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Abstract
Pattern- recognition receptors (PRRs) are innate immune sensors that rapidly
respond to invading pathogens as well as endogenous stress. They include cell
surface or endosomal Toll- like receptors (TLRs) and the cytoplasmic PRRs such
as RIG-I-like receptors (RLRs), cytoplasmic DNA receptors (CDRs) and NODlike receptors (NLRs). Triggering of PRRs culminates in the transcriptional
induction of pro-inflammatory cytokines and type I interferons (IFNs) that
orchestrate inflammation and its resolution. Consequently, if uncontrolled, they
can cause infectious or inflammatory diseases. Therefore, determining the
molecular mechanisms underlying regulation of these pathways is of significant
therapeutic importance.
Ubiquitination is a reversible post-translational modification that controls nearly
all cellular processes including the immune system.

We identified, H2A

deubiquitinase myb-like SWIM and MPN domains 1 (MYSM1), previously
described as a key component of epigenetic signaling machinery, as a key negative
regulator of the innate immune system that guards against an overzealous selfdestructive immune response. In response to microbial stimuli, MYSM1
accumulated in the cytoplasm where it interacted with and inactivated TRAF3
and TRAF6 complexes to terminate TLR, RLR and CDR pathways for proinflammatory and type I interferone responses. Consequently, MYSM1 deficiency
in mice resulted in hyper-inflammation and enhanced viral clearance but also
susceptibility to septic shock.
Nucleotide-binding oligomerisation domain containing protein 2 (NOD2),
belonging to the intracellular NLR family. A focal point of NOD2 signalling is
Receptor interacting protein kinase 2 (RIP2), which upon polyubiquitination
nucleates the NOD2:RIP2 complex, enabling signaling events leading to
inflammation, yet the precise nature and the regulation of the polyubiquitins
coordinating this process remains unclear. We show that NOD2 signaling
involves conjugation of RIP2 with K63, K48 and M1 polyubiquitin chains as well
as with non-canonical K27 chains. Furthermore, we identify MYSM1 as the
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proximal deubiquitinase that attenuates NOD2- RIP2 complex assembly by
selectively removing the K63, M1 and K27 chains. Consequently, MYSM1
deficient mice have unrestrained NOD2- mediated peritonitis and liver injury.
Henceforth, this study provide a complete description of the polyubiquitin
modifications in the NOD2:RIP2 signalling complex and reveal MYSM1 as a
central negative regulator that prevents excessive inflammation.
In order to overcome the host barrier to infection, some pathogens elude the
immune defense by hijacking the ubiquitin system. Francisella tularensis is one
of the most infectious bacteria. It employs several mechanisms to evade detection
by the innate immune system, but how remains obscure. Here, we showed that
Francisella triggers but concomitantly inhibits the TLRs, RLRs and CDRs
pathway by inhibiting K63-linked polyubiquitination and assembly of TRAF6 and
TRAF3 complexes that control the transcriptional responses of PRRs.
In summary, my work identified MYSM1 as a key negative regulator of the innate
immune system. Although, mainly located in the nucleus MYSM1 rapidly amass
in the cytoplasm, where it interacts with and inactivates the key PRR signalling
complexes. Afterward, MYSM1 undergoes proteaosomal degradation to avert
sustained immune suppression. Thus, MYSM1 is part of a highly versatile
negative feedback regulatory mechanism, which in response to biological danger
is swiftly activated in “on-and-off” manner to restore immune homeostasis.
Furthermore, Francisella targets the ubiquitin system to inhibt multiple PRRs
hence allowing this bacterium to invade and proliferate in the host without
evoking a self- limiting innate immune response.
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Abbreviations
PRRs- Pattern recognition receptors
PAMPs- Pathogen associated molecular patterns
MAMPs- Microbial associated molecular patterns
DAMPs- Damage associated molecular patterns
TLRs-Toll-like receptors
RLRs-RIG-I-like receptors
CDRs-Cytoplasmic DNA receptors
NLRs-NOD like receptors
LRR- Leucine rich repeat
TIR- Toll/interleukine-1 receptor
MYD88-Myeloid differentiation primary response 88
TRIF- TIR domain containing adaptor-inducing interferone-β
IRAK- Interleukine-1 receptor interacting kinase
TRAF3-TNF-receptor associated factor 3
TRAF6- TNF-receptor associated factor 6
TAK1- TGF-β activated kinase 1
TAB2- TAK1- binding protein 2
TAB3- TAK1- binding protein 3
NEMO- Nuclear factor-kB essential modulator
IKK- IkB kinase
TBK1- Tank binding kinase 1
IRF3- Interferone regulatory factor 3
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RIG-I Retenoic acid inducible gene-I
MDA5- Myeloid differentiation associated protein 5
IFNs- interferones
TNFα- Tumor necrosis factor-α
IL6- Interleukine-6
MAVs- Mitochondrial antiviral signalling proteins
MAPKs- Mitogen activated protein kinases
cGAS- Cyclic GMP AMP synthase
IFI16- Interferon inducible protein 16
DDX41- Dead box helicase 41
LRRFIP1- LRR binding FLII interacting protein 1
cGAMP- Cyclic guanosine adenosine monophosphate
STING- Simulator of interferone gene
HSV- Herepes simplex virus
VACV- Vaccinia virus
NOD- Nucleotide binding and oligomerisation domain
RIP2- Receptor interacting protein kinase 2
CARD- Caspase recruitment domain
PYD- Pyrin
BIR- Baculo virus inhibitor repeats
iE-DAP- γ-D-glutamyl-meso-diaminopimelic acid
MDP- Muramyl dipeptide
UCHs- Ubiquitin carboxy terminal hydrolases
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USPs- Ubiquitin specific proteases
OTUs- Ovarian tumor related proteases
MJDs- Machado joseph disease protein domain proteases
JAMMs/MPN- JAB1/MAB1/MPN-domain containing metalloenzymes
HCMV- Human cytomegalovirus
KSHV- Kaposi’s sarcoma associated herpesvirus
TlpA- TIR-like protein A
TCPs- TIR- domain containing proteins
YopJ- Yersinia outer protein J
BMDMs- Bone marrow derived macrophages
LUBAC- Linear ubiquitin assembly complex
VSV- Vesicular stomatitis virus
L.m.- Listeria monocytogenes
MYSM1- Myb like SWIRM and MPN domain 1
LPS- Lipopolysaccharide
LVS- Live vaccine strain
TUBE- Tandem Ubiquitin Binding Entity
OTULIN- OTU deubiquitinase with linear linkage specificity
CYLD- Cylindromatosis
DUBA- Deubiquitinating enzyme A
AMSH- Associated moleculae with the SH3 domain of STAM
OTUB1- OTU deubiquitinase, ubiquitin aldehyde binding 1
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NDV- Newcastle Disease Virus
HCV- Hepatitis C Virus
JEV- Japanese Encephalitis Virus
EMCV- Encephalo Myocarditis Virus
RSV- Respiratory Syncytial Virus
Gly- Glycine
Lys- Lysine
Ser- Serine
Thr- Threonine
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Enkel sammanfattning på svenska
För att kunna skydda sig mot infektioner använder sig celler speciella receptorer,
så kallade PRRs, så som Toll-likenande receptorer (TLRs) som uttrycks på
cellytan och i endosomerna, samt RIG-I-liknande receptorer (RLRs), NODliknande receptorer (NLR) och DNA- receptorer (CDR) som uttrycks i
cytoplasman. Utlösning av dessa receptorer leder till transkriptionell induktion
av proinflammatoriska cytokiner och type I interferons (IFNs) som samordnar
ett skydd mot patogener men dessa kräver noggrann kontroll för att motverka en
överdriven immunrespons och inflammatoriska sjukdomar. Precis hur detta
regleras fortfarande oklart.
Ubiquitination är en reversible post-translationell modifiering som kontrollerar
nästan alla cellulära processer inclusive immunsystemet. Vi identifierade H2A
deubiquitinas mybliknande SWIRM- och MPN domäner 1 (MYSM1) (som
tidigare beskrivitis som en nyckelkomponent I epigenetisk signalering) som en
negativ regulator av det medfödda immunsystemet. Denna egenskap möjliggör
att MYSM1 kan skydda mot en Överdriven immunrespons. Vi fann att vid
mikrobiella stimuli ackumulerade MYSM1 I cytoplasman där den interagerade
med och inaktiverade TRAF3- och TRAF6- complex för att avsluta för att stoppa
PRR-vägar proinflammatoriska och typ I interferon responser. Följaktligen
resulterade MYSM1-brist hos möss I överdriven inflammation men samtidigt
förbättrat immunförsvar mot virusinfektioner medan mottagligheten för septisk
chock ökade.
Nod2, som hör till den intracellulära NOD-liknande receptorfamilijen är
väsentlig för antimikrobiella immunitet och vävnadshomeostas, men kräver
noggrann reglering för att förhindra patologi. En viktig del av NOD2signaleringen är RIP2, som vid polyubiquitering interagerar med NOD2 vilket
resulterar i inflammation, men hur regleringen av polyubiquitinerna som
samrdnar denna process är oklart. Denna studie ger en fullständig beskrivning av
polyubiquitin modifieringarna i NOD2:RIP2- signalering med betonin på hur
aktiveringen av NOD2 involverar bindningen av K63-, K48- och M1ix

polyubiquitinkedjor såväl som de icke-kanoniska K27-kedjorna till RIP2 och
avslöjar hur deras begränsning genom MYSM1 som en viktig mekanism för
negative reglering. Följaktligen har MYSM1-knockade möss obegränsad NOD2medierad peritonit och leverskada.
För att kunna etablera en infektion, undviker vissa patogener immunförsvaret
genom kapning av ubiquitinsystemet. En av dessa, Francisella tularensis har
visat sig använda flera mekanismer för att undvika upptäckt av det medfödda
immunsystemet, men hur det sker är fortfarande oklart. Här visar vi att
Francisella utlöser men samtidigt hammer TLR, RLR och CDR-vägar genom att
hämma K63-kopplad polyubiquitinering och bildandet av TRAF6- och TRAF3komplex som styr de transkriptionella responserna av dessa receptorer.
Sammanfattningsvis har jag påvisat MYSM1: s förmåga att samlas i cytoplasman,
hämma proximala PRR-signalering och för att sedan genomgå proteasommedirad nedbrytning.Jag har också påvisat MYSM1 som en del av den negativa
feedback-regleringen av det medfödda immunsvaret där reaktion på biologisk
fara snabbt aktiveras i ”på-och-av”-läge för att snabbt kunna återställa
immunehomeostas.

Vidare

så

har

jag

funnit

Francisella

riktar

om

ubiquitinsystemet för att på så hämma flera olika PRRs, vilket gör det möjligt för
denna bakterie att invader och föröka sig i värden utan att framkalla ett
självbegränsande medfödd immunsvar.
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Aims of this thesis
The aims of this thesis have been addressed under the following specific
objectives:
I.

To investigate the role of MYSM1 in the regulation of TLRs, RLRs and
CDRs pathway (Paper I).

II.

To investigate the role of MYSM1 in NOD2-mediated inflammation and
tissue damage (Paper II)

III.

To explore how Francisella modulates the TLR, RLR and CDR pathways
(Paper III)
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Introduction
The most captivating problems in immunology is to understand how the host
organism identifies and destroys infectious agent without instigating selfdestruction. Given the immense molecular diversity among the pathogens and
their high replication and mutation rates, this problem is not trivial. In response
to this threat, multicellular organisms has involved several distinct immune
recognition systems. In vertebrate animals, these systems are largly classified as
“innate” and “adaptive”.

Innate immune detection
The Innate Immune system is a universal and ancient form of host defense
against infection. Innate immune recognition relies on a limited number of
germline-encoded receptors called pattern recognition receptors (PRRs). These
PRRs evolved to recognize the conserved products of microbial metabolism
produced by microbial pathogens called microbial associated molecular patterns
(MAMPs) or endogenous danger molecules called danger associated molecular
patterns (DAMPs) released from stressed or dead cells (Kumar et al., 2011). The
innate immune system posesses atleast four classes of PRRs expressed either on
the cell surface or in the intracellular compartments. PRR includes Toll-like
receptors (TLRs), Rig-I-like receptors (RLRs), cytoplasmic DNA receptors
(CDRs) and NOD-like receptors (NLRs). TLRs are transmembrane receptors that
detects MAMPs or DAMPs on the plasma or endosomal compartments, while
RLRs, CDRs and NLRs are intracellular cytoplasmic receptors that survey the
cytoplasm for danger signal from the intracellular pathogens or endogenous
DAMPs (Kumar et al., 2011).
Toll-like receptors
TLRs are the most extensively studied PRRs and are the key sensors of the
extracellular pathogens. TLRs are expressed in innate immune cells such as
dendritic cells (DCs) and macrophages as well as non-immune cells such as
1

fibroblasts and epithelial cells. They are broadly categorized into two subfamilies
depending upon their localization, cell surface TLRs and intracellular TLRs.
TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10 are localized on cell surface, which
recognize PAMPs in extracellular compartment. While, TLR3, TLR7, TLR8, and
TLR9 are localized in the endosome and recognize intracellular PAMPs (Celhar
et al., 2012; Kawai and Akira, 2010). TLRs are type I membrane glycoprotein that
consist of extracellular lucine rich repeats (LRRs) required for PAMP recognition,
and a cytoplasmic Toll/interleukine -1 receptor (TIR) domain, required for
downstream signaling (Hashimoto et al., 1988; Medzhitov et al., 1997; Rock et al.,
1998).
PAMPs sensed by TLRs
Of the TLRs, TLR1, 2, 4,5,6,7 and 9 are mainly recognise various components of
bacterial pathogens. TLR4 is the receptor for cell wall component of gramnegative bacteria, lipopolysaccharides (LPS). TLR2 recognise a broad range of
PAMPs containing peptidoglycans, the cell wall component of gram-positive
bacteria (Hoshino et al., 1999; Schwandner et al., 1999). Additinally, TLR2 in
association with TLR1 and TLR6 sense diacyl or triacyl lipopeptides on bacteria,
TLR5 senses flagellin, a principle component of bacterial flagella (Kumar et al.,
2009b, 2011). Bacterial RNA generated in the lysosomal compartment is likely to
act as a PAMP for TLR7 (Mancuso et al., 2009). TLR9 senses unmethylated CpG
dinucleotides, a hallmark for microbial DNA (Krieg, 2004).
Several TLRs also recognize nucleic acids derived from viruses. TLR7 and TLR8
sense RNA from RNA viruses. In addition, several antiviral compounds, such as
R848, imiquimod and loxoribine are also sensed by TLR7 and TLR8. Besides,
Poly IC, the synthetic analogue of dsRNA, is sensed by TLR3 (Kumar et al., 2008).
All TLRs except TLR5 induce proinflammatory cytokines and Type I interferons
(IFNs) response upon recognition of their respective PAMPs. TLR10 remains an
orphan receptor and enhanced in response to reactive oxygen species (ROS) in
hypoxic cells and influenza virus infection (Kim et al., 2010; Lee et al., 2014)
(Figure 1).
2

Figure 1 TLRs and their ligands. The figure is adapted and reprinted with
the permission from the publisher (Crifo and Taylor, 2016).
TLR signaling
Distinct TLRs activate specific biological resposnses depending upon the adaptor
molecule engaged, namely Myeloid differentiation primary response 88
(MYD88) or TIR domain containing adaptor inducing interferon-β (TRIF). Thus,
TLR signaling can be mainly classified as either MYD88-dependent pathways or
TRIF-dependent pathways, which are responsible for the generation of type I
IFNs as well as pro-inflammatory cytokine responses (Akira et al., 2006).
The MYD88-dependent pathway
MYD88 comprises the C-terminal TIR domain and an N-terminal death domain.
After the engagement of TLRs by their cognate PAMPs, MYD88 associates with
the TIR domains of TLRs. Upon stimulation, through interaction of the death
domains, MYD88 recruits Interleukine-1 receptor associated kinases (IRAKs) to
TLRs. Activation of IRAKs is required for activation of Nuclear factor –kB (NFkB) and mitogen activated protein kinases (MAPKs) downstream of MYD88
(Akira et al., 2006; Kawagoe et al., 2008). IRAKs activation results in interaction
with TNF-receptor associated factor 6 (TRAF6), an E3 ligase that catalyzes the
synthesis of K63 polyubiquitin chains onto itself and to other target proteins. The
K63 polyubiquitin chain then act as a signaling scaffold and recruits TGF-β
activated kinase-binding protein 2 and 3 (TAB2 and TAB3), the regulatory
components of the TGF-β activated kinase 1 (TAK1) complex which in turn
3

activates (TAK1). Nuclear factor-kB essential modulator (NEMO), a crucial
regulatory component of IkB kinase (IKK) complex also undergo K63- and M1linked polyubiquitination to mediate NF-kB activation (Bhoj and Chen, 2009).
Activation of MYD88 dependent pathway results in the induction of many genes
and some of these have critical roles in modulating NF-kB dependent
transcription (Yamamoto et al., 2004) (Figure 2).
The TRIF-dependent pathway
The TRIF dependent pathway culminates in the activation of both Interferon
regulatory factor (IRF3) and NF-kB (Kawai and Akira, 2008). TRIF recruits
TRAF6 and activates TAK1 for NF-kB activation through ubiquitin dependent
mechanism similar to MYD88- dependent pathway. In addition to NF-kB
activation, the TRIF dependent pathway leads to IRF3 activation and induction
of type I interferons. TRIF recruits a signaling complex invovlving Tank binding
kinase 1 (TBK1) and IKKε, which catalyze the phosphorylation of IRF3 and induce
its nuclear translocation (Hacker and Karin, 2006). The activation of TBK1 and
IKKε by TRIF requires TRAF3, an E3 ligase that acts as a scaffold for the
downstream signaling protein leading to type I IFN induction (Hacker et al.,
2006) (Figure 2).
RIG-I-like receptors
In terms of specificity and overall signaling outcomes, RLRs are similar to TLR3
as activation of both of them results in the induction of type I IFNs and proinflammatory cytokine response. Nevertheless, there is a conceptual difference in
PAMPs detection between TLR3 and RLRs. TLR3 detects extracellular RNA that
reach to endosomes, whereas RLRs are cytosolic receptors and detects viral RNA
from replicating viruses.
The RLR family consists of three members, namely Retenoic acid inducible gene
I (RIG-I), Melanoma differentiation associated protein 5 (MDA5) and LGP2.
These founding members have a central ATPase containing DExD/H box helicase
domain. RIG-I and MDA5 contain an N-terminal CARD domain, but LGP2 lacks
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this CARD domain (Yoneyama et al., 2005). Suprisingly, RIG-I and LGP2 also
harbor a represser domain in their C-terminal because of which even though RIGI overexpress, it does not lead to signaling unlike MDA5 overexpression. These
sensors recognize the RNA from RNA virus from the cytoplasm of infected cells
and induce inflammatory cytokines and type I interferons. Inflammatory
cytokines primarily initiates and coordinates various immune responses through
recruitment of professional immune cells such as dendritic cells and
macrophages (Wilkins and Gale, 2010). Type I IFNs consist of IFN-α and IFN-β
proteins and initiates the transcription of interferon-stimulated genes (ISGs).
Type I IFNs together with ISGs induce antiviral state and inhibit viral replication.
PAMPs sensed by RLRs
RIG-I mainly recognizes member of paramyxoviridae family of viruses such as
Newcastle Disease Virus (NDV) and Vesicular stomatitis virus (VSV) and member
of flaviviridae family such as Japanese Encephalitis Virus (JEV) and Hepatitis
Virus C (HCV) (Kato et al., 2005). In addition short RNA, Poly IC is preferentially
recognized by RIG-I. MDA5 recognize the member of picornavirdae family such
as the poliovirus and encephalomyocarditis virus (EMCV) (Kato et al., 2006).
MDA5 also recognizes long RNA in the cells (Kato et al., 2006).
The third member of RLR family, LGP2, was considered a negative regulator of
RIG-I and MDA5 mediated signaling (Rothenfusser et al., 2005; Saito et al.,
2007; Yoneyama et al., 2005). However, in vivo studies using LGP2 deficient mice
show that LGP2 act as a positive regulator of RIG-I and MDA5-mediated
signaling after infection by RIG-I and MDA5 specific viruses (Satoh et al., 2010).
RLR signaling
Despite RIG-I and MDA5 having different ligand specificity; both converge on the
same signaling that trigger NF-kB, MAPK and IRFs activation for robust
induction of type I IFNs and pro-inflammatory cytokines. Mitochondrial antiviral
signaling proteins (MAVs/IPS1) is the adaptor protein for RLR, which acts
immediately after the receptor and provide a link between RLR and the
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downstream signaling molecules (Kawai et al., 2005; Seth et al., 2005). TRAF3
represents a focal node, from which RLR signaling branches in several directions
to activate IKK, MAPK and IRFs. Futhermore, upon stimulation TRAF3
undergoes ubiquitination and act as a signaling scaffold, which recruit
TBK1/IKKε. This proximal event subsequently activates IRF3/IRF7, which
promotes their dimerization and translacation to the nucleus. Finally, signal
transduction ends in the activation of transcriptional program resulting the
induction of type I IFN response (Saha et al., 2006) (Figure 2).
Cytoplasmic DNA receptors
DNA is normally present in the nucleus, but the presence of DNA in unusual
location such as cytoplasm or endosomes result in activation of immune
responses (Stetson and Medzhitov, 2006). Hence, the prototype in the innate
DNA sensing was that nuclear DNA sensing is “immune previllaged”.
Nonetheless, the DNA sensing in other compartments such as cytoplasm or
endosomes activate cytoplasmic DNA receptors that detects DNA from invading
pathogens and cell DNA released from stressed cells.
Several cytosolic DNA sensors (CDS) has been identified including cyclic GMP
AMP synthase (cGAS), Interferon inducible protein 16 (IFI16), Dead box helicase
41 (DDX41) and LRR binding FLII interaction protein 1 (LRRFIP1), which trigger
different signaling pathway in a cell type specific manner. cGAS is the major
sensor of cytosolic DNA that catalyses the production of a second messenger,
Cyclic guanosine monophosphate adenosine monophosphate (cGAMP); this
messenger activates Stimulator of interferone gene (STING) which subsequently
induces type I IFNs response (Hartmann, 2017; Sun et al., 2013).
PAMPs sensed by CDRs
The STING-mediated response to cytosolic DNA is a highly effective antiviral
strategy, for viral DNA. Additionally, it can also detect immunostimulatory selfderived DNA. cGAS recognize bacterial DNA or DNA from viruses such as herpes
simplex virus (HSV) and vaccinia virus (VACV). In addition to the DNA viruses,
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cGAS also act as retroviral sensors by detecting retroviruses such as HIV.
Furthermore, DNA released from stressed mitochondria or damaged chromatin
is detected by cGAS- STING pathway (Hartlova et al., 2015).
The cGAS-STING pathway
cGAS contains a nucleotidyltransferase domain and a Znic-finger DNA binding
domain (Sun et al., 2013). In the absence of DNA, cGAS exists in an autoinhibted
state (Civril et al., 2013; Li et al., 2013). cGAS binding to DNA induces a
conformational change, which catalyzes the synthesis of cGAMP from ATP and
GTP (Wu et al., 2013; Zhang et al., 2014). cGAMP binds to STING, a central
adaptor protein for cytoplasmic DNA sensing (Ablasser et al., 2013).
In intracellular signaling, STING takes the central stage in response to
cytoplasmic DNA sensing. STING comprises an N-terminal and a C-terminal
domain. Through its N-terminal domain, it anchors with endoplamic reticulum,
whereas the c-terminal domain assumes to be in the cytoplasm. In response to
cytosolic DNA the C-terminal domain of STING provides a scaffold, that recruits
and activates TBK1 which in turn phosphorylates IRF3 (Tanaka and Chen, 2012).
The phosphorylated IRF3 dimerises and enters the nucleus. STING also activates
the kinase IKK to induce transcription factor NF-kB. In the nucleus, NF-kB
functions together with IRF3 and other transcription factors to induce type I IFNs
and pro-inflammatory cytokine response (Figure 2).
NOD like receptors
Nucleotide binding and oligomerization (NOD) -like receptors (NLRs) are
specialized group of intracellular proteins. NLRs are best known for their ability
to induce only NF-kB and MAPK mediated pro-inflammatory cytokines. The
domain organization of NLRs includes an N-terminal domain that consist of
caspase recruitment domain (CARD), pyrin (PYD) and baculovirus inhibitor
repeats (BIR); an intermediatory NOD domain and a C-terminal leucine rich
repeat (LRR). NLRs are expressed in many cell types including immune cells and
epithelial cells, primarily in macrophages, dendritic cells and neutrophils. NLRs
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family cocnsists of NOD1 and NOD2. NOD1 and NOD2 comprise an N-terminal
CARDs domain containg either one (NOD1) or two (NOD2), a central
oligomerisation domain and a C-terminal LRRs. Apart form NOD1 and NOD2,
the NLR family also contain other receptors that mediate inflammasome
activation (Wen et al., 2013).
PAMPs sensed by NLRs
NOD1 and NOD2 sense bacterial cell wall components produced during synthesis
and/or degradation of peptidoglycans. NOD1 recognizes the dipeptide γ-Dglutamyl-meso-diaminopimelic acid (iE-DAP). In contrast, NOD2 recognises
muramyl dipeptide (MDP) (McDonald et al., 2005). Various pathogenic
microbial pathogens such as Shigella flexineri, E. coli, Pseudomonas aeruginosa
and chlamydia species are sensed by NOD1. However, Strep pneumonia and M.
tuberculosis are sensed by NOD2 (Kumar et al., 2009a). Listeria monocytogenes
sense by both NOD1 and NOD2 (Kumar et al., 2009a).
NLR signaling
Once activated NOD1 and NOD2 self oligomerize and recruit its adaptor protein,
Receptor interacting protein kinase 2 (RIP2), which is the focal point of NOD
mediated NF-kB and MAPK activation.
RIP2 is a serine-threonine kinase; upon NOD activation, it undergoes
polyubiquitination, which is essential for the assembly of RIP2 complex.
Furthermore, the RIP2 associated ubiquitin chains act as signaling scaffold for
the recruitment of Linear ubiquitin assembly complex (LUBAC), which in turn,
recruits TAK1, TAB2 and TAB3 in a ubiquitin dependent manner resulting in
MAPK activation (Windheim et al., 2007). In addition, LUBAC facilitates the
interaction of RIP2 with the regulatory NF-kB subunit NEMO, promotes its
ubiquitination. This subsequently leads to the activation of catalytic subunits
IKKα and IKKβ triggering IkB degradation and NF-kB activation. RIP2 is crucial
for NOD1 and NOD2 mediated NF-kB and MAPK activation.(Chin et al., 2002;
Park et al., 2007).
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Apart form their well-characterized role in RIP2 dependent NF-kB activation,
NOD2 was shown to facilitate IRF3 activation and the production of type I IFNs
induced by ssRNA and by respiratory syncytial virus (RSV) infection (Sabbah et
al., 2009). Furthermore, NLRs were also shown to be critical for the autophagic
response to invade bacteria independent of RIP2 and NF-kB signaling (Sumpter
and Levine, 2010) (Figure 2).

Figure 2. Pattern recognition receptors and innate immune signaling.
Upon activation, PRRs initiates signaling pathways that converge at the
activation of the transcription factors IRF3 and NF-kB. This leads to the

expression of Type I IFNs and pro-inflammatory cytokines.
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Regulation of Innate Immune signaling pathways
Unrestricted innate immune response as detrimental to the host (Liew et al.,
2005). Hence, stringent regulation of these pathways is essential to maintain
immune balance. Until now, many positive and negative regulators have been
identified that control innate immune signaling pathways at multiple level
through different mechanisms and helps to prevent the immune system attacking
self-tissues.
The Ubiquitin system
The ubiquitin system is a foremost coordinator of various cellular processes
through regulation of both signaling pathways and protein degradation.
Ubiquitination, like phosphorylation is a type of reversible post-translational
protein modification mediated by an enzymatic cascade reaction (Komander and
Rape, 2012). The enzymes of ubiquitination pathway plays a vital role in the
regulation of a number of biological functions including immune responses.
Ubiquitination impacts on the protein stability, activity, and fine tunes the
function and localization of various target proteins (Swatek and Komander,
2016). As such, many phases of the immune response including initiation,
amplification and termination are regulated by the ubiquitin proteasome system.
Curiously the human proteome covers 5%of the protein coding genes for
components of the ubiquitin system; two E1 ubiquitin activating enzymes, around
fourty E2 conjugating enzymes, over seven hundred E3 ubiquitin ligases, and
approximately hundred deubiquitinases (DUBs) which, highlights the key role of
ubiquitin system in the regulation of cellular processes and pathways (Michelle
et al., 2009; Reyes-Turcu et al., 2009; Schulman and Harper, 2009).
Ubiquitination is a versatile signal
Ubiquitin is a stable, and highly conserved 76-amino acid protein used for
posttranslational modification of substrates (Vijay-Kumar et al., 1987).
Ubiquitination is the process where ubiquitin molecules attach on to the
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substrate. During ubiquitination, the C-terminal glycine (Gly) of ubiquitin is
attached typically to a lysine (Lys) residue on the target protein. In rare cases,
also serine (Ser), threonine (thr) (Bhogaraju et al., 2016; Zhu et al., 2007) and
cysteine (cys) (Schwartzkopff et al., 2015) were detected as target sites.
Attachment of one ubiquitin moiety is called “monoubiquitination” (Figure 3a),
where as monoubiquitination that occur multiple sites in the same substrate is
called “multi-monoubiquitination” (Figure 3b). Seven lysine residues are
present within the ubiquitin sequence. Therefore, Ubiquitin can also form
homotypic chains using intrinsic lysine (K) residues (Lys6, Lys11, Lys23, Lys27,
Lys29, Lys33, Lys48 and Lys63) as well as methionine (M1) (Swatek and
Komander, 2016; Yau and Rape, 2016) (Figure 3c). Among the homotypic
chains, K6, K11 and K48 linked ubiquitin chains adopt a very compact threedimensional structure (Bremm et al., 2010; Tenno et al., 2004). By contrast, K63
and M1 chains have a very open extended confirmation (Komander et al., 2009).
These different confirmations of ubiquitin chains, which depends on the linkage
types, result in a variety of different functional outcomes. Furthermore, hybrid
branched, and modified ubiquitin chain has been identified (Figure 3d, e, f).
But the physiological relevance of those chain types is not fully understood (Yau
and Rape, 2016).

Figure 3. Different form of ubiquitin linkages and types. The figure is
adapted and reprinted with the permission from the publisher (Ebner et al.,
2017).
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Ubiquitin enzymes as key players in innate immune regulation
The process of ubiquitination reaction is catalyzed by the sequential and catalytic
action of three enzymes: the ubiquitin activating enzyme (E1), the ubiquitin
conjugating enzyme (E2) and ubiquitin ligases (E3). As every action provokes a
reaction, the process of ubiquitination is also be reversed like other posttanslational modification. Deubiquitinating enzymes (DUBs) cleave the ubiquitin
chains from the ubiquitin-conjugated substrate thereby reversing the
ubiquitination process (Figure 4).

Figure 4. The ubiquitination and deubiquitination process. The figure
is adapted and reprinted with the permission from the publisher (Suresh et al.,
2016).
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Immunoregulatory DUBs
Many DUBs have been linked to innate immune functions (Liu et al., 2005). The
major cellular function of DUBs are, deconjugation of ubiquitin conjugation,
editing of ubiquitin chains and recycling of free ubiquitin molecules. Thus, DUBs
play a crucial role in various cellular processes and are well acknowledged for
maintaining cellular homeostasis. Nonetheless, DUB activity and specificity
mainly depends on the type of ubiquitin linkages present on the protein complex,
their subcellular localization, differential activities in various phases of the
cellular process or alteration in their expression level. Therefore, DUBs have a
broad range of substrate specificity.
On the basis of their domain structure, DUBs can be divided in to five families:
the ubiquitin carboxy terminal hydrolases (UCHs), the ubiquitin specific
proteases (USPs), the ovarial tumor related proteases (OTUs), the machadojoseph disease protein domain proteases (MJDs) and the JAB1/MAB1/MPN
domain containing metalloenzymes (JAMMs) (Nijman et al., 2005). The UCH
family DUBs cleave short ubiquitinated peptides and have an important role in
recycling of the free ubiquitins. USPs form the largest family of DUBs, one USP
family member, CYLD has been extensively studied and shown to regulate various
immune functions. OTUs form the second largest DUB family. Several OTU
family members (A20, DUBA, Cezzane and OTULIN) are involved in immune
regulation. The fourth DUB family for which Ataxin-3 is the only demonstrated
member to date recognise by a domain called joshephin domain. It is unclear
whether it has any role in immune regulation. The last subfamily DUB contains a
metalloprotease domain that is specific for protein-linked ubiquitin substrate.
One of JAMM/MPN member DUB is MYSM1, which we recently identified to be
important for innate immune regulation.
Regulation of innate immune receptor signaling by DUBs
A20 is required for terminating the NF-kB response mediated by innate immune
receptors such as TNFR, TLRs, RIG-I and NOD2 signaling pathway (Beyaert et
al., 2000; Boone et al., 2004; Hitotsumatsu et al., 2008). The znic finger protein
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A20 is an immediate early response gene and is induced by NF-kB response
demonstrating that A20 is involved in negative feedback regulation of NF-kB
activation.
The negative signaling function of A20 involves the removal of K63 linked polyubiquitin chains from TRAF6 and RIP1, which are the central players of TLR and
TNFR signaling pathway. A20 also attenuates the assembly of RIP2 complex by
deubiquitinating RIP2 and thereby negatively regulates the intracellular PRR,
NOD2. A unique feature of A20 is its ability to work as both a DUB and an E3
ligase (also referred as editing activity). The ubiquitin editing activity of A20 also
contributes to its negative signaling function by catalyzing K48 linked
polyubiquitin chains to RIP1 thereby targeting it for degradation. Additionally,
TLR3 and RIG-I mediated antiviral responses are also negatively regulated by
A20, by targeting TRIF dependent pathway (Lin et al., 2006; Wang et al., 2004).
Therefore, A20 is a central player in the control of inflammatory response.
CYLD has a negative role in the regulation of TNFR-, TLR- and NOD2-mediated
NF-kB signaling pathway (Kovalenko et al., 2003; Trompouki et al., 2003;
Yoshida et al., 2005). CYLD removes K63 and M1 chains from a range of NF-kB
signaling proteins. CYLD targets multiple signaling molecules such as member of
the TRAF family (Yoshida et al., 2005), the IKK regulatory subunit NEMO, TAK1
(Reiley et al., 2007) RIP1 and RIP2. CYLD also negatively regulates RIG-I and
prevent abberant activation of TBK1-IKKε (Zhang et al., 2008). However,
subsequent studies reveal that the function of CYLD may be dependent on the cell
types and stimulating receptors (Reiley et al., 2004; Zhang et al., 2006).
CYLD also plays a very important role in the regulation of antiviral innate
immunity. Cyld-deficient mice are more susceptible to VSV infection. Further
CYLD deficiency attenuates IFNs induced antiviral defense and signaling (Zhang
et al., 2011). CYLD inhibits IRF3 signaling and IFNs induction triggered by RIGI and is a negative regulator of RIG-I mediated antiviral response (Friedman et
al., 2008).
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CYLD seems to negatively regulate S.pneumoniae induced pneumococcal
pneumonia by preventing tissue damage (Lim et al., 2007b). CYLD was also
shown to negatively regulate NF-kB signaling and lung inflammation during
Haemophilus influenza infection (Lim et al., 2007a).
Cezzane was identified based on its sequence homology with A20 within the
OTU domain (Evans et al., 2001) Cezzane is a cell cycle regulated DUB and
preferentially cleaves K11-linked chains in vitro (Bonacci et al., 2018; Bremm et
al., 2010; Mevissen et al., 2016). Cezzane negatively regulates NF-kB activation
in response to TNF-α or IL-1 by removing K48 polyubiquitin chains from
signaling complex such as TRAF3 and RIP1 (Hu et al., 2013). Cezzane can also
inhibits NF-kB dependent inflammatory activation in response to hypoxia by
targeting K63 polyubiquitination of TRAF6 (Luong le et al., 2013).
DUBA is an OTU domain containing deubiquitinating enzyme act as a negative
regulator of type I IFN induction. Unlike A20 and CYLD, DUBA is not required
for the negative regulation of NF-kB. Instead, DUBA seems to regulate the
transcription factor IRF3 and IRF7 that control IFN expression. DUBA physically
interacts with TRAF3 and inhibits auto ubiquitination of TRAF3 (Kayagaki et al.,
2007).
DUBA also restricts type I IFN response in macrophages, but its expression is not
limited only to myeloid lineage. Upon TCR stimulation, DUBA expression is
induced and subsequently activated by phosphorylation at Ser177 residue (Huang
et al., 2012).
OTULIN antagonizes the generation of M1 polyubiquitin chains by LUBAC and
attenuates TNFR and NOD2 mediated NF-kB activation (Fiil et al., 2013;
Keusekotten et al., 2013). Importantly the role of OTULIN in NF-kB inhibition is
conceptually different from other negative regulator of NF-kB pathway such as
A20. Since, OTULIN is not under transcriptional control of NF-kB but appears to
be constitutively expressed and efficiently remove M1 linked polyubiquitin chains
(Fiil et al., 2013; Keusekotten et al., 2013). OTULIN is not recruited to the
receptor-signaling complex (e.g. TNFR1 and NOD2) and does not regulate the
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amount of M1 ubiquitination at the signaling complex itself (e.g, RIP1 and RIP2).
However, it removes the cytosolic M1 ubiquitinated proteins including LUBAC
components, thus OTULIN is an essential negative regulator of inflammation and
autoimmunity (Damgaard et al., 2016; Draber et al., 2015). However, low level of
endogenous OTULIN recruitment found in the TNFR1 and NOD2 receptor
complex (Hrdinka et al., 2016; Wagner et al., 2016) suggesting that its
recruitment to the receptor-signaling complex is rather weak and dynamic.
MYSM1 was initially identified and charaterized as H2A deubiquitinase that
targets monoubiquitins from H2A, a marker of epigenetic signaling. MYSM1
contains an N-terminal SANT, a central SWIRM a C-terminal MPN domain and
LXXLL motif (Zhu et al., 2007) (Figure 5). The SANT domain is similar to the
DNA binding domain of myb related proteins and is a motif that exists in many
transcriptional regulators and is capable of binding to DNA and histones (Boyer
et al., 2004). The SWIRM domain is part of ATP-dependent chromatinremodeling complex and favours the interaction with the linker DNA and histone
H3 (Yoneyama et al., 2007). The JAMM and MPN metalloenzyme domain
possesses an intrinsic metalloprotease activity that hydrolyzes isopeptide bonds
of ubiquitin chains (Sato et al., 2008). MYSM1 regulates gene transcription by
forming a regulatory complex that regulates transcription by a stepwise
coordination of histone acetylation, H2A deubiquitination and linker histone H1
diassociation from the nucleosome (Zhu et al., 2007).

Figure 5: Schematic of full-length MYSM1. The figure is adapted and
reprinted with the permission from the publisher (Panda et al., 2015).
The recent description of MYSM1 KO mice (Mysm1-/-) highlighted its peculiar
role in the immune and heamatopoietic system. In addition to developmental
abnormalities Mysm1-/- mice exhibit lymphopenia, anamia and thrombocytosis.
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The participation of MYSM1 in the maintainance of hematopoietic stem cell
quiescence, lymphocytes and dendritic cell differentiation relies in its control of
expression of specific transcription factors including Ebf1, Flt3, Id2 and Gfi1,
important for efficient development (Jiang et al., 2011; Nandakumar et al., 2013;
Nijnik et al., 2012; Wang et al., 2013; Won et al., 2014; Zhu et al., 2007). In
addition, analysis of Mysm1-/- mice revealed an important role of MYSM1 in the
suppression of p53 dependent apoptosis during early lymphoid development and
other developmental processes (Gatzka et al., 2015). Thereby MYSM1 not only
highlights the biological significance of reversible epigenetic especially through
the deubiquitination of Histone H2A but also uncovers its essential role in gene
transcription during B-cell development (Jiang et al., 2011). These evidences
demonstrate

that

MYSM1

is

absolutely

required

for

proper

immunohematopoietic development.
During my study, we show that, apart from its role in the nucleus, in response to
infection and inflammation, de novo synthesized MYSM1 accumlates in the
cytoplasm. Cytoplasmic MYSM1 acts as a key negative regulator of PRR signaling
pathways. It negativly regulates NF-kB and type I IFNs activation in response to
TLRs, RLRs and CDRs by cleaving K63-linked polyubiquitin chains from the
signaling complexes such as TRAF3 and TRAF6 (Panda et al., 2015).
Furthermore, cytoplasmic MYSM1 prevents abberant activation of NF-kB,
mediated by NOD2 pathway, in which it coordinates the removal of K63-, M1and the non-canonical K27-linked polyubiquitin chains from RIP2 thereby
prevents tissue damage (Panda and Gekara, 2018). These studies underscore
MYSM1 as a central negative regulator that restrains PRRs mediated excessive
inflammation and maintains immune homeostasis (Figure 6).
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Figure 6: MYSM1 is a master negative regulator of PRR pathways. In
response to infection and inflammation, MYSM1 rapidly accumulates in the
cytoplasm. In the cytoplasm, MYSM1 interacts with and inactivates key signaling
complexes for the TLR, RLR and CDR and NLR pathways via deubiquitination
and protects the host against self-destructive immune response. The figure is
modified, adapted and reprinted with the permission from the publisher (Panda
and Gekara, 2018; Panda et al., 2015).
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Evasion of the host immune system by the pathogens
In order to promote their adaptive fitness, pathogens can undermine the host
immunity by disrupting PRR pathways or immune pathways. To achieve this,
pathogens can hijack or induce antagonistic pathways to suppress the immune
response.
Microbes are sensed by a diverse set of cellular pattern recognition receptors
(PRRs) that include Toll-like receptors (TLRs), RIG-I like receptors (RLRs),
cytoplasmic DNA receptors (CDRs) and NOD-like receptors (NLRs) (Creagh and
O'Neill, 2006; Takaoka and Shinohara, 2008). This diverse set of receptors then
function to detect pathogen-associated or damage associated molecular pattern
(PAMPs and DAMPs). Upon recognition, these PRRs provoke the intracellular
signal transduction cascade that converge on a common set of signaling modules
including NF-kB and MAPK activator proteins. These modules drive the
induction of immune-modulatory chemokines and cytokines such as TNF-α and
IL-6 for pathogen clearance (Akira et al., 2006; Kawai and Akira, 2009).
Subvertion of immune response pathways
The pathogenesis of infection is a continuous battle between the host, which
desires to confine an infecting microorganism and the pathogen, which need to
replicate further and survive for transmission to other host. Regardless of, the
fast- acting innate immune signaling by PRRs, microbial pathogens have evolved
countermeasures to hinder innate immunity in order to overcome the host barrier
to infection. In this regard, several general mechanisms shared between various
microbial pathogens employ diverse mechanism to subvert and exploit the host
immune systems.
Viral subversion of innate immune pathways
Viruses elude the immune detection and destruction by targeting a diverse array
of pathways. This include targeting of pathways for PRR-mediated cytokine
signalling. Cytokine responses are powerful anti-viral mediator resulting in viral
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clearance in majority of cases. Consequently, targeting their function contributes
the virulence of viral pathogens.
Type-I IFNs induces multilayerd defense system against viral infection. During
viral infection, the transcriptiton factor IRF3 phospohrylates, translocates to
nucleus and binds with transcriptional coactivator CBP/p300 to induce IFNα/β
expression. To thwart this response, adenovirus E1A blocks the IRF3-CBP
interaction (Mahr and Gooding, 1999). Viruses adapt a variety of diverse
strategies to manipulate the immune system by interfering with receptors and
cytokine effector function. Human cytomegalo virus (HCMV) infection
diminishes cellular level of JNK-1, which restricts IFN-α stimulated gene
expression (Miller et al., 1999). Similarly, adenovirus E1 downregulates the
expression of STAT-1. Kaposi’s sarcoma associated herpesvirus (KSHV) contains
viral IRFs that bind to IFN-stimulated response element to regulate type I IFNs
expression (Li et al., 1998).
Vaccinia virus (VACV), a dsDNA virus antogonizes TLR signaling by targeting the
TIR-domain containing adaptor protein (Haga and Bowie, 2005). The ssRNA
flavivirus Hepatitis C Virus (HCV) has also been shown to target TLR3 by its
serine protease NS3-4A to cleave and disable TRIF (Li et al., 2005).
To avoid antiviral response initiated by RLRs, some viruses contain dsRNA
binding proteins such as Ebola virus (VP35) and HIV-1 (Tat) protein that hide
their recognition by RLRs (Haasnoot et al., 2007; Weeks et al., 1990). NS1 protein
of Inflenza virus A binds to RIG-I-IPS1 and inhibts downstream signaling
(Mibayashi et al., 2007). HCV also used its NS3-4A protein to cleave IPS1 to block
RLR signaling (Meylan et al., 2005).
Bacterial subversion of innate immune pathways
Various bacterial proteins share sequences and structural similarities with TIR
domain containing adaptor protein that in turn impair TLR and MYD88
dependent signaling thus prevent innate immune response. Expression of the
TIR-like protein A (TlpA) from Salmonella entrica blocks TLR4 and MYD88
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dependent NF-kB activation (Newman et al., 2006). TIR domain containing
proteins (TCPs) from E.coli and B.melitensis directly bind to MYD88 and prevent
TLR-mediated NF-kB activation and secretion of pro-inflammatory cytokines
(Cirl et al., 2008).
The bacterial weapons also target distinct components of the regulatory IKK
complex, require for NF-kB activation. The type-III secretion effector NleE
inhibits NF-kB signaling by blocking TAK1 and IKK activation (Nadler et al.,
2010). Yersinia virulence factor Yersinia outer protein J (YopJ) inactivates NFkB and MAPK signaling pathways (Orth et al., 2000). YopJ also prevents IKKα
and IKKβ activation by averting IkB degaration and consequent NF-kB activation
(Mittal et al., 2006).
Francisella tularenesis is a Gram-negative bacterium, highly virulent and
causative agent of tularemia. It is also a facultative intracellular pathogen. Being
an intracellular pathogen, it must confront antimicrobial defense of the host and
subvert the host immune responses at multiple stages during infection. Because
of its remarkable virulence, Francisella utilizes several mechanisms to evade,
disrupt and modulate host innate immune responses.
Subversion of Innate immune system by Francisella tularensis
F. tularensis possesses Lipopolysaccharides (LPS) as found in other Gramnegative bacteria as a part of its outer membrane, is an extremely weak TLR4
agonist. This poor stimulatory activity of LPS is due to the presence of four acyl
group on their LPS (Phillips et al., 2004). TLR4 requires six acyl group for optial
signaling through LPS (Park et al., 2009). Francisella also posseses other TLR
agonist such as Tul4, is a lipoprotein that induces signaling response via TLR2
(Thakran et al., 2008). Despite the presence of Tul4 on the surface of the
bacterium as a TLR2 agonist, poor inflammatory response was observed in cells
infected with Francisella. The lack of detection of Tul4 on the surface of
Francisella, is due to the absence of co-receptor present on the taget cells. To
evade detection at the level of host cell surface Francisella also engages receptors
that fail to induce and/or suppress inflammatory responses. For example,
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mannose receptor (MR) that never associated with signaling cascades that result
in production of pro-inflammatory cytokines (Zhang et al., 2005).
As an intracellular pathogen, the victory of Francisella in terms of survival and
replication depends on its ability to subvert or modulate the intracellular PRRs
mechanism. Francisella targets the PI3/Akt pathway at multiple level thereby
impedes NF-kB activation, cytokine production and host cell survival (Cremer et
al., 2011). Francisella strain SchuS4 inhibts inflammatory response and such
suppression is associated with IkB independent NF-kB activation and inhibiton
of IRFs (Ireland et al., 2013). Francisella inhibits intracellular TLR-mediated
secretion of TNF-α and IL-1 (Telepnev et al., 2003). F.tularensis LVS leads to
rapid induction of pro-inflammatory response but subsequently downregulates
intracellular signaling for cytokine secretion (Telepnev et al., 2005). Regardless
of these perceptions, which PRR signaling pathways are activated or suppressed
during Francisella infection remain unclear.
Exploitation of the host ubiquitin system by invading bacteria
Ubiquitination is a reversible, post-translational modification present in all
eukaryotic cells and plays crucial role in signal transduction and host defense.
Given the impact of ubiquitination in innate immunity, it is not at all surprising
that this post-translational modification is exploited by many microbial
pathogens for their survival within the host.
Bacteria lacks ubiquitin, but still many intracellular bacterial pathogen target the
host ubiquitin system during invasion. Furthermore, ubiqutination is a reversible
process. Hence, pathogens encode effector proteins that mimic the host DUBs to
removes the ubiquitin chains from the substrate. These bacterial effector proteins
can be surface-associated or secreted and modulate the host ubiquitin system at
multiple points, to promote the invasion. A few examples include. Yersinia pestis,
Salmonella.typhimurium, Chlamydia trychomatis and Shigella flexineri.
Y.pestis impairs TLR-mediated NF-kB activation by deubiquitinating TRAF2 and
TRAF6 via its virulence factor YopJ (Sweet et al., 2007; Zhou et al., 2005).
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S.typhimurium has on the other hand evolved sophisticated strategies to evade
immune response by using its DUBs AvrA and Ssel to restrict NF-kB activation
(Patel et al., 2005). These DUBs are the effector proteins and translocated to the
host through T3SS. AvrA shares sequence homology with YopJ and is recogonised
as a deubiquitinase targeting IkBα (Ye et al., 2007). During bacterial infection
with Salmonella expressing AvrA, it has been demonstrated that AvrA impairs
IkBα degradation and subsequently blocks NF-kB activation (Collier-Hyams et
al., 2002; Ye et al., 2007). DUB Ssel, posseses a specific deubiquitinating activity
by which it impairs the phospho-IkB ubiquitination and degradation, which
restrains NF-kB activation (Le Negrate et al., 2008).
Another bacterial DUBs that prevent IkB degradation are chlaDub1 and
chlaDub2 found in Chlamydia.trychomatis. Both the DUBs posseses
deubiquitinating activity and thus prevents NF-kB activity (Misaghi et al., 2006).
Shigella flexineri also encodes effector protein, OspG that prevent NF-kB
activation. Ecotopic expression of OspG blocks the ubiquitination of IkB and
subsequent NF-kB activation (Kim et al., 2005). Based on this evidences, it is
clear that many pathogens do hijack or modify the host ubiquitin system for their
own benefit.
Simillarly, in my study, we show that to overcome inflammatory host responses,
F.tularensis live vaccine strain (LVS) suppress the Toll-like receptor, RIG-I-like
receptor and Cytoplasmic DNA receptor pathways. Francisella accomplishes this
in part by impeding the K63-linked polyubiquitination of TRAF3 and TRAF6. We
also show that this mode of inhibition requires a functional type VI secretion
system or the presence of live bacteria in the cytoplasm. This study illustrates how
Francisella able ability to invade and multiply in the host without inducing a selfrestricting innate immune response (Figure 7).
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Figure 7 Francisella subverts PRR pathways for pro-inflammatory
cytokines and type I IFN responses. Francisella subverts TLR, RLR and
CDR pathways by inhibiting K63 polyubiquitination and assembly of TRAF3 and
TRAF6 complex that control the transcriptional induction of cytokines and type
I interferons. The figure is modified and reprinted with the permission from the
publisher (Putzova et al., 2017).
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Results and discussion
The H2A deubiquitinase, MYSM1 regulates innate immunity through
inactivation of TRAF3 and TRAF6 complex. (Publication I)
Innate immunity is the first line of defense against invading pathogens. It detects
the biological threats with the help of pattern recognition receptors (PRRs). These
sensors signal through interwining signaling cascades which results in the
induction of pro-inflammatory cytokines and type I IFNs. These two responses
then coordinate pathogen clearance and tissue repair.
The innate immune sensing of microbes involve the simultaneous and sequential
activation of multiple PRR pathways. If unrestrained, PRR activation results in
an excessive inflammatory response that can lead to inflammatory and
autoimmune diseases. Therefore, to avert the overzealous self-destructive
immune response once activated, multiple PRRs must be terminated in a
coordinated manner.
The ubiquitin system forms a common theme in innate immune regulation by
modifying multiple immune signaling components. This is mediated by a diverse
number of E3 ligases and deubiquitinases (DUBs).
In publication-I, we identify a new component of the host ubiquitin system
involved in the regulation of innate immunity. For this, we screen RAW 264.7
macrophages transduced with short hairpin RNAs (shRNAs) for different genes
for alteration in the expression of pro-inflammatory cytokines and type I IFNs
response upon PRRs activation. We identified the deubiquitinase MYSM1, which
previously known to remove monoubiquitins from H2A and also recognized as
“H2A DUB”; as a novel component of the host ubiquitin system that regulates
innate immunity. We observed that shRNA silencing of MYSM1 resulted in
enhanced induction of pro-inflammatory cytokine genes such as Tnfα and Il1β
and the type I IFN genes such as Ifnβ, Ifnα and Mx1 in response to purified
agonists for different PRR pathways. Simillar observation were made, upon
infection of cells with L. monocytogenes (L.m.), a bacterial pathogen that known
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to activate multiple PRR pathways including TLRs, RLRs and CDRs or infection
with Vesicular Stomatitis Virus (VSV), which primarily activates RLRs.
Consequently, Mysm1 silencing resulted in enhanced viral clearance.
To better characterize the function of MYSM1, we compared bone marrow
derived macrophages (BMDMs) from wild type (WT) and Mysm1-/- mice for their
responsiveness to L.m. and VSV infection. Mysm1-/- BMDMs elicited a higher
pro-inflammatory and type I IFNs reponse and were more resistant to VSV
infection. All together, these results suggest that MYSM1 is a critical negative
regulator for pro-inflammatory and type-I IFNs reponse.
Next, we investigated the proximal PRR signaling events. Mysm1-/- BMDMs were
associated with enhance activation of TBK1, IRF3, IKK and p38 MAPK as
compaired to the WT cells. Consistent with the kinase activation, Mysm1-/BMDMs exhibited enhanced accumulation of K63-linked ubiquitin chains,
indicating that MYSM1 control the downstream immune response by preventing
the proximal PRRs signaling events.
MYSM1 is so far known for its function in the nucleus. Therefore, to investigate
how this nuclear metalloprotease control the cytoplasmic proximal PRR events,
we analysed the cytoplasmic and nuclear fraction of WT BMDMs. Under
unstimulated condition, MYSM1 was found to be entirely in the nucleus, but upon
L.m. infection it peaked in the cytoplasm between 30 to 60 min and disappeared
180 min post stimulation, indicating that MYSM1 transiently accumulates in the
cytoplasm upon PRR activation.
To identify the cytoplasmic interacting partners via which MYSM1 might be
controlling the cytoplasmic PRR events, we immunoprecipitated MYSM1 from
the cytoplasmic fraction of L.m. infected BMDMs. Analysis of such pull-downs
revealed

the

clear

presence

of

TRAF3

and

TRAF6.

Simillarly,

the

immunoprecipitation of TRAF3, TRAF6 and MYSM1 followed by immunobloting
for either of these proteins confirmed that they do interact with each other upon
PRR activation. This result indicated that upon PRR activation cytoplasmic
MYSM1 interacted wih TRAF3 and TRAF6.
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TRAF3 and TRAF6, E3 ligases that conjugates K63-linked polyubiquitin chains
to themselves or to other kinases and thereby acting as signaling scaffold for the
recruitment of other components. In view of the interaction of cytoplasmic
MYSM1 with TRAF3 and TRAF6 and the enhanced enrichment of K63 linked
polyubiquitination in Mysm1-/- BMDMs, we investigated whether MYSM1 might
be deubiquitinating TRAF3 and TRAF6 signaling complex.
To address this we performed in vitro deubiquitination assay and linkage
specificity assay, we found that recombinant MYSM1 is able to cleave the K63
linked polyubiquitin chains from TRAF3 and TRAF6 suggesting that MYSM1
interacts with and inactivates TRAF3 and TRAF6 complex by removing the K63linked polyubiquitin chains.
To define, which domain of MYSM1 mediates these effects, we used retrovirus
expressing full-length MYSM1 or different MYSM1 deletion mutants. We showed
that MYSM1 attenuates PRR signaling via cooperative activity of its two domain;
the central SWIRM domain via which it interacts with TRAF6 and TRAF3 and the
metalloprotease MPN domain, which removes the K63 chains from the signaling
complex.
Further, we observed that the cytoplasmic MYSM1 rapidly accumulates in the
cytoplasm and disappear in the later time points upon L.m. infection. To
understand thus phenomenon, we performed pulse chase analysis with

35S

methionine labelling; we observed that the radiolabeled cytoplasmic MYSM1
peaked in the cytoplasm in the early time points and was undetectable 180 min
post stimulation. At the same time, there was no radiolabelled incorporation to
the nuclear pool of MYSM1 demonstrating that it is only the cytoplasmic MYSM1
is due to de-novo protein synthesis.
Moreover, we investigated whether the short haif-life of cytoplasmic MYSM1 is
due to subsequent degradation by blocking the proteasome. Indeed, the
inhibition of proteasome pathways resulted in sutained accumlation of MYSM1
in the cytoplasm. In brief, these results indicated that upon PRR triggering
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MYSM1 is freshly synthesized and accumlates in the cytoplasm and that after
disrupting PRR complexes it undergoes proteasomal degradation.
In order to address the physiological function of MYSM1 during inflammation,
we adminstratd WT and Mysm1-/- mice with LPS. Mysm1-/- mice exihibited sever
clinical symptoms such as measure weight loss and mordibity. When infection
with VSV, Mysm1-/- mice displayed higher inflammatory response and enhanced
viral clearance. All together, these data suggest that Mysm1-/- mice elicited hyperinflammatory responses and were more susptible to septic shock but are more
resistant to viral infection.
In brief, this part of my study shows how MYSM1 piles in the cytoplasm where it,
impedes the PRR signaling pathways and therafter undergoes proteasomal
degradation possible to prevent sustained inactivation of innate immune
complexes. Thus, MYSM1 as a part of highly versatile negative feedback
regulatory mechanism acting as a molecular switch turning off several
inflammatory pathways to restore immune homeostasis. Significantly, this study
highlights MYSM1 as potential therapeutic inventions to treat conditions caused
by excessive inflammatory signaling.
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MYSM1

mediated

deubiquitination

of

RIP2

dampens

NOD2

associated inflammation and tissue damage. (Publication II)
NOD2 is an intracellular receptor, essential for anti-microbial immunity and
tissue homeostasis. The pivotal point of NOD2 signaling is RIP2, which upon
polyubiquitination assemble NOD2-RIP2 complex, permitting the downstream
NF-kB and MAPK mediated response. However, the exact nature and
architechture of ubiquitin chains involved in NOD2 signaling and how they are
regulated to avert pathology remain unclear. Additionally, the proximal DUBs
that counteract these ubiquitin chains in NOD2-RIP2 complex to ensure a
balanced cytokine response are not fully understood.
In order to investigate the type of polyubiquitin chains attach on to RIP2 upon
NOD2 activation, we purified ubiquitinated proteins from stimulated BMDMs
using TUBE (Tandem Ubiquitin Binding Entity). These ubiquitin conjugates were
then subjected to ubiquitin restriction analysis. (UbiCrest). Ubiquitin restriction
analysis revealed that RIP2 undergo K63-, K48-, M1- and the non-canonical K27linked polyubiquitination upon MDP stimulation.
To have an overview about the sequence by which K48-, K63-, M1- and K27polyubiquitin attach onto RIP2, we probed the Ubicrest samples with antibodies
against the polyubiquitin linkages. Our data showed that K48-Ub and K63-Ub
chains are attached onto RIP2 via different lysine residues whereas M1-Ub and
K27-Ub chains attached onto the pre-existing K63 ubiquitin chains as part of a
hybrid polymer.
Up to now, three DUBs, CYLD, OTULIN and A20 (Draber et al., 2015;
Keusekotten et al., 2013) has been reported restraining NOD2 signaling.
However, their effect on NOD2- RIP2 complex is indirect (Wagner et al., 2016),
as all of them require, the downstream component LUBAC to act as a bridge
between them and RIP2. Hence, one of the longstanding conceptual gap in NOD2
signaling is how the proximal signaling events directing the assembly of NOD2RIP2 complex are regulated upstream of LUBAC.
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We found, that in response to L18- MDP MYSM1 rapidly accumulated in the
cytoplasm and recruited to the NOD2- RIP2 complex. Furthermore, we did not
observe any direct interaction of MYSM1 with the components of LUBAC or the
reported three negative regulators, CYLD, OTULIN and A20. This suggested that
the recruitment of MYSM1 onto NOD2-RIP2 complex is independent of LUBAC.
Further, we investigated the involvement of MYSM1 in the regulation of NOD2
signaling. We observed that in response to NOD2 ligand L18-MDP, Mysm1-/BMDMs elicited more robust cytokine response as compaired to WT BMDMs.
Further, we evaluated the influence of MYSM1 on the assembly of NOD2-RIP2
complex. We found that the recruitment of proximal components of NOD2-RIP2
complex and LUBAC is enhanced in the absence of MYSM1, demonstrating that
MYSM1 act on upstream of LUBAC to attenuate the assembly of NOD2-RIP2
complex.
To elucidate, how MYSM1 is recruited to and attenuates the NOD2-RIP2 complex
assembly, we first tested whether its interaction depends on the presence of
polyubiquitin chains on RIP2. We observed that in contrast to MDP stimulated
cells, cytoplasmic MYSM1 in the LPS stimulated cells showed no interaction with
RIP2, as LPS stimulation did not induce polyubiquitination of RIP2. The above
data demonstrated that the recruitment of MYSM1 to NOD2-RIP2 complex is
counterbalanced by atleast two layers of regulation, firstly an inflammatory
response that triggers the accumulation of MYSM1 in the cytoplasm and secondly
the presence of an enriched ubiquitinated substrate such as RIP2 complex in
NOD2 signaling.
Next, we investigated whether MYSM1 attenuates NOD2-RIP2 complex assembly
by removing polyubiquitin chains from RIP2. To address this we isolated
endogenous ubiquitins from L18-MDP stimulated WT and Mysm1-/- BMDMs by
total Ub-TUBE, K63-TUBE and M1-TUBE and immunobloted for RIP2.
Immunoblot analysis revealed the enhancement of Ub-RIP2 in Mysm1-/BMDMs, which was marked by migration of Ub isolates at a high molecular
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weight than the WT Ub isolates, indicating that MYSM1 does restrict RIP2
polyubiquitination.
Further, we performed Ubicrest assay from the purified ub conjugates from L-18
MDP treated Mysm1-/- BMDMs by TUBE and incubated them with recombinant
MYSM1 protein and three well defined DUBs AMSH, OTULIN and UCHL3, that
cleaved K63, M1 and K27 linked polyubiquitin chains or a combination of these
three DUBs. Interestingly, the restriction pattern of MYSM1 digestion was found
to

be

equivalent

to

that

by

AMSH

or

the

combination

of

AMSH+OTULIN+UCHL3, indicating that MYSM1 was cleaving the proximal K63
chains and simultaneously trimming the K27 and M1 chains from the hybrid
polymer.
Go gain complete view of the linkage specificity of MYSM1, we performed a
linkage specificity assay and we observed MYSM1 cleaved K6, K63, K27 and M1
diubiquitins but not the, K11, K29, K33 and K48 diubiquitin chains.
We showed previously that NOD2 signaling involves K63-, K27-, M1- and K48linked polyubiquitination of RIP2 and MYSM1 interacts with and removes K63K27- and M1- linked chains from RIP2. To confirm the above findings, we
enquired whether a combination of MYSM1 and the K48 specific DUB OTUB1
could completely strip all polyubiquitin chains from RIP2. As predicted,
MYSM1+OTUB1 eliminated all ubiquitin chains from RIP2.
We then proceeded to define the MYSM1 motifs involved in the negative
regulation of NOD2 signaling. We found that MYSM1 mediates these effects via
the cooperative activity of SWIRM and MPN domain.
Lastly, to clarify the physiological relevance of MYSM1 in NOD2- mediated
inflammation, we used the MDP-induced models of peritonis and systemic
inflammation. Mysm1-/- mice were found to exhibt higher recruitment of
inflammatory cells not only to the peritoneum but also to distant organ such as
spleen. Moreover, when sensitized with the D-galactosamine (hepatoxin) then
challenged with MDP, Mysm1-/- mice were found to have higher levels of Alanine
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Aminotransferase (ALT) an indication of enhanced liver injury. The results
revealed MYSM1 supresses NOD2 mediated excessive inflammation and tissue
injury.
In conclusion, my findings has established that NOD2 signaling involves K48-,
K63- M1- and the newly reported non-canonical K27-linked polyubiquitination
of RIP2. Further, we have identified MYSM1 as the proximal DUB that attenuates
NOD2-RIP2 complex by selectively cleaving K63, M1 and K27 ubiquitin chains
from RIP2 to attenuate NOD2-mediated peritonis, systemic inflammation and
liver injury.
This part of my study provides a comprehensive overview of polyubiquitin
modification engaged in NOD2 signaling and establish MYSM1 as a central
negative immune regulator limiting these polyubiquitin chains to prevent
excessive inflammation.
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Francisella subverts innate immune response by disrupting TRAF3
and TRAF6 signaling complex. (Publication III)
The success of pathogens rely on their capability to escape the innate immune
system, Francisella is a highly pathogenic bacteria that invade and proliferate
within the host without evoking a strong inflammatory response (Telepnev et al.,
2003; Telepnev et al., 2005; Thakran et al., 2008).
Francisella has a very complicated life cycle that involves transition from
extracellular milieu to the endosome and finally to the cytoplasm. Hence,
Francisella must sense by multiple PRR pathways in these disparate
compartments. The specific PRR pathways that sense Francisella and how this
bacterium modulates them to evade host immune defenses is not fully
understood. Henceforth, this part of my study mainly focuses on the modulation
of TLRs, RLRs and CDRs by Francisella.
To study the PRR pathways involved in type I IFN induction by Francisella, we
infected BMDMs from IFNβ luciferase reporter mice proficient or deificient in
key adaptor molecules for different PRRs such as MYD88 (TLRs), IPS1 (RLRs),
STING (CDRs) and TRIF (CDRs and TLRs) with the LVS (live vaccine strain) of
Francisella. In consistent with the previous report (18453609 et al., 2008),
analysis of inflammatory response revealed that Francisella involves a
coordinated actvation of TLRs, RLRs and CDRs pathway.
We further investigated how Francisella modulates the innate immune pathways.
To test this, we compare the inflammatory responsiveness of BMDMs to LVS
versus that to L.m., also an intracellular pathogen that activates multiple PRR
pathways. We found that LVS induced inflammatory response is modest and
lower to that of Listeria. This reduced response to LVS was not due to cell death
or less uptake of bacteria by BMDMs.
Thereafter, we asked, whether the moderated response to LVS is due to its ability
to subvert the PRRs pathways. To test this independently we pre-infected the
cells with LVS or L.m. for 3hr before stimulation with different PRR ligands
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including TLR2, TLR4 and cGAS-STING. We found that LVS blocks all such
pathways. VSV is a viral pathogen and primarily activates RLR pathway.
Therefore, to test the inhibitory effect of LVS on VSV-activated RLR pathway,
BMDMs pre-infected with Francisella LVS were highly unresponsive to VSV as
judged by IFNβ reponse. All together, these results suggest that Francisella LVS
blocks TLRs, RLRs and CDRs pathway.
An important hallmark of Francisella virulence is its entry into the cytoplasm.
Francisella T6SS system is essential for its intracellular growth (de Bruin et al.,
2011). Since, defect in T6SS sytem blocks Francisella entry and replication in the
cytoplasm, next we investigated the involvement of T6SS sytem in Francisellamediated modulation of PRR pathways, for this, we use LVS mutants such as
Δiglc/LVS and Δdsba/LVS that has defective T6SS system. Compared to LVS
strain, these LVS mutants elicited a higher inflammatory response upon PRR
activation, indicating that Francisella-mediated inhibition of PRR pathways
require a functional T6SS system.
Next, we investigated the impact of Francisella LVS on the proximal PRR
signaling events for pro-inflammatory and type I IFN responses. These two
reponses are coordinated by the TRAF6 and TRAF3 complex. As described above,
TRAF3 and TRAF6 are the E3 ligases, which undergo K63-linked poly-ubiquitin
modification and act as a signaling scaffold protein for the recruitment and
activation of downstream modules leading to transcriptional responses. We
found that Francisella LVS blocks the proximal polyubiqutination and
phosphorylation events in PRR pathways by attenuating the assembly of TRAF6
and TRAF3 complexes. Together, this study demonstrates for the first time that
Francisella actively subverts the innate immune response by targeting the host
ubiquitin system.
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Main conclusions and future prospects
The studies presented in the Publication I (Panda et al., 2015) described the
identification and characterization of the H2A deubiquitinase, MYSM1 as a new
component of host ubiquitin system with a central role in innate immune
regulation. We showed that apart from its function in the nucleus, MYSM1
transiently accumulates in the cytoplasm where it interacts with and inactivates
TRAF6 and TRAF3 signaling complexes to disrupt the TLR, RLR and CDR
pathways for pro-inflammatory and type I IFN responses. We further show that
in order to prevent a sustained suppression of PRR signaling, cytoplasmic
MYSM1 has a very short-haif life owed to K48-linked polyubiquitination and
subsequent degradation by the proteasome. Thus, MYSM1 acts as a “rheostat”
which in response to innate immune stimuli is turned in an “on and off”manner
to restore immune homeostasis. Furthermore, this study highlights MYSM1 as a
potential target for new therapeutic interventions against infectious and
inflammatory diseases.
The discovery of the novel component of the host ubiquitin system, MYSM1
described in the thesis opens numerous questions for future studies. For instance,
our data also indicated that cytoplasmic MYSM1 is subject to strict
spatiotemporal regulation by rapid de novo synthesis and subsequent
degradation. Therefore, a key open question for the future is the E3 ligase that
ubiquitinated and therefore targets MYSM1 for proteasomal degradation.
The findings in publication II (Panda and Gekara, 2018) fill an important gap in
our understanding of how the NOD2 pathway is activated and regulated. First,
we provided a full picture of the polyubiquitin modifications driving the NOD2RIP2 complex assembly. Secondly, we shown that upon NOD2 activation,
MYSM1 rapidly accumulates in the cytoplasm, recruits to the RIP2 complex and
removes K63-, K27- and M1- linked polyubiquitins from RIP2. Up to now three
DUBs, A20, CYLD and OTULIN has been reported to negatively regulate NOD2
pathway, but all of them require LUBAC. Our data identifies MYSM1 as the
upstream DUB that regulates the recruitment of LUBAC to the NOD2-RIP2
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complex. Together these results establish MYSM1 as a principal negative
regulator of NOD2 signaling that act upstream of the previously stated major
regulators. Additionally, this study provides a complete picture of MYSM1
ubiquitin linkage specificity highlightings its possible utility as a cell biology tool
for ubiquitin research.
There are many follow up questions that need to be addressed. So far, the
ubiquitin research has largly focused on K63, K48 and more recently on M1
ubiquitin chains. However, the function of K27 polyubiquitin chains and the
enzymes, (E3 ligases and the deubiquitinases) that add or remove K27 chains
remain obscure. Additinally, a key open question in the context of NOD2
signaling is: what is the relative contribution of K27-linked polyubiquitination of
RIP2 in NOD2 signaling pathway?
Publication III (Putzova et al., 2017) demonstrates that to overcome the innate
immune defenses Francisella synchronizes its entry into the cytoplasm with
active suppression of multiple innate immune pathways. We show for the first
time that, this is due to the ability of Francisella to subvert the ubiquitin system.
The specific virulence effectors responsible for innate immune subversion and
their cellular targets remain unknown. Future studies for example screening
genome-wide Francisella mutants will be an important step towards this goal.
If identified and purified, such effectors are likely to have a great therapeutics
potential against inflammatory diseases.
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