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1. Introduction 

1.1.  The nucleus and its substructures 

The nucleus is a double-membraned organelle found in most eukaryotic cells and was 

initially defined as an organelle containing the genetic material. Over the last century, 

the major breakthroughs in technology and advancements in imaging have allowed the 

discovery of many dynamic sub-nuclear structures (figure 1) unravelling many functions 

of the nucleus.  

 

 

Fig. 1: Nucleus organization. 
(Spector & Gasser, 2003) 

 

The nucleus stores the genetic material in a highly organized fashion. It is firstly divided 

into chromosomes having, each, a defined occupancy called the chromosome territories 

(Gilbert et al., 2004). Transcriptionally repressed DNA regions are tightly packed into 

heterochromatin, a nuclear domain composed of nucleosomes carrying H3K9me3 

modification (Penagos-Puig & Furlan-Magaril, 2020). Shorter DNA regions containing 

repressed genes are found in Polycomb Group bodies (Pirrotta & Li, 2012). 

Among the transcriptionally active regions, the nucleoli are one of the most condensed 

and active domains of the nucleus. They are organized into a condensed-liquid phase 

defined as liquid-like droplets containing high concentration of proteins, RNA and other 

molecules. The nucleoli contain indeed RNA and high concentrations of proteins 

required to rapidly and efficiently transcribe and process nascent ribosomal RNA (L. Zhu 
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et al., 2019). While the nucleoli are the transcription site for ribosomal RNA (rRNA), 

hundreds other transcription sites are found in the nucleus, where non rRNAs are 

transcribed (Jackson et al., 1993). These transcription factories are dynamic and highly 

concentrated in RNA polymerases, transcription factors, RNA processing factors, RNA 

transcripts and chromatin loops (Szentirmay & Sawadogo, 2000). In the vicinity of high-

transcription sites, Cajal bodies can be found in several cells types, such as neuronal 

and cancer cells. The Cajal bodies are the site of modification for small nuclear and 

nucleolar RNAs as well as site of assembly and trafficking of small nuclear and nucleolar 

ribonucleoproteins. They have recently been shown to play a role into telomerase 

assembly and length regulation (Mao et al., 2011). 

One of the nuclear organelles, the promyelocytic leukemia (PML) nuclear bodies (PML-

NBs) will be the focus of this thesis and will be described more in details in the following 

chapter. 
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1.2.  The Promyelocytic Leukemia protein 

1.2.1. PML in Acute Promyelocytic Leukemia 

PML protein was first discovered in Acute Promyelocytic Leukemia (APL) patients. This 

rare disease accounts for 10 % to 15 % of the Acute Myeloid Leukemia cases and it is, 

in 95 % of APL cases, triggered by the mono-allelic chromosome translocation t(15:17) 

(q21;q22), forming a fusion gene between the pml gene and the retinoic acid receptor α 

gene (RARα) (Alcalay et al., 1991; Bennett et al., 1976; Borrow et al., 1990; Castoldi et 

al., 1994; de Thé et al., 1990; Golomb et al., 1980; Lemons et al., 1990; Pandolfi et al., 

1991; Rowley et al., 1977). The resulting PML-RARα chimeric protein represses the 

transcription of genes involved in granulocytic differentiation by two mechanisms (figure 

2). The first mechanism is the binding of the PML-RARα chimeric protein to Pu.1 

promoter as well as the retinoic acid response elements (RARE) domains and Pu.1-

binding sites. Which in turn recruits corepressor proteins and subsequently prevents 

transcription (K. Wang et al., 2010).  

The second mechanism is that the PML-RARα complex induces the hypermethylation 

of the target-gene promoters by recruiting DNA methyltransferase (Thomas, 2019; Z.-Y. 

Wang & Chen, 2008). In addition to the transcriptional repression, the PML-RARα 

complex formation causes the loss of function of the pro-senescence PML protein, 

consequently inhibiting the p53-dependent senescence activation (Insinga et al., 2004). 

To summarize, this fusion protein prevents the differentiation of promyelocytes in which 

the PML-dependent senescence pathway is inactive (Korf et al., 2014).  

 

 

Fig. 2: Model of action of Retinoic acid (RA) and arsenic trioxide in APL cells. 
(de Thé et al., 2012) 
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The loss of p53-dependent senescence activation is observed in multiple forms of 

human cancer. It is suggested to occur due to PML loss of function either by 

disorganization of PML and therefore of the PML-NBs such as in APL, or by complete 

loss of PML protein such as in lung and prostate cancer.  

 

1.2.2. PML isoforms  

The human pml gene is located on chromosome 15q22. It is composed of nine exons 

dispersed over 35 kb which are translated into 7 groups of isoforms by alternative 

splicing (PML-I to PML-VII), increasing the diversity of functions of PML (Jensen et al., 

2001). Structurally, PML belongs to the tripartite motif (TRIM) family as TRIM19. The 

TRIM, located on the first 3 exons, is highly conserved and common to all isoforms. It is 

constituted of a really interesting gene (RING) domain, two zinc-fingers B-boxes and a 

coiled-coil domain (RBCC) (Jensen et al., 2001; Reymond et al., 2001). Furthermore, all 

isoforms, except PML-VII, contain a nuclear localization signal (NLS) encoded in the 

exon 6 and are therefore localized in the nucleus whereas the isoform PML-VII is 

cytoplasmic. The largest isoform, PML-I, harbors a nuclear exclusion signal (NES) in 

exon 9 in addition of the previously mentioned NLS and can therefore be found in both 

cytoplasm and nucleus (Condemine et al., 2006; Hsu & Kao, 2018; Jensen et al., 2001; 

Nisole et al., 2013) (figure 3). PML-I is also the most abundant isoform in vivo and shares 

the highest homology with the 3 murine isoforms (Condemine et al., 2006; Lin et al., 

2004; Salomoni et al., 2008).  
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Fig. 3: Human PML protein isoforms.  
SIM: SUMO-interacting motif, NES: nuclear exclusion signal, NLS: nuclear localization 
signal, aa; amino acids (Maroui et al., 2012a).  

 

1.2.3. PML-NBs biogenesis  

The PML protein has the ability to form dynamic nuclear foci associated with the nuclear 

matrix and referred to as PML nuclear bodies (PML-NB), Kremer bodies, PML oncogenic 

domains (PODs) or nuclear domain 10 (ND10) (Lallemand-Breitenbach & de Thé, 2010; 

Salomoni et al., 2008). PML is an essential component of the PML-NBs by forming the 

scaffolding polymeric spherical shell. Nonetheless, one important fact to keep in mind 

while working in PML field is that most of PML protein pool is in the diffuse nuclear 

fraction (Lallemand-Breitenbach & de Thé, 2010). 

The PML-NBs are highly dynamic and their presence and number vary greatly from 0 to 

30 PML-NBs per nucleus depending on cell type, tissue, cell cycle progression and 

stimuli/stress. The PML-NBs display heterogeneity not only in morphology, with a 

spherical “donut”-like shape of 0.1 to 1 µm (figure 4A) but also in composition with about 

166 transient interacting partners found in the inner core of the PML-NBs (Bernardi & 

Pandolfi, 2007a; Lallemand-Breitenbach & de Thé, 2010; Salomoni et al., 2008; van 

Damme et al., 2010).  

PML is post-translationally modified by the binding of Small Ubiquitin Like-Modifiers 

(SUMO), via a process named SUMOylation which is induced by oxidative stress and 

regulates the protein complex stability. PML carries three SUMOylation sites, K65, K160 
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and K490, and a SUMO-interacting motif (SIM) (figure 3). For several decades, the 

biogenesis of PML-NBs was believed to be achieved through a SUMO-SIM interaction 

between PML proteins. In 2014, Sahin et al. eventually tackled this theory by showing 

that PML-NB nucleation does happen in a model lacking the three SUMO-binding sites 

as well as the SIM (figure 4B). Partner recruitment of these PML-NBs was nonetheless 

affected as the SUMOylation sites and the SIM are necessary for the NB stability and 

interacting partner recruitment (Lallemand-Breitenbach et al., 2001; Sahin Umut et al., 

2014).  

 

 

Fig. 4: SUMO-SIM interaction is not required for PML-NB formation. 
(A) displays the “donut”-like shape of the NBs by immuno-gold electron microscopy, 
scale bar of 0.1 µm (Lallemand-Breitenbach & de Thé, 2010). The lack of the 3 
SUMOylation sites (3KR) and the deletion of the SIM (ΔSIM) do not impair the NB 
formation (B) (Sahin Umut et al., 2014). 

 

The PML-NB biogenesis is explained as a two-step mechanism: a PML nucleation via 

the RBCC domain and disulfide bonds formation upon oxidation; followed by a 

stabilization and partner recruitment in the PML-NBs (figure 5).  

For the initial multimerization, PML as part of the TRIM protein family, has a RBCC motif 

which is known to play an important role in oligomerization (Jensen et al., 2001; 

Salomoni et al., 2008). In addition, recent studies have showed that the multimerization 

of the zinc-finger PML proteins is triggered by oxidation. PML is a cysteine-rich and a 

reactive oxygen species (ROS) sensor protein, becoming highly oxidized when 

associated with the nuclear matrix, triggering the formation of disulfide bonds between 

PML proteins, which then assemble into the outer shell of the PML-NBs (Jeanne et al., 

2010; Sahin Umut et al., 2014; Stuurman et al., 1992; X.-W. Zhang et al., 2010).  

Following the first step of PML nucleation, UCB9, a SUMO E2 ligase, is recruited into 

the soluble inner fraction of the PML-NBs to SUMOylate PML. The PML-bound SUMO 

and the SIM of PML will then be used as docking sites for interacting partner proteins 
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through SIM-SUMO interactions. UCB9 and PML, the latter of which has also been 

shown to have a E3 ligase activity as a TRIM protein (Chu & Yang, 2011; Gärtner & 

Muller, 2014; Reuter et al., 2017), will then SUMOylate the interacting proteins in situ, 

reinforcing both the interaction, the post-translational modifications and the 

sequestration of partner proteins (Maroui et al., 2012a; Sahin Umut et al., 2014; 

Salomoni et al., 2008). 

The biogenesis of PML-NBs is thought to be a redistribution of PML from the diffuse 

nuclear fraction into matrix-associated bodies in response to cellular stresses such as 

oxidative stress and also upon treatment with arsenic. An increase of PML transcription 

accounting for the formation of PML-NBs was, so far, only observed upon interferon 

(IFN) α/β and γ stimuli (Chelbi-Alix et al., 1995; Lallemand-Breitenbach & de Thé, 2010; 

Sahin Umut et al., 2014). However, it is worth noting that most of the studies on the 

biogenesis of PML-NBs use overexpressing wild-type or mutant PML transfected cell 

lines, therefore the transcription and protein level upon stimuli cannot be assessed. 

 

 

Fig. 5: PML-NBs biogenesis. 
(Sahin Umut et al., 2014)  

 

1.2.4. PML, a disordered protein, forming a liquid-liquid phase separation system 

Intrinsically disorder proteins (IDPs) or intrinsically disorder protein regions (IDPRs) are 

proteins or regions lacking secondary/tertiary unique structure which was formerly 

considered essential for the protein to be functional (DeForte & Uversky, 2016; Dunker 
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et al., 1998, 2005). However, during the last decades, it has extensively been shown 

that IDPs and IDPRs are functional and mostly involved in signaling and control 

pathways (Iakoucheva et al., 2002) as well as molecular recognition (Uversky et al., 

2005). They are also commonly involved in protein-protein and protein-DNA or -RNA 

interactions due to the structural flexibility which gives them faster kinetics for 

interactions (Dunker et al., 2005). Higher organisms show higher percentage of IDPRs, 

about 40 % of the whole proteome, which could be explained by the higher complexity 

in signaling and regulation pathways in such organisms compared to bacteria or 

archeabacteria (DeForte & Uversky, 2016; Dunker et al., 2001, 2005; van der Lee et al., 

2014).  

As one of the characteristics of the IDPs and IDPRs is its interaction with RNA and DNA, 

Frege & Uversky investigated the disorder level in human nucleus (Frege & Uversky, 

2015). For this, only the human curated proteins from the Nuclear Protein Database 

(Dellaire et al., 2003) were analyzed by the PONDR-FIT® metapredictor (Xue et al., 

2010). The resulting 185 nuclear proteins show that the nucleus is strongly disordered 

with most of its proteins having an intrinsically disorder score higher than 30 % (figure 

6) (Frege & Uversky, 2015). The disorder score is calculated using neural network 

predictor which identifies disordered regions and is applied on protein FASTA sequence 

(Xue et al., 2010). This score represents the disorder level of the protein, i.e the higher 

the percentage, the higher the disorder. 

 

 

Fig. 6: Distribution of the human curated nuclear proteins depending on their disorder 
prediction score calculated by PONDR-FIT predictor. 
PONDR stands for Predictor of Naturally Disordered Region (Frege & Uversky, 2015). 

 

IDPs and IDPRs are found in many membraneless organelles such as cleavage bodies, 

SAM68 nuclear bodies, nuclear speckles, Cajal bodies, nucleolus and stress granules 
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(Banani et al., 2016; Ditlev et al., 2018; Frege & Uversky, 2015; Molliex et al., 2015). 

These organelles are formed by the phenomenon of liquid-liquid phase separation 

(LLPS) and are characterized as condensed liquid-like droplets containing proteins, 

RNA and other molecules. They have a very rapid response upon stress first by their 

fast formation and client recruitment as a membraneless structure, but also thanks to 

the high concentration of proteins which facilitate spatiotemporal reactions (Frege & 

Uversky, 2015; Jo & Jung, 2019; Murthy & Fawzi, 2020; Shin & Brangwynne, 2017). 

In the membraneless organelles, protein recruitment is dependent on the client and 

scaffold valency, as well as on the scaffold stoichiometry. This recruitment can be 

reversed very quickly, supporting in this way the fast response of cellular bodies to stress 

(Banani et al., 2016; Ditlev et al., 2018) (figure 7). 

 

  

Fig. 7: Client recruitment in cellular bodies depends on the client and scaffold valency 
and scaffold stoichiometry. 
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(A) SUMO-depleted NBs recruit SUMOylated clients while PML-NBs recruit SIM-
containing clients. (B) Model of cellular bodies composition and dynamic (adapted from 
Banani et al., 2016). 

 

Interestingly, PML harbors some IDPRs which are slightly different between PML 

isoforms (figure 8). The difference in disorder at the C-terminal region might explain their 

specific interaction partners and functions (Frege & Uversky, 2015; Salomoni et al., 

2008). Also, PML functions such as the protein-protein interaction and the involvement 

in signaling pathways, are most likely facilitated by the IDPRs, as their protein flexibility 

increases  the interaction kinetics (Dunker et al., 2005; Salomoni et al., 2008).  

 

 

Fig. 8: PML isoforms I and II display different disordered regions by PONDR analysis. 
(Salomoni et al., 2008) 

 

Banani et al. have shown that highly SUMOylated PML-NBs recruit SIM-containing 

clients, however, a reduced PML SUMOylation shifts the recruitment towards SUMO-

containing clients (figure 7). In addition, the higher the number of SIM or SUMO in the 

clients, the more their recruitment is favored in the PML-NBs (Banani et al., 2016; Ditlev 

et al., 2018). This suggests that the composition of cellular bodies affects the partner 

recruitment and is therefore tightly associated to the PML-NBs functions. 

It is important to note that the previously mentioned studies were made in silico, but yet, 

no proof of PML-NBs forming by LLPS in cellulo has been achieved. Furthermore, the 

PML-NBs would be the first LLPS-forming organelle which would have a shell structure. 

At last, a lot is still to be discovered about how PML carries off its functions in relation to 

the biogenesis of PML-NBs. 
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1.2.5. PML-NBs degradation 

PML-NBs are highly dynamic sub-nuclear structures: several factors can trigger not only 

their assembly as described previously, but also their degradation. 

At physiological state, the PML-NBs were shown to be degraded during the cell cycle. 

At the G2/M-phase transition, they first accumulate in the cytoplasm as the nuclear 

envelope breaks down, forming larger structures called mitotic accumulation of PML 

protein (MAPP). During the M/G1-phase transition, the bodies are broken down in order 

to pass through the newly formed nuclear pore and eventually form the progeny PML-

NBs (Lång et al., 2019).  

As previously mentioned, in various cancers the loss of PML is due to PML protein 

degradation rather than PML transcription downregulation. At the same time, Protein 

inhibitor of activated STAT (PIAS1) and Casein Kinase 2 (CK2) are found overexpressed 

and activated. PIAS induces the SUMOylation of PML and promotes the interaction of 

PML with CK2 which, in turn, induces the phosphorylation of PML ser517. The 

phosphorylation of PML is suggested to enhance its ubiquitination and degradation 

(Scaglioni et al., 2006).  

In in vitro cancer cells, hypoxia induces PML degradation by, supposedly, CDK1 and 

CDK2-dependent PML phosphorylation on ser518. However, a lot is still to be 

understood about PML degradation under hypoxia (Rabellino et al., 2012). Other studies 

have revealed that PML degradation is dependent on ERK2/Pin1 in breast cancer cell 

lines (Lim et al., 2011) and is mediated by E6AP, an ubiquitin E3-ligase (Louria-Hayon 

et al., 2009). 

More recently, transforming growth factor β (TGF-β) was shown to induce PML 

degradation. Upon TGF-β, the nuclear isoforms are SUMOylated, triggering the 

formation of PML-NBs. Interestingly, upon TGF-β, only the PML-NBs composed of the 

PML IV isoform recruits and interacts with Caspase-8, which thereafter induces its 

degradation (El-Asmi et al., 2019). 

  

Lastly, PML-NBs were shown to be degraded upon Arsenic trioxide, a drug approved to 

treat APL patients (detailed in part 1.4.1.1). At first, arsenic trioxide binds the RING 

domain of PML and triggers the phosphorylation of PML, inducing the transfer of the 

nucleoplasmic PML to the nuclear matrix associated PML-NBs (Nisole et al., 2013). 
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Then, Arsenic trioxide triggers the conjugation of several SUMO peptides to the SUMO 

binding sites of PML: the lysines K65, K160 and K490 (figure 3), forming a SUMO chain 

on these amino acids. The resulting enhanced SUMOylation leads to the recruitment of 

the RING Finger protein 4 (RNF4), a poly-SUMO-specific ubiquitin ligase, which 

deposits ubiquitin on poly-SUMOylated proteins. The 11S complex and 20S core of the 

proteasome are then recruited to the PML-NBs and consequently trigger the 

degradation of PML (figure 9). Interestingly, the SIM of PML is not required for the RNF4 

recruitment, however, it is necessary for both PML ubiquitination and proteasome 

recruitment to the PML-NBs upon Arsenic trioxide. This also explains the resistance to 

arsenic trioxide of the nuclear isoform PML VI, which does not contain a SIM. 

Intriguingly, the cytoplasmic isoform, PML VII, does not get SUMOylated and thus not 

degraded upon Arsenic trioxide (Lallemand-Breitenbach et al., 2008; Maroui et al., 

2012b; Nisole et al., 2013).  

 

 

Fig. 9: PML degradation upon arsenic trioxide.  
As2O3: arsenic trioxide, SIM: SUMO-interacting motif, NLS: nuclear localization signal, 
NES: nuclear exclusion signal (Nisole et al., 2013). 

 

1.2.6. Biological function of PML-NBs 

The PML-NBs are involved in many cellular processes such as tumor suppression, 

apoptosis, senescence, antiviral response, inflammation, immunity, metabolism and 

many more. This variety of functions is due to their high number of interacting partners 

with more than 120 proteins proven to physically interact with PML (figure 10). The high 

number of PML isoforms and their properties to interact with different proteins via their 
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different C-terminal region contribute to the plethora of functions of the PML-NBs (Nisole 

et al., 2013). Despite its numerous functions, it is noteworthy that PML -/- mice are 

perfectly viable and healthy. They present an increased risk of spontaneous 

tumorigenesis, but no significant metabolic defects were observed under physiological 

conditions (Trotman et al., 2006). 

 

Fig. 10: PML interactome.  
(Guan & Kao, 2015) 

 

The PML-NBs achieve their function through several mechanisms: protein sequestration 

to inhibit their function, protein recruitment to activate their function, facilitation of protein 

interaction, post-translational modifications of PML-NBs-interacting protein, 

transcriptional and translational regulation, protein stability, etc. The cellular processes 

and their mechanism of regulation are detailed in the following parts (Bernardi & 

Pandolfi, 2007b; Guan & Kao, 2015; Lallemand-Breitenbach & de Thé, 2010).  

 

1.2.6.1.  PML as tumor suppressor 

Since its discovery in APL, PML was found downregulated at its protein level but not 

transcriptionally in several cancers. This suggests that, first, PML is regulated at a 

translational/post translational level, but it also indicates a function of PML as tumor 
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suppressor (Guan & Kao, 2015). This function of PML is achieved through several 

independent mechanisms. 

First, PML-NBs regulate p53-dependent apoptosis by stabilizing p53. Upon Ras 

expression, p53 and CREB-binding protein (CBP) are recruited into the PML-NBs, 

where p53 gets acetylated. This allows p53 to induce the p53 target gene expression 

triggering the apoptosis or cellular senescence (Ferbeyre et al., 2000; Pearson et al., 

2000). In addition, PML-NBs have been shown to stabilize p53 by sequestering the p53-

ubiquitin ligase, Mdm2, to the nucleolus (Bernardi et al., 2004). On the same note, PML 

isoform IV overexpression leads to p53-dependaent apoptosis and cell senescence 

(Quignon et al., 1998). The PML-NBs also regulates p53-independent apoptosis. The 

recruitment of DAXX into the PML-NBs upon mitogenic activation is necessary for the 

induction of DAXX-mediated apoptosis (Zhong et al., 2000).  

Taken all together, these finding show that the downregulation of PML in cancer cells 

impairs, via several independent mechanisms, the activation of the p53-dependent and 

p53-independent apoptosis and senescence induction. 

Oppositely, PML was suggested to be oncogenic in primary glioblastoma cells with a 

reduced growth and invasion index in PLM knock down cells (Amodeo et al., 2017).  

 

1.2.6.2. PML function in genome stability and DNA damage response 

PML contributes to DNA damage response and DNA repair (Chang et al., 2018). Upon 

ionizing-radiation-induced DNA damage, PML recruits and stabilizes DNA 

Topoisomerase II Binding Protein 1 (TopBP1) and other DNA repair proteins at the 

single-stranded DNA foci. TopBP1 is a DNA topoisomerase repairing the DNA damage 

(Xu et al., 2003).  In addition, PML-NBs were found at persisting IR-induced DNA 

damage foci contributing to DNA repair via the homologous recombination machinery 

(Vancurova et al., 2019).  

To maintain the genome stability, PML can also induce cell apoptosis upon DNA 

damage. PML mediates the auto-phosphorylation of Serine/threonine-protein kinase 

(CHK2), which triggers its activation and subsequently the induction of apoptosis (S. 

Yang et al., 2006). 
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In addition, PML has been found to colocalize with telomeres in cells presenting an 

active alternative lengthening of telomeres (ALT) mechanism (I. Chung et al., 2012). The 

PML-NBs are the site of synthesis of telomeres by ALT which is therefore abrogated 

upon the loss of PML. It is worth mentioning that only a few human cancers use the ALT 

mechanism, while the majority of them rely on the telomerase to extend the shortening 

telomeres (J. M. Zhang et al., 2021).  

 

1.2.6.3. PML as a regulator of transcription 

The PML-NBs present several mechanisms to regulate transcription. First, PML-NBs 

can regulate the chromatin opening or closing by recruiting numerous chromatin-

modifier proteins into the PML-NBs. The heterochromatin protein HP1, the histone 

chaperones ATRX, DAXX and DEK, but also some histone acetyltransferase (CBP, 

MOZ, TIP60), histone deacetylase (HDAC7, SIRT1) and histone methyltransferase 

(SETDB1) have been found to localize in the PML-NBs (Corpet et al., 2020). The newly 

synthesized histone variants histone 3.3 (H3.3) are recruited to the PML-NBs in a DAXX 

dependent manner, preventing the accumulation of the non-incorporated H3.3 (Delbarre 

et al., 2013). In addition, PML is required for ATRX- and DAXX-mediated deposition of 

H3.3 in PML associated domains (PADs), a heterochromatin domain associated with 

PML-NBs (Delbarre et al., 2017). It is important to mention that the PML-NBs do not 

contain neither chromatin nor RNA in normal conditions (Boisvert et al., 2000). However, 

as previously mentioned, telemetric DNA is found in PML-NBs in ALT and tumour cells, 

and viral DNA is recruited in the PML-NBs upon viral infection (detailed in 1.2.6.7). 

Despite not containing chromatin, the PML-NBs are closely associated with 

transcriptionally active regions, as suggests the presence of nascent RNA and highly 

acetylated chromatin domain at the vicinity of the PML-NBs (Boisvert et al., 2000; J. 

Wang et al., 2004). This was later confirmed by immuno-TRAP, a biotin-labelling DNA 

method allowing to find chromatin loci associated to the PML-NBs (Ching et al., 2013), 

as well as by APEX-mediated chromatin labelling and purification (ALap-seq) (Kurihara 

et al., 2020). The PML-NBs can also indirectly regulate transcription by recruitment, 

post-translational modification, sequestration or activation of many transcription factors, 

such as p53, as detailed previously.  
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1.2.6.4. PML role in metabolism 

PML has been shown to regulate many metabolic genes, however, the role of PML in 

metabolism is still controversial. Under high fat diet, a study has shown that the PML -/- 

mice present an accelerated fat accumulation due to the loss of transcriptional 

repression of adipogenic transcription factors by PML (M. K. Kim et al., 2011). In 

contradiction, another study showed that the PML -/- mice are protected from obesity 

induced upon high fat diet, thanks to an accelerated rate of fatty acid metabolism (Cheng 

et al., 2013).  

 

1.2.6.5. PML in central nervous system pathophysiology 

At postnatal stages, PML is present in the subventricular zone (SVZ) of the neocortex 

and in few neuronal cells in the hippocampus and cerebellum, where it regulates 

neurogenesis. PML -/- mice exhibit an impaired differentiation and an increased 

proliferation of the neural progenitor cells leading to a thinner cortical wall and swollen 

SVZ (Regad et al., 2009; Salomoni & Betts-Henderson, 2011).  

At adult stage, PML expression is no more restricted to the SVZ but it is present in almost 

all central nervous system (CNS) areas such as the hippocampus, the brain stem and 

the cerebellum, where it achieves different functions (figure 11). In the adult SVZ, PML 

is required for adult neurogenesis by regulating neuroblast migration (Amodeo et al., 

2017). Following the defect in postnatal neurogenesis, Butler et al. showed that that the 

PML -/- mice present a low anxiety level and an impairment in conditioned and spatial 

learning. They suggested that the hippocampal plasticity was impaired due to a reduced 

synaptic transmission in the CA1 (Butler et al., 2013). In addition, Arc, a protein involved 

in synaptic plasticity by regulating the transcription of genes associated with synaptic 

strength, was found to colocalize and associate with PML-NBs in hippocampal neurons 

(Bloomer et al., 2007).  

In the suprachiasmaticus nucleus, PML is essential for the transcription and nuclear 

localization of Per2, a clock regulator gene and for the transcription of other key clock 

regulator genes. Upon PML loss, mice exhibit a lack of precision and stability in circadian 

rhythm (Miki et al., 2012). 

PML role was also investigated in polyQ diseases such as Huntington’s disease and 

spinocerebellar ataxia (SCA). These neurodegenerative diseases are caused by 
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expanded repeats of CAG in the causative gene, forming a chain of glutamine residues 

called polyQ tract. The accumulation of polyQ proteins leads to damage in mitochondria 

and in the ubiquitin proteasome system which, eventually, triggers the degeneration of 

specific neuronal populations (Fan et al., 2014). In Purkinje cells, the most affected cell 

type of SCAs, PML is highly expressed under physiological conditions and was found to 

colocalize with Ataxin mutants in patient samples of SCA1, SCA7, SCA3, SCA17 

(Takahashi et al., 2003; Yamada et al., 2001). The recruitment of Ataxin7 in PML-NBs, 

specifically formed by PMLIV, was shown in vitro to promote their ubiquitin-dependent 

proteasomal degradation which eventually prevents their aggregation. Furthermore, the 

disruption of PML-NBs by Cadmium increases the mutant Ataxin7 aggregation. 

Inversely, up-regulating PML expression and enhancing the PML-NBs formation by an 

in vitro interferon-β (IFNβ) treatment increase the proteasomal degradation of mutant 

Ataxin7 and its aggregates. (Janer et al., 2006). Similarly, IFNβ treatment of the SCA7 

preclinical model, SCA7266Q/5Q knock-in mice, induces the clearance of mutant Ataxin7 

and an improvement of the SCA7-associated cerebellar dysfunctions, such as locomotor 

function, balance and motor coordination (Chort et al., 2013). More generally, Guo et al. 

demonstrated that PML-NBs promote the degradation of several nuclear misfolded 

proteins, such as the polyQ proteins mutant ataxin1 and mutant huntingtin causing 

respectively SCA1 and Huntington’s disease, but also the degradation of TAR DNA-

binding protein 43 (TDP43) associated with Amyotrophic lateral sclerosis (ALS) and 

frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U). After their 

recruitment into the PML-NBs, PML performs the SUMOylation of the misfolded 

proteins, followed by RNF4-mediated ubiquitination which signals their proteasomal 

degradation (L. Guo et al., 2014; Janer et al., 2006). This newly revealed function of 

PML could be of interest for several neurodegenerative diseases caused by misfolded 

proteins and protein aggregation.  
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Fig. 11: PML functions in the brain. 
(adapted from Korb & Finkbeiner, 2013) 

 

As described above, in the CNS, PML has mostly been studied in neuronal cells and 

their precursors. It was also believed that PML was not, or very lowly expressed in glial 

cells, which explain the almost non-existent literature about PML in glial cells.  

Palibrk et al. studied the response of PML -/- mice in a neonatal hypoxia-ischemia model 

caused by a permanent occlusion of the carotid artery at day 9. Interestingly, they 

discovered that PML-NB numbers were increased in microglia in this model and that 

PML is required for the microglia response upon hypoxia-ischemia. Indeed, the PML -/- 

mice showed a reduced/abrogated activation of the microglia. Furthermore, PML was 

shown to have a protective role from the hypoxia-ischemia-induced tissue loss and 

apoptosis, as well as a better tissue regeneration. The latter was due to a defect in de 

novo production of neuronal progenitor and PML role in neuron differentiation (Palibrk 

et al., 2016). 

 

1.2.6.6. PML as a stress sensor 

PML is required to sense and mediate the stress response upon several stimuli. Upon 

basal oxidative stress, PML-NBs mediate the p53-dependent anti-oxidant response in 

order to protect the cells against ROS. While upon acute ROS exposure, PML-NBs 

assembly is enhanced which in turn mediates p53-dependent cell death. Furthermore, 

silencing PML led to higher ROS level and DNA damages. It is worth mentioning that 
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the PML-/- mice have a prolonged live span under chronic oxidative stress due to their 

lack of oxidative stress response, which was suggested to delay aging (Niwa-Kawakita 

et al., 2017).  

 

1.2.6.7. PML in the viral response 

PML has been shown to have an antiviral function against DNA viruses and RNA 

viruses.  

PML-NBs have the ability to repress viral replication during the early infection stage and 

also at later stage (figure 12). Upon nuclear entry of nuclear replicating viruses, the PML-

NBs recruit and silence the viral genome by epigenetic regulation conducted by PML-

NBs interacting partners such as hDAXX and ATRX. At a later stage, the PML-NBs 

repress the viral replication by entrapping the newly assembled nucleocapsids of 

varicella-zoster virus (Scherer & Stamminger, 2016). Upon human immunodeficiency 

virus 1 (HIV-1), the PML-NBs translocate to the cytoplasm and inhibit the viral 

retrotranscription in a cell type dependent manner (Dutrieux et al., 2015; Kahle et al., 

2015). 
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Fig. 12: Mechansims of action of PML against viruses. 
(Scherer & Stamminger, 2016) 

 

The antiviral activity of PLM-NBs has been bypassed by virus evolution. The viruses 

have deployed different mechanisms to inactivate the antiviral functions of the PML-NBs 

such as p53-dependent apoptosis, IFN response activation as well as replication 

repression. For instance, herpes virus type 1 is able to ubiquitinate and induce the 

proteasomal degradation of the SUMOylated PML-NBs-interacting partners as well as 

triggering the dispersion of the PML-NBs by inhibiting the SUMOylation of PML and 

therefore its PML-NBs formation (Scherer et al., 2014). Similarly, cytomegaloviruses and 

gammaherpesviruses trigger the dispersion or degradation of the PML-NBs, while 

adenoviruses induce their rearrangement into a nuclear track-like structure, eventually 

inhibiting their functions (Scherer & Stamminger, 2016). Cytomegaloviruses are also 

able to inhibit the IFN-mediated response by sequestering IFN-stimulated gene factor 3 

once bound to PML-NBs (Y. E. Kim & Ahn, 2015). Other viruses employ mechanisms to 

disrupt the association of PML-NBs components such as hDAXX-ATRX complex which 

acts as a silencer of the viral genome (Scherer & Stamminger, 2016).  

Recently, PML presence was shown to be required for human papillomavirus infection, 

which uncovers a new role of the PML-NBs in addition to their antiviral functions (Guion 

& Sapp, 2020). 
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1.2.6.8. PML in inflammation and innate immunity 

Pml promoter contains IFN stimulated response elements (ISRE) making PML an IFN 

stimulated gene (ISG) (Stadler et al., 1995). In addition to pml transcription, IFN stimuli 

enhance PML-NBs formation which is required to induce p53-dependent apoptosis 

(Chelbi-Alix et al., 1995; Fu et al., 2015; Regad et al., 2001). IFNα was also indicated to 

induce TGFβ-mediated apoptosis, where cytoplasmic PML, PML VII isoform, was 

required for TGFβ signaling activation (El-Asmi et al., 2019). In addition to the role of 

PML inducing p53 activation, PML is required to mediate apoptosis upon p53 activation. 

p53 binding sites were discovered in pml gene, making PML a p53 target (de Stanchina 

et al., 2004).  

Upon IFNγ stimulation, the role of PML is controversial. Initially, PML was considered 

as a repressor of IFNγ-induced STAT1α transcriptional and DNA binding activity in 

mouse embryonic fibroblasts (Choi et al., 2006). However, in 2011, Bougrini et al. 

showed that the silencing of nuclear PML isoforms led to a reduced IFNγ-induced 

STAT1 activation, while the overexpression of nuclear PML isoforms increases IFNγ-

induced STAT1 phosphorylation, DNA binding activity and eventually the ISG 

expression (el Bougrini et al., 2011).  

Interestingly, PML SUMOylation is required to induce STAT1 activation upon IFNγ 

treatment (el Bougrini et al., 2011), but also to enhance global SUMOylation upon IFNγ 

stimulation (El-Asmi, McManus, Thibault, et al., 2020; Maroui et al., 2018). The analysis 

of the SUMO proteome upon IFNα reveals that STAT1 is first deSUMOylated 45 minutes 

after induction and then increased after 16 hours of induction (Maroui et al., 2018). The 

later SUMOylation of STAT1 was shown to inhibit its phosphorylation and subsequently 

its activation which provides a negative feedback loop in the IFN-mediated signaling 

(Maarifi et al., 2015).  

Lastly, PML was suggested to be involved in the Toll-like receptor (TLR)/NF-κB signaling 

pathway. Upon LPS-induced sceptic shock, the PML -/- mice were found to be more 

resistant than the wt mice. This is due to an impairment in TLR4 signaling activation and 

therefore in chemokines and cytokine release by the PML -/- macrophage upon 

lipopolysaccharide (LPS), suggesting an impairment in the NF-κB pathway (Lunardi et 

al., 2011).  
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1.3.  Interferon signaling in disease 

1.3.1. Interferon signaling upon viral infection 

The nucleic acid sensing pathways were initially found to be induced upon viral 

infections to activate the immune response through the IFN signaling pathway and fight 

viral infections. Following a viral infection, the pattern recognition receptors (PRRs), 

such as TLRs, NOD-like receptors or retinoic acid inducible gene-I-like (RIG-I-like) 

receptors, and also cytoplasmic DNA receptors, such as the cyclic GMP-AMP synthase 

(cGAS), sense the accumulated cytoplasmic viral double stranded DNA or RNA.  

One of the endosomal receptors, TLR3, senses double stranded RNA and leads to the 

phosphorylation of TBK1 and IKKƐ by TRAF6 and TRIF. Once phosphorylated, TBK1 

phosphorylates IFN regulatory factor 3 (IRF3), which then translocates to the nucleus 

and induces the transcription of IFNβ and IFN regulatory factors 7 (IRF7). The primary 

signal is further amplified by a positive feedback loop where the IFN-α/β receptor 

(IFNAR) undergoes a dimerization upon IFN binding, recruiting JAK1 and TyK2 which 

phosphorylate the STAT proteins. The IFN stimulated gene factor 3 (ISGF3) complex, 

comprising phosphorylated STAT1-STAT2 dimer with IRF9, is formed and binds to ISRE 

inducing the transcription of the ISGs (figure 13). It is worth noting that pml is an ISG 

(Stadler et al., 1995), as well as ifnb (Schafer et al., 1998), which therefore induces an 

amplification by the IFNβ feedback loop (figure 13). 

The nucleic acid sensing pathways are also induced by cytosolic RNA helicase such as 

RIG-I and the melanoma differentiation-associated gene 5 (MDA5), which activate 

mitochondrial antiviral-signaling (MAVS) and IRF3 upon RNA sensing (d’Angelo et al., 

2021).  
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Fig. 13: Simplified inflammatory pathways upon viral infection.  
Created with BioRender.com. 

 

1.3.2. Type I interferonopathies 

The type I interferonopathies group 13 several autoimmune diseases having in common 

one or several mutations in the IFN signaling pathway (2017 classification of the 

International Union of Immunological Societies). Due to these mutations, the organism 

fails to discriminate between self and non-self nucleic acid, triggering the activation of 

the nucleic acid sensing pathway by the host RNA/DNA and subsequently the IFN 

signaling pathway. The patients show high level of type-I IFN in  the cerebrospinal fluid 

(CSF) and serum (d’Angelo et al., 2021).  

Aicardi Goutières Syndrome (AGS) was one of the first interferonopathies to be 

identified. It is a rare disease described as an autoimmune neurological disease where 

the nervous system is greatly affected. Babies with early-onset AGS, around 20 % of 

the cases and usually the most severe form, are born with small blood vessels 

inflammation called chilblains, liver dysfunctions as well as neurological abnormalities. 
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Babies with a late-onset start showing microcephaly, cognitive and developmental delay 

after few weeks or months. The AGS infants will develop calcification of the basal-

ganglia and cerebellar dentate nuclei, white matter abnormalities, seizures, skin lesion 

and more symptoms (Abe et al., 2014; Behrendt & Roers, 2013; d’Angelo et al., 2021; 

G. Rice et al., 2007). The babies suffering the most severe form of AGS, around 40 % 

of the cases, die in early childhood, while few patients will reach adulthood with severe 

neurological and physical disabilities (Crow & Rehwinkel, 2009). 

 

AGS is hereditary in an autosomal recessive manner with mutations in genes encoding 

intracellular nucleic acid degradation enzymes: TREX1, RNASEH2B, RNASEH2C, 

RNASEH2A, SAMHD1, ADAR1; or in an autosomal dominant manner with a mutation 

in IFIH1 coding for MDA5. All the reported mutations lead to a constitutive activation of 

the IFN response leading to a chronic overproduction of type I IFN (Crow, 2016; G. I. 

Rice et al., 2014).  

Loss-of-function mutations of the 3’ → 5’ exonuclease TREX1 or of one of the 3 RNAse 

H2 enzyme subunits (RNASEH2A, RNASEH2B, RNASEH2C) result in an accumulation 

of the reverse transcription products. This accumulation of endogenous nucleic acid is 

most likely due to the loss of nuclease activity of these proteins and will then be sensed 

by the cGAS-STING DNA sensing pathway, inducing a pro-inflammatory response. It is 

worth noting that the main function of RNAse H2 enzymes is to degrade RNA/DNA 

hybrid and to keep the genomic stability by removing the ribonucleotides of genomic 

DNA (Gall et al., 2012; Gray et al., 2015; Hemphill et al., 2021; Stetson et al., 2008b). 

Similarly, mutations in the deoxynucleoside triphosphohydrolase SAMHD1 lead to an 

activation of the cGAS-STING pathway. However, the mechanism of activation of the 

cGAS-STING pathway is still not fully understood from the currently known SAMHD1 

functions. SAMHD1 is also important for the genome integrity by balancing the 

deoxynucleotide triphosphate (dNTP) pools. In AGS, its loss of function might contribute 

to an increase of dNTP availability, promoting DNA synthesis (Crow, 2016; Park et al., 

2021).  

The adenosine deaminase acting on RNA (ADAR1) marks the endogenous double 

strand RNA (dsRNA) by catalyzing the deamination of adenosine to inosine RNA editing 

(A-to-I RNA editing). This mechanism prevents the endogenous dsRNA to activate the 
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inflammatory response (Liddicoat et al., 2015). Although the mechanism inducing IFN 

response is still unclear, supporting evidences show that loss of ADAR1 induces an 

accumulation of cytoplasmic dsRNA coming from genomic repetitive elements, 

specifically the Alu elements which are then recognized by MDA5 and lead to IFNβ 

production (H. Chung et al., 2018; Nakahama et al., 2021; G. I. Rice et al., 2012). The 

immunopathology induced by ADAR1 alteration was recently shown to be dependent on 

ZBP1, with ADAR1 being a negative regulator of ZBP1 (Hubbard et al., 2022; Jiao et al., 

2022). Moreover, ADAR1 might play a role in inhibiting the retrotransposition of the 

retrotransposable element LINE1 by A-to-I RNA editing (Orecchini et al., 2017).  

MDA5 senses exogenous viral dsRNA and induces the inflammatory response via 

MAVS. In AGS, although the mechanism is not clearly known, it has been suggested 

that gain-of-function mutations of MDA5, such as G821S, A946T, M845K, R822Q and 

R779H, lead to a lower activation threshold of MDA5 which could induce the RNA 

sensing pathway by endogenous dsRNA binding (Crow & Manel, 2015; G. I. Rice et al., 

2014; Yu et al., 2021). 

  

1.3.2.1. Aicardi Goutières Syndrome therapies 

Unfortunately, no cures exist for AGS patients, only symptomatic treatments are used 

to increase the patient’s quality of life. The current approaches for potential therapies 

target 1) the production of endogenous nucleic acids and specifically the 

retrotransposable elements, 2) the upstream nuclei acid sensing pathway and 3) the 

downstream IFN signaling response pathway.  

The first approach is based on the hypothesis that the retroelements are accumulating 

by lack of control from mutated TREX1, SAMHD1 or RNAse H2 enzymes, therefore 

inhibiting the reverse transcription would prevent their accumulation. Inspired by the HIV 

reverse transcriptase therapy, a pilot study showed a reduction of IFN signaling in 

patients treated with reverse transcriptase inhibitors used in HIV patients, such as 

abacavir, lamivudine and zidovudine. However, no significant neurological improvement 

was found, which was most likely due to the too advanced disease stage of the patients 

in the trial (G. I. Rice et al., 2018). 

The second approach is to inhibit the nucleic acid sensing pathway. Even though it is 

not understood mechanistically, antimalarial drugs, such as X6 (J. An et al., 2018), 
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hydroxychloroquine or quinacrine (J. An et al., 2015), have been shown to inhibit c-GAS. 

These drugs have actually been used for decades in patients with systemic lupus 

erythematosus (SLE), one of the 13 interferonopathies (Tonduti et al., 2020).   

Another approach is based on immunotherapies targeting the IFN-α/β receptor. This 

appears to be a more promising approach for inhibition of the inflammatory response. 

However, these therapies, such anifromulab and sifalimumab, are not yet tested for 

AGS, but are accepted or in the advanced phase of clinical trials for SLE patients (Greth 

et al., 2017; Morand et al., 2022; Takeuchi et al., 2020). 

The last approach is targeting the IFN signaling pathway, which can be done through 

immunotherapies or by inhibiting janus kinase (JAK). The latest seems to be the most 

promising so far: several clinical trials are currently ongoing to assess the efficacy of 

JAK inhibitors in AGS patients. To cite only few drugs in current trials: Baricitinib which 

is currently in phase II (Vanderver et al., 2020), Ruxolitinib (Mura et al., 2021) and 

Tofacitinib (S. Zhang et al., 2021). Among these drugs in trial for AGS patients, two of 

them, Baricitinib and Tofacitinib, are FDA-approved medications for chronic 

inflammatory disorder such as rheumatoid arthritis and psoriatic arthritis (Campanaro et 

al., 2021). Tofacitinib-treated patients show a significant decrease in symptoms 

compared to placebo-treated patients, however, they did not reach a significantly higher 

remission rate (Fleischmann et al., 2012). Furthermore, it is worth noting that therapies 

based of JAK inhibitors have also shown increased risks of major adverse 

cardiovascular events, malignancies, herpes zoster, bacterial infections and 

thromboembolism when used against rheumatoid arthritis (Song et al., 2022; Ytterberg 

et al., 2022).  

In summary, currently no therapies are FDA-approved for frontline treatment of AGS 

patients. Even though the JAK inhibitors seem promising to ameliorates the disease, 

their efficiency is relative. Even in the context of rheumatoid arthritis disease, which 

presents milder symptoms than AGS, JAK inhibitors do not induce remission but only 

ameliorate symptoms. Secondly, the safety of JAK inhibitors is highly discussed as 

previously detailed. Therefore, there is still a strong urge to find a new treatment, in 

combination with others or by itself. 
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1.3.2.2. Aicardi Goutières Syndrome mouse models 

Like many disease mouse models, the AGS mouse models are based on mutations 

found in AGS patients. One of the most common models to study AGS is the TREX1 -/- 

murine model. The mice have a reduced lifespan of 6 months and die of inflammatory 

myocarditis. Like AGS patients, they present peripheral immune response and IFN 

signaling, however, this model does not reproduce the brain inflammation and 

encephalopathy seen in AGS patients. This autoimmune phenotype triggered by TREX1 

-/- is cured by IRF3 knock out, IFNAR KO and Rag2 KO (Behrendt & Roers, 2014; 

Stetson et al., 2008a).  

Another widely studied model is the ADAR1 -/- murine model. This model, which is 

embryonic lethal (E11.5-E12.5), shows high IFN and ISG expression, but no neuro-

inflammation nor CNS phenotypes. ADAR1 p.K999N mouse mutant is the first model 

showing an asymmetric and sparse inflammation in neurons and microglia, however, no 

basal ganglia calcification or gliosis were observed in this model. A second hit, such as 

a viral infection might be required to trigger the other AGS phenotypes (X. Guo et al., 

2021). 

Loss of RNAse H2 triggers the death of E11.5 embryos. Unlike the ADAR1 -/- mice, the 

death is due to cell cycle arrest induced by p53-inducible genes activated by genome 

instability. Importantly, in patients, the activity of the RNAse H2 complex is  only reduced 

but not abrogated: no bi-allelic mutations are reported in any subunits of this complex 

(Behrendt & Roers, 2014).  

In AGS, several gain-of-function mutations in MDA5 lead to a constitutively active IFN 

signaling due to the lack of exogenous/endogenous RNA binding discrimination. The 

MDA5 G821S mutation is one of the mutations found in human which has been 

reproduced into a mouse model (Funabiki et al., 2014; Onizawa et al., 2021). A chronic 

inflammation was reported in kidneys and liver, as well as a high level of inflammatory 

cytokines in multiple organs, including the brain. Interestingly, crossing the MDA5 GS 

mutant with IFNAR -/- mice ameliorated the pathology, suggesting that IFNβ is 

contributing to the disease, but other cytokines might as well. Also, it is worth noting that 

MDA5 is constitutively active in this model and cannot be further induced by RNA ligands 

(Funabiki et al., 2014). The MDA5 G821S also reported spontaneous encephalitis, one 

of the AGS patient phenotypes (Onizawa et al., 2021). 
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The existing models are very useful to understand the pathway by which a mutation in 

RNA sensing genes leads to an activation of inflammation, however, they do not 

recapitulate all the phenotypes observed in patients such as the neurological disorders. 

Only the MDA5 GS model indicated a high level of IFNβ transcript in the brain, but no 

further studies have been reported. It would be crucial to find a model with CNS 

inflammation leading to neurological disorders to better understand the neurological 

pathology found in the AGS patients.  

 

 

1.3.3. Interferon in Alzheimer’s Disease 

1.3.3.1. Epidemiology and pathology 

Alzheimer’s disease (AD) is part of the neurodegenerative diseases and is the most 

common form of dementia, representing about 60-80 % of dementia cases. Worldwide, 

recent statistics counted about 50 million people having dementia, with 60 % of them 

living in low- or middle-income country (Ferri & Jacob, 2017; Tiwari et al., 2019). As the 

population is progressively aging and advanced age is the greatest risk factor for AD 

and dementia, the disease prevalence is predicted to rapidly increase, reaching more 

than 131 million of people affected by dementia in 2050 and therefore, making AD a 

major socio-economical problem (Edwards et al., 2019; Tiwari et al., 2019). The 

percentage of AD cases increases from 3 % of people aged of 65-74 years-old, to 17 % 

of people being 75-84, to finally reach 32 % of the population older than 85 years-old 

(“Alzheimer’s Disease Facts and Figures,” 2019). Gender seems also to be a 

preeminent AD risk factor; women represent almost two-third of the AD-diagnosed 

patients (Podcasy & Epperson, 2016). 

Dementia is a clinical syndrome which has been characterized by progressive cognitive 

decline in memory, language, behavior and personality, which results in an impairment 

in performing daily-life tasks or activities. AD diagnosis is assessed on living people 

showing dementia by CSF and positron emission tomography (PET) biomarker analysis, 

magnetic resonance imaging (MRI) assessing the hippocampal volume, or by post-

mortem evaluation of brain tissue (Rabinovici et al., 2019; Weller & Budson, 2018). The 

hallmark pathological characteristics of AD brains are extracellular amyloid-β plaques 
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(figure 14), intracellular neurofibrillary tangles (NFTs) in neocortical regions (figure 14), 

brain inflammation, synaptic impairment and neuronal loss.  

Surprisingly, the presence of senile plaques and NFTs can also be found in healthy 

patients presenting no cognitive impairment (Rabinovici et al., 2019)(figure 14).  

 

 

Fig. 14: The presence of amyloid-β and tau revealed by PET is not always associated 
with Mild Cognitive Impairment or AD. 
(Rabinovici et al., 2019) 

 

AD neuropathology appears decades before the clinical onset is assessed. During the 

preclinical phase, amyloid-β aggregation occurs exponentially and reaches almost the 

maximal level before any cognitive impairment appears. NFTs formation starts later than 

amyloid-β deposition and is gradually increasing with the cognitive impairments and 

neuronal loss. During this mild cognitive impairment (MCI) phase, the patients manifest 

a memory impairment greater than their age-peers, which will rapidly declines within a 

few years, until reaching the clinical onset of dementia and being diagnosed as AD 

patients (Bateman et al., 2012; Caselli & Reiman, 2013; Long & Holtzman, 2019) (figure 

15).  
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Fig. 15: The evolution of AD disease.  
(Long & Holtzman, 2019) 

 

AD patients are divided into two groups, the early onset AD (EOAD) with an onset inferior 

to 65 years-old and the late onset AD (LOAD) with an onset superior to 65 years-old 

(Kunkle et al., 2019; Mendez, 2019). EOAD, which represents less than 5 % of the AD 

cases, is mostly characterized by a genetic predisposition, called Familial Alzheimer’s 

Disease. It follows a more aggressive course than the LOAD (Mendez, 2019). Among 

AD patients, 1 % present an autosomal dominant mutation on the Amyloid precursor 

protein (APP), Presenilin-1 (PSEN1) and/or Presenilin-2 (PSEN2) genes, triggering the 

eventual AD outcome (Guerreiro et al., 2012; Kunkle et al., 2019; Rogaeva, 2002).   

The most prevalent AD form, LOAD, mainly affects the aged population in a sporadic 

manner. The life expectancy is of average from 4 to 8 years after LOAD onset 

(“Alzheimer’s Disease Facts and Figures,” 2019). Beyond the environmental and 

acquired risk factors, such as cerebrovascular diseases, hypertension and obesity, the 

genetic risk factors in AD were discovered by Genome Wide Association Studies 

(GWAS) (Grupe et al., 2007; Guerreiro et al., 2012; Kunkle et al., 2019; M. V. F. Silva et 

al., 2019). Allelic and genotypic variants of genes involved in amyloid-β process (app, 

psen1, psen2), cholesterol metabolism (apoe, clu, abca7), endocytosis (bin1, picalm, 

cd2ap, epha1 and sorl1) and in unknown pathways (such as pld3) have already been 

identified as prevalent in AD (figure 16), but many others are yet to be discovered 

(Guerreiro et al., 2012; Karch & Goate, 2015; Kunkle et al., 2019). Interestingly, several 

risk variants are mainly expressed in microglia, such as trem2, cd33, cr1, ms4a, spi1, 

inpp5d, plcg2¸ as well as apoe which is more expressed in glial cells than in neurons 

(K.-L. Huang et al., 2017; Sierksma et al., 2020). This has changed the idea that the 
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neurons are responsible for AD, and suggests the microglia as also a potential cause of 

AD. These risks variants are involved in immune response, such as but also a microglia 

transcription factor, Pu 

 

 

Fig. 16: Genetic risk factors in AD.  
(Karch & Goate, 2015) 

 

1.3.3.2. Current therapies and new prospective 

One of the main challenges in discovering a cure to AD is that the pathological-brain 

changes happen decades before the clinical onset. The amyloid-β deposition and Tau 

pathology are far too extended at the onset of cognitive impairment making it already 

too late to be cured after diagnosis.  

Symptomatic therapies for all AD patients are currently used for improving the MCI either 

by inhibiting the acetyl cholinesterase or by blocking NMDA receptors to avoid an excess 

of neuronal stimulation leading to excito-toxicity (“Alzheimer’s Disease Facts and 

Figures,” 2019; Se Thoe et al., 2021). However, these symptomatic treatments do not 

stop nor slow the disease progression down.  

During the last few years, the research focused on tackling AD at early stage during the 

preclinical phase. To do so, an early detection of the pathology and the prevention of 

amyloid-β and Tau deposition are both required. Therefore, reliable AD biomarkers are 

widely investigated to find a less expensive and less invasive test than the amyloid-β 
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and Tau PETs, MRI or the detection of amyloid-β level in CSF. Amyloid-β, Tau and 

neurofilament light in plasma have been shown to be associated with early AD 

pathology, though the detection method must be very sensitive. Other blood biomarkers 

have been published; however, the results were often not reproducible (Khoury & 

Ghossoub, 2019; Rabinovici et al., 2019).  

 

Preventing amyloid-β and Tau deposition is believed to prevent neuronal loss and 

cognitive impairment. As a results, several strategies (Chen et al., 2017; Tiwari et al., 

2019) are being investigated: 1) inhibiting the oligomerization by using small molecules 

inhibitors, by blocking amyloid channels, or by overexpressing amyloid-β-degrading 

enzymes, 2) degrading the aggregates by immunotherapies or using β-sheets breakers, 

3) Tau-directed therapies. 

Unfortunately, most of the clinical trials failed because of unfavorable 

pharmacodynamics and pharmacokinetics (L. K. Huang et al., 2020; Tiwari et al., 2019), 

however, a recent hope for MCI AD patients has emerged with the accelerated Food 

and Drug Administration (FDA) approval of ADUHELM in June 2021.  

Aducanumab is a recombinant human monoclonal antibody targeting soluble and 

insoluble amyloid-β oligomers present in ADUHELM. The clinical trials have shown that 

AD patients presenting MCI have a reduction of amyloid-β load by PET scan upon 

treatment with ADUHELM (figure 17), which led to the fast FDA approval. However, it is 

important to keep in mind that the cognitive impairment has still to be assessed 

(Cummings et al., 2021; fda & cder, 2021; Sevigny et al., 2016).  

In parallel, recent advances in nanoparticle research give a new promising approach for 

an AD therapy, as nanoparticles would allow the drugs to penetrate the blood brain 

barrier and prevent their degradation.  

Lastly, anti-neuroinflammation therapy has been extensively investigated in the last 

years, since the neuronal death is correlated to neuroinflammation (X. Huang, 2020). 
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Fig. 17: Amyloid beta load by PET in AD patients treated with placebo, low dose or high 
dose of ADUHELM (study 1 of the clinical trials of ADUHELM) (A). 
PET scan of AD patients treated with placebo or Aducanumab (B). Biomarker results of 
AD patients treated with placebo and high dose of ADUHELM (study 1 of the clinical 
trials of ADUHELM), (adapted from fda & cder, 2021 and Sevigny et al., 2016). 
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1.4.  Arsenic trioxide against diseases 

Arsenic is a non-toxic natural element mostly present in the Earth’s crust. Small 

quantities exist in water and rocks at the surface of Earth and once in presence of 

oxygen, the arsenic is oxidized and turns into highly toxic arsenic trioxide (ATO). A high 

exposure to ATO, most commonly coming from water and food, can trigger skin lesions, 

organ damage, respiratory disorders and cancer. It was even used as poison in the 17th 

– 19th century (Medda et al., 2021; Sanyal et al., 2020).  Nonetheless, arsenic derivatives 

have been used for hundreds of years already in Chinese medicine with the principle of 

“attacking the poison with poison” and it is only a few decades ago that the western 

medicine started to use ATO as a treatment (Au, 2011). 

 

1.4.1. Arsenic trioxide against cancer  

1.4.1.1. Arsenic trioxide in Acute Promyelocytic Leukemia 

In 2001, Trisenox®, the injectable form of ATO was approved by the FDA for treating 

APL patients relapsing and failing to respond to standard therapy. ATO triggers, on one 

hand, the degradation of the PML/RARα complex via PML oxidation and the 11S 

proteasome recruitment, therefore de-repressing the differentiation. On the other hand, 

ATO enhances the formation of new PML-NBs from the non-rearranged pml allele. 

These newly synthetized and functional PML-NBs are able to recruit and post-

translationally modify PML-NBs partners. Among others, the activation of p53 will lead 

to the apoptosis of APL cells. 

In 2018, the FDA extended the use of ATO in combination with all-trans retinoic acid 

(ATRA), a vitamin A derivative, for treating newly diagnosed APL patients. ATRA in itself 

allows for a 70 % remission rate in patients through its two mechanisms of action. The 

first being that ATRA binds the RARα moiety of the PML/RARα chimeric protein, which 

reactivates of the transcription of the RA-induced genes and hence allows the myelocytic 

differentiation (Figure 18). The second is that ATRA treatment results in the degradation 

of the PML/RARα complex, lifting the PML-RARα transcriptional repression and 

therefore induces differentiation, leading to a transient remission in patients (de Thé et 

al., 2012; de Thé & Chen, 2010; Jeanne et al., 2010; Thomas, 2019).  

When combined, ATRA and ATO re-activate and de-repress the genes involved in 

differentiation, while ATO leads to the apoptosis of the APL cells. The combined ATRA 
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and ATO therapy gets rid of the undifferentiated cancerous cells by senescence or 

differentiation initiation, turning APL from a severe and fatal disease into the most 

curable subtype of adult acute leukemia with a complete remission rate of 90 % in APL 

patients (de Thé et al., 2012; Hu et al., 2009; Stahl & Tallman, 2019; Thomas, 2019; Z.-

Y. Wang & Chen, 2008). 

 

Fig. 18: ATO and ATRA, two drugs efficiently targeting the PML-RARA complex. 
(de Thé et al., 2012) 

 

1.4.1.2. Arsenic trioxide against peripheral solid tumors 

After seeing the beneficial effects in APL, ATO has been investigated in other peripheral 

cancers from which several mechanisms of action have been discovered. In models of 

cervical cancer, prostate cancer, lung cancer, pancreatic cancer and breast cancer, ATO 

induces caspase3/9-dependent cell apoptosis via high oxidative stress (AM et al., 2016; 

Chow et al., 2004; Hoonjan et al., 2018). In liver cancer, breast cancer, nasopharyngeal 

cancer and ovarian cancer, ATO induces a cell cycle arrest in G2/M or in S-phase also 

resulting in apoptosis (Hoonjan et al., 2018; Y. Yang et al., 2012; N. Zhang et al., 2009). 

Unlike in the previously mentioned cancers, ATO leads to a reduction of the tumor size 

in gastric cancer by impeding the tumor vascularization via an inhibition of the 

vascoendothelial growth factor protein expression (Xiao et al., 2006).  

The promising results obtained in vitro or in cancer models were unfortunately not 

reproduced in clinical trials. Several clinical trials using ATO in patients having peripheral 

solid tumors, such as liver cancer, breast cancer, colon cancer and few others, did not 

reveal significant improvement of the disease (Fang & Zhang, 2020; Kindler et al., 2008). 

Eventually, the key of using ATO in cancer might be the combined treatment with 
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chemotherapy and/or radiotherapy, as done in APL patients combining ATO and ATRA 

treatments. 

 

1.4.1.3. Arsenic trioxide against CNS cancer 

In CNS, ATO effects have been widely investigated in glioma models. In addition to the 

previously described apoptosis and cell cycle arrest, ATO was shown to induce 

autophagy, oxidative damages and inhibition of tumor stem cells. Most importantly, ATO 

was recommended to be used in addition of chemotherapy and radiotherapy leading to 

synergy (Fang & Zhang, 2020). In glioblastoma cell lines, ATO-induced cell death was 

reduced in PML KO cells, suggesting a crucial role of PML in the apoptosis induced by 

ATO (Amodeo et al., 2017).  

However, an additional obstacle to keep in mind when dealing with the CNS, is the 

ability, or lack thereof, of the drug to cross the blood brain barrier (BBB). In a study on 

APL patients having cancer relapses in the CNS, the ATO concentration in the CSF was 

17,7 % of the one measured in blood plasma. It is worth noting that ATO was 

administered orally to patients. This result indicates that only a small proportion of ATO 

is able to cross the BBB (Au et al., 2008). However, by coupling ATO to mannitol, which 

has been shown to transiently open the BBB, the level of ATO in the CSF reached a 

similar concentration as in the blood plasma. In this study, no control patients with only 

ATO were reported. Mannitol and ATO were both injected intravenously (Rapoport, 

2000; H. Wang et al., 2014). In addition to mannitol, the permeability of ATO through the 

BBB could also be improved with the use of nano-carriers (Fang & Zhang, 2020). 

 

1.4.2. Arsenic trioxide against autoimmune diseases 

In autoimmune or immune-related diseases, ATO’s main function is to induce the death 

of the cells responsible for the inflammation.  

In multiple sclerosis, ATO has been shown to induce mitochondria-dependent apoptosis 

of the CD4+ T cells, which have a major role in the disease. The CD4+ T cells infiltrate 

in the brain and initiate the inflammatory response which in turn induces demyelination. 

Therefore, by inducing the apoptosis of the CD4+ T cells, ATO reduces the microglia 
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activation, the inflammatory cytokine expression levels and overall, delays the disease 

onset and decreases the severity of the disease (K. An et al., 2020).  

Similarly, ATO reduces the inflammation in graft-versus host disease by inducing T cell 

apoptosis and therefore lowering both cytokine synthesis and secretion (Gao et al., 

2015; C. Li et al., 2015).  

ATO was suggested as treatment in autoimmune diseases with type-I IFN signature in 

systemic sclerosis patients. As such, in plasmacytoid dendritic cells, low concentrations 

of ATO (1 μmol/L) inhibit the phosphorylation of IRF7 and the IFN-α release, but not of 

the other cytokines. However, a high concentration of ATO (5 μmol/L), induces 

apoptosis of CpG-A induced plasmacytoid dendritic cells via the mitochondrial pathway, 

but independently of ROS formation (Ye et al., 2020).   

In APL cells, ATO inhibits NF-κB activation and leads to apoptosis by down-regulating 

the NF-κB-induced anti-apoptotic proteins (Kerbauy et al., 2005; Mathieu & Besançon, 

2006).  
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1.5.  Hypothesis and impact of the thesis 

Neuroinflammation plays a key role in interferonopathies and neurodegenerative 

diseases, such as AD (Guzman-Martinez et al., 2019; Kwon & Koh, 2020; Leng & 

Edison, 2021). Tackling neuroinflammation is thus a recent, interesting and promising 

angle of research to cure or slow down neurological diseases.  

PML plays an important role in inflammation: it was shown to be induced by IFNs 

(Chelbi-Alix et al., 1995; Regad & Chelbi-Alix, 2001; Stadler et al., 1995) and more 

importantly to be required for inducing peripheral immune response upon viral and 

bacteria-like infection (el Bougrini et al., 2011; Lunardi et al., 2011; Regad et al., 2001; 

Regad & Chelbi-Alix, 2001; Scherer & Stamminger, 2016). However, the role of PML in 

immune cells of the brain is mostly unknown. This thesis therefore focuses on the role 

of PML in microglia at steady state and in IFN-related neuro-inflammation, as well as 

the effect of ATO, a FDA-approved drug degrading PML, against IFN-mediated neuro-

inflammation.  

 

In the first part, the effects of PML deletion in microglia on microglia and brain function 

are described using a newly created murine line. Phenotypes and brain function were 

assessed at steady states. Furthermore, preliminary results on PML role in bacteria-like 

induced inflammation are presented. 

 

In the second part, we hypothesized that PML, being an ISG, is induced in microglia in 

IFN-related inflammatory models. We thus studied PML upon pI:C stimulation and in 

interferonopathy models. Furthermore, ATO was shown to degrade PML (Lallemand-

Breitenbach et al., 2008; Maroui et al., 2012a; Nisole et al., 2013) and to lower peripheral 

inflammation in several models (K. An et al., 2020; Gao et al., 2015; Kerbauy et al., 

2005; C. Li et al., 2015; Mathieu & Besançon, 2006; Ye et al., 2020), we therefore 

investigated the effects of PML KO as well as ATO in IFN-mediated neuro-inflammation. 

To do so, pI:C stimulated mice and interferonopathy murine model were pretreated with 

ATO and analyzed. 
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The third part presents preliminary data about PML in AD. IFN response was shown to 

be induced in microglia surrounding amyloid-β plaques as the latest contain nucleic 

acids in AD murine model (Roy et al., 2020). Our aim was to determine whether PML is 

induced in plaque-associated microglia and, if so, to investigate the functions of PML in 

AD microglia. In this regard, we first described PML levels in human brains from AD 

patients and in the APP/PS1 model, a murine AD model presenting amyloid-β deposit, 

glial inflammation but no NFTs. Furthermore, in order to analyze PML function in 

microglia in AD, we created a new murine model in which PML is deleted from microglia 

in the APP/PS1 background.  

 

This thesis represents the first study addressing the function of PML in microglia at 

steady state but also upon interferon-related inflammation and in neurodegenerative 

diseases, such as AD. It also demonstrates a new role of ATO against 

neuroinflammation. Altogether, this thesis, through the study of PML in microglia, 

presents the potential of ATO as an anti-neuroinflammatory drug.  
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2. Materials & Methods 

2.1. Reagents 

Tab. 1: Reagents list  

Product 
Catalogue number 

Provider 
Applications 

Methoxy-X04 
4920 

Tocris 
Immunofluorescence 

TrueBlack® Lipofuscin 

Autofluorescence Quencher 

23007 

Biotium 
Immunofluorescence 

Hoescht 
H1399 

ThermoFisher Scientific 
Immunofluorescence 

REDExtract-N-AmpTM Tissue PCR 

Kit 

R4775 

Sigma Aldrich 

DNA extraction 

Genotype 

DreamTaq Green PCR Master Mix 
K1082 

ThermoFisher Scientific 
Genotype 

LPS (Lipopolysaccharides) 
L6143-1MG 

Sigma Aldrich 
In vivo / in vitro treatment 

Poly I:C 
P1530 

Sigma Aldrich 
In vivo / in vitro treatment 

Arsenic Standard for AAS 
39436-250ml 

Sigma Aldrich 
In vivo / in vitro treatment 

Adult Brain Dissociation Kit, mouse 

and rat 

130-107-677 

Myltenyi Biotech 
Microglia isolation 

Myelin Removal beads 
130-096-733 

Myltenyi Biotech 
Microglia isolation 

Cd11b microbeads 
130-093-634 

Myltenyi Biotech 
Microglia isolation 

Mouse TNFα ELISA set II 
558534 

BD OptEIA™ 
ELISA 

Mouse IFNγ ELISA set  
555138 

BD OptEIA™ 
ELISA 

Mouse IL-10 DuoSet® 
DY417 

R&D system 
ELISA 

Mouse IFNβ DuoSet® 
DY8234 

R&D system 
ELISA 

Mouse CXCL10/IP-10/CGR-2 

DuoSet® 

DY466 

R&D system 
ELISA 

Mouse IL-6 DuoSet® 
DY406 

R&D system 
ELISA 

VeriKine™ Mouse IFNβ ELISA 
42400-1 

PBL Assay science 
ELISA on serum 

Human Aβ42 Ultrasensitive ELISA 

Kit 

KHB3544 

Invitrogen 
ELISA on brain extract 

TMB Substrate Reagent set 
555214 

BD OptEIA™ 
ELISA 

STOP solution 
DY994 

R&D system 
ELISA 
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cOmplete™ EDTA-free Protease 

Inhibitor Cocktail 

11873580001 

Roche 
Protein extraction 

PhosSTOP™ 
4906837001 

Roche 
Protein extraction 

Pierce BCA assay 
23225 

Pierce 
Protein extraction 

4x Laemmli Sample Buffer 
1610747 

Biorad 
Protein extraction 

4-15 % Mini-PROTEAN® TGX™ 

Precast protein Gel 

4561083 

Biorad 
Western Blot 

Trans-Blot Turbo Mini 0.2 µm 

Nitrocellulose Membrane 

1704158 

Biorad 
Western Blot 

Pierce BCA assay 
23225 

Pierce 
Protein extraction 

Amersham ECL Prime Western 

Blotting Detection Reagent 

RPN2232 

Cytiva 
Western Blot 

RNeasy Plus Mini Kit 
74134  

Quiagen 
RNA isolation 

High-Capacity cDNA Reverse 

Transcription Kit 

4368814 

Applied Biosystem 
cDNA synthesis 

Fast SYBR™ Green Master Mix 
4385610 

Applied Biosystem 
qPCR 

SMARTer Stranded Total RNA-seq 

kit v2 & v3 - Pico Input Mammalian 

634413 & 634487 

Takara Bio 
RNA seq library preparation 

FD Rapid GolgiStain™ Kit 
PK401A 

FD Neurotechnologies 
Golgi staining 

 

 

Tab. 2: Antibodies list. 

Antibody 

(anti-) 

Catalogue number 

Provider 
Applications 

Ms-PML 05-718   SCBT 
IF 1:200 

WB 1:500 

Hu-PML H238 sc-5621   SCBT IF 1:100 

Iba-1 234 008   Synaptic system IF 1:500 

NeuN ab177487   Abcam IF 1:1000 

GFAP ab4674   Abcam IF 1:500 

CD68 MCA1957   Biorad IF 1:300 

Pu.1 MA5-15064   Invitrogen IF 1:300 

Ms-DAXX sc-7152   SCBT 
IF 1:200 

WB 1:500 

Amyloid-β, 6E10 SIG-39300   Covance IF 1:1000 

p-STAT1 9167S   CST WB 1:500 

STAT1 9172S  CST WB 1:500 

p-MAPK P38 9211S   CST WB 1:500 

MAPK P38 9212S   CST WB 1:500 
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p-S6 9234BC   CST WB 1:1000 

S6 2317S   CST WB 1:1000 

β-actin A5541   Sigma-Aldrich WB 1:2000 

α-tubulin 62204 Thermo Fisher WB 1:2000 

p-TBK1 5483S   CST WB 1:500 

TBK1 sc-73115 SCBT WB 1:500 

SUMO2/3 ab3742   Abcam WB 1:200 

SUMO2/3 4971S   CST IF 1:500 

Cleaved caspase-3 9661S   CST IF 1:200 

NF-κB p65 8242S   CST IF 1:500 

Ki67 ab16667   Abcam IF 1:300 

 

2.2. Human tissue samples 

Human samples were provided by the Netherlands Brain Bank under the project 1292, 

“The role of histone chaperones and associated proteins in neurodegenerative 

diseases”. The samples were provided fixed and embedded in paraffin.  

  

2.3. Animal models & genotyping 

All the mice were housed in individually ventilated cages under standard conditions (22 

°C, a 12-hour light/dark cycle and free access to water and food). The animal research 

institute DZNE was responsible of the animal care and the experiments were approved 

by the LANUV, the governmental ethical committee (AZ 81-02.04.2018.A259, AZ 84-

02.04.2015.A218, AZ 81-02.04.2019.A462).  

 

• Animal models 

The deletion of PML in microglia was achieved by using the LoxP/cre system. PML fl/fl 

mice were derived from Taconic Artemis in a C57BL/6NTac background. Briefly, pml 

exon3 is floxed by two LoxP sequences and can be cut off by a Cre, which leads to a 

deletion of PML in cre-expressing cells (figure 19).  
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Fig. 19: Cartoon of PML conditional locus before and after recombination. 

 

In this study, we used the Csf1r-cre, standing for Colony Stimulating Factor 1 Receptor, 

which is specifically expressed in pre-dendritic cells, conventional dendritic cells, 

plasmacytoid dendritic cells, monocytes, macrophages and microglia. The deletion of 

PML therefore occurs in the previously mentioned cell types as early as the Cre 

expression starts. In microglia, PML is deleted at embryonic day E8.5 (Wieghofer and 

Prinz, 2016). 

 

The APP/PS1 line (B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax, JAX034832) was 

purchased from the Jackson Laboratory. This model is one of the most commonly used 

mouse models for studying the mechanisms and neuropathology of AD and for 

investigating treatment options. This model mimics one of the major phenotypes in 

Alzheimer patients: the presence of beta amyloid plaques. This mouse line carries the 

Swedish mutation in the app gene and expresses a chimeric mouse/human amyloid 

precursor protein as well as the mutant human protein prenisilin 1 (PS1-dE9). Both 

mutations lead to an overproduction of the amyloid-β peptide and, as a result, to the 

formation of amyloid-β plaques.  

 

• Genotyping 

To genotype the mice, the DNA was extracted from the mouse ear snips using the 

REDExtract-N-AmpTM Tissue PCR Kit. Briefly, the ear snips were incubated in 40 μl of 

extraction solution +10 μl of Tissue Preparation solution for 20 minutes at 50 C, followed 
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by 5 minutes at 95 C. Then, 50 μl of Neutralization buffer B was added to stop the 

reaction. The genotype was carried out as described in the table 3. The primers used 

for PCR are listed in table 4.   

 

Tab. 3: List of genes genotyped with their PCR mix and program details.  

Gene of 
interest 

PCR mix PCR program 
PCR product 
(base pairs) 

PML floxed 

- 10 μl DreamTaq Green PCR Master Mix 

- 1 μl Primer PML F Fw 

- 1 μl Primer PML F Rev 

- 7 μl dH2O 

- 1 μl of extracted DNA 

- 95 C, 5 min 

- 94 C, 30 sec 

- 60 C, 30 sec 

- 72 C, 1 min 

- GOTO 2, 35x 

- 72 C, 10 min 

- 4 C, ∞ 

Wt: 170 
Floxed allele: 289 

PML 
recombination 

- 10 μl DreamTaq Green PCR Master Mix 

- 1 μl Primer PML recombination Fw 

- 1 μl Primer PML recombination Rev 

- 7 μl dH2O 

- 1 μl of extracted DNA 

- 95 C, 5 min 

- 95 C, 30 sec 

- 60 C, 30 sec 

- 72 C, 90 sec 
- GOTO 2, 40x 

- 72 C, 10 min 

- 4 C, ∞ 

wt/wt ≈ 1,400 
Fl/Fl ≈ 1,500 

Recombined ≈ 
300 

Csf1r cre 

- 10 μl REDExtract-N-Amp PCR Reaction 

Mix 

- 1 μl Primer Cre- Int control Fw 

- 1 -μl Primer Cre-Int control Rev 

- 1 μl Primer Csf1r Fw 

- 1 μl Primer Csf1r Rev 

- 5 μl dH2O 

- 1 μl of extracted DNA 

- 94 C, 3 min 

- 94 C, 30 sec 

- 57.1 C, 45 sec 

- 72 C, 1 min 

- GOTO 2, 35x 

- 72 C, 10 min 

- 4 C, ∞ 

Int ctrl: 324 
Cre: 236 

APP/PS1 tg 

- 10 μl DreamTaq Green PCR Master Mix 

- 1 μl Primer APP/PS1 Fw 

- 1 μl Primer APP/PS1 Rev 

- 7 μl dH2O 

- 1 μl of extracted DNA 

- 95 C, 10 min 

- 94 C, 30 sec 

- 54 C, 1 min 

- 72 C, 1 min 
- GOTO 2, 34x 

- 72 C, 5 min 

- 4 C, ∞ 

Int ctrl: 324 
Tg: 608 

Synapsin cre, 
Cx3cr1 cre-

ERT2, 
L(7)-Pcp2 cre 

- 10 μl DreamTaq Green PCR Master Mix 

- 1 μl Primer Cre- Int control Fw 

- 1 μl Primer Cre-Int control Rev 

- 1 μl Primer Cre Fw 

- 1 μl Primer Cre Rev 

- 5 μl dH2O 

- 1 μl of extracted DNA 

- 94 C, 3 min 

- 94 C, 30 sec 

- 54.2 C, 1 min 

- 72 C, 1 min 

- GOTO 2, 34x 

- 72 C, 2 min 

- 4 C, ∞ 

Int ctrl: 324 
Cre: 100 
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Tab. 4: List of primers for genotype PCR 

Primers Sequence 

PML F Fw TTG GCA TCA GCC TTC TAT GC 

PML F Rev AAG GAG GCT CTA GGA CCT AGA GG 

PML recombination Fw CAA AGC CAC ACC ATA CTC ATC C 

PML recombination Rev AAG GAG GCT CTA GGA CCT AGA GG 

Csf1r Fw AGA TGC CAG GAC ATC AGG AAC CTG 

Csf1r Rev ATC AGC CAC ACC AGA CAC AGA GAT C 

Cre-Internal control Fw CTA GGC CAC AGA ATT GAA AGA TCT 

Cre-Internal control Rev GTA GGT GGA AAT TCT AGC ATC ATCC 

APP/PS1 Fw AAT AGA GAA CGG CAG GAG CA 

APP/PS1 Rev GCC ATG AGG GCA CTA ATC AT 

Cre Fw GCG GTC TGG CAG TAA AAA CTA TC 

Cre Rv GTG AAA CAG CAT TGC TGT CAC TT 

 

2.4. In vivo ATO+pI:C treatment 

The effect of ATO on the response to IFN-induced inflammation was studied upon 

Polyinosinic-polycytidylic acid (pI:C), a synthetic analogue of double stranded RNA. Wt 

mice or the Knock-out (KO) group (PML F/F, Csf1r cre/+) and its control group (PML 

wt/wt, Csf1r cre/+) were injected by i.p. with either PBS or 2.5 μg/g of ATO and sacrificed 

24 hours later; or with 300 μg of pI:C dissolved in PBS at a concentration of 5 mg/ml, or 

with 2.5 μg/g of ATO and 24 hours later with 300 μg of pI:C. Mice were sacrificed by 

CO2 asphyxia for organ and blood collection 5 or 12 hours after pI:C treatment.  

 

2.5. In vivo ATO treatment of the MDA5 RQ mice 

The effect of ATO in the interferonopathy model MDA5 R822Q was investigated by daily 

i.p. injection of 2.5 μg/g of ATO, for 6 days in MDA5 R822Q mice and their control wt 

mice in the Haus fur Experimentelle Therapie, UKB, by Burcu Sivri. Body temperature 

and weight were monitored daily by Burcu Sivri. Mice were sacrificed one day after the 

last injection for organ collection. Genotyping of the MDA5 R822Q mice was performed 

by Burcu Sivri. 

 

2.6. Behavioral tests 

To assess their locomotion, anxiety and memory, 3 month-old wt and PML KO mice 

were subjected to a panel of behavioral tests, as described below:  



54 

 

Open field: the mice were placed in a 25-cm-wide box which is divided into a central and 

a peripheral zone. The distance and movement of the animal within the zones were 

automatically recorded to assess the fear vs. exploratory behavior (Walsh & Cummins, 

1976). 

Elevated plus maze: the mice were placed for 5 minutes on a 1-meter-high platform 

composed of 4 arms of which 2 have walls, called the closed arms, and 2 arms have no 

walls, the open arms. The time spent on the closed arms was calculated and was related 

to anxiety (Lister, 1987). 

Rotarod: the mice were place on a rotating rod for 5 minutes four times per day for 4 

days with one hour of rest between each trial. The speed of the rod increased with time 

from 4 to 40 rpm. The time spent on the rod until fall was recorded (Jones & Roberts, 

1968).  

Object location memory: the mice were placed in a 25-cm-wide box for 20 minutes for 3 

consecutive days. On the fourth day, two different objects were placed in the box in 

opposite corners, the mice had 20 minutes to familiarize with the objects before returning 

back in their cage. 90 minutes later, the mice were reintroduced in the box in which one 

of the object was changed of location. The mice were recorded for 6 minutes and the 

discrimination index, expressing the exploration time of the newly located object, was 

calculated as follow : DI= ((tnovel - tfamiliar) / (tnovel - tfamiliar))*100 (Vogel-Ciernia et al., 2013). 

Water maze:  the mice were placed in a 1.5-meter-diameter pool filled with opaque water 

at 24 °C. For 7 consecutive days, the mice attempted to reach an escape platform placed 

one cm below the surface of the water. The starting point was changed daily, while the 

platform stayed unmoved. The time needed to reach the platform was recorded for each 

trial, and the trial was terminated after 60 seconds when the platform was not found 

(Hodges, 1996). 

 

2.7. Primary microglia cell culture 

Primary microglia were cultured for in vitro assays. Briefly, P0-P3 day-old pups were 

decapitated and the brain was harvested in ice-cold PBS. The meninges were carefully 

removed to prevent the culture contamination with fibroblasts. Each brain was then 

manually disrupted by a P1000 pipette in Dulbecco's Modified Eagle Medium (DMEM) 

complemented with 20 % FBS and 1 % penicillin/streptomycin (mgMedia). The brain 
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lysate was passed through a 70 μm cell strainer. Then, the obtained cell suspensions 

were spun down at 700 x g for 5 minutes, resuspended in 10 ml and placed in a poly-L-

lysine coated T25 cm2 flask. The following day and every second day, half of the media 

was replaced with fresh mgMedia supplemented with 10 % L929 supernatant. After 7-

10 days, the co-culture was ready to be used: the microglia are sitting on top of an 

astrocyte layers and can be easy detached by “shaking” the flask and re-plated for 

further experiments. 

 

2.8. Primary bone marrow derived macrophages (BMDM) culture 

Hind legs were collected from 3 month-old mice. The bone marrow was flushed from the 

tibiae and femurs and passed through a 70 μm cell strainer. 14.106 were plated per 150 

mm non-treated dishes into DMEM (11960, Gibco) supplemented with 10 % FBS, 1 % 

penicillin/streptomycin, 1 x Glutamax (35050061, Gibco) and 20 % of freshly added L929 

supernatant. At day 4, half of the media was renewed. At day 6, the cells were detached 

with the Cell dissociation buffer (13151-014, Gibco) and re-plated for further 

experiments.   

 

2.9. Cell lines 

The immortalized murine microglia cell line, BV2, was purchased from ATCC (CRL-

2469™). The BV2 cells were cultured at 37 °C, 5 % CO2, 90 % of humidity in DMEM 

(30-2002, ATCC) supplemented with 10 % FSB, 1 % penicillin/streptomycin and 20 % 

of freshly added LADMAC Conditioned Media. Once reaching 80 % of confluency, i.e. 

every 5-7 days, the BV2 were subcultivated at a ratio 1:2 or 1:4. In the meantime, the 

media was renewed every 2-3 days.  

The LADMAC cell line was purchased from ATCC (CRL-2024™) and was used to 

produce the conditioned media necessary to the BV2 culture. The LADMAC cells were 

cultured at 37 °C, 5 % CO2, 90 % of humidity in Eagle's minimum essential medium 

(EMEM) (30-2003, ATCC) supplemented with 10 % FSB and 1 % 

penicillin/streptomycin. The conditioned media was produced as follow: 0.5 million (Mio) 

LADMAC cells were plated in T175 cm2 flasks; after 7 days, the supernatant was filtered 

at 0.2 μm and stored at -20 °C. This conditioned media contained growth factors 

secreted by the LADMAC cells which supports the proliferation of the BV2 cells. 
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The L929 cell line was used for producing the L929 Supernatant necessary for primary 

microglia and BMDM culture. The L929 cells were cultured at 37 °C, 5 % CO2, 90 % of 

humidity in DMEM (D5671, Sigma-Aldrich) supplemented with 10 % FSB, 1 % HEPES, 

1x Glutamax (35050061, Gibco) and 1 % penicillin/streptomycin. The L929 supernatant 

was produced as follow: 0.47 Mio LADMAC cells were plated in 54 ml of complete 

medium T175 cm2 flasks; after 7 days, the supernatant was filtered at 0.2 μm and stored 

at -20 °C. 

The human HL60 is a cell line derived from peripheral blood lymphocytes isolated from 

a woman suffering from APL. The HL60 cells were cultured at 37 °C, 5 % CO2, 90 % of 

humidity in RPMI 1640 (31870-025, Gibco) supplemented with 2mM Glutamine, 10 % 

FBS and 1 % penicillin/streptomycin. As the cells may start to differentiate after 6 weeks 

of culture, the cells were not kept more than 2 weeks in culture. The cell density was 

maintained between 0.1 and 1 Mio cells. 

 

2.10. In vitro treatment 

BMDMs, primary microglia and BV2 were pretreated with 2.5 μM of ATO for 24 hours 

followed by a stimulation of 150 μg/ml pI:C for 6 h. Supernatant was collected, spun 

down for 3 minutes at 1200 rpm and stored at -80 °C for cytokines quantification by 

ELISA. Cells were harvested for RNA isolation or protein extraction as described below. 

 

2.11. Microglia isolation from adult mouse brains 

Microglia were isolated from murine brains using the Adult Brain Dissociation Kit from 

Miltenyi Biotech (Bergisch Galdbach, Germany) in accordance to the manufacturer’s 

guidelines. Briefly, brains were freshly isolated and mechanically and enzymatically 

digested at 37 C in the gentleMACS™ Dissociator with Heaters. The brain lysates were 

passed through a 70 μm cell strainer and cleared out of red blood cells. The cell 

suspensions obtained by sucrose gradient were then incubated with CD11b MicroBeads 

(Miltenyi Biotech) for 15 minutes at 4 C followed by a separation in MS columns 

(Miltenyi Biotech) using a magnetic field on a MACS MultiStand and QuadroMACS 

(Miltenyi Biotech). The microglia population isolated was then processed for further 

analysis, such as RNA isolation or protein extraction. 
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2.12. Immunofluorescence on cells  

Cells plated on poly-L-lysine coated coverslips were washed 2 times with cold PBS and 

fixed for 8 minutes with 4 % PFA at room temperature. The coverslips were washed and 

incubated for 1 hour in blocking buffer (5 % goat serum in PBS-Tween 0.1 %) at room 

temperature, followed by an overnight incubation at 4 C with the primary antibodies 

diluted in blocking buffer. The following day, the coverslips were incubated at room 

temperature for 2 hours with the fluorescent secondary antibodies before being 

counterstained with Hoechst (1:10,000 in dH2O) for 8 minutes at room temperature. The 

coverslips were mounted on microscope slides and the staining was imaged using a 

confocal fluorescent microscope (LSM880, Zeiss). 

 

2.13. Immunofluorescence on frozen-fixed tissues  

Freshly isolated brains were washed in PBS and fixed for 20 hours in 4 % PFA at 4C. 

After 2 washes in PBS, the brains were dehydrated in 30 % sucrose solution until the 

brains sunk. The brains were then snap frozen on dry ice and stored at -80 C. Sections 

of 30 μm were cut on a CryostarTM NX70 cryostat and stored in cryosolution (475 mM 

glucose, 7 mM of MgCl2,6H2O dissolved in 100 ml of PBS, and supplemented with 100 

ml of glycerol). Before staining, the sections were washed 3 times with PBS and an 

antigen retrieval was performed by incubating the sections in citrate antigen retrieval 

solution (10 mM citric acid, 0.05 % of Tween-20 in PBS, pH6) for 8 minutes at 95 C. 

Once cooled down, the sections were washed with PBS and incubated for 1 hour in 

blocking buffer (5 % goat serum, 2.5 % of BSA, 0.05 % triton in PBS) supplemented with 

0.2 % of Triton-X100. The primary antibody diluted in blocking buffer was incubated on 

the sections overnight at 4 C. The following day, the sections were washed in PBS 3 

times for 10 minutes, incubated with the secondary antibodies for 2 hours at room 

temperature, washed 2 more times with PBS and then counterstained with DAPI for 10 

minutes. The sections were then carefully placed on microscope slides, dried and 

mounted with ROTI®Mount Aqua. The staining was imaged using a confocal fluorescent 

microscope (LSM880, Zeiss). 
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2.14. Immunofluorescence on paraffin-embedded human brain samples 

Paraffin sections of human brain samples were cut at the microtome with a thickness of 

6 μm. Before the staining, the deparaffinization was performed:  the slides were 

incubated for 30 minutes at 60 C in order to melt the paraffin and incubated 2 times for 

10 minutes in Xylene. The sections were then rehydrated by consecutive incubation of 

2 x 10 minutes in ethanol 100 %, ethanol 90 %, ethanol 70 % and dH2O. The slides were 

incubated in citrate Antigen retrieval solution (10 mM citric acid, 0.05 % of Tween-20 in 

PBS, pH6) for 8 minutes at 95 C for the antigen retrieval. 1 x True Black® solution was 

applied for 10 minutes on the sections to quench the Lipofuscin. The sections were then 

incubated in blocking buffer (5 % goat serum, 0.15 % Triton in PBS) for 1 hour at room 

temperature, followed by the primary antibody incubation overnight at 4 C in blocking 

buffer. On the second day, the secondary supplemented with Methoxy-X04 (10 μM) was 

applied for 2 hours at room temperature before mounting the sections. The staining was 

analyzed and imaged using a confocal fluorescent microscope (LSM880, Zeiss). 

 

2.15. Golgi staining of freshly isolated brains 

Golgi staining was performed on brains isolated from mice which have performed the 

panel of behavioral studies (described in 2.7). The staining was performed using the FD 

Rapid GolgiStain™ Kit according to the manufacturer’s guidelines. Briefly, the freshly 

isolated brains were incubated in impregnation solution for 2 weeks, then in the solution 

C for 72 hours. Sections of 100 μm were cut on a CryostarTM NX70 cryostat and mounted 

on gelatin-coated slides. After drying overnight, the sections were stained, dehydrated 

and mounted. Imaging of Golgi staining was performed in brightfield and extended depth 

focus was applied to z-stack images. 

 

2.16. Protein extraction & Western Blot 

2.16.1. Total protein extraction by RIPA 

Cells isolated from brain or from cell culture were washed with PBS once and lysed with 

freshly-prepared RIPA buffer (25 mM Tris·HCl (pH 7.5), 150 mM NaCl, 1 % Nonidet P-

40, 0.5 % NaDOC, 0.1 % SDS) supplemented with 1 mM of sodium orthovanadate, 1 

mM of NaF and 1x of cOmplete™ Protease Inhibitor Cocktail (Roche) for 20 minutes on 
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ice. The lysates were sonicated 2 times for 10 seconds on ice and centrifuged for 30 

minutes at 4 C. Supernatants were transferred to a pre-chilled Eppendorf tube and 

protein concentration was determined by Pierce BCA assay (Pierce). A 4x Laemmli 

buffer was added to the extracts prior to be used for Western Blot or stored at -20 C. 

 

2.16.2. Total protein extraction by Laemmli buffer 

Cells were lysed directly in 1x Laemmli buffer in order to detect SUMOylated proteins. 

Samples were stored -20 C until use.  

 

2.16.3. Total brain protein isolation 

A piece of a brain was dissected and lysed in HEPES-sucrose buffer (20 mM HEPES, 

320 mM sucrose) by mechanical dissociation using pestles. The samples were diluted 

and the protein concentration determined by BCA assay (Pierce). 4x Laemmli buffer was 

added to the extracts prior to be used for Western Blot or stored at -20 C. 

 

2.16.4. Western Blot 

Samples were separated on home-made SDS-PAGE gels or on Mini-PROTEAN® 

TGX™ Gels (Biorad) and transferred on Trans-Blot Turbo Mini 0.2 µm Nitrocellulose 

Membrane (Biorad). After 1 hour of incubation in blocking buffer (5 % non-fat milk in 

PBS-0.1 % Tween-20 (PBS-T)) at room temperature, the membrane was incubated 

overnight at 4 C in primary antibody solution . The next day, the membrane was washed 

3 times in PBS-T and incubated with the appropriate HRP-secondary antibodies diluted 

in blocking buffer at room temperature for 2 hours. The protein of interest was detected 

using the Amersham ECL™ Prime Western Blotting Detection Reagent (Cytiva) and 

developed in the ChemiDoc™ MP Imaging System (Biorad). 

 

2.17.  ELISA on in vitro supernatant of cell culture 

Pro-inflammatory cytokines were quantified in the supernatant of in vitro microglia or 

BMDMs after treatment by ELISA. The supernatant was stored at -80 C until analysis. 

The cytokines, IL-6, IL-10, IFNβ, TNFα, IFNγ, Cxcl10 were determined according to the 
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manufacturer’s guidelines. Briefly, the ELISA plate was coated overnight with a capture 

antibody. The plate was washed and incubated for 1 hour with blocking buffer (10 % 

FBS or 1 % BSA in PBS). 50 μl of supernatant or standards were incubated for 2 hours 

on the plate, followed by an incubation of the detection antibody, then an HRP-

conjugated antibody and finally the TMB substrate solution. After the reaction was 

stopped by adding the Stop solution, the absorbance was read on the 

spectrophotometer (Biorad) at 450 nm – 560 nm. The concentration of each sample was 

determined using the obtained standard curve.   

 

2.18. ELISA on in vivo serum 

After treatment, the mice were sacrificed by cervical dislocation and the blood was 

collected from the heart with a 21 Gauge needle. The blood was stored at 4 C overnight 

in Eppendorf tube for clotting. After centrifugation at 1000 x g for 5 minutes, the serum 

was collected and stored at -80 C until analysis. The cytokines IL-6, IL-10, TNFα, IFNγ, 

Cxcl10 were determined according to the manufacturer’s guidelines as described in 

2.17. IFNβ levels were quantified using a more sensitive kit, the VeriKine™ Mouse IFNβ 

ELISA. The quantification was achieved according to their guidelines. Shortly, the 

samples or standards with the detection antibody solution were incubated for 3 hours at 

RT on a pre-coated plate. Then the plate was incubated with the stabilized chromogen 

solution and the reaction stopped with the stop solution. The absorbance was read on 

the spectrophotometer (Biorad) at 450 nm. The concentration of each sample was 

determined using the obtained standard curve.   

 

2.19. Amyloid β quantification by ELISA from murine brains 

A small piece of freshly isolated brains were snap frozen and stored at -80 C until 

sample processing. The samples were homogenized in 150 μl of 5 M Guanidine HCl in 

50 mM Tris pH8 with pre-cooled pestles. The homogenized samples were incubated for 

3 hours at 400 rpm at RT. 50 μl of the samples was diluted 1:10 in 1x PBS supplemented 

with protease inhibitor. The supernatants of the samples obtained by centrifugation at 

16,000 x g for 20 minutes at 4 C were stored at -80 C. The protein concentration was 

determined by BCA assay. The Amyloid β quantification was performed using the 

Human Aβ42 Ultrasensitive ELISA Kit (Invitrogen) according to their guidelines. Briefly, 
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1.5 μg of each sample or standard was loaded in the pre-coated ELISA plate. 50 μl of 

Hu Aβ42 US detection antibody was added to the samples and standards for 3-hour 

incubation at room temperature. After 4 washes, incubation of primary antibody solution, 

followed by the incubation of the stabilized chromogen were sequentially performed for 

30 minutes each. After adding the stop solution, the absorbance was read on the 

spectrophotometer (Biorad) at 450 nm. The concentration of each sample was 

determined using the obtained standard curve.   

 

2.20. RNA isolation & RT-qPCR 

2.20.1. RNA isolation 

The RNA isolation was performed using the RNeasy Plus Micro Kit (Qiagen) according 

to the manufacturer’s guidelines. Briefly, the brain-isolated cells or cultured cells were 

washed in PBS once and lysed in 350 μl of RLT buffer. gDNA was eliminated by passing 

the lysates through a gDNA eliminator column. Equal volume of 70 % ethanol was added 

to the lysates which was then added to an RNeasy spin column in order to bind the RNA 

to the silicon column. The column-bound RNA was washed two times with RPE buffer, 

dried and eluted using 10-20 μl of RNAse-free H2O. RNA concentration was determined 

by ND-1000 NanodropTM Spectrophotometer (ThermoScientific). 

 

2.20.2. Reverse transcription 

Reverse transcription (RT-PCR) was performed using High-Capacity cDNA Reverse 

Transcription Kit (ThermoFisher) according to the manufacturer’s guidelines. Briefly, the 

isolated RNA was added to the reaction mix composed of RT Buffer, RT Random 

primers, dNTP Mix, MultiScribeTM Reverse Transcriptase and RNAse-free H2O. The RT-

PCR program is the following: 25 C for 10 minutes, 37 C for 2 hours and 85 C for 5 

minutes, after which the samples were stored at -20 C. 

 

2.20.3. Real time PCR 

Real Time PCR (qPCR) was performed using the 2x Fast SYBR Green Master mix 

(Applied Biosystems). cDNA was added to a mix of Fast SYBR Green, dedicated 
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primers (table 5) at a final concentration of 500 nM and RNAse-free H2O to a final volume 

of 10 μl. The qPCR program is the following: 95 C for 20 seconds, followed by a cycle 

of 95 C for 3 seconds and 60 C for 30 seconds repeated for 40 times. The 

luminescence is measured at every cycle and the relative gene expression was 

generated using the 2-Ct method as described in Livak and Schmittgen (Livak & 

Schmittgen, 2001). 

 

Tab. 5: qPCR primer sequences 

Targeted 

gene 
Forward sequence Reverse sequence 

m-gapdh ATGGTGAAGGTCGGTGTGAA TGGAAGATGGTGATGGGCTT 

m-pml CGACAGTGCCCATGCACAG AGCTCAGCTGGCCAGCTATTTC 

m-isg56 CCCAGAAGGCAGGACAATGT GCACTTCAGCCATGCAAACA 

m-ifnb CCCTATGGAGATGACGGAGA CTGTCTGCTGGTGGAGTTCA 

m-isg15 GGTGTCCGTGACTAACTCCAT TGGAAAGGGTAAGACCGTCCT 

m-stat1 AGTTCCGACACCTGCAACTGAAGG GAGATCACCACGACAGGAAGAGAGG 

m-daxx Exon7-8 TGTGGCTTCTGTCGCTGATTC AAGCACGATGATCTCCTCCG 

m-sumo3 GGCTCGGTGGTACAGTTCAAG CCGGAATCGAATCTGCCTCAT 

m-hsph1 TGCAGCACTATGCCAAGATTG TTCTCAACCTTCTTCATTTCTGATTC 

m-hspa5 ACCCACCAAGAAGTCTCAGATCTT CGTTCACCTTCATAGACCTTGATTG 

m-hsp90ab1 GCGCACGCTGACTTTGGT CCTGGAGAGCCTCCATGAAC 

m-trem2 AGAAGCGAATGGGAGC GAGGTGGGTGGGAAGGA 

h-gapdh GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA 

h-pml GGTGCAGAGGATGAAGTGCT AGGAAACCGTGCATGTCC 

h-ifnb AGCTGCAGCAGTTCCAGAAG AGTCTCATTCCAGCCAGTGC 

h-isg15 GCTGGGACCTGACGGT TTAGCTCCGCCCGCCAG 

m-stat1 ATGGCAGTCTGGCGGCTGAATT CCAAACCAGGCTGGCACAATTG 

 

2.21.  Library preparation for RNA-sequencing 

For RNA sequencing, isolated RNA using the RNeasy Plus Mini Kit (Qiagen) was 

performed as described previously. The column-bound RNA was eluted with 30 μl of 

RNAse-free H2O and the quantity and quality of RNA was assessed by the Agilent 

Bioanalyzer 2100 RNA pico chip. Only samples with a RIN > 6 were subjected to RNA 

sequencing.  

RNA libraries were prepared using SMARTerStranded Total RNA-seq kit v2 - Pico 

Input Mammalian (Takara Bio USA, Inc) according the the manufacturer’s guidelines. 

Briefly, the RNA was first fragmented by incubating at 94 C for 3-4 minutes with SMART 

Pico Oligos Mix v2, First-Strand Buffer. cDNA is then synthetized by incubating the 
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fragmented RNA with SMART TSO Mix v2, RNase inhibitor and SMARTScribe Reverse 

Transcriptase at 42 C for 90 minutes and 70 C for 10 minutes. Indexes and Illumina 

Adapters were added to the cDNA, in order to distinguish the pooled libraries from each 

other, by running a PCR (94 C for 1 minute, [98 C for 15 seconds, 55 C for 15 

seconds, 68 C for 30 seconds] x 5 and 68 C for 2 minutes) on the following mix: cDNA, 

SeqAmp BC PCR Buffer, SeqAmp DNA polymerase and 3’ and 5’ unique index couple 

per sample. The purification of the libraries was conducted using SRI beads and 

magnetic separation. 40 μl of SRI beads were added to each sample and incubated for 

8 minutes to allow the DNA to bind the beads. The DNA-bounded beads were washed 

two times with 80 % ethanol and dried before eluting the cDNA from the beads with 52 

μl of nuclease-free H2O. The beads were discarded and once again, 40 μl of SRI beads 

were added to each sample. The beads were washed two times, dried and the cNDA 

was eluted from the beads in ZapR Master Mix which is used to deplete by cleavage the 

mitochondrial cDNA fragment (originating from mitochondrial RNA). The ZapR Master 

Mix contained ZapR Buffer, ZapR v2 and R-Probes v2 and was incubated at 37 C for 

60 minutes, 72 C for 10 minutes. The final RNA-seq Library amplification was then 

performed, in which the library fragments not cleaved by the previous reaction were 

further enriched. SeqAmp CB PCR Buffer, PCR2 Primers v2 and SeqAmp DNA 

polymerase were added to the samples and the following PCR was performed: 94 C 

for 1 minute, [98 C for 15 seconds, 55 C for 15 seconds, 68 C for 30 seconds] x 13. 

The libraries were purified using the SRI beads as described previously. 100 μl of beads 

were added to the samples, bound by the cDNA, washed two times with 80 % ethanol, 

dried and resuspended in 20 μl of Tris Buffer. The beads were discarded and the 

libraries were stored at -20 C until sequencing. DNA concentration and quality of the 

libraries were assessed using respectively the Qubit dsDNA HS kit (ThermoFisher) and 

the Agilent High sensitivity DNA kit (Agilent).  

The sequencing was performed by the DZNE sequencing facility, PRECISE.  
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3. PML role in homeostatic microglia and upon bacteria-like 

stimulation 

3.1. Results 

3.1.1. PML-NBs in the brain  

The functions of PML in the brain has mainly been investigated in neurons as PML 

protein and PML-NBs are mostly present in neuronal cells at steady state in adult mice 

(Figure 20). Among neurons, the number of PML-NBs varies depending on the neuronal 

type and its brain region. The highest number of PML-NBs per nuclei are found in the 

Purkinje cells with more than 20 PML-NBs per cell, oppositely to neurons in the 

cerebellar granule layer which do not present any PML-NBs. In the cortex, the layers 2-

3 harbors around 10 PML-NBs per neuronal nucleus, while the fifth layer has very few 

of them. Sparse PML-NBs are found in the hippocampus (figure 20A). 

In glial cells, such as astrocytes and microglia, hardly any PML-NBs were found in adult 

mice at steady state (figure 20B). This likely explains the lack of research about PML 

functions in glial cells. 

 

Fig. 20: PML-NBs in different brain cell types in adult mouse.  
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Representative confocal images of PML-NBs in neuronal nuclei (A) and in glial cells (B). 
Scale bars, 10 μm.  

 

3.1.2. PML in microglia, from development to aging 

As shown previously, at steady state in adult microglia, almost no PML-NBs are found 

in microglia. However, as PML is a stress sensor protein, we investigated the presence 

of PML-NBs during development and upon aging, where microglia have an active role 

such as pruning and debris clearance. As indicated in figure 21, from postnatal day 0 

(P0) to P20, every microglia harbored one large PML-NB, which disappeared during 

adulthood from around 1 month old. Upon aging, hardly any PML-NBs were observed 

in microglia at 20 months old. Interestingly, at early postnatal stage, P0-P3, an intense 

nuclear staining and a fainter cytoplasmic staining of PML were observed. Overall, we 

concluded that PML was more expressed in microglia in young pups and that the 

formation of one PML-NB was induced during development. We could speculate that, 

during development, PML-NB formation was triggered in response to stress and/or to 

achieve specific functions. This will not be further studied in this thesis. 

 

 

Fig. 21: PML-NBs in microglia from development to aging. 
Representative confocal images of PML-NBs in microglia. Scale bars, 10 μm. 
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3.1.3. Assessment of PML deletion efficiency in microglia 

In order to investigate PML functions in microglia, we created a mouse line using the 

Cre-loxP system (detailed in Material & Methods 2.3, Figure 19). PML fl/fl mice were 

crossed with a mouse line carrying Cre under the Csf1r promoter which is constitutively 

active from E8.5 in microglia, dendritic cells, monocytes and macrophages. PML fl/fl, 

Csf1r Cre mice, microglia and BMDMs will be referred, respectively, as PML KO mice, 

PML KO microglia and PML KO BMDMs in the rest of the thesis. 

We first assessed the recombination efficiency in brain-isolated microglia and in in vitro 

cultured BMDMs: in both PML KO cell types, total recombination was observed (figure 

22 A&D). Furthermore, in brain-isolated PML KO microglia and in vitro PML KO cultured 

BMDMs, Pml transcript was significantly decreased compared to wildtype (wt) microglia 

(figure 22B) and wt BMDMs (figure 22E). In in vitro cultured BMDMs and PML KO 

microglia, PML protein was not detected by western blotting (figure 22 C&G), nor by 

immunofluorescence in PML KO BMDMs (figure 22F).  

Altogether, the data showed that PML deletion was successfully achieved in brain-

isolated microglia and in in vitro cultured BMDMs. This will allow us to study the role of 

PML in those cells.  
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Fig. 22: Assessment of Pml deletion in brain-isolated microglia and in vitro cultured 
BMDMs. 
(A&D) Recombination of PML fl/fl, csf1r cre/+ is total in microglia (A) and BMDMs (D). 
The recombined band is around 300 bp, wt band 1400 bp and fl/fl unrecombined 1500 
bp.  
(B&E) Downregulation of pml transcript level in PML KO microglia (B) and BMDMs (E). 
n=6; t-test.  
(C) Western blot assay showing the absence of PML in PML KO brain isolated microglia. 
(F) Representative confocal images of PML expression in wt and PML KO BMDMs. 
Scale bars, 10 μm. 
(G) Western blotting analysis of PML in wt and PML KO BMDMs showing the absence 
of PML in PML KO BMDMs. 
All data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 

 

3.1.4. Cellular phenotype of PML KO microglia 

In order to study the effects of Pml deletion in microglia, we first quantified the microglia 

numbers in PML wt and PML KO mice: similar microglia numbers were observed (figure 

23B). Interestingly, PML KO microglia harbored a less complex morphology than wt 

microglia (figure 23A). By quantification, we assessed that PML KO microglia harbored 

less branches and junctions (figure 23D), despite having, in average, longer branches 

than wt microglia (figure 23C).  

 

 

Fig. 23: PML KO microglia present a “less complex” morphology at 3 month-old. 
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(A) Representative confocal images of microglia in the cortex of PML wt and PML KO 
mice. Scale bars, 10 μm.  
(B) Quantification of microglia number in the cortex of wt and PML KO mice. n=3; t-test. 
(C&D) Quantification of the branch length, number of branches and junctions of wt and 
PML KO microglia showing the increased branch length in PML KO microglia, while the 
number of branches, junctions and triple points are decreased in PML KO microglia. 
n=3, 6-19 microglia analyzed per biological replicate; t-test. 
All data are represented as mean ± SD. ∗∗∗∗p < 0.0001; ns, not significant. 

 

3.1.5. Memory impairment in the PML KO mice 

Microglia were shown to be involved in cognitive behavior, memory and learning (Morris 

et al., 2013).  We therefore sought whether the morphological changes induced by PML 

deletion in microglia would affect the behavior of PML KO mice. For this purpose, 3-

month-old wt and KO mice underwent multiple behavioral tests in order to assess the 

locomotion, anxiety, long- and short-term memory.  

According to our data, PML KO mice did not show any sign of impairment in locomotion: 

KO mice traveled similar distance to wt mice in the Open field test (figure 24A) as well 

in the Water Maze test (figure 24E). We can then conclude that PML KO mice do not 

have any motor disability.  

Previously, Butler et al. (2013) showed that PML -/- mice presented a reduced anxiety-

related behavior, however, in our study, the deletion of PML in microglia did not induce 

a similar phenotype. Indeed, PML KO mice did not spend more time in the center during 

the open field test (figure 24A), neither longer time on open arms in the elevated plus 

maze (figure 24D). The results from these two tests proves that PML KO mice do not 

show higher level of anxiety than wt mice. This difference to the previous study is likely 

due to the difference of model, they used a germline KO while we investigated a 

microglia specific PML KO. 

In order to determine any impairment in memory, males and females were analyzed 

separately as wt males did not show any learning in the water maze nor in the novel 

object location test. In the water maze, males, both wt and KO, did not show any learning 

curve expected along time (figure 24E). In both genders, PML KO and wt reached the 

platform in similar times, indicating no impairment of long term memory in KO mice 

(figure 24E). Interestingly, the second memory test investigating the short term spatial 

memory, showed a significantly lower discrimination index for female KO mice (figure 
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24B): female KO mice did not discriminate between the newly located object and the 

unchanged one and were interested in both objects similarly.  

In conclusion to the behavior tests, we found that PML deletion in microglia did not 

induce any locomotor deficit, anxiety-like behavior nor short term memory loss, however, 

a spatial memory impairment was observed in female KO mice.  

 

 

Fig. 24: Deletion of PML in microglia induces an impairment in spatial memory, but not 
in short term memory, locomotion nor an anxiety-like behavior. 
(A) Open field assay: wt and PML KO mice travelled a similar distance with a similar 
velocity, and spent the same duration at wall. t-test. 
(B) Novel object location test: PML KO females display lower discrimination index 
compared to wt females. Wt and PML KO males have both a very low discrimination 
index, indicating the lack of recognition of the newly-located object. t-test. 
(C) Rotarod test: representation of the time spent on the rod for each day. All mice 
improve their time spent on the rod, and no difference are observed between wt and 
PML KO mice.  
(D) In the elevated plus maze, wt and PML KO spend similar amount of time in the open 
arms. t-test.  
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(E) Water maze test, wt and PML KO mice have similar velocity and swum distance. 
The time to find the platform is similarly decreasing over the days for wt and PML KO 
mice. 2-way ANOVA.  
All data are represented as mean ± SD. ∗∗∗p < 0.001; ns, not significant. n=7 females 
and n=6 males per genotype. 

 

It was shown that spatial learning and spatial memory involve mainly the hippocampus 

(Haettig et al., 2011; Mumby et al., 2002), and specifically the apical dendrites of CA1 

pyramidal neurons (Y. Zhu et al., 2017). We therefore performed a Golgi staining in 

order to study the CA1 pyramidal neurons. No drastic differences were observed 

between wt and PML KO neurons as shown with the basal dendrites of CA1 pyramidal 

neurons (figure 25A). The spines of basal dendrites (figure 25B) and apical dendrites 

(figure 25C) did not demonstrate any striking difference in density nor in shape.  

Altogether, PML deletion in microglia induced a less “complex” morphology of microglia 

which might be the cause of a spatial memory impairment in female mice. However, the 

Golgi staining did not show any differences in CA1 pyramidal neurons morphology of 

spine density or shape. This was not pursued any further. 
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Fig. 25: Golgi staining of CA1 pyramidal neurons.  
(A) Representative images from Golgi staining of basal dendrites of pyramidal neurons 
in the CA1 of PML wt and PML KO mice. Scale bars, 20 μm.  
(B&C) Close up images of spines of secondary basal dendrites (B) and apical dendrites 
(C). Scale bars, 5 μm. 

 

3.1.6. NF-κB translocation, TNFα release and phagocytosis activity are impaired 

upon LPS in PML KO primary microglia and BMDMs. 

From literature, it is known that constitutive PML -/- mice are less sensitive upon LPS-

induced septic shock due to the lack of macrophage activation and cytokine production 

by PML KO cells (Lunardi et al., 2011). Furthermore, in PML -/- mouse embryonic 

fibroblasts, reduced level of phosphorylation of NF-κB and transcription of NF-κB-target 

genes were observed without any NF-κB translocation impairment (Ahmed et al., 2017).  

As previous studies were conducted in mouse embryonic fibroblasts, we investigated 

the response to LPS via the NF-κB pathway in PML KO immune cells such as primary 

microglia and BMDMs. To do so, we stimulated in vitro primary microglia and BMDMs 
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cultures with LPS for 30 minutes or 6 hours and we analyzed the NF-κB p65 

translocation, TNFα release and ability to phagocytose.  

First, we found that only around 20 % of wt BMDMs showed NF-κB translocation to the 

nucleus upon 30 minutes of LPS stimulation (figure 26 A&C). Surprisingly, all and only 

the cells having NF-κB translocated to the nucleus upon LPS harbored PML-NBs (figure 

26 A&B). Furthermore, we found that, unlike in a previous study (Ahmed et al., 2017), 

NF-κB translocation had a tendency to decrease in PML KO BMDMs (figure 26C). These 

results correlate with the reduced TNFα release observed in PML KO primary microglia 

upon 6-hour LPS stimulation (figure 26D). Finally, we observed an impaired 

phagocytosis activity in PML KO primary microglia at steady state and upon 6-hour LPS 

stimulation (figure 26E).  

Taken together, our data showed that in wt BMDMs, only cells containing PML-NBs 

translocated NF-κB to the nucleus upon LPS stimulation, nonetheless, PML was not fully 

required for NF-κB translocation as few PML KO cells also showed NF-κB translocation. 

We also found that PML deletion led to an impairment in TNFα release and phagocytosis 

activity. 
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Fig. 26: Impaired NF-κB translocation, TNFα release and phagocytosis activity upon 
LPS in PML KO cells. 
(A) Representative confocal images of NF-κB and PML upon LPS stimulation in BMDMs 
show that NF-κB translocation is observed in PML-NBs containing cells upon LPS, and 
is reduced in PML KO cells. Scale bars, 20 μm. 
(B) Bar plot presenting the nuclear vs. cytoplasmic NF-κB intensity increasing with the 
PML-NB number per nucleus upon LPS in wt BMDMs. n=3, 2-way ANOVA. 
(C) Bar plot showing the percentage of cells having nuclear vs. cytoplasmic NF-κB 
intensity superior to 4. n=3, 2-way ANOVA. 
(C) Bar plots displaying the reduced release of TNFα cytokines by PML KO primary 
microglia upon LPS. n>10, 2-way ANOVA. 
(D) Bar plots showing the decrease in percentage of phagocytosis cells upon LPS in wt 
and PML KO primary microglia. n>6, 2-way ANOVA. 
All data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
  

 

3.2. Discussion 

Several studies have attributed a role to PML in innate immune response, such as viral 

response and bacteria-like-related inflammation (Lunardi et al., 2011; Regad et al., 

2001; Regad & Chelbi-Alix, 2001). However, studies on PML function in brain-immune 

cells was lacking most likely due to the fact that PML-NBs are not present at steady 

state in adult glial cells.  
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In order to study PML function in the immune resident brain cells, the microglia, we 

created a genetically modified mouse line with PML deletion under the Csf1r promoter, 

deleting PML in microglia, dendritic cells, monocytes and macrophages. It is important 

to keep in mind that PML is deleted from embryonic stage as the Csf1r promoter is active 

from E8.5. This model shows a complete recombination in microglia, which allowed us 

to understand the role of PML in microglia by studying the effects in the brain following 

its microglia-specific deletion.  

We first found that PML KO microglia harbor a less complex morphology than wt 

microglia with longer and less numerous branches. It was hypothesized that changed of 

morphology of PML KO microglia would affect some of the microglial functions in the 

brain at steady state, such as cognition and learning (Augusto-Oliveira et al., 2019). We 

thus investigated the effects of PML deletion in microglia on those brain functions by 

subjecting PML KO mice to behavioral tests to assess the motor capacity, anxiety and 

memory. PML KO female mice showed a short spatial memory impairment which, from 

literature, involves the pyramidal neurons of the CA1 hippocampal region (Haettig et al., 

2011; Mumby et al., 2002; Y. Zhu et al., 2017). We did not identify any striking difference 

in pyramidal neuron morphology or spine density and shape by Golgi staining. However, 

this staining method presents important limitations, such as high background, low 

resolution and a lack of 3-dimension analysis, making the analysis of spines difficult and 

not accurate enough to detect slight differences which might be present between our 

models. These limitations could be overcome by using a reporter line and 2-photon 

imaging for instance, but, this was not pursued any further. 

 

For this study, it is important to keep in mind that PML is deleted from embryonic stage 

in our model, the PML fl/fl, Csf1r-Cre. Therefore, the spatial memory impairment could 

result from a developmental issue, instead of reflecting a role of PML in adult microglia. 

This hypothesis is supported by the presence of PML NBs during postnatal stage, P0-

P20, where its deletion in microglia could, for instance, impair pruning or brain 

development from postnatal period. In order to differentiate between the role of PML in 

microglia during development from the role of PML in adult microglia, we will create 

another murine line, where PML is deleted using an inducible Cre system, the Cre-

ERT2, under the microglia specific Cx3cr1 promoter. This will allow us to delete PML in 
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microglia from any chosen age by Tamoxifen injections, and therefore to specifically 

assess the role of PML in adult microglia and in brain functions.  

 

Finally, we studied PML role upon bacteria-like infection in BMDMs. It was previously 

shown that PML -/- mice demonstrate a reduced sensitivity to LPS-induced septic shock, 

and that PML deletion in mouse embryonic fibroblasts inhibits NF-κB phosphorylation 

and therefore NF-κB-target gene transcription upon LPS without affecting NF-κB 

translocation to the nucleus.  

Our data showed that only 20 % of wt BMDMs present a translocation of NF-κB p65 to 

the nucleus upon 30-min LPS stimulation, despite being described as a homogenous 

population (Mendoza et al., 2022). Surprisingly, these are also the cells harboring PML-

NBs. We also observed a reduced NF-κB translocation, TNFα release and phagocytosis 

activity in PML KO BMDMs. However, it is important to mention that PML-NBs are not 

required for NF-κB translocation. 

Our data demonstrated that not all the BMDMs, wt or KO, are responding to LPS 

stimulation and that in a pool of wt cells, only the ones harboring PML-NBs have the 

ability to sense cellular stimuli and to respond to them. In a pool of PML KO cells, we 

hypothesize that the reduced response to stimuli could be triggered by a compensatory 

or secondary mechanism which will be further investigated. Furthermore, we speculate 

that the partial activation of the cell population might also be a self-regulation system 

from immune cells to avoid generating a too strong response upon bacterial infections. 

It will be interesting to better understand the role of PML-NBs containing cells compared 

to the PML-NB lacking cells. Currently, efforts are being made to separate these 

populations in order to be able to characterize their transcription profile, cytokine 

release, phagocytosis activity and other biological processes.  
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4. ATO, an ancient anti-cancer drug, suppresses the IFN response in 

microglia: implications for interferonopathies. 

4.1. Results 

4.1.1. PML is upregulated in interferon-driven inflammation models 

PML protein is known to act as a stress sensor. In particular, PML transcription and 

PML-NB formation were shown to be induced upon IFN stimulation in several peripheral 

cell types (Chelbi-Alix et al., 1995; Regad et al., 2001; Stadler et al., 1995). In this 

project, in collaboration with Burcu Sivri and Pr. Kato, we sought to investigate PML 

response in microglia upon IFN-mediated inflammation by using two models.  

The first one is an AGS mouse model with a gain-of-function R822Q mutation in MDA5, 

referred as MDA5 RQ mice in this thesis. This mutation has been reported in patients, 

but was not yet reproduced in a mouse model. Unlike the MDA5 G821S mice, MDA5 

RQ mice have a shorter lifespan compared to wild type mice with a mortality starting 

from 40 weeks and reaching hundred percent mortality at 105 weeks (data not shown 

from AG Kato). We observed that MDA5 RQ mice presented a higher number of 

microglia (figure 27A) which harbored an activated morphology with more numerous and 

thicker processes (figure 27B). They also showed an increased transcription of IFN 

stimulated genes (ISGs) (figure 28D). Similarly, MDA5 RQ astrocytes presented a 

tendency to be more numerous with an activated morphology shown by higher GFAP 

staining intensity (figure 27 C&D). Despite the increased number of microglia and 

astrocytes observed, no Ki67 positive cells were detected in the cortex (data not shown).  
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Fig. 27: Description of MDA5 RQ mice. 
(A) Representative confocal images of the MDA5 RQ cortex showing an increase in 
microglia in MDA5 RQ mice. Bar plot shows quantification of microglia in the cortex of 
wt and MDA5 RQ mice. Scale bar 100 μm. n=3, t-test. 
(B) Representative confocal images of the activated morphology of MDA5 RQ microglia. 
Scale bar 10 μm. 
(C) Representative confocal images of the activated morphology of MDA5 RQ 
astrocytes in the hippocampus. Scale bar 50 μm. 
(D) Bar plots showing that MDA5 RQ astrocytes tend to be more numerous in the cortex 
and dentate gyrus. n=3, t-test. 
All data are represented as mean ± SD. ∗∗∗∗p < 0.0001; ns, not significant. 
Burcu Sivri took part in the sample collection of all the RQ mice presented in the thesis; 
Burcu Sivri made the bar plots in (D). 

 

In the second IFN-mediated inflammation model, the IFN response is induced by 

polyinosinic-polycytidylic acid (pI:C). pI:C is a synthetic analogue of double stranded 

RNA, which binds to TLR3 or MDA5 and activates the IFN signaling. Wt mice were 

injected by i.p. with 300 μg of pI:C and sacrificed 5 and 12 hours after injection.  

In figure 28 A&B, we observed that PML-NBs numbers in microglia were increased upon 

pI:C injection in a time-dependent manner and were further more increased in MDA5 

RQ microglia. Stat1 transcription was similarly upregulated in each model, however, pml 

and ifnb transcript levels reached the same fold change upon 5-hour and 12-hour pI:C 
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stimulation as well as in MDA5 isolated microglia. This suggests that the correlation 

between PML transcription level and NBs formation is not linear. Surprisingly, isg56 was 

not induced in isolated microglia upon 5-hour pI:C treatment, but reached the same level 

upon 12-hour pI:C treatment and in MDA5 RQ microglia (figure 28D).  

After observing PML increase in transcription and in PML-NB formation, we wanted to 

assess the functionality of these PML-NBs by checking DAXX, one of the interacting 

partners of PML. In pI:C-treated microglia and MDA5 RQ microglia, DAXX co-localized 

with some PML-NBs, we therefore can assume that the formed PML-NBs are functional 

(figure 28C).  

 

 

Fig. 28: PML expression and NB formation are enhanced in IFN-mediated inflammation 
models.  
(A) Representative confocal images of PML-NBs in microglia upon 5 and 12 hours of 
pI:C stimulation and in the RQ model. Scale bar 5 μm. 
(B) Quantification of PML-NB number in microglia represented as violin plots. n=3-4; 
ordinary one-way ANOVA. 
(C) Representative confocal images of DAXX colocalization with PML-NBs. Scale bar 5 
μm.  
(D) ISG transcription is upregulated in microglia upon 5 and 12 hours of pI:C stimulation 
and in the RQ model. n=3-4; ordinary one-way ANOVA.  
Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
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4.1.2. PML is an Interferon Stimulated Gene (ISG) 

PML has been shown to be an ISG and therefore to be induced upon IFN signaling, 

however, it is still unknown whether PML transcription or PML- NB formation could also 

be induced via the primary signaling pathway, such as the IRF transcription factors. To 

assess it, we looked at PML response upon pI:C in IFNAR -/- mice, kindly provided by 

AG Kato, UKB. This transgenic mouse model carries a constitutive KO of IFN-α/β 

receptor (IFNAR), the receptor triggering IFN signaling amplification. In IFNAR -/- 

BMDMs, the inflammation via IRF3 is abrogated, therefore, IFNβ, IL-6 and IL-10 were 

not induced upon pI:C stimulation (figure 29C). In addition, the transcription of ifnb and 

other ISGs including pml was not induced in in vitro pI:C-treated IFNAR -/- BMDMs nor 

ex vivo isolated IFNAR -/- microglia upon pI:C i.p. stimulation (figure 29 B&D). PML 

protein levels were also not induced upon pI:C in IFNAR -/- BMDMs (figure 29E) and 

PML-NBs formation was abrogated in IFNAR -/- microglia from pI:C-treated mice (figure 

29A). 

It is worth mentioning that, at steady state, PML transcript levels were lower in IFNAR -

/- microglia (figure 29B) and PML protein levels were lower in IFNAR -/- BMDMs (figure 

29E). 
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Fig. 29: PML is an ISG.  
(A) Representative confocal images of PML-NBs in IFNAR -/- microglia upon pI:C 
stimulation show that PML-NB formation is not induced by pI:C stimulation in IFNAR -/- 
microglia. Scale bar 5µm. Bar plots represent the PML-NB number in wt and IFNAR -/-
microglia upon PBS and pI:C stimulation. n=3, 2-way ANOVA. 
(B) ISG transcription is not induced upon pI:C in IFNAR -/- microglia. n=3, 2-way 
ANOVA. 
(C) Cytokine release is abrogated in IFNAR -/- BMDMs upon pI:C stimulation. n=3, 2-
way ANOVA. 
(D) ISG transcription is not induced upon pI:C in IFNAR -/- BMDMS. n=3, 2-way ANOVA. 
(E) PML protein level is not increase upon pI:C in IFNAR -/- BMDMS. Bar plot shows 
the quantification of PML protein level. n=3, 2-way ANOVA. 
Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
Burcu Sivri took part in the sample collection of IFNAR -/- mice and BMDMs.  
Burcu Sivri made the panels E, F, G. 
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4.1.3. Arsenic trioxide (ATO), an FDA-approved drug, degrades PML and 

prevent its upregulation upon pI:C-induced inflammation 

ATO was shown to degrade PML by SUMOylation-dependent ubiquitination followed by 

proteasomal degradation. 

First, we studied PML degradation upon 2.5 μM ATO in BMDMs. After 30 minutes of 

ATO treatment, high molecular-weight bands were observed (figure 30A). Those bands 

corresponded to SUMOylated forms of PML in line with the findings obtained using 

immunofluorescence, where an accumulation of SUMO2/3 proteins in PML-NBs was 

found (figure 30B). Upon 8 hours of ATO treatment, most of PML protein were degraded 

(figure 30 A&B). 

Then, we investigated whether ATO could prevent PML-NBs formation and PML protein 

level increase. To do so, wt mice were first pretreated with 2.5 μM of ATO, 24 hours 

later, they were injected by i.p. with 300 μg of pI:C and were sacrificed 5 hours or 12 

hours after pI:C injection. As previously shown, PML-NBs were rarely present at steady 

state in adult microglia and their formation was induced upon pI:C 12 hours. 

Interestingly, when mice were pretreated with ATO, PML-NBs were not formed (figure 

30C), suggesting that ATO degrades PML-NBs and also inhibits their formation upon 

stimuli. We recapitulated these findings in BV2, an immortalized murine microglia cell 

line and in BMDMs. Similarly, pI:C induced PML protein level increase, however, when 

pretreated for 24 hours with ATO, PML was fully degraded, even upon additional pI:C 

stimulation (figure 30 D&E). 
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Fig. 30: PML degradation upon ATO. 
(A) Western blotting assay showing PML degradation with time upon 2.5 μM of ATO. 
n=3; 2-way ANOVA.  
(B) Representative confocal images of SUMO2/3 and PML in BMDMs show the 
colocalization of SUMO2/3 with the PML-NBs before their degradation upon ATO.  
(C) Representative confocal images of PML in microglia upon in vivo ATO and pI:C 
stimulation. ATO pretreatment inhibits the formation of PML-NBs in microglia upon in 
vivo pI:C stimulation. Scale bars, 10 μm. 
(D&E) Western blot assays showing that ATO treatment degrades and inhibits the pI:C-
induced PML upregulation in BV2 (D) and in BMDMs (E). Bar plots represent the 
quantification of PML normalized by actin. n=6, ordinary one-way ANOVA.  
Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
Burcu Sivri took part in the sample collection of the ATO+pIC12 h treated mice. 

 

4.1.4. Microglia activation markers and cytokines in the serum and BMDM 

supernatants are reduced with an ATO pre-treatment 

Following our findings that ATO prevents PML upregulation and PML-NB formation upon 

pI:C, we looked at the level of inflammation upon 12 hours of pI:C in ATO pretreated 

mice. One common inflammation marker in microglia is the Cluster of Differentiation 68 
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(CD68). CD68 forms little granules in microglia processes and soma and their number 

and intensity increases in activated microglia. In our pI:C stimulated model, we observed 

that the pI:C-induced upregulation of CD68 was inhibited in mice pretreated with ATO 

(figure 31A). A similar trend was shown for IBA1 protein (figure 31B). We therefore 

hypothesize that the level of microglia activation is inhibited by ATO-pretreatment in the 

brain.  

As ATO and pI:C were intraperitoneally injected, we checked the inflammation levels in 

the blood. To do so we quantified the cytokines present in the serum upon pI:C in ATO 

pretreated mice. Since the cytokines are only transiently present in the blood upon pI:C 

injection, we first determined the time-window to detect them. We were able to detect 

IFNβ between 3 hours to 6 hours after pI:C injection, therefore, we chose to sacrifice the 

mice and collect blood 5 hours after pI:C injection to check the cytokine levels in the 

plasma. As shown in figure 31B, most of the cytokines studied here, IFNβ, IFNα, IFNγ, 

IL-6, IL-10 and Cxcl10, were significantly downregulated in ATO pre-treated mice upon 

pI:C. Similarly, we checked the cytokine released by in vitro BMDM cultures upon pI:C 

and ATO pretreatment, discovering that 24 hours of pretreatment with ATO inhibited the 

pI:C-induced release of IFNβ, IL-6, IL-10 and Cxcl10 (Figure 31C). Also, the 

phagocytosis activity of BMDMs upon pI:C was significantly downregulated by ATO 

pretreatment (Figure 31D).  

Taken together, our data showed that ATO pretreatment reduced several activation 

markers upon inflammation: CD68 level, cytokine levels and phagocytosis activity were 

decreased with ATO pretreatment upon pI:C stimulation. 
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Fig. 31: ATO pretreatment inhibits the increase of inflammation markers.  
(A) ATO pretreatment abrogates the CD68 and IBA1 intensity increase upon pI:C12h. 
n=4, scale bar, 20 μm.  
(B) Bar plots showing the cytokine measurement in the serum of ATO+pI:C5h vs. pI:C5h 
treated mice. Upregulation of cytokines in the serum upon in vivo pI:C treatment is 
reduced with ATO pretreatment, n=6-9, unpaired t-test.  
(C) Bar plots showing that the cytokine release by BMDMs upon hour pI:C is reduced 
by ATO pretreatment. n=3-6, 2-way ANOVA.  
(D) Bar plot showing that the pI:C-induced phagocytosis activity of BMDMs is reduced 
with ATO pretreatment, biological n=2, technical, n=2; ordinary one-way ANOVA. 
Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
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Burcu Sivri took part in the sample collection of some of the ATO+pI:C5 h treated mice 
and contributed to C. 

 

4.1.5. ATO does not induce cell death in in vitro BMDMs nor in vivo microglia 

ATO acts against immune-related diseases and autoimmune diseases by triggering the 

apoptosis of cells spreading the inflammation (K. An et al., 2020; Gao et al., 2015; C. Li 

et al., 2015; Ye et al., 2020). Thus, we investigated whether the inhibition of pI:C-induced 

inflammation by ATO pretreatment is due to immune cell death. First, we did not detect 

any cleaved Caspase 3 positive microglia upon ATO, pI:C, nor ATO+pI:C (figure 32A) 

unlike in microglia 1 day after middle cerebral artery occlusion (MCAO) (figure 32B). 

Secondly, the number of microglia was unchanged upon the in vivo ATO and pI:C 

treatments (figure 32C). Both results suggest that the microglia do not go into apoptosis. 

In in vitro BMDMs culture, brightfield images showed an absence of floating/dead cells 

as well as a similar confluency upon treatments, suggesting that ATO and pI:C 

treatments, alone or in combination, do not induce in vitro cell death. In addition, the 

BMDM cell number upon 24 hours of 2.5 μM ATO was similar to the untreated condition, 

confirming the absence of cell death in BMDMs upon ATO treatment (figure 32E). 

However, at 2.5 μM, ATO induced the cell death of more than 50 % of HL60, a 

promyelocytic leukemia cell line derived from a APL patient (figure 32F). Higher doses 

than 2.5 μM of ATO treatment induced cell death of BMDMs, as shown on the dose 

response curve (figure 32E). 

Finally, it is noteworthy that no other brain cell was positive for cleaved-Caspase 3 upon 

the ATO nor pI:C treatments. 

Taken together, our results suggested that in vivo and in vitro ATO treatment did not 

induce cell death of, respectively, microglia and BMDMs. 
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Fig. 32: Cell death is not induced upon ATO treatment in BMDMs and microglia.  
(A) Representative confocal images of cleaved Caspase-3 in ATO+pI:C12h treated 
brains. No cleaved Caspase-3 positive cell are observed. Scale bars, 100 μm. 
(B) Positive microglia for cleaved Caspase-3 in the middle cerebral artery occlusion 
(MCAO) model used as a positive control. Scale bars, 10 μm. 
(C) Bar plot representing the microglia number per area in the ATO+pI:C12h treated 
brains. n=4, ordinary one-way ANOVA.  
(D) Representative brightfield images of BMDMs upon pI:C with ATO pretreatment.  
(E&F) Bar plots showing the percentage of live cells after 24-hour ATO treatment in 
BMDMs (E) and HL60 (F). n=3; ordinary one-way ANOVA. 
Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 

 

4.1.1. ATO inhibits pI:C-induced biological functions 

We have shown that the inhibition of inflammation marker induction upon pI:C by ATO 

is not due to the cell death of inflammation-spreading cells. In order to better understand 

the effect of ATO pretreatment, bulk RNA sequencing was performed on microglia 

isolated from the in vivo ATO and/or 12-hour pI:C-treated mice. The following three 

comparisons were studied: 1) ATO vs. PBS, 2) pI:C vs. PBS, 3) ATO+pI:C vs. pI:C. 
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Fig. 33: Volcano plot of each comparison: pI:C vs. PBS, ATO vs. PBS and ATO+pI:C 
vs pI:C from the RNA sequencing of isolated microglia upon ATO and/or pI:C in vivo 
treatments  
(plots generated by Dr. Hang Mao Lee). 

 

The comparison ATO vs. PBS revealed 180 significantly downregulated genes and 498 

upregulated genes. The downregulated genes, due to their few number, did not give any 

results by gene ontology analysis. The upregulated genes in ATO vs. PBS were 

associated with several interesting pathways, such as leukocyte chemotaxis, reactive 

oxygen species metabolism, and response to toxic substance/detoxification (figure 34). 

The latter was expected since ATO, as an anti-cancer drug, is toxic.  
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Fig. 34: Significant pathways associated with upregulated genes of ATO vs. PBS in 
microglia. 
GO term analysis was performed on upregulated genes of ATO vs PBS in microglia by 
Cluego app from Cytoscape with the following settings: only GO terms with a p-value of 
0.05, a level 3-4, and minimum 5 % of associated genes are displayed. 

 

The comparison pI:C vs. PBS had the most differentially expressed genes (DEGs), with 

2,818 DEGs of which 1,294 genes were upregulated (figure 33A). These upregulated 

genes were associated to immune-response related gene ontology (GO) terms such as 

positive regulation of defense response, regulation of innate immune response and 

response to virus, which was expected as pI:C mimics a virus infection. Interestingly, 

the top 10 pathways associated with the upregulated genes upon pI:C were also 

associated with the downregulated DEGs from the ATO+pI:C vs. pI:C comparison 

(figure 35A). In addition, among the 340 downregulated genes in ATO+pI:C vs. pI:C, 

196 were found upregulated in pI:C vs. PBS comparison (figure 35B). This suggests that 

ATO downregulates genes which are induced upon pI:C and those genes are associated 

with immune-related pathways. 
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Fig. 35: Biological processes associated with upregulated genes upon pI:C compared 
to PBS are also associated with the downregulated genes in ATO+pI:C vs. pI:C.  
(A) Bar plots showing the percentage of DEGs belonging to the top 10 significant 
biological functions associated with the upregulated genes of pI:C vs. PBS. n=4. 
(B) Venn diagram of the upregulated genes upon pI:C and downregulated genes in 
ATO+pI:C vs. pI:C showing 196 common genes. 

 

From the functional analysis of the downregulated genes in ATO+pI:C vs pI:C 

comparison, three main biological functions arise: type I IFN production, the antigen 

processing/presentation and the protein folding (figure 36). These biological pathways 

are detailed below.  

 

Fig. 36: Biological functions associated with the downregulated genes in microglia upon 
ATO+pI:C compared to pI:C. 
Cluego app from Cytoscape was used with the following settings: only GO terms with a 
p-value of 0.05, a level 2-4, and minimum 10 % of associated genes are displayed. 
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4.1.2. ATO inhibits the activation of the interferon response in in vivo microglia 

and in in vitro human PBMC-derived monocytes 

The functional analysis revealed that the “type I interferon production” biological function 

was associated with the downregulated genes in ATO+pI:C compared to pI:C in isolated 

microglia, we therefore sought to validate it. We found that ISGs, such as pml, isg56, 

isg15, stat1 and ifnb itself, which were upregulated upon pI:C were downregulated with 

ATO pretreatment (Figure 37A). This was confirmed by the heatmap representing the 

50 most significantly downregulated genes in ATO+pI:C vs. pI:C: the genes belonging 

to the “type I interferon production” were induced upon pI:C, and a pretreatment with 

ATO inhibited their induction (figure 37B).  

 

 

Fig. 37: ATO pretreatment inhibits the interferon response upon pI:C in in vivo microglia. 
(A) ISGs transcription level in microglia shows that ATO pretreatment inhibits their 
upregulation upon pI:C stimulation. n=4; ordinary one-way ANOVA. 
(B) Heatmap of the top 50 most significant DEGs of ATO+pI:C vs pI:C in in vivo microglia 
related to the “Type I interferon production” biological function. 
Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 

 

Furthermore, we studied the effect of ATO in pI:C-treated human derived macrophages 

from 6 different patients, 4 females and 2 males. The buffy coats analyzed were kindly 
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provided by the University Hospital of Bonn. To do so, we isolated and derived peripheral 

blood mononuclear cells (PBMCs) into macrophages, which were pretreated with ATO 

2.5 μM for 24 hours, followed by 150 μg/ml of pI:C. The cells were collected 6 hours 

after pI:C treatment and the RNA was isolated and processed for total RNA sequencing. 

Similarly to the RNA sequencing analysis performed on the in vivo-treated microglia 

shown above, we focused on the upregulated genes upon pI:C compared to PBS-

treated cells and on the downregulated genes upon ATO+pI:C vs pI:C stimulation. The 

functional analysis revealed that the biological functions associated with the upregulated 

genes upon pI:C were downregulated with ATO pretreatment (figure 38A). Interestingly, 

these biological processes were all related to immune response. Confirming the RNA 

sequencing data, the upregulation upon pI:C of the tested ISGs was inhibited by ATO 

pretreatment (figure 38B). Altogether, our results showed that ATO inhibits the pI:C-

induced IFN response in in vivo microglia as well as in human PBMC-derived 

macrophages.  

 

 

Fig. 38: ATO pretreatment inhibits the pI:C-induced interferon response in in vitro 
PBMC-derived macrophages. 
(A) Bar plots showing the percentage of DEGs belonging to the top 4 significant 
biological functions associated to the upregulated genes in pI:C vs. PBS. n=6.  
(B) ISGs transcription level in PBMC-derived macrophages shows that ATO 
pretreatment inhibits their upregulation upon pI:C stimulation. n=4; ordinary one-way 
ANOVA.  
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Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
Burcu Sivri performed the differentiation as well as the in vitro stimulation and she took 
part in the in vitro PBMC culture and collection. 

 

4.1.3. ATO inhibits the protein folding response in vivo microglia 

In addition to the “Type I interferon production” function, the “protein folding” biological 

function was associated to the downregulated genes in ATO+pI:C vs pI:C from brain-

isolated microglia (figure 36). On the heatmap representing the 50 most significant 

DEGs in ATO+pI:C vs. pI:C belonging to the “protein folding” GO term, we observed that 

those genes were upregulated upon pI:C, and ATO inhibited their upregulation upon 

pI:C to remain at a steady-state level (figure 39A). From the genes displayed on the 

heatmap, we noticed that many of them were heat-shock-related proteins of which we 

confirmed few of them in figure 39D.  

We then investigated if there was a common transcription factor affected by ATO. To do 

so, a transcription factor enrichment analysis (TFEA) was carried out using ChEA3, a 

web tool created by Maayan lab (Keenan et al., 2019). The TFEA revealed that the 

transcription factor HSF1 was the most enriched transcription factor from the 

downregulated genes of ATO+pI:C vs. pI:C belonging to the “protein folding” GO term 

(figure 39B) and interestingly, hsf1 upregulation upon pI:C stimulation was also inhibited 

by ATO pretreatment (figure 39C).  
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Fig. 39: ATO pretreatment inhibits the protein folding process upon pI:C in in vivo 
microglia. 
(A) Heatmap of the top 50 most significant DEGs of ATO+pI:C vs pI:C in in vivo microglia 
related to the “Protein folding” biological function.  
(B) Transcription factors enrichment analysis on the downregulated genes of ATO+pI:C 
vs pI:C in in vivo microglia.  
(C) Normalized count of hsf1 gene from the RNA sequencing dataset of brain isolated 
microglia. n=4, ordinary one-way ANOVA.  
(D) Transcription level of hsf1-induced genes in microglia upon in vivo treatment with 
ATO and pI:C. n=4, ordinary one-way ANOVA. 
Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 

 

4.1.4. ATO inhibits STAT1 phosphorylation without affecting primary signaling 

pathways such as TBK1 

We have shown that ATO pretreatment inhibits pI:C-induced activation of microglia. We 

thus investigated pI:C-induced signaling pathways. In a simplified manner, upon pI:C 

binding TLR3, TRIF induces the phosphorylation of TBK1, which in turn phosphorylates 

IRF3 and IRF7 transcription factors. Once phosphorylated, IRF3 and IRF7 translocate 

to the nucleus and induce the transcription of type I IFNs. This primary IFN production 

is then amplified by IFNs themselves by binding IFNAR and triggering the 
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phosphorylation and activation of STATs by JAK1/2. STATs transcription factors lead to 

the amplification of IFN production as well as the transcription of ISGs.  

We hypothesized that ATO could indirectly or directly act on the primary signaling, i.e. 

TLR3/TBK1/IRF, or/and on the IFN pathway, i.e. IFNAR/JAK/STAT (figure 40). 

 

 

Fig. 40: Potential targets of ATO for repressing pI:C-induced inflammation.  
 

Since ATO pretreatment inhibited the transcription of ISGs as well as production and 

release of cytokines upon pI:C stimulation, we first studied the phosphorylation of 

STAT1. We found that 24-hour ATO pretreatment inhibited STAT1 phosphorylation 

upon 6-hour pI:C stimulation in BMDMs and BV2 cells (figure 41 A&B).  

We still need to investigate the TBK1/IRF pathway leading to the primary IFN production 

in order to assess whether TBK1 phosphorylation is affected by ATO pretreatment. 

By checking MAPK P38 which is phosphorylated upon pI:C stimulation, we found that 

the phosphorylation of MAPK P38 was almost fully abrogated by ATO pretreatment in 

BMDMs and BV2 (figure 41 A&B). However, as the function of MAPK P38 is not fully 

understood yet in inflammation, we did not investigate this pathway further and we 

focused on TBK1/IRF and JAK/STAT pathways.  
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Since STAT1 phosphorylation was shown to be inhibited by SUMO conjugation (Begitt 

et al., 2011), we investigated the SUMOylation profile upon ATO and pI:C.  

SUMO conjugation by covalent or non-covalent bonds present a weak interaction and 

proteins are easily deSUMOylated. SUMOylated proteins are thus only detectable by 

lysing the cells with Laemmli. In BV2 and BMDMs, pI:C induced an increase of 

SUMOylation, especially of high molecular-weight proteins. Interestingly, this increase 

of SUMOylated proteins upon pI:C was abrogated by ATO pretreatment (figure 41 C&D). 

Taken together, our data suggested that the decrease of cytokine release was due, 

partially at least, to an inhibition of STAT1 phosphorylation by ATO.  

 

 

Fig. 41: ATO inhibits the phosphorylation of STAT1 and MAPK P38. 
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(A) Western blotting showing the phosphorylation and total levels of STAT1, MAPK P38, 
S6, TBK1 in BMDMs pretreated with ATO and stimulated with pI:C. Bar plots represent 
the phosphorylated level normalized to the total level of each protein. n=3, t-test 
(B) Western blotting showing the phosphorylation and total levels of STAT1 and MAPK 
P38, in BV2 pretreated with ATO and stimulated with pI:C. Bar plots represent the 
phosphorylated level normalized to the total level of each protein. n=3, t-test and 
ordinary one-way ANOVA. 
(C&D) Western blot assays of SUMO2/3 in BV2 (F) and BMDMs (G) upon ATO 
pretreatment and pI:C stimulation. n=5-6; ordinary one-way ANOVA.  
All data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
 

 

4.1.5. Inhibition of inflammation by ATO is partially dependent on PML 

Our data showed that ATO inhibits pI:C-induced inflammation and that PML is 

upregulated in microglia upon IFN-mediated inflammation. Also, literature has 

suggested that PML is required to induce inflammation upon viral infection. We therefore 

investigated the PML dependency of ATO’s inhibition of inflammation. To do so, we 

compared wt and PML KO mice upon ATO+pI:C treatment described previously.  

We found that the pI:C-induction of ISGs was reduced in PML KO microglia, and that 

ATO pretreatment further inhibited the ISG transcription (figure 42A). Similarly, PML KO 

brains showed lower level of CD68 activation marker upon pI:C than wt mice, and ATO 

pretreatment further decreases CD68 level in PML KO brains (figure 42B).  

As ATO and pI:C were injected intraperitoneally, we quantified the cytokines present in 

the serum of wt and PML KO mice upon ATO+pI:C stimulation. Surprisingly, we found 

that PML KO mice presented a higher level of IFNβ, while no difference were observed 

for other cytokines. Furthermore, similarly to wt mice, ATO pretreatment lowered the 

cytokine levels in the serum (figure 42C). 

 

After studying the response to pI:C+ATO in PML KO microglia, we investigated it in 

BMDMs. Unlike PML KO microglia, PML KO BMDMs did not indicate a reduced 

transcription level upon pI:C compared to wt BMDMs (figure 43A). Also, in PML KO 

BMDMs, the phosphorylation of STAT1 was increased upon pI:C and decreased with 

ATO pretreatment similarly to wt BMDMs (figure 43B). By quantification of cytokines 

released by BMDMs, no difference were found between wt and PML KO BMDMs release 
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of IFNβ, IL-6 and Cxcl10 upon pI:C and ATO+pI:C. However, higher levels of IL-10 and 

lower levels of TNFα in PML KO upon pI:C and ATO+pI:C were observed (figure 43D).  

As discussed earlier, the overall SUMOylation was elevated upon pI:C and this was 

inhibited by ATO pretreatment. Interestingly, the PML KO BMDMs tended to show, 

overall, lower level of SUMOylation and they did not show any increase of SUMOylation 

upon pI:C (figure 43C).  

 

Taken together, we showed that PML deletion reduced pI:C-induced inflammation 

similarly to ATO. We also shown that the pI:C-induced ISGs transcription seemed further 

inhibited by ATO in PML KO microglia, suggesting that the mechanism of action of ATO 

might also be independent on PML. Furthermore, we showed that ATO’s inhibition of 

STAT1 phosphorylation was also independent of PML. Further experiments will need to 

be carried out in order to understand ATO’s mechanism better.  
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Fig. 42: Effect of ATO in in vivo PML KO microglia. 
(A) Bar plots showing that the pI:C-induced transcription of ISGs is reduced in PML KO 
microglia, and ATO has an additional downregulation effect to PML deletion. n=3, 2-way 
ANOVA. 
(B) Representative confocal images of CD68 marker in PML KO microglia upon pI:C 
and ATO+pI:C. n=3, 2way ANOVA. 
(C) Bar plots showing the cytokine measurement in the serum of ATO+pI:C vs. pI:C 
treated wt and PML KO mice. n=6, 2-way ANOVA. 
All data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
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Fig. 43: Effect of ATO in in vitro PML KO BMDMs upon pI:C stimulation. 
(A) Bar plots showing that the transcription level of ISGs in wt and PML KO microglia 
upon pI:C with ATO pretreatment. n=3, 2-way ANOVA. 
(B) Western blot analysis of phosphorylated and total level of STAT1 and MAPK P38 in 
wt and PML KO BMDMs upon pI:C with ATO pretreatment. n=3, 2-way ANOVA. 
(C) Western blot assay of SUMO2/3 in wt and PML KO BMDMs upon ATO pretreatment 
and pI:C stimulation. n=5-6; 2-way ANOVA. 
(D) Bar plots showing the cytokine release of ATO+pI:C vs. pI:C treated wt and PML KO 
BMDMs. n=3, 2-way ANOVA. 
All data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
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4.1.6. ATO in RQ 

After showing that ATO inhibits pI:C-induced inflammation by a mechanism involving 

the inhibition of STAT1 phosphorylation, we investigated ATO’s potential in MDA5 RQ 

mice. For this purpose, wt and MDA5 RQ mice were i.p. injected once per day, for 6 

days, with 2.5 μg/g of ATO and were collected on the 7th day. Preliminary data are shown 

from the analysis of 2 mice per group. 

Interestingly, ATO showed a tendency to decrease PML-NB number in MDA5 RQ 

microglia, as well as in neurons (figure 44 A, B&C). Furthermore, the activation of MDA5 

RQ microglia seemed also reduced by ATO, indeed, treated microglia harbored less and 

thinner branches, in addition to a lower CD68 activation marker (figure 44 D&E). It is 

worth mentioning that at steady state, despite harboring an activated morphology, MDA5 

RQ microglia did not show higher CD68 level than wt microglia. 

Similarly to wt BMDMs, and despite MDA5 RQ BMDMs having higher level of total 

STAT1 than wt BMDMs upon pI:C (figure 44F), we showed that ATO inhibited STAT1 

phosphorylation in MDA5 RQ BMDMs as well (figure 44F). Also, the downregulation of 
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p-STAT1 in MDA5 RQ BMDMs by ATO is also correlated to a decrease in cytokine 

release upon pI:C (figure 44G).  

Taken together, long term ATO treatment seemed to reduce the inflammation in the 

MDA5 RQ model, however, further confirmation is required. 
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Fig. 44: ATO reduces the inflammation in MDA5 RQ microglia and BMDMs. 
(A) Representative confocal images of PML in MDA5 RQ brain. Scale bars, 10 μm. 
(B&C) Bar plots show that PML-NBs number tend to decrease in microglia (B) and in 
neurons (C) upon 6 consecutive days of ATO treatment in MDA5 RQ mice. n=2. 
(D) Representative confocal images of CD68 in MDA5 RQ brain. Scale bars, 10 μm. 
(E) Bar plot shows that CD68 seems to be reduced by 6-days ATO treatment in MDA5 
RQ brain. n=2.  
(F) Western blot assay showing a decrease of STAT1 phosphorylation in wt and MDA5 
RQ BMDMs upon ATO+pI:C compared to pI:C. Bar plots represent the ratio of 
phosphorylated vs. total STAT1 level, and the quantification of total STAT1. n=3, t-test. 
(G) Level of cytokine release by MDA5 RQ BMDMs. ATO inhibits the cytokine release 
by MDA5 RQ BMDMs upon pI:C. n=3-6; 2-way ANOVA. 
Data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 
Burcu Sivri performed the ATO injections, took part in the mice collection and BMDMs 
culture, she also contributed to F. 

 

4.1.7. ATO inhibits the cytokine release in DAXX KO BMDMs 

DAXX deletion in microglia and BMDMs induces an inflammatory response with type-I 

IFN signature (data unpublished, Georgopoulou et al.).  We thus investigated the 

presence of PML-NBs in this model. To do so, DAXX fl/fl mice were crossed with an 

inducible microglia-specific Cx3cr1-Cre-ERT2 line which resulted in DAXX deletion in 

microglia upon 5 consecutive days of Tamoxifen treatment. 3 weeks after DAXX 

deletion, the microglia harbored activated morphology, and interestingly, PML-NBs 

number was increased compared to wt microglia (figure 45A). 

Furthermore, we hypothesized that ATO treatment could reduce the IFN-related 

inflammation caused by DAXX loss. To do so, DAXX fl/fl, Rosa-CreERT2 BMDMs were 

cultured and the deletion of DAXX was obtained 4 days after a 24-hour pulse of 

Tamoxifen. Then, DAXX KO and wt BMDMs were pretreated for 24 hours with ATO, 

followed by a 6-hour pI:C stimulation. We observed that the pI:C-induced release of 

cytokines, such as IFNβ, IL-10, Cxcl10 and TNFα was highly increased in DAXX KO 

BMDMs compared to wt BMDMs. Nevertheless, ATO, as in wt and MDA5 RQ BMDMs, 

inhibited the pI:C-induced release of cytokines in DAXX KO BMDMs (figure 45).  

Taken together, these findings suggested that PML is a sensor and potential mediator 

of IFN-induced inflammation and that ATO inhibits the cytokines release in several IFN-

mediated inflammation models. 
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Fig. 45: ATO inhibits the cytokine release in DAXX KO model. 
(A) Representative confocal images showing the increase of PML-NBs in DAXX KO 
microglia. Scale bars, 2 μm. 
(B) Bar plots showing the release of cytokines by wt and KO BMDMs with ATO 
pretreatment upon 6-hour pI:C stimulation. n=3, 2-way ANOVA. Data are represented 
as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; ns, not significant.  

 

4.1.8. PML response in other interferon-related diseases 

In addition of investigating the PML response in AGS, we were also interested in 

expanding the research to other disease models presenting elevated type-I IFN 

signatures.  

As a first model, we studied a stroke disease model by transient middle cerebral artery 

occlusion (tMCAO), where microglia were shown to be activated by IFN (Kuo et al., 

2016; McDonough et al., 2017; M. Zhang et al., 2017). In this model, the interruption of 

blood flow to a part of the brain induces hypoxic and ischemic brain injury (Kleinschnitz 

et al., 2015). Activated glial cells, such as reactive astrocytes and round-shaped 

microglia were found around the infarct, and they were assigned to have both 
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detrimental and beneficial role on stroke outcome (Anttila et al., 2017; L. Li et al., 2022; 

Qin et al., 2019). 

Brain sections from 3-days post tMCAO were kindly provided by AG Petzold (DZNE of 

Bonn). Interestingly, in the ipsilateral side 3-days post tMCAO, the activated microglia 

presented one large PML-NB and astrocytes harbored several PML-NBs. Oppositely, in 

the contralateral side, microglia and astrocytes were not activated and presented no 

PML-NB (Figure 46A).  

The second model studied was a SARS-CoV-2 infected model. From the recent and 

extended studies on the SARS-CoV-2 infection, it was discovered that a cytokine storm, 

including IFNs, is induced in late stages after infection (R. P. da Silva et al., 2021; Ragab 

et al., 2020; Thepmankorn et al., 2021). We thus investigated the presence of PML-NBs 

in microglia upon SARS-CoV-2 infection in the brain. 

Paraffin-embedded brains from SARS-CoV-2 infected K18-hACE2 transgenic mice with 

or without Nanobody treatment against SARS-CoV-2 were kindly provided by AG Kato 

(BMZ). Mice were collected 7 to 10 days post-infection, and viral RNA was detected in 

the brain only when mice were not treated with Nanobodies. The mice treated with 

Nanobodies will be referred as COVID “-“, while the mice not treated with Nanobodies 

as COVID “+”. 

As indicated in figure 46B, COVID “+” mice presented an activated morphology with 

thick processes and bulky shape, harboring as well many PML-NBs. On the contrary, 

COVID ”-“ mice were lacking not only activation signs but also PML-NBs.  
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Fig. 46: PML-NBs in other disease models, MCAO and COVID, presenting high type-I 
IFN signatures. 
(A) Representative confocal images of the contralateral and ipsilateral sides of a brain 
3-days post hypoxic and ischemic injury due to tMCAO. PML-NB formation is induced 
in microglia and astrocytes in the ipsilateral but not contralateral side. Scale bars, 10 μm 
and 5 μm for close up images.  
(B) Representative confocal images of PML in microglia of the SARS-CoV-2 infected 
K18-hACE2 transgenic mice, a COVID model. PML is increased in microglia. Scale bars, 
5 μm. 

 

4.2. Discussion 

Currently, existing literature presents a lack of research about PML in microglia:  not one 

publication reports the presence of PML in microglia. As shown in the first part of the 

thesis, PML-NBs are mostly present during postnatal days and disappear during 

adulthood at steady state.  
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In this study, we showed that PML transcription and PML-NB formation are induced 

upon IFN-mediated inflammation in microglia, such as upon pI:C-induced inflammation 

and in the MDA5 RQ interferonopathy mouse model. This result is in line with previous 

studies which have revealed an upregulation of PML upon IFN stimuli in peripheral 

immune cells and mouse embryonic fibroblasts (Chelbi-Alix et al., 1995; Regad et al., 

2001; Regad & Chelbi-Alix, 2001; Stadler et al., 1995). Furthermore, we discovered that 

PML deletion leads to a reduced inflammation state of microglia, accompanied by lower 

expression of ISGs in microglia and lower protein level of the CD68 lysosomal marker 

upon pI:C stimulation. Surprisingly, PML deletion in BMDMs did not hinder the pI:C-

induced ISGs transcription, neither the cytokines release, nor the phosphorylation of 

inflammation-mediated transcription factors, such as STAT1. These results did not 

confirm the previous study showing that PML deletion in mouse embryonic fibroblasts 

or HEK293 PML -/- cells led to reduced STAT1 phosphorylation and ISG transcription 

upon IFNγ (el Bougrini et al., 2011).  

To explain this difference of results in BMDMs from microglia and previous studies, we 

suggest that in vitro BMDMs might respond differently to stimulation as they are already 

in a stimulated state due to the culture process of primary cells.  

 

ATO was previously shown to inhibit inflammation in several autoimmune diseases by 

inducing apoptosis of inflammatory cells: for instance, in multiple sclerosis and in graft-

versus host disease, ATO induces T cell apoptosis (K. An, Gao, 2015, li 2015), while in 

systemic sclerosis, it induces plasmacytoid dendritic cells apoptosis (Ye, 2020). By 

studying the effect of ATO upon IFN-mediated inflammation, we found that ATO inhibits 

the pI:C-induced inflammation in the brain and BMDMs independently on cell-death 

induction. Interestingly, the ATO concentration used on BMDMs induces cell death of a 

promyelocytic leukemia cell line.  

 

In the CNS, several inflammation markers were inhibited by ATO, such as the CD68 

lysosomal marker and the transcription of ISGs in microglia. More generally, we found 

that the response to interferon and other pI:C-induced pathways were not induced upon 

pI:C stimulation with ATO pretreatment. Therefore, we hypothesized that ATO could 

inhibit the interferon response by either affecting the primary signaling, 
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TLR3/TBK1/IRFs, or the IFN pathway, IFNAR/STATs. We further need to assess the 

TBK1 phosphorylation level and to optimize the detection of IRF3 phosphorylation in 

order to confirm that ATO does not affect the primary signaling pathway.  

In the IFN pathway, we found that ATO inhibits the phosphorylation of STAT1 which 

could be explained by several hypotheses : 1) ATO could inhibit JAK activity, 2) ATO 

could activate PIAS, a STAT inhibitor, 3) ATO could induce STAT1 SUMOylation, which 

was shown to inhibit its phosphorylation (Begitt et al., 2011; Maarifi et al., 2015; Maroui 

et al., 2018). In order to support the latter hypothesis, we will assess whether a SUMO 

inhibitor would restore STAT1 phosphorylation upon pI:C and ATO pretreatment.  

More generally, SUMOylation is involved in the regulation of inflammation (El-Asmi et 

al., 2020a; El-Asmi et al., 2020b; Karhausen et al., 2021; Maarifi et al., 2015; Maroui et 

al., 2018), however, as the study of SUMOylated proteins is very challenging, a lot is still 

to be understood in this mechanism. The SUMO-protein bond is weak, which makes its 

conjugation easily reversible and difficult to detect. In our study, we observed an 

increase of overall SUMOylation upon pI:C which was inhibited by ATO pretreatment. 

The decrease in SUMOylation upon ATO could be resulting from an ubiquitin-dependent 

degradation of SUMOylated proteins or an inhibition of SUMOylation. Finally, we 

hypothesized that the inhibition of SUMOylation by ATO could also cause the general 

inhibition of inflammation. Nonetheless, the role of SUMOylation in inflammation would 

first need to be further understood.  

 

Interestingly, PML deletion and ATO pretreatment similarly inhibit the IFN-mediated 

inflammation in the CNS: lower level of CD68 lysosomal marker and lower ISG 

transcription in microglia were found in both models upon pI:C stimulation. These results 

suggest that ATO has a PML-dependent inhibitory effect on inflammation in microglia. 

However, ATO seems to further inhibit the transcription levels of ISGs in PML KO 

microglia, though the decrease is insignificant. Also, ATO inhibits the inflammation in a 

PML-independent manner in BMDMs: PML deletion does not affect the cytokine release 

and ISG transcription as mentioned previously, and ATO was found to inhibit pI:C-

induced inflammation in PML -/- BMDMs. The difference of response to inflammation 

between PML KO BMDMs and microglia remains unclear, nonetheless, ATO’s inhibition 

of inflammation is similar to the one achieved by PML deletion, though it seems to be 
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mostly independent on PML. It is important to keep in mind that PML deletion in 

microglia, as well as in other peripheral immune cells, occurs at embryonic stage in our 

model by the Csf1r promoter, therefore compensatory mechanisms could have been 

acquired by the microglia to maintain their functions. In order to overcome this limitation, 

we are creating a new mouse model with an inducible cre system, the cre-ERT2, under 

the microglia specific Cx3cr1 promoter. This will allow a specific deletion of PML in 

microglia at any chosen time upon Tamoxifen injections. 

 

Promising preliminary data on the MDA5 RQ interferonopathy model showed that daily 

injections of ATO reduces the CD68 lysosomal marker and the PML NBs number, which 

are correlated with high inflammation, in neurons and microglia. Therefore, we suggest 

that ATO could have a beneficial effect by lowering the inflammation in interferonopathy.  

 

Yet, few limitations of this study have to be kept in mind. First, pI:C is injected 

intraperitoneally and is therefore transported to the brain by blood flow, however, the 

ability of pI:C to cross the BBB has never been assessed. We thus need to keep in mind 

that we might look at a peripheral inflammation inducing CNS inflammation and not a 

direct pI:C-induced CNS inflammation. In order to confirm the BBB crossing/diffusion 

and the direct binding of pI:C to TLR3 receptors of microglia, we could, for instance, tag 

pI:C to be able to follow its propagation in mice after injection. Secondly and similarly, 

ATO is also intraperitoneally injected and its ability to cross the BBB was evaluated at 

18% of the ingested compound (Au et al., 2008). In addition to the lowered CNS 

inflammation, we also found that ATO inhibits the peripheral inflammation as shown by 

the reduced production and release of cytokines in the serum. Therefore, assessing the 

inflammation state of peripheral immune cells and their penetration into the brain have 

to be studied in order to get new insights on ATO’s role in the CNS. Finally, it is important 

to keep in mind that the MDA5 RQ model shows a systemic inflammation and that since 

ATO is intraperitoneally injected, lowering the peripheral inflammation could also result 

in the reduced CNS inflammation suggested by our preliminary data. To overcome those 

limitation, assessing the ability of ATO to cross the BBB is necessary, as well as 

determining the contribution of the peripheral inflammation to the CNS inflammation in 

our models.   
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As discussed above, the role of PML in IFN-induced inflammation in microglia requires 

further studies. We have proven that PML-NB formation is induced in several IFN-

mediated inflammation models, such as interferonopathies, pI:C-mimicking viral 

infection, viral infection, as well as in the MCAO stroke model. Interestingly, PML-NB 

formation is different in interferonopathies and pI:C induced inflammation than in the 

MCAO model: the microglia harbor respectively several PML-NBs in interferonopathies 

and pI:C-induced inflammation while only one large PML-NB is observed upon stroke. 

In order to understand this difference in shape and most likely a difference in function of 

those PML-NBs, we should first address the cause of the formation of the PML-NBs. By 

studying PML-NB formation upon MCAO in an IFNAR -/- background, we could assess 

whether PML is solely induced by IFN signaling or whether PML is induced upon other 

stress(es), such as the response to cell death stimuli in the stroke model. Interestingly, 

reducing the inflammatory response by deleting IFNAR1 was shown to lead to a better 

outcome and reduced CNS injury upon stroke (M. Zhang et al., 2017). It would be 

interesting to study the role a PML in that mechanism. 

Overall, the function of PML in microglia upon hypoxia/ischemia requires further 

investigation. To date, germline PML -/- showed a reduced CNS injury upon stroke, 

however, the contribution of PML deletion in neurons and in other brain cells could not 

be determined.  

   

We could note the similarity of PML-NB pattern in microglia upon stroke and during 

postnatal days, only one large PML-NB is present per microglia. Similar events are 

happening during those two phenomena: neuronal death during the first postnatal days 

is observed (Mosley et al., 2017) while a stroke induces an important cell death in the 

infarct area (Sekerdag et al., 2018; Yoon et al., 2018). Also, phagocytosis is a common 

event happening in both contexts: upon stroke, microglia engulf debris, but also 

apoptotic cells and dead/live neurons (Jia et al., 2022), while during development, “eat 

me” signals are necessary for pruning (Scott‐Hewitt et al., 2020). Thus, we can 

hypothesize that the pattern of PML-NBs in immune cells could also depict a function.  
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In conclusion, a new role of ATO against inflammation has been revealed in this thesis. 

Our study put in light ATO as an inhibitor of IFN-mediated inflammation independently 

of cell death. We suggest that ATO’s inhibition of inflammation is due to a PML-

independent reduced STAT1 phosphorylation. We propose that ATO should be further 

studied to be considered as a potential treatment option for patients suffering from 

interferonopathies.  
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5. PML in Alzheimer’s disease 

5.1. Results 

5.1.1. PML-NB formation is induced in microglia in APP/PS1 murine AD model 

Inflammation is one of the hallmarks of AD and, interestingly, was recently linked to 

interferon signaling (Roy et al., 2020). Type I interferon response was shown to be 

induced in the brain of 6 month-old 5XFAD mice by the presence of nucleic acid in 95 

% of amyloid-β plaques. These findings were also extended to several other AD murine 

models, such as the APP/PS1 transgenic mice. We have previously demonstrated that 

PML-NBs are formed upon interferon-mediated inflammation in microglia, therefore, we 

hypothesized that the inflammatory state of microglia, as well as the activated interferon 

response in the plaque-associated microglia, could trigger PML-NBs formation in AD 

microglia. In order to confirm this hypothesis, the APP/PS1 model containing the human 

amyloid precursor protein (APP) bearing the Swedish mutation as well as the human 

mutated PSEN1, was used in this study. As both mutations lead to the formation of 

amyloid-β plaques, the presence of PML-NBs was studied in plaque-associated 

microglia and in microglia distant from amyloid-β plaques. The data shown in this 

chapter were collected from 10 month-old APP/PS1 mice, when the amyloid-β plaque 

load is already quite advanced.  

 

Our hypothesis was confirmed as a significant increase of PML-NBs number was 

observed in APP/PS1 microglia (figure 47 A&C). Furthermore, this increase in PML-NBs 

had the tendency to negatively correlated with the distance to the closest amyloid-β 

plaque (figure 47B), indicating that PML-NB formation occurred mostly in the plaque-

associated microglia. Surprisingly, the observed increase of PML-NBs was not in line 

with pml transcription level: pml was downregulated in brain-isolated APP/PS1 microglia 

(figure 47D). However, as the RNA was extracted from all microglia in the brain, the 

transcription level reflects the overall pml transcription level in microglia, which might be 

different in plaque-associated microglia. In order to address this hypothesis, single cell 

RNA sequencing or RNA-FISH could be performed.  
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Fig. 47: PML-NB formation is induced in plaque-associated microglia. 
(A) Representative confocal image of microglia surrounding an amyloid-β plaque 
harboring high number of PML-NBs. 
(B) Quantification of PML-NB number in microglia in function of the distance to the 
closest plaque of the PML-NB-containing microglia. 
(C) Quantification of PML-NBs in APP/PS1 microglia compared to wt microglia in 10 
month-old mice. n=3, number of microglia analyzed per biological replicate > 200, t-test. 
(D) pml transcript level is downregulated in APP/PS1 brain-isolated microglia compared 
to wt brain isolated microglia. n=3, t-test. 
All data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ns, not 
significant.  
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5.1.2. PML is upregulated in microglia in AD patients 

Following our discovery of PML-NB formation in APP/PS1 microglia, we sought to 

investigate PML presence in microglia in human AD patients. To this aim, paraffin-

embedded brain samples of human AD patients and of age-matched control patients 

were supplied from the Netherland Brain Bank. AD patients were histologically 

diagnosed when presenting a Braak stage of IV or V, corresponding to the fully 

developed AD (Braak & Braak, 1995). Control patients were not assessed any 

neurodegenerative disease. All patients were older than 65 years old (figure 48 D&E) 

and AD patients presenting an amyloid load of level C were chosen for our survey (figure 

48D).  

Interestingly, immunohistochemistry analysis revealed a higher intensity of PML staining 

in AD-patient microglia in the parietal cortex and hippocampus compared to control-

patient microglia (figure 48 A,B &C). 

 

 

Fig. 48: PML intensity is increased in AD patient microglia.  
(A) Representative confocal images of PML in microglia in ct patient and AD patients. 
Scale bars, 10um. ct: control patients.  
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(B&C) Quantification of nuclear PML intensity in microglia by patient (B) and merged by 
diagnosis (C) in the hippocampus (H) and parietal cortex (P). n=4 AD patients and n=5 
ct patients, t-test. Data are represented as mean ± SD. ∗∗p < 0.01; 
(D) Patients data. n.m.: non measured.  
(E) Age of the patients. 

 

5.1.3. PML-NB formation is induced in neurons in APP/PS1 mice 

Knowing that PML is mostly present in neurons in the CNS and after observing an 

upregulation of PML in microglia in APP/PS1 mice and in AD patients, we also looked 

at the neurons in APP/PS1 mice. Interestingly, APP/PS1 mice harbored higher number 

of PML-NBs in cortical neurons despite showing a lower intensity of PML nuclear 

staining (figure 49A). Furthermore, pml transcript and protein levels were upregulated in 

total RNA and protein extracts of APP/PS1 cortex and hippocampus (figure 49 B&C). In 

line with the increased interferon signaling found in APP/PS1 mice (Roy et al., 2020), 

transcription levels of ISGs, such as daxx and stat1 were also significantly increased in 

the total brain (figure 49C).  
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Fig. 49: PML-NBs formation is induced in APP/PS1 neurons. 
(A) Representative confocal images of PML in APP/PS1 and wt cortical neurons and the 
quantification of PML-NB number and PML nuclear intensity in neurons. Scale bars, 10 
μm. n=3, t-test, 50-80 neurons analyzed per biological replicate. 
(B) Western blot showing the increase of PML in total brain extract of APP/PS1 cortex 
and hippocampus. n=6, t-test. 
(C) Bar plots showing the increased transcription level of ISGs from total RNA isolated 
from the cortex and hippocampus of wt and APP/PS1 mice. n=3, t-test. 
All data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant.  
 

 

5.1.4. Effects of PML deletion in microglia in APP/PS1 mice  

After discovering that PML-NB formation is induced in APP/PS1 microglia, we wanted 

to investigate PML role in disease progression. To do so, we created a new mouse 

model with PML deleted in microglia in the APP/PS1 background by crossing PML f/f, 
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Csf1r-cre with APP/PS1 mice. Mice were collected and analyzed at 10 month-old, as 

the amyloid β-plaque load is already advanced.  

Surprisingly, PML deletion in microglia induced an increase of trem2 transcription levels 

in APP/PS1 microglia as well as a tendency to higher level of human amyloid β42 in 

APP/PS1 brain.  

 

 

Fig. 50: PML deletion in microglia leads to an increase of trem2 transcript level and 
amyloid β42 load. 
(A) Bar plots showing the transcription level of ISGs from total RNA isolated from the 
cortex and hippocampus of wt and APP/PS1 mice. n=3-9, 2-way ANOVA. 
(B) Human amyloid β42 quantification by ELISA from wt, APP/PS1 and APP/PS1, PML 
KO brain extracts. n=7-8, 2-way ANOVA. 
All data are represented as mean ± SD. ∗p < 0.1; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; 
ns, not significant. 

 

5.2. Discussion 

High CNS inflammation is one of the hallmarks of AD. For the last decades, beneficial 

or detrimental effects of glial activation on AD progression have been extensively 

studied, however remaining still controversial (Guzman-Martinez et al., 2019; Hashioka 
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et al., 2021; Kwon & Koh, 2020; Leng & Edison, 2021). We found higher numbers of 

PML-NBs in plaque associated microglia as well as in neurons of APP/PS1 model. 

Furthermore, and more importantly, we confirmed the increase of PML protein in AD 

patients’ microglia. This finding as very exciting as PML is targetable by ATO, as shown 

previously.  

First, in order to understand the role of PML in APP/PS1 microglia, we generated a new 

APP/PS1 murine model in which PML is deleted from microglia. We discovered that the 

deletion of PML in APP/PS1 microglia induced an increase of trem2 transcription in 

microglia. Interestingly, TREM2 has been associated with an increased phagocytic 

activity leading to a decrease of amyloid-β accumulation in APP/PS1 mice and therefore 

an ameliorated phenotype showing less CNS inflammation and cognitive deficits in 

APP/PS1 mice (Ruganzu et al., 2021). Furthermore, loss of TREM2 was associated with 

higher risks of developing AD (Gratuze et al., 2018). However, despite the increase of 

trem2, we found that the level of human amyloid β42 is increased in PML KO APP/PS1 

brains. This project being only at its start, we will further study the effects of the trem2 

increase on plaques formation by quantifying the number and size of amyloid-β plaques 

in our models. Furthermore, it will be interesting to assess by behavioral tests whether 

PML deletion would improve or worsen the cognitive deficit in APP/PS1 mice. Finally, 

as shown previously, PML deletion in microglia inhibits the CNS inflammation, therefore, 

it will of importance to determine the inflammation level which is also linked to cognitive 

ability.  

 

Taken altogether, PML seems to play an important role in microglia in response to 

amyloid-β aggregation and further investigations will be required to understand it. 

Furthermore, it will also be of interest to investigate whether the anti-inflammatory 

capacity of ATO could be beneficial to AD disease, and specifically to amyloid-β load 

progression.  
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6. Abstract 

Activation of interferon type-I (IFN-I) production and downstream signaling pathways 

mediate the tissue response to pathogens such as viruses, but its aberrant activation 

has been suggested to contribute to the aging process and aging-associated 

neurodegenerative diseases. As a result, the identification of therapeutic avenues for 

inhibition of the IFN response bears promise for countering tissue aging and IFN-

associated diseases. Arsenic trioxide (ATO), an FDA-approved drug against Acute 

Promyelocytic Leukemia, has been suggested having anti-inflammatory effects in 

peripheral blood cells. However, the effect of ATO in the context of brain inflammation 

is unknown. ATO targets the Promyelocytic Leukemia nuclear body (PML-NB), a 

subnuclear structure involved in the response to stress including viral infections. We 

found PML upregulated in microglia in interferonopathy models and in amyloid-β plaque-

associated microglia in Alzheimer’s disease. We therefore hypothesized that PML-high 

microglia may be targetable with ATO for suppression of IFN signaling. To test this, we 

studied the effect of ATO upon viral mimicry and in an interferonopathy model. In vitro 

and in vivo, we observed that poly I:C-induced inflammation markers in brain microglia 

were markedly reduced upon ATO, including IFNβ, several chemokines, MHC Class I 

genes as well as interferon stimulated genes. The inhibitory effect of ATO is only in part 

PML-dependent and is associated with suppression of STAT1 phosphorylation. We are 

currently investigating further the mechanism(s) of action of ATO in counteracting brain 

inflammation, with a particular focus on the link between SUMOylation and STAT1 

function. Critically, ATO displayed suppressive effects on microglia activation in 

interferonopathy models. Taken together, these findings suggest that ATO may 

represent a promising anti-inflammatory agent in the context of the aging CNS and CNS 

diseases associated with enhanced IFN signaling. 
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