglial cultures were prepared from WT, Fyn™/-,
and PKC8~/~ postnatal day 1 mouse pups as described previously
with slight modifications (Gordon et al., 2011; Panicker et al.,
2015). Briefly, harvested mouse brains had their meninges re-
moved before being placed in DMEM/F12 supplemented with
10% heat-inactivated FBS, 50 U/ml penicillin, 50 pg/ml strep-
tomycin, 2 mM L-glutamine, 100 uM nonessential amino acids,
and 2 mM sodium pyruvate. Brain tissues were then gently
agitated for 15 min in 0.25% trypsin-EDTA. The trypsin reaction
was stopped by adding double the volume of DMEM/F12 com-
plete medium and then washing brain tissues three times. Tis-
sues were then triturated gently to prepare a single-cell
suspension, which was then passed through a 70-um nylon
mesh cell strainer to remove tissue debris and aggregates. The
cell suspension was then made up in DMEM/F12 complete me-
dium and seeded into T-75 flasks, which were incubated in
humidified 5% CO, at 37°C. The medium was changed after 5-6
d, and the mixed glial cells were grown to confluence. Microglial
cells were separated from confluent mixed glial cultures by
differential adherence and magnetic separation to >97% purity
and then were allowed to recover for 48 h after plating. Primary
microglia in DMEM/F12 complete medium containing 2% FBS
were primed with 1 ug/ml LPS for 3 h, which is a dose and time
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point used in several published studies (Halle et al., 2008). For
signaling experiments, we used the protocol of Stuart et al.
(2007), with slight modification. For this, primary microglial
cells were kept in 2% DMEM/F12 complete medium for 5 h at
37°C before treatment with 3.5-7 ug/ml aggregated aSyn, which
is similar to doses used by several published articles (Kim et al.,
2013; Boza-Serrano et al., 2014). For ICC, microglia were ob-
tained by the shake-off method as previously described (Gordon
et al., 2011).

HEK-293 cell culture and transfection

HEK-293T cells were cultured in DMEM (Gibco, Thermo Fisher
Scientific) supplemented with 10% FBS (Gibco, Thermo Scien-
tific), penicillin, and streptomycin. Cells were cultured at 37°C
with 5% CO,. Transfection was performed using PolyFect rea-
gent (Qiagen) according to the manufacturers’ instructions.
Typically, 2 x 10° cells per well in 6-well dishes were transfected
with appropriate plasmids.

Primary BMDM cultures

A sterile blade was used to remove femoral epiphyses to expose
the marrow cavity. A 30-gauge, 1/2-inch needle attached to a 10-
ml syringe filled with 10% FBS-containing DMEM was used to
flush marrow from the bone into a sterile 14-ml Falcon tube. The
marrow was centrifuged at 250 xg for 15 min at 4°C. Pellets were
resuspended in bone marrow macrophage medium (DMEM con-
taining 20% FBS, 30% L1929 cell conditioned medium, penicillin/
streptomycin, and sodium pyruvate), and 15 x 106 cells were plated
out in Petri dishes (15 mm x 150 mm). Cell cultures were kept at
37°C and 5% CO, and supplemented with additional bone marrow
macrophage medium on day 3, and then adherent differentiated
macrophages were trypsinized on day 6 for experiments.

Immunoblotting

Brain tissue and cell culture lysates were prepared using mod-
ified RIPA buffer and were normalized for equal amounts of
protein using the Bradford protein assay kit. Equal amounts of
protein (6-10 pg for nuclear lysates, 10-25 pg for cell lysates, and
30-40 pg for tissue lysates) were loaded for each sample and
separated on either 12% or 15% SDS-PAGE gels depending on the
molecular weight of the target protein. After separation, pro-
teins were transferred to a nitrocellulose membrane, and the
nonspecific binding sites were blocked for 1 h using a blocking
buffer specifically formulated for fluorescent Western blotting
(Rockland Immunochemicals). Membranes were then probed
with the respective primary antibodies for 3 h at room tem-
perature (RT) or overnight at 4°C. Incubated membranes were
washed seven times with PBS containing 0.05% Tween-20, and
then secondary IR-680-conjugated anti-mouse (1:10,000; Mo-
lecular Probes) and IR-800-conjugated anti-rabbit (1:10,000;
Rockland Immunochemicals) antibodies were used for detection
with the Odyssey IR imaging system (LI-COR). Antibodies for
GAPDH, B-actin and tubulin were used as loading controls.
Antibodies against Lamin B were used as the loading control for
nuclear lysates. We added 400 pl methanol and 100 pl chloro-
form to 400 pl of cell supernatants obtained after treatment
from microglial cells treated in 12-well plates. The samples were
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vortexed vigorously for 30 s and then centrifuged at 13,000 xg
for 5 min. The aqueous phase was removed via vacuum. The
pellets were dried for 5-10 min at 55°C and subsequently re-
constituted in 32 pl of 1x SDS sample buffer and 8 pl
B-mercaptoethanol. The samples were then vortexed, boiled for
5 min, and used for immunoblotting for IL-1B.

Quantitative RT-PCR (qRT-PCR)

The RNA extraction protocol was adapted and modified from a
published protocol (Seo et al., 2014). After mixed glial separa-
tion, we plated 2.5 x 10 microglia per treatment group in a 6-
well plate. RNA was extracted after treatment using the TRIzol
chloroform extraction method. We converted 1 pug of RNA to
cDNA using a High Capacity cDNA Reverse Transcription kit
from Applied Biosystems (4368814) following the manu-
facturer’s protocol. qRT-PCR was performed on the following
genes using SYBR Green qPCR Mastermix from Qiagen
(208056): NLRP3 forward, 5-TGCTCTTCACTGCTATCAAGC
CCT-3’; NLRP3 reverse, 5'-ACAAGCCTTTGCTCCAGACCCTAT-
3’ (synthesized in Iowa State University’s DNA facility) and IL-
1B-Qiagen QuantiTect primer assay (QT01048355). Qiagen
QuantiTect primers for NLRC4 (QT00264670) and AIM2
(QT00266819) were also used. We used 18S rRNA (PPM57735E;
Qiagen) as the housekeeping gene for all the qPCR experiments.
No-template controls and dissociation curves were obtained for
every experiment to exclude cross-contamination.

Coimmunoprecipitation studies

We treated 5 x 10° primary microglia per treatment group with
aggregated aSyn or vehicle for 30 min. Cell lysates were pre-
pared in TNE buffer (10 mM Tris-HCI, pH 7.5, 1% Nonidet P-40,
0.15 M NaCl, 1 mM EDTA, and 1:100 protease inhibitor mixture).
Pellets were resuspended in TNE buffer and kept on ice for
30 min. The lysates were then centrifuged at 17,400 xg for
35 min at 4°C. The supernatant protein concentration was
measured and normalized between samples. Approximately
50 ug protein was used as the input fraction. For immunopre-
cipitation analysis, 400-500 pg protein per sample in 500 pl
TNE buffer was used. We added 5 pg of goat polyclonal TLR2 or
CD36 antibody to the lysates before setting them on an orbital
shaker overnight at 4°C. The next day, protein G Sepharose
beads were added to each sample, and orbital shaking continued
overnight at 4°C. Protein G beads were collected by centrifuga-
tion at 2,000 xg for 5 min and washed four times with TNE
buffer. The bound proteins were eluted by boiling in protein-
loading dye for 5 min. Immunoblots were performed on 12%
SDS-PAGE gels as described in Immunoblotting. To pull down
FLAG-tagged CD36 from transfected HEK cells, anti-FLAG M2
magnetic beads (Sigma-Aldrich) were used.

Casp-1 assays

WT and Fyn~/~ microglial cells were plated onto poly-D-lysine
(PDL)-coated 96-well plates at 150,000 cells per well. Cells were
treated with aggregated aSyn at the prespecified doses. The
FLICA dye was added in PBS for 30 min at 37°C. The cells were
washed in PBS three times after treatment, and fluorescence was
read per the manufacturer’s instructions.
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Nuclear and cytoplasmic fractionation

Nuclear and cytoplasmic fractions were performed using the
NE-PER Kit (Thermo Fisher Scientific) as previously described
(Jin et al., 2011a). Briefly, 5 x 10 cells were treated with ag-
gregated aSyn for 30 min. CERI reagent (150-200 ul) was used
per sample to extract the cytoplasmic fraction, and 45 pl of NER
reagent was used to extract the nuclear fraction.

Nitric oxide detection

Nitric oxide production by primary microglia was measured in-
directly by quantification of nitrite in the supernatant using the
Griess reagent (Sigma-Aldrich). Microglia were plated in PDL-
coated 96-well plates at 10° cells/well. Cells were treated with ag-
gregated aSyn for 24 h after priming with LPS for 3 h. After 100 ul
of supernatant was collected from each well, an equal volume of
the Griess reagent was added. The samples were incubated on a
plate shaker at RT for 15 min until a stable color was obtained. The
absorbance at 540 nm was measured using a Synergy 2 multimode
microplate reader (BioTek Instruments), and the nitrite concen-
tration was determined from a sodium nitrite standard curve.

Multiplex cytokine Luminex immunoassays

Primary microglia obtained from WT, PKC8~/-, and Fyn™/~ mice
were seeded in PDL-coated 96-well plates at 10° cells/well. After
treating the cells with aggregated aSyn for 24 h, 50 pl of super-
natant from each well was collected and frozen at —-80°C. The levels
of cytokines and chemokines in the supernatants were determined
using the Luminex bead-based immunoassay platform (Vignali
2000) and prevalidated multiplex kits (Milliplex mouse cytokine
panel; EMD Millipore) according to the manufacturer’s instructions.

Mouse IL-1f3 ELISA
The IL-1B duoset ELISA kit (DY401-05; R&D Biosystems) was
used to assess microglial IL-1B secretion in Fig. 4 I.

Transfections of primary microglia

The predesigned, on-target plus SMART pool Fyn siRNA (a
combination of four siRNAs, LQ-040112-00-0002) and scram-
bled siRNA (D-001210-03-05) were purchased from Dharmacon.
We performed siRNA transfections in primary mouse microglial
cells with Lipofectamine 3000 reagent according to the manu-
facturer’s protocol. Briefly, primary microglia were plated at 2 x
106 cells/well in 6-well plates one day before transfection. For
each well, 300 pmol of Fyn siRNA pool (75 pmol each) or an
equal amount of scramble siRNA mixed with 5 ul of Lipofect-
amine 3000 was added to the cells. Then, 72 h after the initial
transfection, cells were treated with aggregated aSyn for 4 h.
Lysates prepared in modified RIPA buffer, as mentioned in Im-
munoblotting, were checked for the expression of pro-IL-18 and
Fyn. Transfection of primary microglia with WT Fyn-FLAG and
Y417A Fyn-FLAG plasmid constructs was also performed using 5 pul
of Lipofectamine 3000, but this was left on for 48 h. FLAG im-
munoblots were performed to check for successful transfections.

IHC and immunofluorescence studies
IHC was performed on sections from the ventral midbrain and
other brain regions of interest as described previously (Jin et al.,
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2011b; Ghosh et al., 2013). Briefly, mice were anesthetized with a
mixture of 200 mg/kg ketamine and 20 mg/kg xylazine and
then perfused transcardially with freshly prepared 4% parafor-
maldehyde (PFA). Extracted brains were postfixed in 4% PFA for
48 h and 30-pm sections were cut using a freezing microtome
(Leica Microsystems). Antigen retrieval was performed in so-
dium citrate buffer (10 mM, pH 8.5) for 30 min at 90°C. PBS-
washed sections were blocked with PBS containing 2% BSA,
0.2% Triton X-100 and 0.05% Tween-20 for 1 h at RT before
being incubated with primary antibodies overnight at 4°C and
washed seven times in PBS on a Belly Dancer Shaker (SPI sup-
plies). Sections were incubated with Alexa 488, 555, and
633 dye-conjugated secondary antibodies for 75 min at RT and
their cell nuclei were stained with Hoechst dye. Sections slide-
mounted using Prolong antifade gold mounting medium (In-
vitrogen) were photomicrographed using a Spot digital camera
(Diagnostic Instruments Inc.) coupled to an inverted fluores-
cence microscope (TE-2000U; Nikon). Immunofluorescence
studies in primary microglia were performed according to pre-
viously published protocols with some modifications (Gordon
et al., 2011). Briefly, cells were plated onto PDL-coated cover-
slips. After treatments, cells were fixed with 4% PFA, washed
in PBS, and incubated in blocking buffer (PBS containing 1.5%
BSA, 0.5% Triton X-100, and 0.05% Tween-20) for 1 h at RT.
Coverslips were then incubated overnight at 4°C with the
respective primary antibodies diluted in PBS containing 1%
BSA. Samples were then washed several times in PBS and
incubated with Alexa Fluor 488 and Alexa Fluor 555 dye-
conjugated secondary antibodies. The nuclei were labeled
with Hoechst stain (10 ug/ml), and coverslips were mounted
with Fluoromount medium (Sigma-Aldrich) on glass slides for
visualization. ASC-CFP fluorescence was imaged by assessing
the natural fluorescence using the CFP filter on a Leica
DMIRE2 confocal microscope.

Confocal imaging and Z-stack image acquisition and analysis
Confocal imaging was performed at the Iowa State University’s
Microscopy Facility using the Leica DMIRE2 confocal micro-
scope with the 63x and 40x oil objectives and Leica Confocal
Software. One optical series covered 11-13 optical slices of 0.5-
pm thickness each. Imaris software was used to analyze Z-stack
images. The surface reconstruction wizard in Imaris was used to
generate 3D reconstructions of stacks for easier viewing of
microglial-dopaminergic contacts. IHC on human sections was
performed as described above, but with some modifications.
Antigen retrieval was done overnight in sodium citrate buffer
(10 mM, pH 8.5) at 4°C before the 90°C step.

MitoROS measurement

MitoROS generation was quantified using the MitoSOX red
fluorescent indicator. WT and Fyn~/~ microglia were plated onto
coverslips at 150,000 cells per well. We added aggregated aSyn
and the MitoSOX probe (1 uM) to the cells at the same time.
Fluorescence expressed by the generated mitochondrial super-
oxides was measured hourly for 0-12 h using Cytation 3 Cell
Imaging Multi-Mode Reader (BioTek Instruments) as per the
manufacturer’s instructions.
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Mitochondrial visualization

Microglia obtained via the shake-off method were plated onto
PDL-coated coverslips. After treatment under various para-
digms, 300 pl of 166-nM CMXROS MitoTracker red dye diluted
in serum-free DMEM/F12 media was added and incubated at
37°C for 13 min. After incubation, wells were gently washed with
PBS three to five times and then fixed in 4% PFA for 30 min. The
wells were washed with PBS three times. After this, ICC for Iba-
1 was performed as described under IHC and immunofluores-
cence studies.

Data analysis

Data analysis was performed using Prism 4.0 (GraphPad Soft-
ware). Data were initially analyzed using one-way ANOVA and
Bonferroni’s post-test to compare the means of treatment
groups. Student’s t test was used when comparing two groups.
Differences of P < 0.05 were considered statistically significant.
In all figures, error bars represent mean + SEM. In each figure,
asterisks indicate the level of statistical significance: ns, not
significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Study approval

Iowa State University’s (ISU) laboratory animal facility is fully
accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care, and all procedures involving animal
handling at ISU were approved by the Institutional Animal Care
and Use Committee at ISU. All procedures involving animals at
the Johns Hopkins University School of Medicine were approved
by and conformed to the guidelines of the Institutional Animal
Care and Use Committee of Johns Hopkins University.

Human experimental guidelines approval statement

The John Hopkins Medical Institutions’ Joint Committee on
Clinical Investigations decided that these studies are exempt
from Human Subjects Approval because of Federal Register
46.101 Exemption Number 4.

Online supplemental material

Fig. S1 shows our protocol for obtaining and aggregating (hu-
man) aSyn. Fig. S2 shows that aSyn can activate the LPS-primed
NLRP3 inflammasome in microglia. Fig. S3 shows that Fyn ki-
nase mediates inflammogen-mediated priming of the microglial
NLRP3 inflammasome. Fig. S4 demonstrates that CD36 con-
tributes to aSyn-mediated NLRP3 inflammasome priming. Fig.
S5 shows diminished microglial NLRP3 induction in Fyn~/~ mice
following AAV-SYN injection. Table S1 lists details of postmor-
tem PD and control SN brain samples.
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