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Abstract

Le sostanze perfluoroalchiliche, anche dette PFAS, sono composti largamente
utilizzati e diffusi nell’industria chimica e in quella manifatturiera. Sono costituite
da un gruppo funzionale idrosolubile connesso a catene carboniose di varia
lunghezza nelle quali gli atomi di idrogeno sono stati sostituiti, in parte o del tutto,
da atomi di fluoro: questa composizione li rende particolarmente persistenti e
mobili, ma anche molto inquinanti e pericolosi per la salute umana. Uno dei PFAS
maggiormente utilizzati ¢ 1’acido perfluoroottansolfonico (PFOS), che ¢ stato
rilevato nel siero di varie popolazioni, con una concentrazione variabile in base al
grado di esposizione alla sostanza. L’articolo oggetto del seguente elaborato si
concentra sulla correlazione tra 1’attivazione del sistema immunitario innato e
I’esposizione al PFOS. In particolare, si dimostra come 1’inflammasoma AIM?2 sia
in grado di riconoscere il PFOS e i DAMPs ad esso associati, per indurre la
secrezione di IL-1P e una forma di morte cellulare, chiamata pirotosi. Questi
processi coinvolgono il rilascio di DNA mitocondriale nel citosol, che avviene in
seguito all’aumento della concentrazione del calcio citosolico, all’attivazione della
PKC e del pathway NF-kB e all’interazione di proteine come BAX e BAK. I
risultati dimostrano che I’inflammasoma AIM2 potrebbe essere un valido
bersaglio terapeutico nelle patologie infiammatorie causate da PFOS.



1. Introduzione
1.1 PFAS: sostanze inquinanti persistenti

Le sostanze perfluoroalchiliche (PFAS) sono composti chimici prodotti dall’uomo
e utilizzate in varie industrie coinvolte nella produzione di oggetti di utilizzo
comune, come cappotti, carta, materiali a contatto con il cibo, detersivi, pitture,
schiume antincendio, utensili da cucina. Sono composti da un gruppo funzionale
idrosolubile, collegato a catene di carbonio, in cui gli atomi di idrogeno sono stati
sostituiti, in parte o del tutto, da atomi di fluoro. A causa della forza del legame
tra carbonio e fluoro i PFAS sono in grado di permanere nell’ambiente a lungo e
si possono diffondere molto facilmente attraverso le falde acquifere e 1’aria. Per
queste caratteristiche i PFAS rientrano nella lista degli inquinanti organici
persistenti (POP) stilata dalla Convenzione di Stoccolma. Sono diventati oggetto
di studio a livello internazionale nel 2000, quando si ¢ rilevata la presenza di un
tipo particolare di PFAS, I’acido perfluoroottansolfonico, nel sangue di orsi polari
nell’Artico e in animali selvatici in altre regioni remote. La presenza di questi
composti chimici negli animali selvatici indica la loro pericolosita dovuta alla
persistenza nell’ambiente, che pud durare centenni, e alla facilita con cui si
disperdono. A partire dagli anni 2000 si sono fatti ulteriori studi sulla diffusione di
questi composti, in relazione soprattutto al possibile danno a lungo termine che
possono arrecare alla salute umana e animale. La contaminazione dell’ambiente
da parte di PFAS pud avvenire nei luoghi circostanti le sedi di produzione di
queste sostanze, a causa di mancate misure di sicurezza per il loro contenimento
oppure nei vari passaggi di degradazione dei materiali in cui sono contenuti.
Inoltre, queste sostanze vengono assorbite dall’'uomo molto facilmente, mediante
I’ingestione di cibi contaminati, 1’assunzione di acqua non filtrata, 1’inalazione di
aria o polvere e il contatto con strumenti contaminati. Gli effetti sulla salute
umana sono ancora da approfondire, poiché nella maggior parte dei casi gli
esperimenti condotti sugli animali non indicano dei risultati applicabili anche a
livello umano, a causa delle concentrazioni di PFAS utilizzate negli esperimenti e
dei metodi con cui gli animali vengono esposti a queste sostanze in laboratorio.

Per studiare la correlazione tra I’esposizione ai PFAS e i rischi per la salute umana
si sono eseguiti a livello internazionale biomonitoraggi e studi epidemiologici, che
non consentono ancora di dichiarare in modo solido la relazione di causa ed
effetto tra queste sostanze e le patologie in cui sono coinvolte ma permettono di
vedere in che modo possono agire a lungo termine sull’uomo, aprendo la strada a
possibili esperimenti per approfondire il tema, come nel caso dell’articolo oggetto
di questo elaborato. Le analisi di alcuni di questi biomonitoraggi hanno
evidenziato innanzitutto una netta differenza di effetti avversi nelle persone
esposte a bassi livelli di PFAS e negli operatori di industrie venuti in contatto
diretto con queste sostanze, a cui sono stati esposti per molto piu tempo e a
concentrazioni maggiori. Il sistema che viene maggiormente colpito ¢ quello
immunitario: negli individui con una concentrazione sierica maggiore di PFAS si
¢ vista un’aumentata produzione di citochine pro-infiammatorie, IFN-y, CD4+ e
CD8&+. Inoltre, recenti testimonianze evidenziano una correlazione tra 1’accumulo



di PFAS nel corpo umano e patologie collegate alla disregolazione metabolica e
ritardi nello sviluppo neuronale. L’esposizione ai PFAS ¢ molto piu critica per gli
operatori delle industrie in cui 1’utilizzo di queste sostanze ¢ ancora permesso € in
cui spesso si presenta ai lavoratori una scelta dicotomica tra la salute e il lavoro.
Sono note le vicende del 2013 dell’azienda Miteni di Trissino, attiva nella
produzione di farmaci e nell’industria agrochimica, che non ha consapevolmente
adottato le misure di sicurezza per lo smaltimento di questi composti, volti ad
arginare la contaminazione delle falde acquifere circostanti la sede. Per i soggetti
piu esposti alle contaminazioni (gli operatori dell’industria e gli abitanti dei
comuni vicini) si sono eseguiti dei biomonitoraggi, dal 2007 al 2014, in parallelo
con quelli di abitanti del Veneto non esposti agli stessi inquinanti. Ne ¢ risultata
una maggiore incidenza di cardiopatie ischemiche, ipertensione arteriosa,
dislipidemia e malattie tiroidee nei soggetti esposti a contaminazione rispetto al
resto dei cittadini in Veneto. In tutti i biomonitoraggi, compresi quelli in Veneto,
si sono rilevati maggiori livelli di due sostanze, I’acido perfluoroottanoico
(PFOA) e I’acido perfluoroottansolfonico (PFOS).

I1 PFOS, con formula molecolare CsHF1703S, oggetto dell’esperimento in analisi,
¢ uno dei PFAS maggiormente utilizzati nell’industria e rientra nella lista dei POP
della Convenzione di Stoccolma. Il livello cosi alto di PFOS rilevato
nell’ambiente e negli animali a livello globale ¢ dovuto sia al fatto che ¢ uno dei
principali composti utilizzato direttamente nella produzione di oggetti di uso
comune, sia perché puod essere prodotto anche per degradazione di altri composti
perfluoroalchilici. Come gli altri PFAS, il PFOS pud bio-accumularsi: si ¢
dimostrato che I’emivita del PFOS nel siero di scimmie femmine e maschi ¢
compresa tra gli 88 e i1 146 giorni, mentre in lavoratori dell’industria
fluorochimica ¢ di circa 5.4 anni. I tempi di emivita non tengono conto pero di
un’esposizione prolungata, 5.4 anni ¢ infatti il periodo di tempo necessario perché
1 livelli di PFOS del sangue si riducano a meta se il soggetto non ¢ piu esposto al
PFOS.

Numerosi studi hanno evidenziato che il PFOS induce danni a livello cellulare e
tissutale mediati da risposte inflammatorie e ossidative. PFOS, infatti, indurrebbe
stress ossidativo inibendo enzimi ad attivita antiossidante (come la superossido
dismutasi) o promuovendo la formazione di ROS (specie reattive dell’ossigeno)
negli epatociti e nelle cellule endoteliali, portando a morte cellulare. Inoltre, PFOS
intensifica I’espressione di citochine pro-infiammatorie, come IL-1p, TNF-a e IL-
6 nei macrofagi.'”

Per molte sostanze inquinanti non sono ancora chiari i meccanismi di attivazione
della risposta immunitaria. Questo perché solitamente le tossine ambientali e gli
inquinanti non vengono direttamente riconosciuti dai pathogen recognition
receptors (PRR) ma possono indurre la produzione di DAMPs, ovvero danger-
associated molecular patterns, in seguito a danno a livello cellulare. Negli
esperimenti e studi condotti sull’azione degli inquinanti nella risposta immunitaria
un ruolo fondamentale ¢ assolto dagli inflammasomi: I’articolo oggetto di questo
elaborato  indaga [I’attivazione dell’inflammasoma AIM2 a  seguito



dell’esposizione a PFOS, con conseguente rilascio di citochine infiammatorie e
danno a livello tissutale.

1.2 AIM2: recettore ed inflammasoma

AIM2 “Absent In Melanoma 2” ¢ un recettore, componente della famiglia degli
ALR (AIM-2 like receptor), e appartiene alla famiglia dei PRR, ovvero dei
pattern recognition receptors. Questi recettori possono riconoscere dei patterns
molecolari associati ai patogeni (PAMPs) o delle self-signatures associate a
patterns molecolari di pericolo (DAMPs), solitamente rilasciati in seguito alla
perdita dell’integrita cellulare. In seguito al riconoscimento di specifici patterns, i
PRR iniziano una cascata infiammatoria immediata e sono la chiave per
comprendere come viene iniziata un’inflammazione incontrollata in alcune
patologie. Alcuni di questi recettori, inoltre, possono portare alla formazione di
complessi piu grandi e multifunzionali, che fungono da intermediari per apoptosi
e pirotosi. La struttura dei PRR si differenzia sulla base delle sequenze
amminoacidiche e nucleotidiche che devono riconoscere. Gli ALR, di cui fa parte
AIM2, sono caratterizzati da due domini principali, I’'HIN domain e il pyrin
domain. L’HIN domain ¢ presente in una sola copia in AIM2, ha la funzione di
riconoscimento del DNA ed ha una struttura simile all’OB-fold, ripiegamento
costituito da 70-80 residui amminoacidici, che si ritrovano in proteine
riconoscenti il DNA. Il secondo dominio invece, il PYD, si trova all’N-terminale
di AIM2 e inizia l’interazione tra le proteine per la formazione di grandi
complessi, come gli inflammasomi. Fa parte della famiglia delle proteine con
strutture “death fold”, caratterizzanti i domini che partecipano nelle interazioni
proteiche in processi di morte cellulare e costituiti da 6 alfa eliche coiled
posizionate a formare il motivo a chiave greca. La regolazione dell’espressione di
AIM2 dipende dall’interferone di tipo I: si ¢ visto che a livello basale AIM2 ¢
principalmente espresso nella milza, nell’intestino tenue e nel sangue periferico
ma puo essere velocemente indotto dall’interferone di tipo I, che viene prodotto in
seguito al riconoscimento da parte dei PRR di molecole self o altri ligandi. Inoltre,
¢ localizzato principalmente nel citoplasma delle cellule, fattore indicante che
AIM2 non ¢ direttamente coinvolto nei processi di regolazione dell’espressione.’

AIM2, come altri inflammasomi, necessita di un segnale iniziale pro-
inflammatorio per promuovere 1’espressione dei substrati dell’inflammasoma
stesso. Questo segnale ¢ solitamente indicato come fase di priming, o segnale 1,
ed ¢ mediato principalmente dall’induzione dell’interferone di tipo I. La fase di
priming puo essere innescata anche dal DNA presente nel citosol a seguito di un
danno alla membrana nucleare, attraverso 1’attivazione del pathway cGAS-
STING, una via che utilizza la cGAMP sintasi per la produzione di cGAMP,
attivatore di STING (stimulator of interferon genes), dimostrando che il DNA puo
attivare numerosi pathways di attivazione della risposta infiammatoria. AIM2
viene considerato come un sensore citosolico per I’immunitd innata: la sua
localizzazione subcellulare citosolica e la capacita di riconoscimento del dsDNA a
livello citoplasmatico lo rendono un importante mediatore nella risposta



inflammatoria innescata da infezioni batteriche, virali o alterazioni nell’integrita
cellulare. Tramite studi biochimici e di cristallografia si ¢ visto che AIM?2 si lega
direttamente al DNA e che I’HIN domain ¢ sufficiente ad assolvere questo
compito.’ Le caratteristiche di questo dominio permettono a AIM2 di legarsi
potenzialmente a DNA di origine microbica, self o sintetica, con variazioni nella
sequenza ¢ nel contenuto del dinucleotide guanina-citosina. L’HIN domain si
legherebbe al DNA tramite interazioni elettrostatiche, grazie ad una tasca
idrofobica presente nell’HIN che si lega ad entrambi 1 filamenti di DNA, a livello
della “spina dorsale” costituita da zuccheri e fosfati. In assenza di DNA a livello
citosolico AIM2 ¢ autoinibito, tramite I’interazione del dominio PYD e di quello
HIN.

- eu:& A seguito del riconoscimento del DNA da
‘- parte  dell’HIN  domain pud iniziare

dsDNA "M‘( o I’oligomerizzazione dei domini PYD, che
_ consente la polimerizzazione dei filamenti
mmn"gom% composti dalla proteina adattatrice ASC. La

‘ struttura che si  viene a  formare,

- LC — I’inflammasoma AIM2, forma una moltitudine
di siti di attivazione per la caspasi-1,

_,;l rJ f'( 4‘1 ¢ SL . alimentando cosi il signaling

dell’inflammasoma. Le caspasi inflammatorie,
di cui la principale ¢ la caspasi-1, promuovono
cars  cuase la produzione e la maturazione di citochine
Ce inflammatorie, tra cui IL-18 e IL-1B. In
Caspase-1 . . .
particolare, IL-1PB, su cui si concentra anche
'\' e 17articolo oggetto di questo elaborato, agisce su
numerosi tipi di cellule nella risposta
infiammatoria e, a livello sistemico, influenza
direttamente il centro ipotalamico, provocando
un innalzamento della temperatura.

/\ AIM2, oltre ad essere un fattore chiave
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Figura 1. Oligomerizzazione di AIM2 e nell’attivazione e mediazione della risposta
attivazione dell'inflammasoma. infiammatoria puo attivare due forme di morte

cellulare programmata: la prima, simile
all’apoptosi, indotta attraverso I’attivazione della caspasi 8 pro-apoptotica, e la
seconda, chiamata pirotosi. Questa ¢ una forma di morte cellulare programmata
indotta dalla famiglia delle proteine Gasdermin e accompagnata dalla secrezione
di citochine infiammatorie. A differenza dell’apoptosi, la pirotosi causa
rigonfiamento cellulare, la formazione di pori e la disgregazione della membrana
cellulare, rilasciando il contenuto intracellulare nel citosol e permettendo
I’ingresso di fattori infiammatori nella cellula. I componenti intracellulari esposti
cosi all’esterno possono agire da DAMPs, ovvero da segnali di pericolo, oppure
da mediatori pro-inflammatori, iniziando o aggravando le risposte immunitarie.
Nella pirotosi mediata dall’inflammasoma AIM2 ha un ruolo fondamentale la
proteina Gasdermin-D che, come le altre della famiglia delle GSM, ¢ costituita da
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un dominio N-terminale e wuno C-terminale. La caspasi-1, attivata
dall’inflammasoma AIM2, taglia GSDMD a livello del dominio N-terminale,
permettendone la dissociazione e lo spostamento sulla membrana cellulare per la
formazione dei pori. Per queste sue caratteristiche, la pirotosi ¢ considerata una
forma di morte cellulare simile alla necrosi e dipendente dalla caspasi-1 e dalle
GSDM. La pirotosi mediata da AIM2 potrebbe anche avere un ruolo nelle
patologie o complicazioni respiratorie, come asma, cancro ai polmoni e patologie
granulomatose.

Si ¢ inoltre individuato un ruolo di AIM2 in diverse patologie, in particolare in
quelle infiammatorie, nel cancro e nelle infezioni.

-
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Figura 2. Pathways di attivazione degli inflammasomi NLRP3 e AIM2

2. Materiali e metodi

In questa sezione sono esposti solo alcuni dei materiali e dei metodi utilizzati
nell’articolo analizzato.

2.1 CRISPR/Cas9

CRISPR/Cas9 ¢ uno dei metodi piu utilizzati negli esperimenti per gene editing e
knockout di linee cellulari. Il meccanismo ¢ stato identificato per la prima volta
nei batteri: le CRISPR sono delle sequenze palindrome, brevi, ripetute ad
intervalli regolari, mentre Cas ¢ una famiglia di proteine ad attivita nucleasica
associate alle CRISPR. Nei batteri la funzione di questo sistema ¢ quella di
protezione dai virus: se avviene 1’inserzione del DNA virale all’interno di quello
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batterico, il batterio riesce ad individuare le sequenze esogene e a tagliarle grazie
ad una delle nucleasi Cas. La nucleasi agisce in combinazione con un RNA guida
(gRNA) che individua la sequenza in cui generare il taglio. Le sequenze possono
essere di diverse lunghezze e composizioni, e sono divise da ‘“‘spaziatori”,
caratterizzati dal patogeno che ha tentato di infettare il batterio in passato. Questo
sistema, quindi, viene utilizzato dai procarioti per riconoscere e distruggere il
genoma dei virus che li hanno infettati. Nei batteri sono stati riconosciuti diversi
tipi di sistemi CRISPR/Cas: quelli di classe 1 sono composti da un locus CRISPR
e molte proteine Cas, mentre la classe 2 ¢ composta da un locus CRISPR e una
singola proteina Cas. Il sistema CRISPR/Cas9 che ¢ risultato il piu semplice ed
efficiente ¢ di classe 2, tipo II, che utilizza esclusivamente 1’endonucleasi Cas9
per eseguire il taglio, ed € questo sistema che viene utilizzato nell’ingegneria
genetica.

CRISPR/Cas9 ¢ stato modificato per essere utilizzato per il gene editing:
alterando I’RNA guida si puo controllare la sequenza che viene riconosciuta e
tagliata dalla nucleasi Cas9 e quindi introdurre a livello del taglio delle inserzioni
o delezioni per modificare il gene di interesse. In base al meccanismo che avviene
successivamente al taglio da parte della Cas9, il gene puo essere modificato in
vari modi: si possono creare delle linee cellulari KO per un gene se, in seguito al
taglio a doppio filamento del DNA, questo viene riparato mediante il meccanismo
“Non-homologous End-Joining”, che introduce delle InDels sito specifiche che
interrompono 1’attivita del gene. Si generano cosi delle cellule che non esprimono
il gene di interesse e che quindi avranno un fenotipo diverso rispetto alle cellule
WT.#

Nel caso dell’esperimento in oggetto, sono state coltivate delle cellule THP-1
inizialmente con un medium di crescita standard, poi sostituito con DMEM
contenente lentivirus esprimenti il gene per Cas9 e specifici sgRNAs. Grazie
all’azione dei lentivirus puo avvenire la trasduzione delle sequenze desiderate: in
questo caso sono stati creati dei sgRNAs che guidassero la nucleasi Cas9 alle
sequenze per cui dovevano essere generate le linee KO. Sono state create delle
linee cellulare di THP-1 KO per la caspasi-1, per ASC, per NLRP3, per AIM2,
per CYPD, per BAX e per BAK. Per selezionare solo le cellule KO si ¢ inserito
un gene per la resistenza alla puromicina nel lentivirus e poi aggiunto nel medium
di crescita lo stesso antibiotico: le uniche cellule che potevano sopravvivere erano
quelle esprimenti il lentivirus e quindi in cui era avvenuto il knockout. Quindi ¢
stato fatto uno screening clonale e svolto le analisi in descrizione nell’articolo.

2.2 Citofluorimetria

La citofluorimetria ¢ una tecnica che sfrutta I’azione di laser, singoli o multipli,
per analizzare cellule o particelle singole immerse in una soluzione salina. Le
cellule da analizzare sono innanzitutto marcate con specifici coloranti o fluorofori
che consentono di evidenziare le caratteristiche che si vogliono studiare. Il
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fluorocromo ¢ solitamente attaccato alla cellula mediante anticorpi monoclonali,
che riconoscono dei particolari antigeni marcatori o dei distretti cellulari.

Le cellule marcate vengono immerse in una soluzione salina, che viene incanalata
in una camera di flusso e quindi in un poro dal diametro molto piccolo, che
permette 1’ingresso di una singola cellula alla volta. Mentre la cellula ¢ nel poro
due laser ad angolazioni diverse la colpiscono, lo strumento poi rileva i diversi
scatter di ogni cellula. Questo pud dipendere dalla dimensione della cellula
(Forward Scatter), dalla sua granulosita/complessita (Side Scatter) o dal
fluorocromo presente al suo interno. Per ogni cellula viene quindi definito uno
scatter specifico in base alle sue caratteristiche.’

\

Nell’esperimento in analisi la citofluorimetria ¢ stata usata per rilevare la
funzionalitd mitocondriale, incluso il potenziale di membrana. Inizialmente si ¢
misurata la produzione di ROS mitocondriali utilizzando il colorante MitoSOX;
quindi, usando il citofluorimetro, si ¢ valutata la respirazione mitocondriale nei
macrofagi derivanti dalla linea cellulare THP-1 e nei BMDMs, trattate
precedentemente con il colorante Mitotracker deep red. Infine, il potenziale di
membrana ¢ stato valutato usando il colorante TMRM.

2.3 Analisi di Immunoblot

Anche detto Western blot, I’immunoblot € una tecnica molto precisa che permette
di identificare delle proteine di interesse utilizzando il riconoscimento antigene-
anticorpo. Solitamente si ha una miscela con diverse proteine che dobbiamo
dividere in base ad alcune delle loro caratteristiche: il primo step di questa tecnica
¢ la separazione delle proteine tramite un’elettroforesi su gel. Le proteine cosi
separate sono trasferite o blottate su una seconda matrice, generalmente una
nitrocellulosa o una membrana di polivinilidenfluoruro (PVDF). Il vantaggio della
seconda membrana ¢ quello di essere piu resistente rispetto a quello della
nitrocellulosa e ad avere una capacita di binding maggiore. Il trasferimento delle
proteine dal gel alla membrana si pud compiere tramite diverse procedure, anche
se 1l metodo maggiormente usato per le proteine ¢ quello elettroforetico. In questa
tecnica le proteine, cariche negativamente, vengono trasferite da un supporto
all’altro, sfruttando il campo elettrico applicato in un contenitore in cui sono posti
il gel e la membrana, posti in diretto contatto e immersi in un buffer. Nel
momento in cui viene applicato il campo elettrico le proteine si trasferiscono dal
gel alla membrana. Dopo questo step si ha il “bloccaggio” delle proteine sulla
membrana, attraverso 1’utilizzo di un buffer, per prevenire il legame aspecifico
degli anticorpi utilizzati negli step successivi. Solitamente nelle analisi di
immunoblot si utilizzano due anticorpi, uno primario e uno secondario, per
I’identificazione delle proteine. L’anticorpo primario ¢ quello specifico per la
proteina che si sta analizzando e si lega direttamente ad esso ma non ¢ facilmente
rilevabile; I’anticorpo secondario invece si lega al primario in base all’animale da
cui proviene I’anticorpo primario € pud essere a sua volta coniugato ad un altro
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substrato, che varia in base al metodo utilizzato per la rilevazione finale delle
proteine.

Nell’esperimento esposto, dopo aver lisato le cellule di interesse e raccolto in un
loading buffer, si ¢ proceduto all’applicazione dell’analisi di immunoblot. Per il
primo step si ¢ utilizzata I’'SDS-PAGE, ovvero una elettroforesi su gel di
poliacrilammide in presenza di sodio dodecil solfato, che separa le proteine in
base al loro peso molecolare, visto che il rapporto massa/carica per ogni proteina
denaturata con SDS rimane costante. Successivamente le proteine sono state
trasferite su una membrana di polivinildenfluoruro e incubate con gli anticorpi
adeguati. Il buffer di bloccaggio e i tempi di incubazione non sono esplicitati. Per
la rilevazione delle proteine si ¢ utilizzato il substrato Immobilon Western
Chemiluminescent HRP: questo prodotto sfrutta la reazione tra i due componenti
presenti in esso, il perossido e il Luminol. La perossidasi del rafano (HRP)
catalizza 1’ossidazione del luminol da parte del perossido. Il luminol ossidato
emette luce quando ritorna al suo stato fondamentale, permettendo la
visualizzazione per chemiluminescenza delle proteine in analisi.

3. Risultati
3.1 Attivazione del pathway NF-kB

Numerosi studi precedenti sui PFAS e altre sostanze inquinanti chimiche (come i
particolati) si erano concentrati sul ruolo dell’inflammasoma NLRP3 e come
questo si attivava ed interveniva nella risposta immunitaria innata e
nell’inflammazione cronica.

Per capire gli effetti di PFOS in vivo si sono iniettate concentrazioni diverse di
PFOS in topi(i.e. esposizione acuta, 5,15 o 25 mg/kg al giorno per 5 giorni;
esposizione cronica, 0.066 mg/kg al giorno per 30 giorni): all’aumentare della
concentrazione e dell’esposizione si sono visti maggiori danni tissutali e
infiltrazione infiammatoria cellulare nel fegato, polmone e rene; a livello cellulare
la produzione di IL-1P, TNF-a e I1-6 ¢ aumentata. Quindi, per approfondire il
processo inflammatorio attivato a seguito dell’esposizione a PFOS, si sono usati
macrofagi derivati dal midollo osseo di topi, cresciuti in colture a diverse
concentrazioni di PFOS e per diversi intervalli di tempo. Si ¢ evidenziata
’attivazione di NF-xB grazie alla rilevazione dell’'mRNA di IL-1p, [L-6 ¢ TNF-a
anche in queste cellule, e un tasso aumentato di morte cellulare(figura 3).
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Figura 3. Livelli di IL-18 mRNA, IL-18 e morte cellulare all'aumentare della concentrazione di PFOS
in BMIDMs. Le cellule sono state esposte a PFOS per 6h.
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NF-«xB ¢ un complesso proteico, che agisce come fattore di trascrizione
aumentando ’espressione dei geni per le citochine pro-infiammatorie, come TNF-
a, IL-1B, ritrovate nelle colture di cellule trattate con PFOS. Si ¢ visto quindi che
I’esposizione al PFOS induce la fosforilazione della subunita proteica p65
necessaria per I’attivazione di NF-«xB e stimola la degradazione di IxBo, inibitore
di NF-kB. Ulteriori risultati, non mostrati in questo elaborato, hanno confermato
la possibilita che venisse attivato il pathway NF-kB: il PFOS infatti fa aumentare i
livelli di calcio citosolico, da cui ¢ dipendente la PKC, essenziale per attivare NF-
kB. Inoltre vengono aumentati i livelli della proteina BiP, chaperone molecolare
che controlla lo “stress” del reticolo endoplasmatico e assicura il corretto
ripiegamento delle proteine. Per indagare la funzione del calcio citosolico e della
proteina BiP nel pathway NF-kB sono state esposte a PFOS colture di BMDMs
(macrofagi derivati dal midollo osseo di topo) in condizioni diverse: in condizioni
standard le cellule rispondono attivando il pathway e inducendo quindi il rilascio
di citochine pro-infiammatorie, in presenza invece di un chelante (BAPTA-AM)
del calcio o un inibitore della PKC si ¢ visto che la fosforilazione di p65, la
degradazione di IkBa e le citochine pro-infiammatorie vengono inibite. Gli stessi
risultati sono stati conseguiti trattando macrofagi umani (derivati da colture THP-
1) con PFOS, sia per quanto riguarda la produzione di citochine pro-
inflammatorie, sia per il coinvolgimento del calcio e della PKC nel pathway di
attivazione NF-«B. Il livello sierico di PFOS negli umani ¢ stato valutato in un
range da 0.2 a 99.7 ng/ml, tradotto in una concentrazione pari a 200mM. Le
colture di THP-1 sono state cresciute in una concentrazione di PFOS da 10 a
200mM: un risultato importante ¢ stato la visualizzazione di una risposta
inflammatoria anche per concentrazioni molto basse di PFOS.

Questi risultati indicano che a seguito dell’esposizione a PFOS, sia in cellule
umane THP-1 sia in quelle murine BMDMs, avviene ’attivazione del pathway
NF-«B dipendente da calcio e PKC che si traduce nella produzione di citochine
pro-infiammatorie.

3.2 Attivazione dell’inflammasoma AIM?2

Oltre ad un’elevata produzione di citochine pro-inflammatorie, a seguito del
trattamento con PFOS delle colture di cellule si osserva un incremento della morte
cellulare e della presenza di altri fattori infiammatori, come ASC, caspasi-1,
GSDMD e, ancora, IL-1B. Questi fattori sono possibili effetti dell’attivazione di
un inflammasoma: per individuare e confermare 1’azione dell’inflammasoma
AIM?2 nella risposta immunitaria innata si sono eseguite ulteriori analisi in piu
condizioni. L’attivazione dell’inflammasoma ha bisogno di due segnali: il primo,
detto priming signal, per ’up-regolazione dei livelli di mRNA di IL-1f, e il
secondo per attivare la caspasi che processera IL-1B. La conferma del
coinvolgimento di AIM2 ¢ stata ottenuta tramite analisi di Immunoblot che hanno
mostrato che PFOS potrebbe indurre, in modo dipendente dalla sua
concentrazione, 1’oligomerizzazione di ASC, ’attivazione della caspasi-1, il taglio
proteolitico di GSDMD e la maturazione di IL-1p, indicando quindi che PFOS
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triggera I’attivazione dell’inflammasoma AIM2 per indurre la secrezione di IL-1f3
e la pirotosi in BMDMs (dati non mostrati).
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secrezione e l’attivazione di IL-1P e della caspasi-1 risultano completamente
inibite (figura 4).

3.3 PFOS causa disfunzione mitocondriale, con accumulo e rilascio di
mtDNA a livello citosolico

Report precedenti dimostrano che PFOS puo indurre effetti tossici in
cardiomiociti e epatociti, causando dei danni a livello epatico attraverso un
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pathway dipendente dai mitocondri®. Inoltre si & visto che I’inflammasoma AIM2
puo riconoscere e essere attivato dal DNA mitocondriale che viene rilasciato nel
compartimento citosolico, in seguito a danni mitocondriali.” Si ¢ investigato
quindi se PFOS potesse causare disfunzioni mitocondriali anche nei macrofagi. Le
disfunzioni a livello mitocondriale si manifestano con produzione di mtROS,
rilascio di mtDNA nel citosol e alterazioni nel potenziale di membrana.

Per confermare o meno il ruolo del PFOS nella disfunzione mitocondriale si ¢
inizialmente analizzato 1’impatto dell’esposizione al PFOS sulla produzione dei
ROS mitocondriali: tramite analisi di citofluorimetria si € visto che la produzione
di ROS altera solamente I’azione di NLRP3 e non di AIM2. Quindi questo primo
risultato indica che il pathway di attivazione di AIM2 che coinvolge il
mitocondrio non ¢ dipendente dalla produzione di ROS mitocondriali(dato non
mostrato). Successivamente, attraverso ulteriori analisi di citofluorimetria, si ¢
analizzata la compromissione della respirazione mitocondriale causata da PFOS.
Si sono trattati i macrofagi derivati da THP-1 e quelli BMBDMs con una sostanza
fluorescente, MitoTracker Deep Red, specifica per i mitocondri nelle cellule vive.
In cellule trattate con PFOS si € visto una netta diminuzione di fluorescenza,
fattore che indica che PFOS potrebbe compromettere la respirazione
mitocondriale. La disfunzione 4
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AIM2 puo appunto riconoscere il
DNA mitocondriale dell’ospite se
questo viene rilasciato nel Figura 5. Sopra: quantificazione mediante RT-
compartimento  citosolico. Si & gPCR di mtDNA citosolico dopo trattamento con
dimostrata ’interazione tra DNA PFOS. Sotto: quantificazione di AIM2 legato a
mitocondriale e AIM2 tramite analisi di Lnntgivpig;:r//:siZO:rth;T__?se in cellule dopo
arricchimenti di AIM2 con mtDNA o

DNA genomico. I risultati hanno dimostrato che il PFOS non puo indurre legami
tra AIM2 e DNA genomico, ma solo tra DNA mitocondriale e AIM2.
Specificamente ¢ il DNA mitocondriale non ossidato a legare e attivare AIM2,
mentre quello ossidato (non rilevato a seguito dell’esposizione a PFOS nei
macrofagi) attiva il pathway di NLRP3. Per confermare la relazione tra
I’attivazione di AIM2 e il rilascio del DNA mitocondriale nel citoplasma si sono
generati anche macrofagi derivati da THP-1 con un tasso di perdita dell’'mtDNA
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dell’80%; in questi macrofagi la risposta inflammatoria causata da PFOS ¢
totalmente assente.

Il rilascio del DNA mitocondriale nel citosol avviene in seguito alla perdita di una
proteina con un ruolo chiave nella catena di trasporto degli elettroni, cio¢ il
citocromo c. Le analisi della perdita del citocromo ¢ hanno permesso di scoprire
che PFOS puo probabilmente indurre anche 1’apoptosi nelle cellule deficienti di
AIM?2, tramite un pathway coinvolgente la caspasi-3 ¢ la GSDMDE. Questo
risultato indica che PFOS puo portare le cellule a morte in due modi: tramite la
pirotosi, in un pathway dipendente da AIM2, e tramite 1’apoptosi, in un pathway
dipendente dalla caspasi-3. Nella morte apoptotica gioca inoltre un ruolo
importante la CypD, da cui dipende anche il rilascio di mtDNA.

Un ulteriore meccanismo che facilita il rilascio di DNA mitocondriale ¢
I’oligomerizzazione di BAX/BAK indotta da PFOS. Bak e Bak sono delle
proteine pro-apoptotiche, membri della famiglia delle Bcl2. Partecipano al
pathway MOMP, il processo di permeabilizzazione della membrana esterna
mitocondriale, step fondamentale nell’apoptosi. La loro oligomerizzazione
avviene sulla membrana esterna mitocondriale, creando dei pori che, in questo
caso, fanno sia entrare dei fattori pro-apoptotici all’interno del mitocondrio, sia
permettono il rilascio all’esterno del DNA mitocondriale. I risultati evidenziano
che il PFOS riduce 1 livelli proteici e del’'mRNA della proteina anti-apoptotica
BCL-2 e alza invece quelli di BAX/BAK. Inoltre in macrofagi KO per BAX e
BAK (KO singoli e doppi) si sono viste nette differenze nella produzione di
citochine infiammatorie IL-1B e rilascio di mtDNA: in KO doppi il livello del
mtDNA presente nel citosol e delle citochine IL-1B si abbassa considerevolmente
rispetto che in KO singoli. Bax e Bak possono oligomerizzare sulla membrana
mitocondriale esterna grazie alla fosforilazione della proteina 14-3-3 promossa
dalla chinasi JNK. Il PFOS puo indurre la fosforilazione e quindi I’attivazione di
JNK: si sono trattate le cellule THP-1 con un inibitore di JNK, SP600125, ¢ PFOS
per vedere la funzione di JNK nel pathway di attivazione dell’inflammasoma
AIM2. I risultati dimostrano una soppressione della fosforilazione e attivazione di
JNK, della traslocazione di BAX e un abbassamento dei livelli di IL-1pB, che
portano quindi ad una minore attivazione dell’inflammasoma AIM2. Inoltre si ¢
visto che in seguito a trattamento con PFOS aumenta il rilascio di calcio libero
citosolico che triggera 1’attivazione della chinasi PKC che a sua volta stimola il
pathway JNK. BAX, mediante trattamento con PFOS, ¢ indotto ad interagire
anche con CypD, che induce il rilascio del DNA mitocondriale.
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Figura 6. Livelli di mRNA di BCL-2, BAX e BAK in lisati di cellule trattate con PFOS
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Quindi il PFOS attiva nei macrofagi il pathway BAX/BAK- ¢ BAX/CypD e
induce 1l rilascio di DNA mitocondriale, riconosciuto come DAMP
dall’inflammasoma AIM2, che puo cosi attivarsi.

3.4 PFOS provoca infiammazione a livello tissutale

L’esposizione acuta a PFOS puo provocare danni a livello tissutale, causati
dall’attivazione dell’inflammasoma AIM2.

Per confermare questa ipotesi si sono esposti topi a PFOS 4im2 7, Nlrp3” e WT.
Si puo notare dalle immagini riportate qui sotto che i topi Aim2~/~ presentano dei
danni minori a livello di fegato, polmoni e reni. La secrezione di citochine
indipendenti dall’inflammasoma, come TNF-a e IL-6 rimangono invece inalterate
nelle tre repliche.
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Figura 7. Tessuti colorati con ematossilina-eosina, provenienti da fegato, polmone e rene di topi
WT e iniettati con PFOS.

Per confermare che siano le citochine IL-1B dipendenti dall’inflammasoma AIM2
quelle responsabili del danno a livello tissutale, si sono esposti anche topi /I-16”" a
PFOS. La mancanza di II-1B in questi topi li ha protetti dall’inflammazione
tissutale e dai danni.

Per vedere i compartimenti cellulari coinvolti nell’inflammazione tissutale e i
diversi livelli di inflammazione provocata si sono creati dei topi chimerici 4im2 7
e WT con trapianto di midollo osseo. Alcuni dei risultati dimostrano che topi WT
che hanno ricevuto midollo osseo Aim2”" (KO>WT)hanno comunque maggiori
danni rispetto a topi Aim2”" che hanno ricevuto midollo osseo Aim2”
(KO>KO)(dati non mostrati). Questo evidenzia che AIM2, oltre ad avere un ruolo
fondamentale nelle cellule derivate dal midollo osseo, potrebbe essere presente e
funzionare in altri tipi di cellule, contribuendo al danno e all’inflammazione
tissutale indotti da PFOS.
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3.5 PFOS induce Dattivazione dell’inflammasoma AIM2 aggravando
I’infiammazione asmatica

Report precedenti dimostrano che I’esposizione all’acido perfluoroottansolfonico
¢ associato con esacerbazione di asma allergico sia in modelli animali che in vitro.
Per indurre asma nei topi usati nell’esperimento ¢ stata utilizzata 1’Ovoalbumina:
questo allergene puod indurre infiammazione delle vie respiratorie (con
infiltrazioni di eosinofili), iperreattivita bronchiale, aumento della secrezione di
muco da parte delle cellule caliciformi mucipare.® Utilizzando topi con asma
indotta da OVA, esposti ad un livello costante di PFOS, si ¢ visto che
I’esacerbazione asmatica era parzialmente dipendente dall’attivazione
dell’inflammasoma AIM2. In topi con asma indotta da OVA, il PFOS ha infatti un
effetto aggravante: pud indurre la produzione di cellule infiammatorie e la loro
infiltrazione in tessuti polmonari. Inoltre si sono rilevati, in topi esposti a PFOS
con asma indotta da OV A, i livelli di cellule T helper 2, di citochine 11-4 ¢ IL-1p:
in topi OVA+PFOS 1 livelli sono piu alti rispetto a topi trattati solo OVA. Inoltre i
livelli di IL-4 e IL-1PB si abbassano in topi Aim2”" esposti a PFOS+OVA rispetto
ai topi con fenotipo wild-type (dati non mostrati).

4. Discussione

Gran parte della letteratura scientifica sulla relazione tra sostanze inquinanti e
attivazione del sistema immunitario prodotta fino ad oggi si € concentrata
sull’inflammasoma NLRP3 (NOD-like receptor), mentre questo articolo rivolge
I’attenzione ad un elemento ancora poco studiato, I’inflammasoma AIM2. Come
accennato nel paragrafo 1.1, gli elementi chiave per la comprensione dei
meccanismi immunitari attivati dalle particelle inquinanti sono gli inflammasomi
e da studi precedenti si ¢ rilevato il ruolo che alcuni di questi hanno nel
riconoscimento di segnali di pericolo associati all’esposizione a particelle
“inorganiche™. Questo studio dimostra che I’attivazione di AIM2 & richiesta per
la risposta infiammatoria e il danno tissutale conseguenti all’esposizione da
PFOS, in cui il processo ¢ dipendente dalla disfunzione a livello mitocondriale e
dal rilascio di mtDNA. I risultati suggeriscono un meccanismo di immunita innata
delle cellule dell’ospite in grado di riconoscere gli inquinanti organici ambientali.
Alcuni risultati, come I’attivazione del pathway NF-«kB, sono coerenti con quelli
di studi precedenti, mentre altre scoperte, come la mancata produzione di ROS
nella disfunzione mitocondriale si discostano da altri esperimenti sui PFAS.' E
stata fornita una possibile spiegazione per questa contraddizione: il PFOS
potrebbe essere riconosciuto dai macrofagi e indurre citochine infiammatorie che
agiscono sulle cellule di altri tessuti, portando alla produzione di ROS in queste.

\

E stato dimostrato che il mitocondrio danneggiato rilascia tipi diversi di DAMPs
nel citosol andando a innescare danni a livello cellulare, una risposta immunitaria
innata e quindi morte cellulare. Piu specificamente, ¢ 'mtDNA non ossidato ad
attivare I’inflammasoma AIM2, mentre quello ossidato attiva NLRP3. I risultati di
questo esperimento si sommano ai pochi studi recenti che identificano il DNA
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mitocondriale come possibile attivatore dell’inflammasoma AIM2, mentre studi
precedenti delegavano questa funzione solo al dsSDNA genomico. Come accennato
in 1.2, la caratterizzazione dell’inflammasoma AIM2 non ¢ ancora completa e
necessitano ulteriori studi la sua attivazione e i meccanismi molecolari che lo
vedono coinvolto. Uno degli aspetti positivi di questo studio ¢ 1’aver utilizzato sia
campioni Aim2”" sia campioni Nlrp3”, per vedere le differenze dei pathways
attivati e per escludere che alcune risposte fossero dovute all’attivazione di
NLRP3 e non di AIM2. Entrambi gli inflammasomi hanno infatti un ruolo nella
mediazione della risposta infiammatoria e NLRP3, come esposto
precedentemente, ¢ risultato coinvolto in studi precedenti sul riconoscimento di
inquinanti come 1 particolati PM2.5 e PM10. La bassa concentrazione di mtDNA
ossidato ritrovato nel citosol delle cellule a seguito dell’esposizione al PFOS puo
essere indicativo della non partecipazione di NLRP3 alla risposta inflammatoria a
PFOS, ma non lo esclude in modo definitivo; indica piuttosto una preferenza
nell’attivazione di AIM2 da parte del PFOS. Questo risultato aiuta ad identificare
un possibile bersaglio terapeutico nelle patologie inflammatorie causate da PFOS.

Un ulteriore risultato, perd mancante di conclusioni, ¢ la confermata
partecipazione e mediazione delle proteine pro-apoptotiche Bax e Bak nella
permeabilizzazione della membrana mitocondriale esterna. Questo step ¢
fondamentale nel processo apoptotico della cellula ma non si sa ancora quali siano
1 meccanismi per cui avviene la permeabilizzazione e la disgregazione del
mitocondrio intero. Nella permeabilizzazione della membrana mitocondriale
interna infatti dovrebbe intervenire la proteina che forma il poro di transizione
della permeabilita mitocondriale ma la relazione di questo processo con Bax/Bak
non ¢ stata ancora chiarita.

La figura 8 riassume i meccanismi appena discussi.
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Figura 8. Effetti del PFOS a livello cellulare: infiammazione dipendente dalla produzione di citochine IL-18 e dal pathway
NF-kB e pirotosi dipendente dal pathway BAX/BAK- e BAX/CypD. Sia infammazione sia pirotosi dipendono dall’attivazione
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L’articolo analizzato in questo elaborato prende in considerazione i meccanismi
molecolari innescati dall’esposizione al PFOS, sia in vitro che in vivo. 1 risultati
che ne derivano sono importanti per comprendere meglio i pathways che vengono
attivati da questa sostanza inquinante, pericolosa soprattutto per gli individui
sottoposti ad una continua esposizione, come i lavoratori delle industrie in cui
I’utilizzo del PFOS ¢ necessario. L’analisi e la conoscenza dei meccanismi
coinvolti in seguito all’esposizione delle sostanze inquinanti si fa sempre piu
necessaria e urgente, nel contesto attuale di inquinamento atmosferico e idrico
elevati, sia per prevenire e aumentare 1 livelli di sicurezza per le persone esposte a
questo tipo di sostanze, sia per proseguire nella ricerca di cure e bersagli
terapeutici per gli effetti a cui porta I’esposizione a questi inquinanti.
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Perfluoroalkyl substance pollutants activate the
innate immune system through the AIM?2
inflammasome
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Perfluoroalkyl substances (PFAS) are widely used in various manufacturing processes.
Accumulation of these chemicals has adverse effects on human health, including inflam-
mation in multiple organs, yet how PFAS are sensed by host cells, and how tissue inflam-
mation eventually incurs, is still unclear. Here, we show that the double-stranded DNA
receptor AIM2 is able to recognize perfluorooctane sulfonate (PFOS), a common form of
PFAS, to trigger IL-1p secretion and pyroptosis. Mechanistically, PFOS activates the AIM2
inflammasome in a process involving mitochondrial DNA release through the Ca2+-PKC-NF-
kB/JNK-BAX/BAK axis. Accordingly, Aim2—~ mice have reduced PFOS-induced inflamma-
tion, as well as tissue damage in the lungs, livers, and kidneys in both their basic condition
and in an asthmatic exacerbation model. Our results thus suggest a function of AIM2 in
PFOS-mediated tissue inflammation, and identify AIM2 as a major pattern recognition
receptor in response to the environmental organic pollutants.
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ARTICLE

erfluoroalkyl substances (PFAS) are widely used in indus-

trial manufacturing processes and consumer products due

to their joint hydrophobic and oleophobic properties!?2.
These compounds are detected in many routinely used items
during our daily life, such as coats, papers, food contact materials,
cleansers, paints, etc. PEAS are hard to be degraded under natural
environmental conditions and can also be detected in the envir-
onment, plants, and wildlife23. Human populations are exposed
to PFAS via ingestion of drinking water and food, inhalation of
air and dust, and contact with contaminated media?#. Emerging
evidence has suggested an accumulation of PFAS in the human
body is associated with adverse health effects, including immune-
related health conditions (like allergic diseases, infection, and
vaccine response), metabolic dysregulation (like nonalcoholic
fatty liver disease, chronic kidney diseases), and neurodevelop-
mental delays>®. Animal and in vitro cell experiments also
demonstrate that PFAS have immunotoxic and oxidative effects
on cells and tissues, leading to severe inflammation in multiple
organs (like liver, kidney, lung, and nervous system)!0-1>, Among
the various PFAS, perfluorooctane sulfonate (PFOS; CgF;,S057)
is the most common type studied in relation to human health and
was added to the Stockholm Convention’s list of globally
restricted Persistent Organic Pollutants in 2009 under United
Nation Environment Programme.

Several studies have indicated that oxidative and inflammatory
responses are involved in PFOS-induced cell injury and tissue
damage. PFOS induces oxidative stress via inhibiting antioxidant
factors (such as superoxide dismutase, lysozyme) or promoting
reactive oxygen species in hepatocytes or endothelial cells,
leading to cell death!!:13:1416.17 T addition, PFOS enhances the
expression of proinflammatory cytokines (IL-1B, TNF-qa, and IL-
6) in macrophages!®1°. However, most experimental results
about PFOS are based on descriptive studies and the mechanisms
underlying PFOS-induced tissue inflaimmation remain poorly
understood. One critical question is how PFOS is recognized in
the cells and triggers cellular inflammatory responses.

Pattern recognition receptors (PRRs) are a broad family of
proteins expressed by various cells of the innate immune system,
recognizing conserved molecular moieties commonly associated
with pathogens and environmental factors. PRRs recognize spe-
cific molecular patterns (e.g., protein, RNA, and DNA) of
microorganisms, referred to as pathogen-associated molecular
patterns (PAMPs), activating a series of innate immune pathways.
Unlike PAMPs from microbes, the environmental toxins or
pollutants are usually not recognized directly by PRRs, but they
may induce danger signals released from injury cells, typically
known as danger-associated molecular patterns (DAMPs); con-
sequently, PRRs can sense DAMPs and trigger proinflammatory
responses. Nucleotide-binding and oligomerization domain
(NOD)-like receptors (NLRs), including NODI1, NOD2, and
NLRP3, belongs to major intracellular PRR families which reg-
ulate inflammatory responses. Previous reports have shown
that silica crystals could induce lysosomal disruption, which
then activates NLRP3 inflammasome, and leads to lung
inflammation?%2!. Other studies also showed that NLRP3
inflammasome can be activated by other environmental pollu-
tants, such as particulate matters (PM2.5, PM10), carbon black
nanoparticles, and nickel??-26. However, the host sensing
mechanisms for most environmental factors are still largely
unknown.

Given the facts that the inflammasome is a key sensor for
environmental factors, and PFOS can promote IL-1f production
in macrophages, we hypothesize that inflammasome may
potentially recognize PFOS or PFOS-induced DAMPs and then
result in inflammatory cytokines release, leading to tissue damage.

Here we show that PFOS can induce AIM2 inflammasome-
dependent IL-1f production and pyroptosis in macrophages, and
this process is mediated by PFOS-induced mitochondrial DNA
(mtDNA) release. Moreover, Aim2-deficient (Aim2~/~) mice are
protected from PFOS-induced tissue inflammation and exacer-
bation. Interestingly, we observe that PFOS-mediated inflamma-
tory response is independent of NLRP3 inflammasome, based
on the results from NLRP3 knockout cell lines and Nirp3—/~
mice. Collectively, our results suggest a link between environ-
mental organic pollutants (e.g., PFOS), intracellular danger sig-
nals (mtDNA) and sensor (AIM2 inflammasome) to the host
effect (cellular inflammation and tissue damage), which is the
essential mechanism triggering the PFOS-associated inflamma-
tory diseases.

Results

PFOS induces inflammasome activation. To investigate the
potential effects of PFOS in tissue inflammation in vivo, wild type
(WT) C57BL/6] mice were i.p. injected with different doses of
PFOS (i.e., acute exposure, 5, 15, or 25 mg/kg body weight per day
for 5 days; chronic exposure, 0.066 mg/kg body weight per day for
30 days), which was modified by the reported methods?’~2°.
Compared to control group, increased inflammatory cell infil-
tration and tissue damage were observed in the liver, lung, and
kidney of PFOS-treated mice (Supplementary Figs. 1a and 2a).
The proinflammatory cytokines IL-1B, TNF-a, and IL-6 were
significantly increased in the serum, peritoneal fluids, liver, lung,
and kidney in the PFOS-treated mice, compared to those in
control mice (Supplementary Figs. 1b-d and 2b-d). These results
demonstrate that both the acute and chronic PFOS exposure
induce inflammatory cytokine production and tissue injury
in vivo, which are in line with the previous findings! 1,121,

To gain insight into the mechanisms of inflammation induced
by PFOS stimulation, we treated bone marrow-derived macro-
phages (BMDMs) with PFOS. PFOS could significantly induce
the expression and secretion of IL-1B and cell death in a
concentration- or time-dependent manner (Fig. la and Supple-
mentary Fig. 3a). It also induced the mRNA levels and the release
of TNF-a and IL-6 (Supplementary Fig. 4a, b), indicating that
PFOS could induce the activation of NF-kB signaling pathway,
which is consistent with the previous report!®. Next, we
investigated the mechanism of underlying PFOS-induced NF-
kB signaling activation. In BMDMs, PFOS exposure triggered the
phosphorylation of NF-kB p65 subunit and the degradation of
NF-«B inhibitor alpha (IkBa) (Supplementary Fig. 4c). The
increased Ca2t in cytosolic compartment ([Ca?T]c) is essential
for downstream calcium-dependent signaling pathway activation
(such as protein kinase C), to mediate NF-kB signaling activation.
Since Ca?* signaling can be triggered by the release of Ca?* from
intracellular endoplasmic reticulum (ER) storage30-34, we ana-
lyzed the effect of PFOS on [Ca?*]c and found that [Ca?t]c and
the protein level of ER stress monitor Bip were significantly
increased in PFOS-treated BMDMSs (Supplementary Fig. 4d). To
further determine the involvement of [Ca2*]c and protein kinase
C (PKC) in PFOS-triggered NF-kB signaling activation, we
pretreated BMDMs with Ca?* chelator (BAPTA-AM) or PKC
inhibitor chelerythrine chloride (Ch-chloride) before PFOS
treatment, and found that phosphorylation of p65, the degrada-
tion of IkBa and proinflammatory cytokines (IL-1p, TNF-a, and
IL-6) were evidently inhibited in the presence of Ca?* chelator or
PKC inhibitor (Supplementary Fig. 4e-g). Collectively, our results
showed that Ca2T-PKC-dependent pathway is critical for PFOS-
mediated NF-kB signaling activation, which led to the transcrip-
tion and production of pro-IL-1B, TNF-a, and IL-6.
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Fig. 1 PFOS triggers caspase-1 activation and IL-1$ secretion in macrophages. a, b Bone marrow-derived macrophages (BMDMs) were treated with
PFOS in indicated dose points for 6 h, cell lysates were collected to determine mRNA levels of IL-18, and cell supernatants were collected to measure IL-13
secretion and cell death (a). Immunoblot analysis of of caspase-1 activation and IL-1p maturation in the supernatants, and ASC oligomerization, pro-
caspase-1, pro-IL-1p, and GSDMD cleavage in the lysates of PFOS-treated BMDMs (b). ¢, d PMA-differentiated THP-1 cells (THP-1-derived macrophages)
were stimulated with PFOS as indicated for 6 h. Cell lysates were harvested to analyze mRNA levels of IL-18, and cell supernatants were collected to
determine IL-18 and IL-18 production, and cell death (€). Immunoblot analysis of caspase-1 activation and IL-1p maturation in the supernatants, and ASC
oligomerization, pro-caspase-1, pro-IL-18, and GSDMD cleavage in the lysates of PFOS-treated THP-1-derived macrophages (d). e Knockout (KO) efficiency
of CASPASE-1 (CAST) KO and ASC KO THP-1-derived macrophages were evaluated by immunoblot. f, g IL-1p secretion from wild type (WT), two clones of
CAST KO (KO#1: black plots, KO#2: gray plots) (f) or ASC KO (KO#1: red plots; KO#2: orange plots) (g) THP-1-derived macrophages was determined by
ELISA. The cells were treated with PFOS (150 uM, 6 h) or poly (dA:dT) (2 pg/ml, 6 h) or pre-treated with LPS (200 ng/ml, 3 h) followed by ATP (5 mM,
6h).Ina, ¢, fand g, all error bars, mean values £ SEM, P-values were determined by unpaired two-tailed Student’s t test of n= 3 independent biological
experiments. For b, d and e, similar results are obtained for three independent biological experiments. Source data are provided as a Source data file.

Since the inflammasome activation requires two signals
(priming signals for upregulating the transcriptional mRNA level
of IL-1B and secondary signals to activate caspase-1 for IL-1p
procession) for the maturation and secretion of IL-1P, we sought
to determine the ability of PFOS to elicit inflammasome

activation. Immunoblot analysis showed that PFOS could induce
ASC oligomerization, caspase-1 activation, GSDMD cleavage, and
IL-1p maturation in a concentration-dependent manner in
BMDMs (Fig. 1b), indicating that PFOS triggers inflammasome
activation to induce IL-1f secretion and pyroptosis in BMDMs.
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Next, we sought to determine whether the similar effects
existed in PFOS-treated human macrophages. We treated THP-1-
derived macrophages with PFOS and confirmed that PFOS could
also increase the mRNA level of IL-1f, protein secretion of IL-1p,
and cell death of THP-1-derived macrophages in a concentration-
or time-dependent manner (Fig. 1c and Supplementary Fig. 3b),
as well as the expression and release of TNF-a and IL-6
(Supplementary Fig. 5a, b). Consistent with the observations in
BMDMs, Ca2T-PKC-dependent pathway was also responsible for
PFOS-induced NF-«kB signaling activation in THP-1-derived
macrophages (Supplementary Fig. 5c-g). The serum level of
PFOS in most human subjects ranges from 0.2 to 99.7 ng/ml3>-30,
and this translates to about 200nM concentration (PFOS’s
molecular mass is 538.22); then we treated THP-1-derived
macrophages with 10-200 nM of PFOS, and found that lower
concentrations of PFOS could also trigger the proinflammatory
cytokines production and cell death in macrophages (Supple-
mentary Fig. 6a, b). In line with that, PFOS-treated THP-1-
derived macrophages also elicited inflammasome activation via
triggering ASC oligomerization, cleavage of caspase-1, GSDMD,
and maturation of IL-1f (Fig. 1d). This result was further
confirmed in CASPASE-1 knockout (CASI KO) THP-1-derived
macrophages (Fig. le), indicating that caspase-1 is involved in
PFOS-induced secretion of IL-1p (Fig. 1f). Furthermore, PFOS-
induced IL-1p secretion was completely abolished in ASC KO
THP-1-derived macrophages (Fig. le, g). These findings suggest
that PFOS-induced inflammasome activation depends on both
caspase-1 and ASC. Hence, our results indicate that both human
and mouse macrophages engage in inflammasome activation and
pyroptosis in response to PFOS exposure.

PFOS specifically activates AIM2 inflammasome. We next
sought to explore what kind of inflammasome was involved in the
PFOS-induced production. NLRP3 and AIM2 are known to play
critical roles in inflammasome activation upon a variety of cel-
lular infection or stress. We observed that inhibition of NLRP3
with MCC950 only inhibited IL-1B secretion in response to the
classical NLRP3 agonist ATP, but not the classical AIM2 agonist
poly(dA:dT) or PFOS (Supplementary Fig. 7a). Consistent with
this result, we found that the inflammasome activation induced
by NLRP3 agonist ATP was completely abolished in NLRP3 KO
THP-1-derived macrophages (Fig. 2a, b). However, PFOS- or
AIM2 agonist poly(dA:dT)-induced IL-1( secretion, caspase-1
activation, and IL-1p maturation were not affected in NLRP3 KO
THP-1-derived macrophages (Fig. 2a, b), suggesting that NLRP3
is not involved in PFOS-induced inflammasome activation. In
contrast, in AIM2 KO THP-1-derived macrophages, PFOS-
induced IL-1B secretion, caspase-1 activation, and IL-1p
maturation were completely abrogated (Fig. 2¢, d). Similarly, we
found that BMDMs from Aim2~/~ mice but not Nlrp3—/— mice
failed to induce caspase-1 activation, IL-1p maturation, and
secretion after PFOS treatment (Fig. 2e, f). In addition, we
determined the functions of other inflammasomes under PFOS
stimulation by knocking down NLRPI or NLRC4 in the THP-1-
derived macrophages, and the results showed that PFOS-induced-
IL-1B production was not dependent on NLRP1 or NLRC4 in
THP-1-derived macrophages (Supplementary Fig. 7b, c). Fur-
thermore, we observed that the PFOS-induced cell death was
decreased in AIM2 inflammasome components deficient THP-1-
derived macrophages and Aim2~/~ BMDMs, indicating that
AIM2 inflammasome activation contributes to PFOS-triggered
cell death (Supplementary Fig. 8a-d). In line with that, PFOS-
induced IL-1P production and cell death were apparently atte-
nuated in AIM2 KO THP-1-derived macrophages treated with
low concentration (200nM), suggesting that AIM2 plays an

important role in PFOS-induced chronic inflammasome activa-
tion (Supplementary Fig. 8e, f). Collectively, the above results
indicate that AIM2 acts as a critical sensor for PFOS in inflam-
masome activation.

PFOS induces cytosolic mitochondrial DNA accumulation.
AIM2 is a well-studied pattern recognition receptor that mainly
senses DNA to induce inflammation37-38. Thus, we hypothesized
that PFOS treatment might induce the release of host DNA into
the cytoplasm as the secondary messenger to activate AIM2
inflammasome. We treated THP-1-derived macrophages with
PFOS in a concentration-dependent manner and then extracted
cytosolic DNA. We found that PFOS treatment induced the
cytosolic mitochondrial DNA (mtDNA) accumulation (Fig. 3a).
To further confirm this observation, we pulled down AIM2
protein and assessed relative enrichment of mtDNA versus
genomic DNA (gDNA) after PFOS treatment. Our data showed
that PFOS could not enhance the interaction between gDNA
fragments and AIM2 (Fig. 3b), while mtDNA fragments had
significantly increased interaction with AIM2 rather than NLRP3
after PFOS treatment (Fig. 3c and Supplementary Fig. 9a). NLRP3
activators (e.g., ATP, NIG) caused the release of oxidized
mtDNA into the cytosol to interact with and activate NLRP3
inflammasome®>4%, so we assumed that non-oxidized mtDNA
preferentially induces AIM2 inflammasome activation and
oxidized-mtDNA preferentially activates NLRP3 inflammasome.
We synthesized a 90-base-pair (bp) DNA fragment encompassing
the D-loop region of mouse mtDNA with or without oxidation
(8-OH-dGTP) to confirm this speculation. Normal mtDNA
(non-oxidized mtDNA) and mtDNA containing 8-OH-dGTP
(oxidized mtDNA) were transfected into BMDMs, and non-
oxidized mtDNA-induced-IL-1f production was significantly
decreased in Aim2~/~ BMDMs, but not in Nlrp3~/~ BMDMs
(Supplementary Fig. 9b). Furthermore, oxidized mtDNA
could still induce IL-1p release in Aim2~/~ BMDMs rather than
NIrp3~/= BMDMs (Supplementary Fig. 9b). Hence, our results
indicate that non-oxidized mtDNA induces inflammasome acti-
vation via preferential activation of AIM2, but not NLRP3. Taken
together, these data suggest that PFOS induces the release of non-
oxidized mtDNA into the cytosolic compartment to interact with
AIM2 and activate AIM2 inflammasome.

To investigate the relationships between cytosolic mtDNA
accumulation and inflammasome activation, we challenged THP-
1-derived macrophages and BMDMs with ethidium bromide
(EtBr) to generate p¥ cells with depletion of mtDNA%*l. We
cultured THP-1-derived macrophages or BMDMs for 7 days in
the presence of EtBr and generated the cells with ~80% loss of
mtDNA (Fig. 3d). We found that the pO-THP-1-derived
macrophages or pO-BMDM s displayed nearly completed elimina-
tion of the response to PFOS-induced inflammasome activation
(Fig. 3e-h). These data indicate that PFOS treatment results in
mitochondrial DNA accumulation in the cytosolic compartment
and subsequent AIM2 inflammasome activation.

Contribution of cyclophilin D in PFOS-induced mtDNA
release. Mitochondrion, an organelle of oxidative metabolism
machinery, comprises a connected network containing multiple
copies of mtDNA that highly compacted with the mitochondrial
matrix. Recent studies have been shown that mitochondrial
dysfunction can result in mtDNA release into the cytosol243. In
addition, previous reports showed that PFOS induced toxic effects
toward cardiomyocytes and hepatocytes, and caused hepatic
damage through mitochondria-dependent pathway!®-19. There-
fore, we investigated whether PFOS caused mitochondrial dys-
function in macrophages. Firstly, we measured the mitochondrial
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Fig. 2 PFOS specifically activates AIM2 inflammasome. a-d Wild type (WT) or indicated NLRP3 knockout (KO#1: deep red plots; KO#2: light red plots) THP-1-
derived macrophages (a, b) or AIM2 KO (KO#1: deep blue plots; KO#2: light blue plots) THP-1-derived macrophages (¢, d) were treated with PFOS (150 pM, 6 h),
poly (dA:dT) (2 pg/ml, 6 h) or pre-treated with LPS (200 ng/ml, 3 h) before ATP (5 mM, 6 h). IL-1p release was measured in the supernatants by ELISA (a, ). Cell
lysates and supernatants were harvested for immunoblot (b, d). e, f WT, Nirp3—~~ (red plots) or Aim2~~ (blue plots) Bone marrow-derived macrophages
(BMDMs) were treated with indicated stimulations, and supernatants were collected to determine IL-1p production by ELISA (e), cell extracts and supernatants were
collected for immunoblot (). In a, ¢ and e, all error bars, mean values + SEM, P-values were determined by unpaired two-tailed Student's t test of n = 3 independent
biological experiments. For b, d and f, similar results are obtained for three independent biological experiments. Source data are provided as a Source data file.

ROS production using MitoSOX fluorescence by flow cytometry.
Surprisingly, while LPS plus ATP treatment heightened mtROS as
expected**, mtROS production showed upregulated trend with no
statistically significant in PFOS-treated THP-1-derived macro-
phages and BMDMs (Supplementary Fig. 10a, b). In agreement

with this striking result, treatment of cells with Mito-TEMPO, a
specific scavenger for mtROS, didn’t affect IL-1p maturation and
IL-1p secretion in both THP-1-derived macrophages and
BMDMs in response to PFOS, but impaired ATP-induced NLRP3
inflammasome activation (Supplementary Fig. 10c-f). Thus, we
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Fig. 3 PFOS-induced mtDNA accumulation triggers AIM2 inflammasome activation. a mtDNA amount from cytosolic extracts derived from THP-1-
derived macrophages stimulated with PFOS was detected by gRT-PCR. b, ¢ Relative enrichment of DNA in AIM2-pulldown material from Mock or PFOS
(150 pM, 6 h) condition. gRT-PCR for three sets of primers that amplify fragments from different regions of the human genomic gDNA (b) or mtDNA (c).
d mtDNA amount of total DNA extractions from THP-1-derived macrophages or bone marrow-derived macrophages (BMDMs) treated for 7 days without
or with ethidium bromide (EtBr). e-h ELISA analysis of IL-1 secretion from supernatants of THP-1-derived macrophages (e, red plots) or BMDMs (f, blue
plots) depleted of mtDNA and stimulated with PFOS (150 pM, 6 h), poly (dA:dT) (2 pg/ml, 6 h) or pre-treated with LPS (200 ng/ml, 3 h) followed by ATP
(5mM, 6 h). The cleavage of caspase-1 (p10) and the maturation of IL-18 (p17) in the cell supernatants or pro-Caspl and pro-IL-1f in the cell lysates of
THP-1-derived macrophages (g) or Bone marrow-derived macrophages (BMDMs) (h) depleted of mtDNA were determined by immunoblot. In a-f, all error
bars, mean values = SEM, P-values were determined by unpaired two-tailed Student's t test of n =3 independent biological experiments. For g and h,
similar results are obtained for three independent biological experiments. Source data are provided as a Source data file.

speculated that PFOS-induced AIM2 inflammasome activation
was independent on mitochondrial ROS production. We further
assessed the functional mitochondrial respiration in THP-1-
derived macrophages and BMDMs using Mitotracker deep red
staining by flow cytometry. Mitotracker deep red staining was
significantly decreased in both THP-1-derived macrophages and
BMDMs after PFOS treatment, indicating that PFOS impairs
mitochondrial respiration (Supplementary Fig. 11a and Fig. 4a).

Mitochondrial dysfunction is generally linked with alterations
in the ion potential of the inner membrane3. Therefore, we
examined whether PFOS changed mitochondrial membrane
potential with tetramethylrhodamine methyl ester (TMRM)

staining. PFOS stimulation led to diminishing TMRM staining
in macrophages, indicating that PFOS could induce mitochon-
drial dysfunction (Supplementary Fig. 11b and Fig. 4b).

Cytochrome ¢ (Cyt ¢), a protein normally resided in the
mitochondrial intermembrane space, participates in the mito-
chondrial electron-transport chain®®. It has been reported that
Cyt c loss preceded mtDNA release0. Here we found that
mitochondrial Cyt ¢ was released into the cytosol in both PFOS-
treated THP-1-derived macrophages and BMDMs (Supplemen-
tary Fig. 11c and Fig. 4c).

Cyt ¢ could release from mitochondria into the cytosolic
compartment during apoptosis 4743, and we found that PFOS still
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induced obvious cell death in AIM2 inflammasome components
deficient cells (Supplementary Fig. 8), suggesting that PFOS
triggers both pyroptosis and other types of cell death, including
apoptosis. Hence, to determine whether PFOS could induce
apoptosis, we detected the protein levels of cleaved caspase-3 and
PARP in macrophages. PFOS treatment could apparently

enhance caspase-3 and PARP cleavage in both THP-1-derived
macrophages and BMDMs (Supplementary Fig. 11d and Fig. 4c).
We further assayed the PFOS-induced apoptosis with Annexin V/
7AAD staining by flow cytometry analysis, and observed that
PFOS could trigger evident apoptosis in a dose-dependent
manner (Supplementary Fig. 11e). These data indicate that PFOS
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Fig. 4 PFOS induces mitochondrial dysfunction and apoptosis in macrophages. a, b Bone marrow-derived macrophages (BMDMs) were treated with
PFOS (150 uM, 6 h), then the cells were stained with Mitotracker deep red (a) or tetramethylrhodamine methyl ester (TMRM) (b) to detect the
mitochondrial respiration and membrane potential by flow cytometry, respectively. € Immunoblot analysis of Cytochrome c release and apoptosis in
BMDMs as indicated treatment. d, e THP-1-derived macrophages were treated with DMSO or cyclosporine A (50 pM, red plots) for 1h followed by PFOS
(150 pM, 6 h), poly (dA:dT) (2 pg/ml, 6 h) treatment or pre-treated with LPS (200 ng/ml, 3 h) followed ATP (5 mM, 6 h) treatment. IL-1B secretion in the
supernatants of the indicated THP-1-derived macrophages were determined by ELISA (d). The caspase-1 activation (p10) and IL-18 maturation (p17) in the
cell supernatants or pro-caspase-1 and pro-IL-18 in the cell lysates were detected by immunoblot (e). f Inmunoblot analysis of the supernatants and cell
extracts of BMDMSs pre-treated with DMSO or cyclosporine A (50 pM) for 1h. BMDMs were then treated with PFOS (150 uM, 6 h), poly (dA:dT) (2 pg/ml,
6 h) or pre-treated with LPS (200 ng/ml, 3 h) followed ATP (5 mM, 6 h) treatment. g, h Wild type (WT, black plots), CYPD knockout (KO#1: red plots;
KO#2: blue plots) THP-1-derived macrophages were treated with PFOS (150 pM) for 6 h. Relative enrichment of mtDNA in AIM2-pulldown material were
determined (g). IL-1B production in the supernatants were measured by ELISA (g). The maturation of IL-1 in the supernatants or pro- IL-1p and CypD in
lysates were detected by immunoblot (h). i, j Immunoblot analysis of Cytochrome ¢ from cytosolic extracts and mitochondria from indicated cells pre-
treated with DMSO or cyclosporine A (50 pM) for 1h, followed with PFOS treatment (150 pM, 6 h) (i). Relative enrichment of mtDNA in AIM2-pulldown
material from the THP-1-derived macrophages (WT, black plots; CYPD KO#2: blue plots) were checked (j). In a, b, d, g and j, all error bars, mean values £
SEM, P-values were determined by unpaired two-tailed Student'’s t test of n =3 independent biological experiments. For ¢, e, f, h and i, similar results are

obtained for three independent biological experiments. Source data are provided as a Source data file.

treatment induces apoptosis. Since GSDME could be cleaved and
activated by caspase-349->1, we next sought to determine the
participation of GSDME in the PFOS-induced AIM2-indepen-
dent cell death by knocking down GSDME in the AIM2 KO THP-
1-derived macrophages (Supplementary Fig. 11f). However, we
did not observe remarkable change of cell death between GSDME
KD cells and control cells upon PFOS treatment (Supplementary
Fig. 11g), suggesting that caspase-3-mediated cleavage of
GSDME did not play a major role in the PFOS-induced AIM2-
independent cell death. Hence, we speculated that other caspase-3
substrates than GSDME may be involved in AIM2-independent
cell death. To confirm this hypothesis, we knocked down
CASPASE-3 in AIM2 KO THP-1-derived macrophages (Supple-
mentary Fig. 11f), and found that the decrease of AIM2-
independent cell death by CASPASE-3 knockdown appeared
more pronounced than that by GSDME knockdown (Supple-
mentary Fig. 11g). Together these results indicate that PFOS
induces caspase-3-mediated cell death and AIM2-dependent
pyroptosis.

Given the observation that PFOS induces apoptosis and
mitochondrial Cyt c loss, we next sought to determine the
mechanism of PFOS-induced mtDNA release during apoptosis.
Firstly, treatment of THP-1-derived macrophages and BMDMs
with cyclosporine A (CsA) (a ligand of cyclophilin D (CypD), a
critical component of the mitochondrial permeability transition
pore) apparently inhibited PFOS-induced caspase-1 activation
and IL-1B maturation/secretion (Fig. 4d-f). Secondly, CYPD KO
THP-1-derived macrophages showed partly but significantly
decreased mtDNA release, IL-1B in response to PFOS treatment,
indicating that CypD is involved in PFOS-induced mtDNA
release (Fig. 4g, h). Furthermore, CsA could also impair the
PFOS-induced release of Cyt ¢ and mtDNA in the CYPD KO
macrophages (Fig. 4i, j), suggesting that in addition to its effect on
CypD, CsA might also suppress PFOS-induced Cyt ¢ and mtDNA
release via additional mechanism>2->4,

PFOS-triggered BAX/BAK activation facilitates mtDNA accu-
mulation. We next determined whether PFOS-induced mtDNA
releases through mitochondrial outer membrane permeabilization
(MOMP) pathway. Previous studies showed that BAX and BAK
oligomerization on the mitochondrial outer membrane can cause
MOMP during apoptosis*®>°. Therefore, we investigated whether
PFOS could induce BAX and BAK form oligomers. We found
that PFOS exposure reduced the mRNA and protein level of anti-
apoptotic protein BCL-2, and enhanced the expression of pro-
apoptotic proteins BAX/BAK, to induce BAX/BAK oligomeriza-
tion in THP-1-derived macrophages (Fig. 5a-c). Several studies

showed that BAX/BAK oligomerization form macropores on the
mitochondrial outer membrane that contributes to mtDNA
release into cytosol®>>. Hence, to further assess the contribution
of BAX and BAK in PFOS-induced mtDNA release, we generated
BAX/BAK single and double knockout cells (Fig. 5d). The cell
death, mtDNA release, and IL-1f production/maturation were
significantly decreased by knockout of either BAX or BAK, sug-
gesting that both BAX and BAK contributed to the MOMP
(Fig. 5e-h). Moreover, the single BAX and BAK deficiency
showed more mtDNA release, cell death and IL-1B secretion/
maturation than BAX/BAK double knockout, suggesting that
BAX/BAK play important roles in PFOS-induced inflammasome
activation (Fig. 5e-h). Herein, we sought to investigate the
underlying mechanism of PFOS-induced BAX activation. It was
reported that the activated JNK can promote BAX translocation
to mitochondrial through phosphorylation of 14-3-3 proteins®.
We found that PFOS induced the phosphorylation and activation
of JNK, then leading to BAX translocation (Supplementary
Fig. 12a). The JNK inhibitor SP600125 could suppress the
phosphorylation and activation of the JNK, BAX translocation,
and finally leading to the decrease of IL-1p release under PFOS
stimulation (Supplementary Fig. 12a-b). The increase of cytosolic
free Ca2™ triggers the activation of PKC, leading to the activation
of JNK signaling30-32. We further explored the involvement of
CaZ™ and PKC in PFOS-induced JNK activation, and found that
the phosphorylation of JNK was evidently inhibited in presence of
Ca2* chelator or PKC inhibitor under PFOS treatment (Supple-
mentary Fig. 12c). Therefore, these findings indicate that PFOS
exposure could induce Ca?t-PKC-JNK-BAX activation path-
way. In addition, it has been reported that the BAX which
translocates toward mitochondria, can interact with CypD>7->%,
and we found that PFOS exposure could trigger the interaction
between BAX and CypD (Supplementary Fig. 12d). Taken toge-
ther, our data illustrate that BAX/BAK- and BAX/CypD-medi-
ated pathway contributes to PFOS-triggered the mtDNA release,
resulting in AIM2 inflammasome activation.

PFOS-induced tissue inflammation is dependent on AIM2
inflammasome activation. As shown in Supplementary Figs. 1
and 2, PFOS induced severe inflammation in multiple organs.
Thus, we sought to explore whether the AIM2 inflammasome was
involved in PFOS-induced tissue inflammation in vivo. We found
that Aim2~/~ mice had reduced liver, lung, and kidney inflam-
mation and damage compared to WT mice and Nirp3—/~ mice by
histological analysis (Fig. 6a). Consistent with the observations in
Aim2~'= BMDMs, IL-1B secretion from the serums, peritoneal
fluids, livers, lungs, and kidneys following PFOS challenge was
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Fig. 5 PFOS-induced BAX/BAK oligomerization contributes to mtDNA release. a THP-1-deirived macrophages were treated with PFOS as indicated for 6
h, cell lysates were collected to detect the mRNA levels of BCL-2, BAX, and BAK. b Immunoblot analysis of mitochondrial apoptosis pathway and BAX
translocation in THP-1-derived macrophages treated as indicated. ¢ Cell lysates and crosslinked pellets from THP-1-derived macrophages treated as
indicated were analyzed by immunoblotting for BAX/BAK oligomerization. d-h Wild type (WT, black plots), BAX knockout (KO#1: red plots; KO#2: blue
plots), BAK KO (KO#1: yellow plots; KO#2: purple plots) and BAX/BAK double KO (KO#1: gray plots; KO#2: white plots) THP-1-derived macrophages were
generated (d). The indicated cells were treated with PFOS (150 pM) for 6 h. The cell death was determined by detecting the LDH release in the
supernatants (e). Relative enrichment of mtDNA in AIM2-pulldown material was determined (f). IL-1B production in the supernatants was measured by
ELISA (g). The maturation of IL-1B in the supernatants and pro-IL-1f in lysates were detected by immunoblot (h). In a and e-g, all error bars, mean values +
SEM, P-values were determined by unpaired two-tailed Student's t test of n =3 independent biological experiments. For b, ¢, d and h, similar results are
obtained for three independent biological experiments. Source data are provided as a Source data file.

remarkably reduced in Aim2—/~ mice when compared to WT
mice or Nlrp3~/~ mice (Fig. 6b). However, compared with WT
mice, the production of inflammasome-independent cytokine
TNE-a and IL-6 were not altered in Aim2~/~ mice (Fig. 6¢, d). To
further confirm whether AIM2-dependent IL-1p is responsible
for the PFOS-induced tissue inflammation, the II-13~/~ mice

were i.p. injected with PFOS. Consistently, the II-1f deficiency
protected the mice from tissue inflammation and damage under
PFOS treatment (Supplementary Fig. 13a). In addition, to
determine the cells compartment responsible for PFOS-triggered
tissue inflammation, we next generated WT mice and Aim2—/~
chimeric mice with adoptive bone marrow transplantation.
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Among bone marrow recipients that were treated with PFOS, WT
mice and Aim2~/~ mice receiving WT mice bone marrow
(referred to as WT >WT and WT > KO) showed similar tissue
damage (Supplementary Fig. 13b). WT mice receiving Aim2 KO
bone marrow (referred to as KO>WT) had reduced liver,
lung, and kidney inflammation and damage, compared to the

10

Mock PFOS

Mock PFOS

Mock PFOS

WT >WT group by histological analysis (Supplementary
Fig. 13b). In addition, Aim2 KO mice receiving Aim2 KO bone
marrow (referred to as KO >KO) had reduced liver, lung and
kidney inflammation and damage, compared to the WT >KO
group by histological analysis (Supplementary Fig. 13b). Inter-
estingly, we found that the KO > WT group still had more severe
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Fig. 6 The effects of AIM2 inflammasome on PFOS-induced inflammatory responses in vivo. a-d Wild type (WT), Nirp3~/~ (red plots) or Aim2~7/~
(blue plots) mice (female, 6 weeks old) were i.p. with PBS containing 2% Tween-80 (Mock, n=5) or PFOS (dissolved in PBS containing 2% Tween-80, n
=5). In order to better show the protective role of inflammasome component deficiency in the presence of PFOS exposure, the dose of PFOS in this model
we used was 25 mg/kg body weight per day. At 5 days post-treatment, liver tissue, lung tissue, and kidney tissue of these mice were stained with
hematoxylin-eosin (H&E) and assayed using a light microscope with x200 magnification. Scale bar, 100 pm. The tissue (liver, lung, and kidney) injury score
was determined and averaged in 5 randomly selected nonoverlapping fields from respective individual mouse tissue sections. All histology analyses were
conducted in a blinded manner (a). At 5 days post-treatment, the serum and peritoneal fluids were collected to determine the level of IL-18 (b), TNF-a (),
and IL-6 (d) by ELISA. The liver, lung, and kidney of treated mice were isolated and cultured for 24 h, and the secretion of IL-1p (b), TNF-a (c), and IL-6 (d)
in the supernatants were detected by ELISA. In b-d, all error bars, mean values + SD, P-values were determined by unpaired two-tailed Student's t test (n =
5 independent biological mice per group). Source data are provided as a Source data file.

symptoms of tissue inflammation than KO > KO (Supplementary
Fig. 13b), indicating that despite its major role in the bone
marrow-derived cells, AIM2 might also function in other cell
types, which contributes to the subordinate PFOS-induced tissue
inflammation and damage. Collectively, these observations
highlight a vital role for AIM2 inflammasome activation in the
development of PFOS-induced tissue inflammation and damage.

PFOS induces AIM2 inflammasome activation to aggravate
asthmatic inflammation. Exposure of PFOS is associated with
risk of asthma prevalence”-60:01; both animal model and in vitro
cell model have indicated PFOS is involved in exacerbation of
allergic asthmal®2, Herein, we further investigated if AIM2
inflammasome could mediate the PFOS-induced asthmatic
exacerbation. We established an OVA-induced asthmatic mice
model with continued exposure to PFOS to evaluate the addi-
tional effect of PFOS in asthma (Fig. 7a). As shown in WT mice,
PFOS administration could promote the inflammatory cell infil-
tration and PAS-positive goblet cells in mice treated with PFOS
+ OVA as compared to OVA alone challenged mice (Fig. 7b, ¢).
In Aim2~/~ mice, the inflammatory patterns under PFOS + OVA
treatment were markedly milder (showing a reduction of
inflammatory cells and mucus production) than those from WT
mice (Fig. 7b, ¢). In addition, PFOS further enhanced secretion of
T helper cell 2 (Th2)-produced cytokine IL-4 and proin-
flammatory cytokine IL-1 in bronchoalveolar lavage fluid
(BALF) and serum from asthmatic mice compared to OVA-only
group; while the IL-4 and IL-1f levels were decreased in Aim2~/~
mice exposed to PFOS + OVA compared with their WT phe-
notypes (Fig. 7d-f). Collectively, these observations indicated that
PFOS-induced asthmatic exacerbation was also partially depen-
dent on AIM2 inflammasome activation.

Discussion

A growing number of pathogen-associated molecules and host-
derived molecules that alert the immune system to cause cell
injury have been identified as key triggers for inflammasome
activation®®. However, only a few studies have investigated the
association of inflammasome and environmental stimulants (such
as silica, particulate matters, and nanoparticles), and they have
mainly focused on NLRP3 inflammasome?0-2>, Until now, the
host sensing mechanisms in response to organic toxins have not
been reported yet. Our study demonstrated that AIM2 activation
is required for PFOS-induced inflammatory response and tissue
damage, in which the process is dependent on mitochondrial
dysfunction and release of mtDNA. The findings suggest an
innate immune mechanism of host cells to recognize environ-
mental organic pollutants.

When accumulation of PFAS in the tissues (like lung, liver, and
kidney), they are engulfed by resident macrophages. This process
results in the production of multiple proinflammatory cytokines
(such as IL-1B, TNF-a, and IL-6), leading to cellular injury and

tissue inflammation®. Although PFOS-induced inflammatory
response route has been reported, the molecular mechanism
governing PFOS-induced inflammation has yet to be clarified. We
reveal that PFOS disrupts mitochondrial function and promote
the release of mtDNA but not genomic DNA into the cytoplasm,
which consequently triggers AIM2 inflammasome activation. We
further used a functional animal model to confirm that deficiency
of the AIM2 inflammasome protected mice from PFOS-induced
tissue inflammation or asthmatic exacerbation. Surprisingly, we
did not find the ROS production in macrophages; and this seems
to be contradicted to some previous studies, showing PFOS-
induced oxidative damage via mitochondria-dependent
pathway!419, The disagreement is attributed that the injury in
hepatocytes may be a downstream effect of PFOS-induced mac-
rophage activation, i.e., PFOS induces inflammatory cytokines or
mediators released by macrophages and in turn to cause oxidative
stress in the structural cells in liver tissue. Nonetheless, our results
elucidate the essential innate mechanisms of the host to sense
PFOSs, suggesting that AIM2 could be an effective therapeutic
target for PFOS-associated inflammatory diseases.

Damaged mitochondria release a variety of DAMPs (e.g.,
mtDNA and mtROS) into the cytosol to trigger oxidant injury,
innate immune response, and cell death. Several studies have
shown that oxidized mtDNA can act as a stimulant for
NLRP33%40, ATM2 is a well-described sensor to recognize either
exogenous or endogenous double-stranded DNA37-38:64; while
two recent reports have indicated the involvement of AIM2
inflammasome with mtDNA: Bae et al. demonstrated that cir-
culating cell-free mtDNA in the serum from type 2 diabetic
subjects induced AIM2 inflammasome activation in macrophages
and contributed to the chronic inflammation in type 2 diabetes®;
another report showed that cholesterol could induce mtDNA
release and activation of AIM2 inflammasome in macrophages®.
The above findings suggest that oxidized mtDNA specifically
triggers NLRP3 activation, and non-oxidized mtDNA pre-
ferentially activated AIM2. Interestingly, our results didn’t
observe the production of mtROS in macrophages following
PFOS stimulation, indicating limited oxidized mtDNA produc-
tion in mitochondria; and this may be one reason why NLRP3
inflammasome was not activated by PFOS. Rather than NLRP3,
the current results showed that PFOS could induce non-oxidized
mtDNA release and trigger AIM2-dependent IL-1B secretion
and pyroptosis. In our study, the presence of CsA significantly
impaired Cyt ¢ and mtDNA release into cytosolic compartment
in PFOS-treated WT macrophages and CYPD KO macrophages,
indicating that CypD-activated pathway and additional
CsA-sensitive mechanisms are involved in PFOS-induced mito-
chondrial contents release. Additionally, we found that BAX
interacted with CypD and BAX/BAK formed oligomers in PFOS-
exposed macrophages. Furthermore, either single KO of BAX or
BAK could partly decrease PFOS-induced mtDNA release, sug-
gesting that BAX or BAK alone has the ability to trigger mac-
ropores formation, which was similar with previous reports®7-68,
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Fig. 7 AIM2 inflammasome plays a critical role in PFOS-induced allergic asthma exacerbation. a The model of PFOS-induced allergic asthma
exacerbation. b-f Wild type (WT, black plots) or Aim2=/= (blue plots) mice undergone intragastric administration with PBS or PFOS followed by OVA
challenge, were sacrificed 24 h after the final OVA challenge. H&E staining (b) and periodic acid-Schiff (PAS) staining (c) of lung tissue were assayed using
a light microscope with x200 magnification. BALF or serum was collected 24 h after the final OVA challenge and ELISA analysis of IL-4 (d) in the BALF and
IL-1B in the BALF (e) or serum (f). Scale bar, 100 pm. The lung injury scores and the number of PAS-positive cells per unit of length (mm) of the basement
membrane were determined and averaged in five randomly selected nonoverlapping fields from respective individual mouse tissue sections. All histology
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Furthermore, double KO of BAX and BAK almost eliminated dependent manner. It remains an interesting question that whe-
PFOS-triggered mtDNA release. Thus, it is possible that mtDNA  ther this process also involves mitochondrial permeability tran-
and Cyt c released into cytosolic compartment may be attributed  sition pores (MPTP) formation. A lot of evidence supported that
to the mechanisms that BAX/BAK mediate MOMP in a CypD- BAX acts as a pivotal role in regulating MPT and MOMP via
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interacting with CypD and BAK, respectively7->2-557-59 " the
crosstalk between MPTP and MOMP under PFOS treatment
deserves further study.

Previous studies indicated that various stimuli could induce
inflammatory responses through the action of calcium-dependent
mechanisms®>70. Generally, Ca?* signaling can be triggered by the
release of Ca?t from intracellular ER storage, and the increase of
cytosolic free Ca?t contributes to the activation of downstream
kinases, such PKC, leading to the activation of NF-kB signaling or
JNK signaling30-34, In our study, we showed that the protein level
of ER stress monitor Bip and the level of cytosolic Ca** were
obviously upregulated after PFOS stimulation in BMDMs and
THP-1-derived macrophages. PFOS has been reported to elevate
the concentrations of cytosolic Ca?™ in several cell types through L-
type voltage-gated calcium channel”!72, Therefore, we assumed that
PFOS might trigger calcium flux in human and mouse macro-
phages through L-type voltage-gated calcium channel which needs
to be further clarified. Additionally, the application with Ca*
chelator BAPTA-AM or PKC inhibitor chelerythrine chloride could
significantly suppress the PFOS-induced NF-kB and JNK signaling
pathway activation. Furthermore, the JNK inhibitor SP600125
could apparently inhibit BAX translocation to mitochondria, sup-
porting the notion that activated JNK contributed to BAX trans-
location. Collectively, these results suggest that Ca2T-dependent
PKC pathway plays a critical role in activating JNK-BAX and NF-
kB signaling pathway under PFOS stimulation in macrophages.

Although many inflammasome activators have been identified,
it remains unclear how these diverse stimuli trigger inflammation
activation. One model points out that the NLRs directly interact
with the stimulants; another model suggests that these divergent
stimuli are recognized through indirect pathways (via induction
of endogenous “danger” molecules). With regard to the diversity
of environmental factors, how the phagocytosed pollutants are
sensed by NLRs needs to be further clarified. Because the envir-
onmental pollutant itself doesn’t have biological “components”
(like DNA/RNA, proteins, and peptides), it seems unlikely these
stimulants can be directly recognized by host sensors. Recogni-
tion of silica by NLRP3 is a good example to explain that
inflammasome is triggered by silica-induced lysosomal damage
and rupture but not silica itself?!. Our data support this model in
which non-oxidized mtDNA induced by PFOS can trigger AIM2
inflammasome activation. Given the mechanisms discussed
above, it is possible that the AIM2 or other NLRs are activated
through some common endogenous danger molecules down-
stream of diverse organic stimuli. It would be of interest to screen
more DAMPs induced by different organic chemicals and to
determine the key host sensors responding to these stimuli.

In the current study, we tried to mimic the human exposure level
of PFOS by using the mouse model. Based on the results from the
epidemiological studies, the serum level of PFOS in general popu-
lation ranges from 0.2 to 99.7 ng/ml>>36, while PFOS level can
reach up to 92,303 ng/ml in those people who are highly exposed to
perfluoroalkyl substances (such as the fishery employees and
fluorochemical production workers)7374, We have found that
serum PFOS level in the same C57BL/6 mice which were exposed to
PFOS at dosage of 7mg/kg/day via gavage for 28 days (total
exposure amount 196 mg/kg) was about 8434 ng/ml, ie., every 1
mg/kg PFOS exposure in mouse is equivalent to 43 ng/ml (8430/
196) serum PFOS concentration’>. In the current study, we can
speculate that the serum PFOS levels in acute exposure model (5,
15, and 25 mg/kg for 5 days) are about 1075, 3225, and 5375 ng/ml,
respectively; while serum PFOS levels in chronic exposure model
(0.066 mg/kg for 30 days; 5 mg/kg for 20 days) is about 86 ng/ml
and 4300 ng/ml, respectively. In addition, both acute and chronic
exposure model demonstrate significant damage effects on multiple
organs. Hence in our experimental model, the PFOS administration

dosages and expected PFOS internal exposure levels should be
comparable to the occupational exposure levels and normal expo-
sure levels in human.

Regarding the complexities of PFOS-induced inflammatory
response, other forms of mitochondrial damage, apoptosis-
associated cellular injury, and the other inflammation signaling
cascades (such as NF-kB) merit further investigation. In addition,
how innate immune response leads to the chronic inflammatory
conditions in multiple organs exposed to PFOS also needs to be
clarified. Nonetheless, our findings reveal that Ca>*-PKC-NF-kB/
JNK-BAX/BAK-mtDNA-AIM2 axis is a critical innate mechan-
ism for PFOS-induced inflammation (Fig. 8), and may have
important implications for the development of therapy against
PFOS- induced toxicity and tissue damage.

Methods

Animals. C57BL/6] Aim2~/~ mice were kindly provided by Dr. Bin Sun, Shanghai
Institute of Biochemistry and Cell Biology’6. C57BL/6] Nlrp3~/— mice and C57BL/6]
II-1B ~/~ mice were kindly provided by Dr. Rongbin Zhou, University of Science and
Technology of China’””78. C57BL/6] WT mice (GDMLAC-O7) were purchased from
Guangzhou Medical Laboratory Animal Center of China. Animals were kept and
bred in a specific-pathogen free (SPF) environment with standard conditions of
temperature (20-26 °C) and humidity (40-70%) under a strict 12 h light cycle (lights
on at 08:00 a.m. and off 08:00 p.m.) at Sun Yat-sen University, approved all the
experimental protocols concerning the handing of mice. All animal experiments
protocols were approved by the Animal Care Committee of the Sun Yat-sen Uni-
versity (Authorization number: SYXK (YUE) 2017-0175, Guangzhou, China). The
mice were euthanatized by CO, from compressed gas cylinders, and we complied
with all the ethical regulation.

PFOS-induced tissue inflammation mouse model. WT, Nirp3~/=, Aim2~/=, or
Il-1 [3*/ ~ mice (female; 6 weeks old) were intraperitoneally injected (i.p.) with PFOS
dissolved in phosphate-buffered saline (PBS, Corning) containing 2 % Tween-80
(Vetec) for experiment groups (n = 5; acute exposure: 5, 15, or 25 mg/kg body
weight per day for 5 days; chronic exposure: 0.066 mg/kg body weight per day for
30 days) or i.p. with PBS containing 2% Tween-80 (control groups, n = 5) for 5 or
30 days. The PFOS intraperitoneal injection model was modified by previous PFOS
animal studies?’2%. The experiment groups and control groups were maintained
and bred separately in the same specific-pathogen-free environment at Sun Yat-sen
University. At 5 days or 30 days post-treatment, mice liver, lung and kidney tissue
were isolated and cultured for 24 h, and supernatants were analyzed by ELISA.
Peritoneal cavities were washed with 3 ml of PBS. The peritoneal fluids and serum
were harvested and concentrated for ELISA analysis.

Isolation and culture of the tissue. The mice were euthanatized by CO, from
compress gas cylinders and then fully soaked them into 75% ethanol (Guangzhou
Chemical Reagent Factory, GCRF, China) for 15s to reduce the possibility of
infection. Dissect and remove the entire liver, lung, and kidney into a petri dish
containing 1% fetal bovine serum (FBS, Gibco) of sterile PBS, respectively. Cut out
the gallbladder from the liver and wash the tissue using 1% FBS of sterile PBS for
three times to ensure the tissue clear of blood. Cut the liver, lung, kidney into 1
mm?3, and digested by the medium A (sterile PBS, 1 M HEPES (Gibco), 5% KCL
(GCREF, China), 1 M glucose (Sigma-Aldrich), 500 mM CaCl, (GCRF, China),
phenol red solution (Sigma-Aldrich). pH adjusted to 7.4 with 2 M NaOH) con-
taining 0.2% IV-Collagenase (Sigma) in 37 °C for 15 min, respectively. Stop the
digestion with DMEM medium (Hyclone) with 10% (vol/vol) FBS. Filter the crude
cell suspensions through gauze mesh filter (100 um in diameter, FALCON) and
transfer the resulting cell suspensions into sterile tubes and centrifuge at 60 x g for
5 min. Discard the supernatant and repeat the wash procedure for three times via
using medium A to resuspend the cell pellets and centrifuging at 60 x g for 3 min.
Resuspend the cells in cultured medium (DMEM medium containing 10% FBS and
1% L-glutamine) and check cells numbers and viability using hemocytometer and
trypan blue. The cells are cultured into 60 mm tissue culture dishes (Thermo Fisher
Scientific) via adding 5 ml of cell suspension with 1 x 107 cells per ml and softly
rock the dish to ensure uniform distribution of cells. After culturing them at 37 °C
with 5% CO, in an incubator for 24 h, cell supernatants are collected to determine
the production of proinflammatory cytokines (IL-1B, TNF-a, and IL-6) by ELISA.

Bone-marrow transplant. For performing bone marrow transplant, the recipient
mice (6 weeks old) were given antibiotic (Gentamicin,1 mg/mL, Sangon, China) in
drinking water for 2 days before given 900 cGy irradiation. Donor bone marrow
cells (5 x 106) were obtained from the donor mice (6 weeks old) were intravenous
injected into the recipient mice (after irradiation) and followed with antibiotic
drinking water for 1 week. The recipient mice and donor mice were maintained
and housed separately in the same specific-pathogen-free environment at Sun Yat-
sen University.
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Fig. 8 Schematic diagram to illustrate the mechanisms that PFOS exposure induces AIM2 inflammasome activation to promote tissue damage. PFOS
induces mitochondrial DNA (mtDNA) release through the Ca2+-PKC-NF-kB/JNK-BAX/BAK axis; and PFOS-induced mtDNA serves as an essential
danger-associated molecular pattern (DAMP) to trigger AIM2 inflammation activation, ultimately leading to tissue inflammation.

PFOS-induced asthmatic exacerbation mouse model. The PFOS exposed
allergic asthmatic mouse model was established based on the previous report!!.
Briefly, mice were exposed to PFOS or PBS containing 2% Tween 80, via gavage
from day 0 to day 20. The ovalbumin (OVA) and OVA combined PFOS groups
were first sensitized with OVA and alum by subcutaneous injection on days 0, 7,
and 14; and then challenged with an aerosol of 2.5% OVA using an ultrasonic
nebulizer on day 21-27. WT mice (female, 6 weeks old) or Aim2~/~ mice (female,
6 weeks old) were administrated with PBS containing 2% Tween 80 (mock group,
n=5), OVA (asthmatic group, n=>5), and OVA plus PFOS (asthmatic exacer-
bation group, n=>5). The mice for mock group (control group), asthmatic group,
and asthmatic exacerbation group were kept and housed separately at Sun Yat-sen
University with the same specific-pathogen-free environment. On day 28, all mice
were sacrificed by CO, from compress gas cylinders and assessed. The serums were
collected for cytokine analysis; the lung tissues were collected for H&E staining and
PAS staining. The bronchoalveolar lavage fluid (BALF) was collected as described
previously’8. Briefly, the lungs of sacrificed mice were injected with 1 ml PBS
containing 5 mM EDTA through the trachea and then a lavage step was followed.
The BALF samples were then centrifuged at 350 x g/4 °C for 5 min and the
supernatants were harvested for cytokines detection.

Cells. THP-1 cells obtained from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China) were maintained in RPMI 1640 medium (Gibco) with 10%
(vol/vol) fetal bovine serum and 1% L-glutamine (Gibco) at 37 °C with 5% CO, in
an incubator. THP-1 cells were differentiated into macrophages cultured with
RPMI 1640 containing 100 ng/ml phorbol-12-myristate-13-acetate (PMA) for 12 h,
and then the macrophages had a resting period containing 24 h before stimulated.
Bone marrow cells (BMs) were isolated from randomly chosen 6 weeks old of wild-
type or Nlrp3~/— or Aim2~/~ mice and then BMs were differentiated into bone
marrow-derived macrophages (BMDMs) cultured in 10 ml conditioned medium
(DMEM medium (Corning) with 10% fetal bovine serum, 1% L-glutamine, 1%
penicillin-streptomycin (Gibco), 100 ng/ml macrophage colony-stimulating factor
(PeproTech) at 37 °C in an atmosphere containing 5% CO, in an incubator. On
day 3, most cells were adherent to the dish. Discard the medium from the dish, and
then the dish was supplemented with 10 ml of conditioned medium for further
growth until day 6. On day 7, the cells were used to perform the experiments.

Reagents and antibodies. LPS (cat# L4524, for priming), PFOS (cat# 77282), EtBr
(cat# E1510), puromycin (cat# P9620), albumin from chicken egg white (OVA,
cat# 15503), PMA (cat# P1585), pyruvate (cat# P2256), uridine (cat# u3750), anti-
Flag (M2, cat# F1804) and anti-B-actin (cat# A1978) were purchased from Sigma-
Aldrich. ATP (cat# tlrl-atpl), poly(dA:dT) (cat# tlrl-patn-1), MCC950 (cat# inh-
mcc) were purchased from Invivogen. Mito-TEMPO (cat# ALX-430-150-M005)

were from Enzo Life Sciences. CsA (cyclosporine A) (cat# 59865-13-3), SP600125
(cat# HY-12041) and BAPTA-AM (cat# HY-00545) were from MCE. ImjetTm
Alum (cat# 77161) and DSS (disuccinimidyl suberate) (cat# 21655) were from
Thermo Scientfic. Chelerythrine Chloride (cat# SC0317) and Fluo-4 AM (cat#
$1060) were from Beyotime Technology. Protein A agarose (20333) and protein G
agarose (20399) were from Pierce. Anti-Bip (cat# AB310) was from Beyotime
Technology. Anti-AIM2 (cat# ab93015) and anti-COX-IV (cat# ab16056) was from
Abcam. Anti-ASC (cat# sc-271054), anti-caspase-1 (cat# sc-515), anti-Bcl-2 (cat#
sc-7382), anti-GSDMD (cat# sc-81868), anti-GSDME (cat# sc-393162), anti-
Cyclophilin D/Cyclophilin F (cat# sc-376061), goat anti-mouse (cat# sc-2005) and
goat anti-rabbit (cat# sc-2004) were purchased from Santa Cruz Biotechnology.
Anti-JNK (cat# 9252), anti-phospho-SAPK/JNK (cat# 9255), anti-BAX (cat# 5023),
anti-BAK (cat# 12105), anti-Cytochrome c (cat# 4272), anti-cleaved caspase-3
(cat# 9664), anti-cleaved PARP (cat# 5625), anti-IL-1( (cat# 12242) and anti-
caspase-1 (cat# 2225,), anti-IkBa (cat# 4814), anti-p65 (cat# 6956) and anti-p-p65
(cat# 3033) were purchased from Cell Signaling Technology. Anti-NLRP3 (cat#
A27391510) was purchased from AdipoGen. The dilutions of indicated antibodies
are listed in Supplementary Table 1.

ASC and BAX/BAK oligomerization detection. THP-1-derived macrophages or
BMDMs were seeded in 6-well plates and treated as indicated. The cell pellets were
collected into 1.5 ml Eppendorf tubes and lysed in TBS buffer (50 mM Tris-HCl
(GCREF, China), 150 mM NaCl (GCRF, China), 0.5% Triton X-100 (Sigma-
Aldrich), PH 7.4) with phosphatase inhibitor (Roche) and EDTA-free protease
inhibitor (Bimake) on a rocker for 30 min on ice, and then centrifuged at 6000 x g/
4°C for 15 min to discard the supernatants. The cell supernatants were harvested
for precipitation and detected the activation of caspase-1 (p10) and the maturation
of IL-1f (p17) by western blotting. The pellets were washed twice with TBS buffer
and resuspend in TBS buffer containing 2 mM fresh disuccinimidyl suberate (DSS,
Thermo Fisher Scientific) cross-linker at 37 °C for 30 min to crosslink with flipping
the tubes every 10 min, and then spun at 6000 x g/4 °C for 15 min. The crosslinked
pellets were resuspended in 25 pl 2x SDS loading buffer (Cell Signaling Technol-
ogy) and boiled at 100 °C for 5 min, and analyzed by immunoblotting of anti-ASC
antibody, anti-BAX antibody or anti-BAK antibody.

Immunoblot analysis. Relevant cells were stimulated as indicated, then collected in
lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA (Vetec), ] mM DTT
(Vetec), and 0.5% IGEPAL CA630 (Sigma-Aldrich) supplemented with phospha-
tase inhibitor and EDTA- free protease inhibitor) and incubated on a rocker with
ice for 30 min. Cell lysates were centrifuged at 12,000 x g/4 °C for 15 min and
lysates were boiled at 100 °C for 5 min in 5x SDS Loading Buffer and resolved by
SDS-PAGE. Proteins were transferred into polyvinylidene fluoride (PVDF)
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membrane (Bio-Rad) and then incubated with the appropriate antibodies.
Immobilon Western Chemiluminescent HRP Substrate (Millipore) was used for
protein detection. Images were performed using the ChemiDoc MP System (Bio-
Rad) and Image LAb version 6.0 (Bio-Rad software, California, USA).

Generation of CRISPR/Cas9 knockout cell lines. After THP-1 cells were seeded,
medium was replaced with DMEM containing lentiviruses expressing Cas9 and
specific sgRNAs, added polybrene (8 ug/ml) (Sigma-Aldrich) for 48 h. Cells were
selected for puromycin (Sigma-Aldrich) resistance, and polyclonal pools of cells
were used for clonal screening and following experiments. The small-guide RNA
(sgRNA) sequences targeting indicated genes were obtained from Sangon
(Shanghai, China) listed follows:

CASPASE-1 guide RNA: #1, 5-TCCACTAGCATCTTACCTTG-3’

#2, 5'-CCGACTTTTGTTTCCATATCCTT-3/

ASC guide RNA: #1, 5-CATGTCGCGCAGCACGTTAGCGG-3'

#2, 5-GGTGCTGGTCTATAAAGTGCAGG-3'

NLRP3 guide RNA: #1, 5-AAGGAAGAAGACGTACACCG-3’

#2, 5'-CACCGTGGTGTTCCAGGGGGCGG-3'

AIM?2 guide RNA: #1, 5-CCTTATCCTACCTTAACATG-3'

#2, 5'-TTCAGCATCTAACACACGTGAGG-3’

CYPD guide RNA: #1, 5-GTGT TCGG TCAC GTCA AAGA-3’

#2, 5'-CCGG GAAC CCGC TCGT GTAC-3/

BAX guide RNA: #1, 5-CCCCCCGAGAGGTCTTTTTCCGA-3/

#2, 5'-CGAGTGTCTCAAGCGCATCGGGG-3'

BAK guide RNA: #1, 5-GCATGAAGTCGACCACGAAGCGG-3

#2, 5'-GTTGATGTCCTCCCCGATGATGG-3’

siRNA Transfection. Chemically synthesized 21-nucleotide siRNA duplexes were
obtained from Sangon (Shanghai, China) and transfected using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s instructions. RNA oli-
gonucleotides used are as follows:

Control siRNA, 5-GUUAUCG CAACGUGUCACGUA-3/

Human GSDME siRNA #1, 5-GCUUCUAAGUCUGGUGACAAATT-3/

Human GSDME siRNA #2, 5-GCAUUCAUAGACAUGCCAGAUTT-3’

Human CASPASE-3 siRNA #1, 5-CCGACAAGCUUGAAUUUAU-3/

Human CASPASE-3 siRNA #2, 5-GGGAGACCUUCACAAACUUTT-3’

RNA extraction and quantitative RT-PCR. Relevant cells were treated as indi-
cated and total RNA was extracted from cells using Trizol reagent (Invitrogen)
following the manufacturer’s protocols, then reverse-transcribed into cDNA using
HiScript® II Q RT SuperMix (Vazyme). The cDNA was determined by quantitative
RT-PCR using 2 x RealStar SYBR Mixture (Genestar) with the primers (listed in
Supplementary Table 2) as follows:

Human IL-1p forward: 5-AGCTACGAATCTCCGACCAC-3/

Human IL-1f reverse: 5-CGTTATCCCATGTGTCGAAGAA-3’

Human TNF-« forward: 5-GAGGCCAAGCCCTGGTATG-3’

Human TNF-a reverse: 5-CGGGCCGATTGATCTCAGC-3’

Human IL-6 forward: 5-ACTCACCTCTTCAGAACGAATTG-3’

Human IL-6 reverse: 5-CCATCTTTGGAAGGTTCAGGTTG-3/

Human BCL-2 forward: 5-GGTGGGGTCATGTGTGTGG-3’

Human BCL-2 reverse: 5-CGGTTCAGGTACTCAGTCATCC-3'

Human BAX forward: 5-CCCGAGAGGTCTTTTTCCGAG-3’

Human BAX reverse: 5'-CCAGCCCATGATGGTTCTGAT-3’

Human BAK forward: 5-GTTTTCCGCAGCTACGTTTTT-3’

Human BAK reverse: 5-GCAGAGGTAAGGTGACCATCTC-3’

Human GAPDH forward: 5-GGAGCGAGATCCCTCCAAAAT-3’

Human GAPDH reverse: 5'-GGCTGTTGTCATACTTCTCATGG-3'

Mouse II-1B forward: 5'-GCAACTGTTCCTGAACTCAACT-3/

Mouse II-1f reverse: 5-ATCTTTTGGGGTCCGTCAACT-3’

Mouse Tnf-a forward: 5-GACGTGGAACTGGCAGAAGAG-3'

Mouse Tnf-a reverse: 5-TTGGTGGTTTGTGAGTGTGAG-3’

Mouse II-6 forward: 5-TAGTCCTTCCTACCCCAATTTCC-3’

Mouse II-6 reverse: 5-TTGGTCCTTAGCCACTCCTTC-3’

Mouse Gapdh forward: 5-AGGTCGGTGTGAACGGATTTG-3'

Mouse Gapdh reverse: 5-TGTAGACCATGTAGTTGAGGTCA-3'

Flow cytometry. For mitochondria functional studies, relevant cells were stimulated
as indicated and then stained with MitoSOX (2.5 uM, Life Technologies), Mitotracker
Deep Red (100 nM, Thermo Fisher Scientific) or TMRM (100 nM, Thermo Fisher
Scientific) at 37 °C for 30 min. Then the cells were washed three times with ice PBS
and suspended in PBS for analyzing. The gating strategy for the detection of Mito-
SOX-, Mitotracker Deep Red- and TMRM-negative and positive cells was showed in
Supplementary Fig. 14a. For apoptotic studies, cells were treated as indicated and then
cells were collected for detecting apoptosis using Annexin V-FITC/7AAD Kit (4A
Biotech, Beijing, China, FXP018) according to the manufacturer’s protocols. The
gating strategy for apoptotic cells detection was showed in Supplementary Fig.14b.
Above samples were analyzed by flow cytometry using a guava easyCyte HT system
(Millipore) and FlowJo version 10.0 (Tree Star software, Ashland, USA).

Cytosolic Ca2+ detection. The relevant cells were treated as indicated and then
washed three times with ice PBS and incubated with Flo-4 AM (5 uM) at 37 °C for
30 min. Then the cells were washed three times with ice PBS and then suspended in
PBS for incubating for another 20 min at 37 °C. The fluorescence was determined
by using fluorescence microplate reader (excitation and emission wavelength at
488 nm and 520 nm, respectively). Cytosolic Ca?* content was presented as the
percentage relative to the value of untreated cells.

Measurement of cytokines. Cytokines production was measured with human IL-
1P kit (BD Biosciences, cat. 557953), TNF-a kit, BD Biosciences, cat. 555212) and
IL-6 kit (BD Biosciences, cat. 555220) according to the manufacturer’s protocols,
respectively. Mouse IL-1B, TNF-q, IL-6, and IL-4 production in cell supernatants
were detected with ELISA kits (BD Biosciences, 59603; BD Biosciences, 558534; BD
Biosciences, 555240; Invitrogen, cat. 88-7044-22) according to the manufacturer’s
protocols, respectively.

Cytotoxicity assay. Cells were treated as indicated and then supernatants were
collected for detecting cell death by a lactate dehydrogenase (LDH) assay using
CytoTox 96 Non-Radioactive Cytotoxicity kit (Promega, cat. G1780) according to
the manufacturer’s protocols

Cytotoxicity (%)or Cell death (%) = [(Experimental LDH release—Medium background)
/ (Maximum LDH release control —Medium background)] x 100

Generation of mitochondrial DNA deficient (p°) cells. THP-1 cells and BMDMs
were grown in the mediums (RPIM 1640 medium for THP-1 cells, DMEM
medium for BMDMs) containing 10% fetal bovine serum, 1% L-glutamine, pyr-
uvate (100 ug/ml), uridine (50 pg/ml) and EtBr (100 ng/ml) for 7 days at 37 °C with
5 % CO, in an incubator. The total DNA of indicated cells were extracted by using
QIAamp DNA Micro Kit (QIAGEN) according to the manufacturer’s instruction.
Mitochondrial DNA depletion was quantified by quantitative RT-PCR with
mtDNA (D-loop) and nucDNA (Tert) primers (listed in Supplementary Table 2).

Cytosolic and total DNA extraction. 1 x 107 THP-1-derived macrophages were
treated with PFOS as indicated, washed three times with ice cold PBS, and trypsi-
nization off the dish. Cells were pelleted by spinning at 800 x g/4 °C for 5 min. Then
we normalized the protein concentration and volume of the supernatant. One of the
cell pellets was resuspended with cytosolic extraction buffer (150 mM NaCl, 50 mM
HEPES pH 7.4, 25 pg/ml digitonin (MCE) and homogenized at 4 °C for 10 min,
followed by centrifugation at 10,000 x g/ 4 °C for 15 min to get a supernatant for the
cytosolic fraction. Another one was centrifuged to produce cell pellets to extract total
DNA. The cell pellets and cytosolic fraction were used to extract total and cytosolic
DNA with a QIAamp DNA Micro Kit (QIAGEN) according to the manufacturer’s
instruction, respectively. DNA was assessed using quantitative RT-PCR with mtDNA
(D-loop) and nucDNA (Tert) primers as listed in Supplementary Table 2.

Quantification of AIM2-bound mitochondrial DNA. The protocol for quantifi-
cation of AIM2-bound DNA was modified as shown in the previous report’®. Briefly,
THP-1-derived macrophages were treated with either mock or PFOS (150 uM) for 6
h, then the cell extracts were immunoprecipitated by incubation with anti-AIM2 plus
Protein A/G beads (Pierce). Beads were washed with lysis buffer for two times, and
the immunoprecipitates were eluted with TE buffer (Omega) then incubated at 65 °C
for 12h. DNA precipitation was carried out with isopropanol (GCRF, China) and
evaluated by qRT-PCR. 10 ng of the EGFP (enhanced green fluorescent protein)
plasmid (CLONTECH Laboratories, cat# 6083-1) was added into mock or PFOS
condition. The mixture of EGFP plasmid and endogenous DNA was used to assay the
presence of the DNA fragments by using the primers of human mitochondrial DNA.
Relative levels of the DNA were normalized to Ct values of EGFP gene amplification.
The primer sequences (listed in Supplementary Table 2) as follows:

EGFP forward: 5-ACGGCGACGTAAACGGCCAC-3’

EGFP reverse: 5'-GCACGCCGTAGGCTAGGGTG-3/

mtDNAI forward: 5-CACCCAAGAACAGGGTTTGT-3’

mtDNAI reverse: 5-TGGCCATGGGTATGTTGTTAA-3/

mtDNA2 forward: 5'-CTATCACCCTATTAACCACTCA-3/

mtDNA2 reverse: 5'-TTCGCCTGTAATATTGAACGTA-3'

mtDNA3 forward: 5-AATCGAGTAGTACTCCCGATTG-3'

mtDNA3 reverse: 5'-TTCTAGGACGATGGGCATGAAA-3'

Myc forward: 5-AAGGACTATCCTGCTGCCAA-3’

Myc reverse: 5'-CCTCTTGACATTCTCCTCGG-3'

Sox2 forward: 5-TTTTGTCGGAGACGGAGAAG-3’

Sox2 reverse: 5'-CATGAGCGTCTTGGTTTTCC-3’

18§ forward: 5-TAGAGGGACAAGTGGCGTTC-3’

18S reverse: 5'-CGCTGAGCCAGTCAGTGT-3'

Histological assessment. The mice were euthanized by CO, from compressed gas
cylinders. Then the tissues were removed and fixed in 4% paraformaldehyde
(Meilunbio, China) for more than 24 h, and embedded in paraffin. The sections
(thickness, 6 pum) were stained with hematoxylin & eosin or Periodic acid-Schiff
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(PAS) solutions (Servicebio, China). The tissues injury scores and the number of
PAS-positive cells per unit of length (mm) of the basement membrane were
determined in 5 randomly selected nonoverlapping fields from respective indivi-
dual tissue sections using a microscope (DMi8; Leica) and all histology analyses for
H&E staining were conducted in a blinded manner as a combination of tissue
damage (score 0-5) and inflammatory cell infiltration (score 0-5) with a total
ranging from 0 to 10. The number of PAS-positive cells per unit of length (mm) of
the basement membrane were assessed with Image] software version 1.52 (National
Institutes of Health software, Maryland, USA).

Statistical analysis. The data of all quantitative in vitro experiments are repre-
sented as mean + SEM of three independent experiments; data of in vivo experi-
ments are represented as mean + SD of five mice per group. Unpaired two-tailed
Student’s t-test with a P-value <0.05 considered statistically significant was used for
all statistical analyses using the GraphPad Prism version 8.0 (GraphPad Software,
California, USA).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data that support this study are available within the article and its Supplementary
Information files or available from the authors upon request. Source data are provided
with this paper.
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