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ABSTRACT

The innate immune response provides the first line of defense against an invading
pathogen. Innate immune cells recognize conserved molecular determinants of
common pathogens and initiate the production of innate immune effector molecules
such as TNF or IFN-I to control the invading pathogen [12-14]. The TNF and IFN-I
signal transduction is controlled by the recruitment of one or several adaptor
molecules [1-10]. This thesis characterizes adaptor proteins namely iRhomsl,
iRhom2 and RAIDD and these adaptor proteins are shown to regulate the signal
transduction mediated by TNF and IFN-I, respectively.

TNF is a potent inflammatory cytokine, which controls infection as well as acting as
a key mediator of septic shock under excessive production. TNF can trigger
signaling response in cells expressing TNFR1 and/or TNFR2. TNF converting
enzyme (TACE, also known as ADAM17) cleaves a variety of transmembrane
proteins, including TNF and TNF receptors. Shedding of TNF receptors from cell
surfaces can block responses to TNF. We have found that iRhom1 and 2 WT and
iRhom1 and 2 lacking the N-terminal cytoplasmic domains interact with ADAMI17.
In turns, the deletion mutants of iRhom1 and 2 confer resistance to TNF induced

cell death via constitutively shedding of cell surface TNF receptors.

IFN-1 is one potent anti-viral defense mechanism during the innate immune
response. We found that the adaptor protein RAIDD is a critical component in Type
I interferon production. RAIDD showed interaction with the IFN-I transcription
factor, IRF7 and its potent phosphorylating kinase IKKe. RAIDD knockdown
showed reduced IKKe and IRF7 mediated Type I Interferon activation. We have
identified the adaptor molecule RAIDD to coordinate IKKe and IRF7 driven IFN-I
expression. Overall, the functional regulations of adaptor proteins, iRhoml &

iRhom2 and RAIDD during innate immune response have been investigated.
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Pathogens

The human body is a thriving ecosystem consisting of complex cellular networks
that frequently encounter invading pathogens. The human body is made up of 10"
host cells and 10'* microbial species such as bacteria, fungi, and protozoans [11].
Generally, these regular microbial inhabitants remain beneficial in maintaining the
host metabolic thythms. However, these microorganisms may become harmful upon
gaining access to other sterile compartments of the body. For example, the
movement of gut microbes to the peritoneal cavity can lead to peritonitis or cause

serious trouble in an immune compromised situation [12].

Pathogens, which are usually distinct from normal microbial flora, can potentially
breach the anatomical defensive barrier and cause severe infection. Although
pathogen genomes are comparatively simple and tiny to the human genome, they
are evolutionarily dynamic [13]. They have evolved to procreate and exploit the
host’s nutrition, while evading or subverting the host’s immune defense response
for its biological establishment [14]. Pathogens fall into distinct species such as
bacteria, viruses, fungi, protozoan, and parasites. However, the most common
pathogens are viruses and bacteria [11]. The body has evolved a vital defense
network responsible for the recognition and protection against invading pathogens.
This is known as the immune system. The immune system is a vital defense network
that recognizes molecular determinants of deadly pathogens (nucleic acid or
membrane components), ultimately protecting the host against infection [15]

(Figure 1).
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Figures 1- Pathogen Types and its Sensors
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Figures 1- Pathogen Types and its Sensors

The invading microbes are recognized by their molecular structure. The immune system reads
them as Pathogen Associated Molecular Patterns (PAMPs) sequence from different classes of
microbial pathogen. Viruses, bacteria, fungi, and protozoa display several different PAMP
sequences; few are shared between the pathogens. Major PAMPs are membrane components
(peptidoglycans [PG], lipoteichoic acid [LTA], LPS, and GPI anchors) and surface glycoproteins
(GP), lipoproteins (LP) as well as nucleic acids, including DNA, dsRNA, ssRNA, and 5 -

triphosphate RNA. These PAMPs are recognized by different families of PRRs receptors such as

TLRs, RLRs, NLR.

Adapted from Trine H. Mogensen, Clin Microbiol Rev. 2009 Apr; 22(2): 240-273.
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A defective or compromised immune system can lead to the onset and pathogenesis

of diseases resulting in increased morbidity and mortality [15-18].

The Immune System

In the steady state, the individual is often challenged by the dreadful pathogens but
these infectious agents cause disease only occasionally. To protect itself from the
challenging pathogens, the human body has developed the most skillful system
called the immune system. The immune system occupies roughly 1% of our total
blood cell population and is coordinated by lymphatic organs, the thymus, and bone

marrow followed by lymph nodes and the spleen [11].

Briefly, in vertebrates, the level of specificity classifies the immune system into
innate immunity and adaptive immunity. It is mainly composed of three major
cellular components: granulocytes, monocytes, and lymphocytes [19]. The innate
immune system is comprised of granulocytes and monocytes and the adaptive
immune system is comprised of lymphocytes. Specifically, cellular components of
innate immunity include phagocytic macrophages, the antigen presenting DCs,
granulocytes, and cytotoxic NK cells. In turn, the adaptive immunity consists of T
and B-lymphocytes [15]. The main difference between innate and adaptive
immunity lies in the mechanism and the receptor used for the immune recognition.
In adaptive immunity, the response has an extremely diverse repertoire of T and B
cell receptors [20]. Together, these diverse repertoires of receptors increase the
frequency of adaptive immunity to detect the possible invading antigen. These
TCRs or BCRs are generated by random somatic mutation and lymphocytes bearing
beneficial receptors that are clonally expanded and maintained throughout their

lifetime. Even though the adaptive immune responses are long lasting, they are
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delayed in their initiation [20, 21]. In addition, these are receptors that are not
germline encoded; irrespective of how beneficial their role, they need to be
reinvented by every generation. Therefore, adaptive immunity requires the innate
immune system to ensure both the immediate and long-term protection against

pathogenic invasion [15, 17, 18, 22].

In contrast to the adaptive immune response, innate immunity sensing is mediated
by germline-encoded receptors. The strategy of the innate immune sensing is not to
recognize every possible antigen, rather it is to recognize the few highly conserved
structures that appear in the large family of microorganisms [17, 18]. These
molecular structures are known to as pathogen-associated molecular patterns. In the
case of bacteria the LPS, peptidoglycan or bacterial DNA molecular structures act
as the PAMP sequence. These PAMP sequences are recognized by the family of
receptors called Pathogen Recognition Receptors (PRRs) in which TLR4 recognizes
the LPS [23, 24].

The engagement of PAMPs (e.g., LPS) to the PRR (e.g., TLR4) activates diverse
signaling pathways. A family of adaptor proteins mediates the signaling cascade
initially, which in part regulates the specificity of the response [1, 2]. The
recruitment of one or several adaptors results in the activation of downstream signal
transduction pathways through the sequential reaction of ubiquitination,
phosphorylation, or protein — protein interaction. Ironically, it culminates in the
activation of genes involved in the inflammation and antimicrobial host defense
regulation [25]. The PRR mediated signaling are known to mediate the two major
signaling pathways, NFkB and IRFs [17, 25, 26]. NFxB plays a vital role in

induction of proinflammatory cytokines such as TNF [25, 26] and IRFs are
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essentials for IFN-I production [17, 25, 27, 28]. The production of TNF and IFN-I is
essential for the specific pathogen recognition and precisely modulating the effector
function in innate and adaptive immunity. The defects in the production of these
molecules or its regulatory function result in impaired innate and adaptive immune

response [29-32].

The Immune Response

The immune response has an excellent ability to recognize the healthy and infected
cells in the host environment. The immune response against invading pathogens can
be summed up within three different phases—the first two steps occur under the
tight supervision of innate immunity, which does not rely on the clonal expansion of
antigenic specific lymphocytes. The third phase usually appears in the later stage of
infection and is controlled by an adaptive immune response, which relies on the
clonal expansion of antigenic specific lymphocytes [11] (Figure 2). All the three
phases of immune response are evolved to distinguish the beneficial

microsymbionts from the pathogens.

Phase I & II - The Innate Immune Response

During innate immunity, the primary response relies on soluble molecules and
secreted proteins to defend against the pathogens. The soluble molecules present in
blood, extracellular fluid, and epithelial secretions can either destroy or weaken the
invading pathogens [11]. These classes of molecules include antimicrobial enzymes
such as lysozyme, antimicrobial peptides, and complement system, etc. The
lysozymes selectively cleave to the linkage between the sugar molecules exposed in
the bacterial cell wall of gram- positive bacteria [33-37]. Antimicrobial peptides

such as defensins
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Figures 2- Overview of Immune System
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Figures 2 - Overview of Immune System

Principles in innate and adaptive immune response. The microbes are recognized through the conversed
molecular patterns such as nucleic acid or cell membrane components. This event triggers the immune
response for the invading microbes and can be summed up within three different phases - The first

two peroids are govenred by the tight supervision of innate immune components. The third phase usually

appears in the later stages of infection and is controlled by an adaptive immune response.

Adapted from Trine H. Mogensen, Clin Microbiol Rev. 2009 Apr; 22(2): 240-273.

7



Thesis — Sathish Kumar Maney

respond in minutes via insertion and formation of pores in the membrane bilayer of
bacteria, fungi, and some viral infections [38-42]. The complement system is a
primary innate defense mechanism comprised of plasma proteins, which can be
activated directly by pathogens or pathogen-bound antibody complexes.
Complement activation [43] results in a sequential cascade of cleavage reactions on
plasma proteins. The cleaved products are covalently linked to the pathogen surface,
contributing to the activation of membrane attacking pore complexes on pathogens
and enhancing the phagocytosis [43-45]. Antigen-presenting cells recognize the
pathogens that have been flagged by the complement destruction signal and initiate

more specific innate immune responses.

Sequentially in Phase II, the innate immune cells recognize the pathogens
specifically for their PAMP sequence expressed in microbes and not shared by host
cells [23, 46-51]. The innate encoded germline receptors have an inherent capacity
to discriminate infectious non-self ligands from the host called as PRRs [15]
(IMustration #3). The PAMP binding to PRRs triggers an intracellular signaling
cascade, which includes adaptor molecules, kinases, and transcription factors [1,
25]. Overall, PRR signaling orchestrates the early host response to control the
infection by releasing pro-inflammatory cytokines (TNF) and IFN-I at the site of
infection [13, 17, 31, 52, 53]. Meanwhile, innate immune responses act together to

remove the infection and promote adaptive immunity [23, 24, 30, 50, 52, 54, 55].

Phase III - Adaptive immune Response B and T cells

In the third step, the adaptive immune response utilizes lymphocytes, B and T cells,
to effectively remove a wide variety of pathogens. B cells are critical mediators of

humoral immunity. They express immunoglobulins (Ig) that have the potential to
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distinguish between the host and antigenic peptides. The membrane-bound forms of
Ig are known as the B-cell receptors (BCR) that serve as the cell receptor for
antigens [56-65]. Terminally differentiated B cells, known as plasma cells, produce
secreted immunoglobins, which bind to pathogens or toxic products in the

extracellular spaces of the body.

In the case of T cells, solely membrane-bound proteins known as MHC molecules
make antigenic recognition of T-cells. They are transmembrane glycoproteins
encoded in the large clusters of genes known as major histocompatibility complexes
(MHC), which are polymorphic expressed within the population. T cell receptors
can recognize MHC molecules bound with antigenic peptide. In the case of
intracellular pathogens, the B cells and T cells can recognize the antigenic peptide
expressed on the infected cell surface [61, 64, 66-75]. Adaptive immunity has
evolved to recognize large repertories using TCR and BCR to recognize the
diversity of antigens from bacteria, viruses, and other disease-causing agents [20,
21]. The site-specific somatic recombination generates the antigenic specific
receptor on T and B lymphocytes [76]. These pathogenic-specific lymphocytes are
clonally selected and maintained throughout life to encounter the pathogen. Overall,
the processes of the immune system are tightly regulated to achieve a balanced state

in the elimination or neutralization of pathogens (Figure 2).

Specifically, the effector cytokines such as TNF [79-83] and interferon [29, 30, 52,
84-86], produced during the innate immune response, play vital roles in promoting
the adaptive immune response and in the eradication of invading pathogens [87-89].

The current understanding of the immune response helps in eradicating many
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dreadful diseases such as measles and smallpox or remedies against highly
infectious diseases such as hepatitis C and the Ebola infection [90-96]. However, a
deeper understanding of the intricate mechanisms governing the innate immune
response will undoubtedly facilitate the identification of novel therapeutic targets
for the prevention of a variety of dreadful diseases. In order to fully understand the
innate immune response, it is imperative to gain an insight into innate immune cell
pathogen recognition, signaling pathways involved in the production of effector

molecules.

Pathogen Recognition Receptors.

Antigen presenting cells (APCs) including dendritic cells (DCs), macrophage and
granulocytes recognize and control microbial infection. The granulocytes and
macrophages play a prominent role in phagocytosis of pathogens, while dendritic
cells (DCs) play a vital role in presentation of processed antigens to cells of the
adaptive immune system. They are responsible for the initiation and modulation of
the primary adaptive immune response [15, 20, 30, 97]. DCs are equipped
abundantly with non-clonal but germline-encoded pattern recognition receptors
(PRRs), which recognize molecular patterns expressed by various infectious
organisms [16, 98-101]. Further, PRRs are classified as the nucleotide binding and
oligomerization domain (NOD)—like receptors (NLRS), the retinoic acid-inducible
gene I (RIG)-like receptors (RLRs) and TLRs [15, 54, 55, 77, 98, 99] (Illustration

#1&2).

10
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NOD Like Receptor

NLRs compose one of a large family of intracellular PRRs, all bearing a conserved
NOD domain. NLRs include NOD1 and NOD2, and they recognize the synthesis or
degradation of peptidoglycans [102-107]. Mechanistically, ligand engagement on
leucine-rich-repeat (LRR) motifs of NODs leads to the recruitment of RICK and
CARD?9 adaptors. This is followed by TAKIl-mediated activation of the IKK
complex, which results mainly in NFkB, MAP kinase, ERK, and JNK pathway
activation. Overall activation of NOD receptors culminates in the production of pro-

inflammatory cytokines such as TNF [108-112].

RLRs—Retinoid acid—inducible gene I-like (RIG-I) receptors

RLRs are cytosolic PRRs that are activated by intracellular cytosolic pathogens via
recognition of 5’PPP RNA and dsRNA [113-116]. RLRs include RIG-I and the
Melanoma differentiation-associated gene 5 (MDAS). RLRs are composed of two
N-terminal caspase recruitment domains (CARDs), a central DExD/box
helicase/ATPase domain, and a C-terminal regulatory domain (RD), the latter of
which confers ligand specificity [114, 116-118] (Figure 3). conformational change
of the CARD domain and enhances the polyubiquitin modification mediated by
TRIM25 and Riplet [123, 124]. This results in the formation of an oligomeric
complex. It consists of four RIG1 with four ubiquitin chains, [125, 126] and in the
case of MDAJS, it forms the polar filamentous oligomers around a long dsRNA [127,
128]. The formation of an oligomeric complex results in the aggregation of
MAVs/IPS1/CARDIF in the mitochondrial membrane and it eventually enhances
the molecular interaction with oligomers of RIG 1 and/or MDAS [5, 113, 118, 129-
131]. RLRS and MAVSs/IPS1/CARDIF association culminates in the massive

production of IFN-I through the activation of IRF3 and IRF7 [22].

11
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Figures 3- RLR Signaling Cascade
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Figures 3 - RLR Signaling Cascade
Binding to dsRNA or 5ppp-RNA ligand binding to RIG-I or MDAS induce the oligomerization.

Oligomerized CARD domains of RIG-I and MDAS interact with the functional domain of IPS1. This
interaction promotes the polymerization of IPS1 CARD and leads to the activation of TBK1 and IKKe
via TRAF3. In turn, it activate interferon transcription factor IRF3&7 and culiminates in production of
the type I interferon. (Abbreviations: CARD -caspase activation and recruitment domain, RD- recruitment
domain, dsRNA- double-stranded RNA, MDAS, melanoma differentiation associated gene 5, RLR,

RIG-I-like receptor; TM, transmembrane domain.)
Adapterd from Wu J and Chen ZJ, Annu Rev Immunol. 2014;32:461-88
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Toll — Like Receptors

The TLRs are type I transmembrane proteins and 13 TLR receptors have been
reported. TLRs 1-9 are conserved between human and mouse. Murine TLR 10 is not
functional due to a retrovirus insertion. TLRs 12 and 13 are absent from the human
genome [30, 99, 101, 132]. The localization of TLRs is necessary for the ligand
accessibility and tolerance to host molecules such as nucleic acids [15, 23, 77, 97-

99, 101, 133].

According to their cellular localization and respective PAMP ligands, TLRs are
classified into two groups, Plasma membrane-bound and intracellular TLRs. The
cell surfaces of TLRs include TLRI, 2,4,5,6 and 11 that recognize microbial
components such as proteins, lipids, and lipoproteins. The intracellular TLRs 3,7,8
and 9 are expressed exclusively in intracellular vesicles such as the endosomes,

lysosomes, and endolysosomes [17, 134-136] (Figure 4).

The engagement of TLRs by their cognate PAMPs results in the activation of
MyD88-dependent pathways or TRIF-dependent pathways. MydS88 recruits the 1L-1
receptor-associated kinases IRAK4 and TRAF6 [8-10] whereas TRIF recruits
TRAF3 [137-139]. Downstream signaling results in the activation of NF-kB and
IRF3/7 transcription factors. The NF-kB activation [140] results in the production
of inflammatory cytokines such as TNF [46]. TBK1 and/or IKKe-driven IRF3/7
activation [141, 142] leads to the production of IFN-I [132, 137-140, 143] (Figure

5).

13
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Figures 4- Cellular Localisation of TLRs
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Figures 4 - Cellular Localisation of TLRs

The TLR are expressed in the different cellular localisation. TLR1/2, TLR4, TLRS are localised in cell
Membrane and activate MyD88 depdentent signaling. Whereas TLR3 is dependent on TRIF and TLR, -7,
-8, and -9 have MyD88 for signaling and all localised in endosomal vesicles. Both MyD88- dependent

and TRIF-dependent signaling culiminates in activation of both inflammatory and type I IFN response.

Adapted from Trine H. Mogensen, Clin Microbiol Rev. 2009 Apr; 22(2): 240-273.
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Figures 5-TLR Signaling Cascade
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Figures 5 - TLR Signaling Cascade

TLR3 ligand dsRNA and TLR4 ligand LPS induces signaling casdade which mediate interaction
with the adaptor molecule MyD88, IRAKS, TRAF6 activate NFkB and IRF3/7 through phophorylation
via IKK and TBK/IKKz¢ respectively. Overall activation resutls in the production of inflammatory cytokines

such as TNF and Type I interferon.
15
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Tumor Necrosis Factor (TNF) —Central Player of Immunity

TNF is mainly produced by activated monocytes/macrophages, dendritic cells, NK,
and T cells. In addition, a marginal expression of TNF is observed in various non-
immune cells such as endothelial cells, fibroblast, microglia cells, and other cells in
the nervous system [80-82, 144-147]. TNF was initially identified as an endotoxin-
inducible molecule that induces necrosis of tumor cells. Later, extensive research on
TNF revealed an important function of TNF in innate and adaptive immune
responses [79, 148, 149]. In addition, TNF is known to regulate bacterial and viral
infection, cancer, cardiovascular, pulmonary, neurologic, and metabolic disorders

[79].

The TNF ligand binding to the TNFRs receptors results in the activation of NF-kB
or cell death signaling. Almost every mammalian cell type expresses TNFRI.
TNFR2 expression is observed in immune cells and endothelial cells [152]. But the
intracellular domains of TNFR1 and 2 are strikingly different. The TNFRI
cytoplasmic death domain recruits, TRADD, whereas TNFR2 lacks this cytoplasmic
death domain and shows association with TRAF1 and 2. However, the TNFR1 or 2
result in NF-kB activation [31, 79]. It is shown that TNF- TNFR2 -TRAF1 and 2
signaling enhances cell survival. The TNF-TNFR1-TRADD signaling complex
results either in the activation of cells or leading to the cell death signaling cascades
[148] (Figure 6). The ubiquitination level of RIPK1 consisder as a molecular switch
between cell death and cell survival. The presence of K63 RIPK1 ubiquitination
leads to pro-survival signaling, and the absence of RIPK1 ubiquitylation facilitates

the activation of programmed cell death.
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Figures 6- TNF Signaling Cascade
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Figures 6 - TNF Signaling Cascade

TNF binding to TNF receptor 1 (TNFR1) recruit the TNFR1-associated death domain protein (TRADD),
which associate with receptor-interacting serine/threonine-protein kinase 1 (RIPK1), TRAFS5 or TNFR-
associated factor 2 (TRAF2) and cellular inhibitor of apoptosis protein 1 (cIAP1) or cIAP2 to form TNFR1
signalling complex I. In case of TNFR2 - TNF binding recruit TRAF1 or TRAF2 cIAP1 or cIAP2.

Both cIAP1 and 2 add K63-linked polyubiquitin chains to RIPK1. K63-polyubiquitylated RIPK 1

recruits MAP3K7-binding protein 2 (TAB2), TAB3, TGFp-activated kinase 1 (TAK1), which activate the

IxB kinase (IKK) complex. The IKK complex then activates nuclear factor-kB (NF-kB) signalling, that
promote cell survival. In contrast between the non and ubiquintylated RIPK1 results in activation of cell death.

Adapted from Dirk Brenner et al. Nat Rev Immunol. 2015 Jun;15(6):362-74
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Furthermore, higher levels of RIPK1 ubiquitylation result in the recruitment of the
cellular inhibitor of apoptosis (cIAP1) or cIAP2, which acts as an inhibitor for TNF-
induced cell death. Both TNFR1 and 2 signaling complexes converge at the
activation of TGFf activated kinase 1 (TAK1) and MAP3K?7, binding protein 2
(TAB2) and (TAB3). In turn, it can also activate the IkB kinase (IKK) complex.
The activated IKK complex phosphorylates the NF-xkB and activates the TNF
induced pro-survival signaling cascade (Figure 7). In contrast, the non-ubiquitylated
RIPK1 assembles with FADD, procaspase8, FLIP, and RIPK3 and eventually

activates caspase 8-driven programmed cell death [258].

Shedding of TNF, TNFR1 and 2 from the cell surface.

In the steady state, TNF is expressed as a 26 KDa trimeric type Il transmembrane
protein. During inflammation or exposure to endotoxin (LPS), transmembrane TNF
(mTNF) is liberated from the cell surface into a 17KDa soluble form, sTNF. sTNF
is subsequently released into the blood stream and it confers a potent endocrine
function through the TNFR1 or TNFR2. Metalloproteinase ADAM17 is known to
cleave both TNF and its receptors from the cell surface. Thus, ADAMI17 controls
TNF-mediated cell fates ranging from cell proliferation, survival, and differentiation
to apoptosis, which is crucial during the immune defense function against bacterial
or viral infection [158]. ADAMI17 belongs to the protein family of a disintegrin and
metalloproteinase. Humans have 21 ADAM proteins, out of which 13 possess
proteolytic activity while the rest are considered as inactive ADAMSs. The latter are
predicted to be involved in intracellular communication. One of the most prominent

and well-studied ADAM enzymes is ADAM17 [158, 159].
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ADAM17
Black et, al and Moss et, al reported in 1997 about ADAM17 or the tumor necrosis

factor converting enzyme (TACE) sheddase action on membrane-bound TNF during
inflammation [155, 157]. Later, ADAMI17 was reported to have ectodomain
shedding properties toward the epidermal growth factor ligands, TNF receptor 1 and
2, proinflammatory cytokines, cell adhesion molecules, and amyloid precursor
proteins [159].

ADAM 17 is expressed in the spleen, lymph nodes, bone marrow, heart, brain, and
kidneys [158, 159]. ADAMI17 is a multidomain protein, which consists of 824
amino acids (aa). ADAMI17 has various domains, short signaling sequence (1-17aa),
and a prodomain (18-214aa), followed by a catalytic domain (215-473aa) with
typical HEXXHXXGXXH (X could be any amino acid sequence), a disintegrin
domain (474-572aa), a cysteine-rich domain (603-671aa), an EGF-like domain, and
a transmembrane domain (672-694aa) and ends with the cytoplasmic tail (695-
824aa) [160] (Figure 7). Furthermore, the golgi-localized protein Furin is reported
to control the release of the ADAM17 prodomain and production of the ADAMI17
active protease [161, 162, 166]. Moreover, an inactive thomboid protein iRhom?2
interacts with ADAMI17 and this interaction was essential for ADAM17 trafficking

towards the cell surface [153]

iRhoms

iRhoms belong to inactive rhomboid proteinases. There are two versions of
iRhoms— iRhom1 and iRhom2, also called as RHBDF1 and RHBDF2, respectively
[167]. iRhoms have two hallmark features: first, the loss of the catalytic site of

rhomboids, because serine or histidine residues were replaced with a proline
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Figures 7- ADAM17 Domins and its Fucntion

Figures 7- ADAM17 Domains and its Fucntion

The systematic representation of ADAM17/ TACE function domains and its regulation.

Adapted from Jiirgen Scheller et al., Trends in Immunology, Volume 32, Issue 8, p380-387, August 2011
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residue; and second, they have an extended cytoplasmic amino terminus with a
highly conserved Cys-rich luminal loop and are considered as the iRhom

homology domain [167-169].

However, the importance of the domain is not clear. A recent study has shown that
mutation in the cytoplasmic tail of human iRhom?2 could lead to tylosis syndrome,
which is associated with esophageal cancer (TOC) [170]. In our experiment,
iRhom?2 retained its ability to interact with the type 1 transmembrane protein
TACE/ADAM17 [153] and a similar finding were supported by other groups [83,
171-173]. iRhom 2 plays a vital role in trafficking TACE from the ER to the cell
membrane. iRhom2 deficiency attenuated TACE-mediated TNF shedding, and it
had significant effects on the innate immune response against bacterial infection
[83, 153]. We have utilized the unbiased cyclic rescue screening methods to aid the
detection of novel negative regulators of TNF signaling, resulting in the
identification of iRhoml and iRhom2 that lack the conserved cytoplasmic tails.
These truncated versions of iRhoml (IR1AC) and iRhom2 (iR2AC) showed
promising target for the prevention of septic shock and inflammation.
Mechanistically, we found that both full-length and AC forms of iRhoms interacted

with ADAM17/TACE. (Figure 8)

21



Thesis -Sathish Kumar Maney

Figures 8-Role of iRhom2 in TNF Signaling
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Figures 8- Role of iRhom?2 in TNF Signaling

TNF is synthesized as a membrane- bound precursor and is liberated from the cell surface by the
TNF converting enzyme (TACE, also known as ADAM17). ADAM17 traffic from ER, gogli apparatus to
cell membrane to catalyzes the shedding of a variety of transmembrane proteins TNF, TNF receptors ICAM

etc.
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Type I Interferon Regulation

The virus-infected cells secrete polypeptides known as Type I Interferon (IFN-I).
They execute the very essential functions in the innate immune response against the
infection [85]. IFN-I also regulates the innate immune response to enhance the
antigen presentation and activate natural killer cell cytotoxic functions. And IFN-I
activates the adaptive immune system, thus promoting the development of high-
affinity antigen-specific T and B cell responses and immunological memory. IFN-I
is mainly known to be protecting against viral infection.

IFNs-I are produced after PRR recognition of microbial products [84, 176, 177]
(Figure 6). IFN-I bind to the hetrodimeric transmembrane receptor termed the
IFNa receptor (IFNAR), which is composed of IFNAR1 and IFNAR2 subunits [85,
174, 175]. Engagement of IFNs toward IFNAR activates the receptor-associated
protein tyrosine kinase Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which
leads to phosphorylation of signal transducer and activator of transcription 1

(STAT1) and (STAT2) [178, 179].

Subsequently, STAT1 and STAT2 dimerize and translocate to the nucleus. As they
dimer they interact with IRF9 to attain the trimolecular complex called IFN-
stimulated gene factor 3 (ISGF3). The IFN-I signaling culminates in the activation
of cell intrinsic factors such as myxovirus resistant 1 (MX1), IFN inducible double-
stranded RNA-dependent protein kinase (PKR), 2'-5'-oligioadenylate synthetase
(OAS), IFN-induced transmembrane proteins (IFITMs), apolipoprotein B mRNA-
editing enzyme catalytic polypeptide (APOBEC), and interferon-induced proteins

with tetratricopeptide repeats (IFIT) family proteins, etc. [29, 78].
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MXI resides in the nucleus in a mouse and cytosol in humans. In mouse models,
studies have shown that MX1 blocks the replication of early influenza virus. In
contrast, MX1 is known to prevent the late phase of influenza replication in human
influenza [182-184]. OAS and PKR target the broad spectrum of the virus by
modulating the protein translation [185-188]. Dengue and West Nile Viral infection
are sentinels by IFITMs [189]. APOBEC:s, specifically APOBEC3, are reported to
act against HIV infection [190]. IFITs have the ability to distinguish between the
host and viral RNA through the the absence or lack of 2’-O-methylation in viral
RNA [191-193]. However, most of the viral genome pave the mechanism to
destabilize the IFNs and thereby illustrate the importance of this cytokine in the

protection against viral infection [194-196].

In addition to IFN-I, innate immunity also comprises two additional interferon’s
such as IFN y and IFN A [197]. The IFN yis genetically unrelated to IFN-I and
functions through its receptors IFNGRI1 and 2. IFNGR1 (90kDa) has primary ligand
binding and IFNGR2 (60kDa) has minimal ligand binding [86, 197-200]. IFN As
signals through its own receptor, the IFN —A receptor, and is also known as IL-28A
and B and IL29 [201, 202]. Nevertheless, IFN-I production is activated immediately
after the sensing of microbial nucleic acid by PRRs and most cells synthesize IFNf3.
The hematopoietic cells, particularly conventional and plasmacytoid dendritic cells,
significantly produce IFNa [203]. The production of IFN-I is mainly dependent on
the IRF3 and 7 that mediated the IFN-I transcription [204]. Any defects in IRF3/7
itself or in the signaling cascade involved in the activation of IRF3/7 are reported to

have a detrimental impact on the innate immune response against viral infections

[27, 32].
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Interferon Regulatory Factor — IRF

IRFs belong to a family of transcription factors and play an important role in host
defense. Moreover, IRFs have a pivotal role in immune cell development and
oncogensis [27, 32, 205, 206]. In mammalian cells, an expression of nine members
of IRF is reported. The IRFs proteins consist of a conserved N-terminal DNA
binding domain (DBD) with a tryptophan repeats that is essential for DNA
recognition and binding [208]. IRF that lacks tryptophan residues fails to bind to the
DNA [209, 210]. Furthermore, IRF comprises the IRF association domain, a nuclear
export sequence, an autoinhibitory domain, and a signal responding domain with
serine residue that is sensitive to the pathogen and agonist-induced phosphorylation
[32,203]. IFN-I genes are reported to be transcribed by IRF3, and IRF7. IRF3 and
IRF7 are highly homologous and considered as principal factors for Type I IFN
gene expression elicited after PRR recognitions and activation of viral infection
[211, 212]. In the steady state, IRF3 is constitutively expressed. Unlike IRF3, IRF7
is expressed in small quantities and is strongly upregulated after IFN-I or PRR
activation. Both IRF3 and IRF7 reside in the cytosol [27, 213-215]. PRR activation
induces the phosphorylation of IRF3 and 7, which results in nuclear translocation
[27, 213-216]. TBK1 (TANK-binding kinase 1) and IKKe (inhibitor of NF-xB
kinase ¢€) are known to phosphorylate IRF3/7 results in the IFN-I gene transcription
[141, 142, 217, 218]. IRF3 is a potent activator of IFNf3 genes, when compared to
IFNa. IRF7, on the other hand, efficiently activates both IFNa and IFN [ genes
[28, 204, 212, 219]. After the initial induction of IFN-I, IRF7 mediated positive
feedback loop amplifies IFN-I production [28, 204]. Overall, kinase and adaptor

molecules govern the activation of IRF3 and IRF7 [1, 2, 17, 18]. In our study, we
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found that RAIDD interacts specifically with IRF7 but not IRF3 and is essential for

IRF7-induced IFN-I production.

RAIDD
The adaptor protein RIP associated ICH-1/CED-3-homologous protein with a death

domain (RAIDD) is abundantly expressed in most all cell types [224]. RAIDD has
two functional domains, a death domain (DD) at its C- terminus and a caspase
activation and recruitment domain (CARD) at the N- terminus [224, 225]. Its
functional domains regulate apoptosis and inflammation [224-229]. RAIDD is
known to interact with RIP1 through the death domain. The CARD domain is
known to interact with caspase-2 [228, 229]. Additionally, recent findings suggested
that RAIDD limits NF-kB signaling in T cells by sequestering B cell lymphoma 10
(BCL10) [227]. Nevertheless, the involvement of RAIDD during PRR activation
has not been described. In this present, we report that RAIDD is critical for Type I
interferon production after TLR activation, specifically for TLR3 activation (Figure

9).
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Figures 9 - Role of RAIDD in TLR 3 Signaling Cascade
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Figures 9- Role of RAIDD in TLR 3 Signaling Cascade

The adaptor protein (CRADD/ RAIDD) is a critical component in TLR3 driven type I
interferon production. RAIDD interacts with interferon regulatory factor 7 (IRF7) and its
potential phosphorylating kinase IKKe. Consequently, RAIDD knockdown largely abrogated
IKKe and IRF7 mediated Type I Interferon production via TLR3 stimulation
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Chapter 2 - AIM OF THE THESIS
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Topic I - Truncated iRhoms Promote shedding of TNF receptors

TNF is known as the master regulator of immune responses and its defensive role
against bacterial infections is highly indispensable. The excessive production of
TNF is often associated with various inflammatory disorders [31]. The primarily
focus of this doctoral thesis is to find a novel factor that potentially inhibits the
dreadful effects of TNF caused during inflammation. The unbiased genetic screen
reveals two novel genes, truncated iRhom1 and 2, which induce the shedding of

TNF receptors and inhibit the TNF response.

Topic II — RAIDD affects the IFN-I Production

The next objective of the doctoral research is to investigate the role of adaptor
protein RAIDD in IFN-I production. IFN-I is the most potent anti viral defense.
Deficiency of RAIDD reveals the existence of the defects in IFN-I production.

Specifically, RAIDD controls the TLR3 and IRF7-driven IFN-I production.
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Chapter 3 - MATERIALS
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Instrument Details

Centrifuge (Eppi)
Centrifuge

ECL Developer Curix 60
ELISA plate 96-well
ELISA-Reader

FACS tubes

Amersham Hyperfilm ECL
Cell skretcher, steril
Cell-Observer (Microscope)
Elyria

Freezer -20°C

Freezer -80°C

Fume hood

Gel chamber Novex Mini Cell
Heating block Thermostat 5320
Pasteur Pipettes

Petri Plates 6 cm

Immersol

Incubator

Luciferase Reader
Microscope, convex

GmbH

Nanodrop ND-1000
Nitrocellulose membrane
NuPAGE 4-12% Bis-Tris Gel
Pipetboy

GmbH

Pipettes 1000 pL, 200 pL, 20 pL, 10 pLb
Plastic Pipettes 5 ml, 10 ml, 25 ml
Power supply power pack 200

Manufacture

Eppendorf
Themo Fisher

AGFA

Nunc

Thermo Fisher
BD

GE Healthcare
BD Falcon
Zeiss

Zeiss
Samsung
Thermo Fisher
Vinitex
Thermo Fisher
Eppendorf
Welabo

Nunc,

Zeiss

Thermo Fisher
Promega

VWR International

Peqlab
GE Healthcare
Thermo Fisher

VWR International

Brand
Costar

BioRad
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Vaccum Pump

Reaction vessels 0.2 ml, 1.5 ml, 2 ml
Roller Mixer

Shaker (rocking shaker)
Sterile Bench

Steril filter-bottle

Test tubes

GmbH

Tips 1000 pl, 200 pl, 20 pl
Tissue

Tubes, 15 ml, 50ml
Vortex

Waterbath

Whatman Paper

FACS Canto/Aria

Chemicals
1,10-Phenanthroline

2N sulfuric acid

Annexin Binding Buffer 10x
Bradford

BSA

Surface Biotinylation Kit
Crystal violet
Dimethylsulfoxide

Dual Luciferase

EDTA

Ethanol

Sample Buffer x4

Sodium chloride

Super Signal Western Blot Enhancer
TNFa recombinant Mouse
Trypsin/ EDTA

Tween®-20

Welch

Eppendorf

Progen Scientific
Edmund Biihler
Welabo

Nalgene

VWR International

Star Lab

Wep

BD Falcon
Scientific Industries
Medingen

GE Healthcare
BD Science

Manufactures
Sigma
VWR
BD Bioscience
Cytoskeleton Inc.
GE Healthcare
Thermo Fisher
Serva
Sigma
Promega
Merck KGaA
VWR
life technologies
Merck KGaA
Thermo Scientific
R&D Systems
Pan Biotech
Merck KGaA
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TX-100
B-Mercaptoethanol

FACS clean

FACS flow

FACS shutdown

Fetal Bovine Serum
Formaldehyde
Chloromethylketone (FCI)
GI254023X

Glycerol

GW280264X
L-Glutamine—Penicillin—Streptomycin solution
Marimastat (BB-2516)
Methanol

NuPage MOPS Buffer
PBS Pulver (10 L)
Phostop

Protease Inhibitor cocktail

Protein marker

Roth

Sigma

BD Biosciences
BD Biosciences
BD Biosciences
Biochrome
Sigma

Enzo life science
Sigma

Merck

Glaxo Smith Kline
Sigma

Tocris Bioscience
VWR

Invitrogen
Panbiotech

Roch

Sigma

life technologies
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Chapter 4A - METHODS

Topic I - Truncated iRhoms Promote shedding of TNF receptors

The Method section was adapted from the published manuscript in Science
Signaling. 2015 Nov 3;8(401): ral09. doi: 10.1126/scisignal.aac5356 and it is
entitled as

Deletions in the cytoplasmic domain of iRhom1 and iRhom?2 promote shedding

of the TNF receptor by the protease ADAM17
Sathish K. Maney,# David R. McIlwain,# Robin Polz,# Aleksandra A. Pandyra,#
Balamurugan Sundaram, Dorit Wolff, Kazuhito Ohishi, Thorsten Maretzky,
Matthew A. Brooke, Astrid Evers, Ananda A. Jaguva Vasudevan, Nima
Aghaeepour, Jiirgen Scheller, Carsten Miink, Dieter Haussinger, Tak W. Mak,
Garry P. Nolan, David P. Kelsell, Carl P. Blobel, Karl S. Lang’, and Philipp A.
Lang’,

- " equally contributed

Sathish K. Maney (SKM) contributed almost 18% to this study with experiments
and manuscript preparation.
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CPR Screening:

L929 are murine fibrosarcoma cell lines generated with plasmids expressing
mCATI (murine cationic amino acid transporter, mediating ecotropic retrovirus
infection) and hCAR (human coxsackievirus and adenovirus receptor). They were
selected for their high infectivity towards ecotropic retrovirus and human

adenovirus, and high susceptibility to TNF.

Phoenix ecotropic packaging cells were transfected with retroviral mouse 3T3 cell
cDNA library by using calcium phosphate precipitation. Retroviral supernatants
were obtained 48hours after transfection and used to transduce the selected 1929
cells. After stable integration, cells were treated with 2 ng/ml TNF for 24 hours.
Surviving cells were allowed to recover from TNF stress and expand for 72hours.
Followed by, cells were infected with adenoviruses expressing gag-pol and env
(amounts of adenoviruses were determined empirically) and rescued the integrated
gene. Rescued viral particles were harvested after 24h and used to transduce new
batches of selector cells. Genomic DNA was extracted form a fraction of the
surviving cells at each round of screening. A portion of cDNA inserts were
amplified by PCR using primers 5’-AGCCCTCACTCCTTCTCTAG-3’and5’-

CTACAGGTGGGGTCTTTCATTCCC and sequenced.

Generation and maintenance of cells expressing iRhom isoforms:

Phoenix ecotropic packaging cells (ATCC) were used to prepare the retroviral
particles for CPR identified cDNAs (of iRhom1-WT & iRhom1-AN, iRhom 2-WT
& iRhom2-AN) into MSCVpuro (Clontech) containing a C-terminal T7 tag vector.

Stable 1.929 cells were generated using puromycin (10 pg/ml) selection. Unless
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otherwise indicated, cells were cultured in DMEM containing 10% FCS, L-
Glutamine, Penicillin, and Streptomycin. Mouse embryonic fibroblasts were
isolated from E13.5 wild type, ADAM17 ' [156], iR2”" iR17" and iR1/27" [153,
173, 230] embryos head and viscera were removed. Followed by trypsin treatment
for 15 min at 37 °C, cells were harvested and cultured for 24hours. Further cells
were transduced with plasmid expressing simian virus 40 (SV40) large T antigen

and maintained in (DMEM) supplemented with antibiotics and 10% FCS.

Immunofluorescence:

L-929 cells stably expressing indicated version of T7 tagged iRhoms were grown on
glass cover slips. For intracellular staining, cells were fixed with 4% Formalin and
where permeabilized with 1% Triton X-100. In case of surface immunofluorescence
staining of T7-iRhom2 and T7-iRhom2-AN cells was performed after fixation with
4% formalin. The indicated iRhom versions were detected using a T7-Tag rabbit
primary monoclonal antibody (mAb) at 1:300 (abcam) and donkey anti-rabbit Cy3-
labelled secondary Ab (Jackson Immunolabs). Further cells, were stained with
phalloidin FITC (Sigma) and hoechst 34580 (Invitrogen). Images were captured

using confocal microscopy (Zeiss ELYRA).

Stable Knockdown of ADAM17

Lentiviral particles were prepared using calcium phosphate transfection methods.
The sub-confluent (50-60%) 293TV cells were transiently transfected with
10ug transADAMI17 expressing shRNA/ scramble (origene) including viral
packing plasmids such as pRSV-Rev and pMDLg/pRRE constructs. After 48 hours,

collected supernatant was filtered through a 0.45 um filter and stored at -80°C.
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L929 cells were infected with lentiviral particles containing the indicated shRNAs

and cells were selected with puromycin selection (48h).

TNFR Shedding
To analyze the TNFR shedding in L929 cells overexpressing T7-iRhom2, T7-

iRhom2-AN, T7-iRhoml, T7-iRhoml-AN and control vector cells were seeded
(10°) in 24-well plates. The supernatant was harvested after 24h and used for ELISA
measurement according to the manufacturer’s instructions. To inhibit ADAM 17
cells were incubated with marimastat (BB2516). In addition to inhibit ADAM10
and ADAMI17 cells were treated for 6h with GI or GW (Sigma) culture medium

containing FCS free DMEM containing 3uM of the inhibitors.

Ectodomain Shedding assay for AP-tagged KitL2
iRhom?2 deficient fibroblasts cells were transiently transfected with AP-tagged

KitL2 and the mutant irhom1&2 construct using lipofectamine 2000. 24 hours post-
transfection cells were incubated with marimastat, overnight followed by three brief
washes. Constitute shedding was measured after 24h of subsequent incubation.
Quantification of AP activity in culture supernatant and cell lysate were performed
by colorimetric assays

Viability Assay

10° 1929 cells expressing T7-iRhom2, T7-iRhom2-AN, T7-iRhom1, T7-iRhom]1-
AN and control vector were seeded in 24 well plates. Cells were treated with
recombinant mouse TNF (R&D Systems), with or without 20uM of MM (Tocris
Bioscience) or with ADAM17 shRNA/scrRNA. Viability was accessed at indicated
time points using Annexin V -7AAD staining according to the manufacture’s

(eBioscience) instruction.
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Clonogenic Assay

24-well plates were seeded with 10° L1929 cells expressing T7-iRhom2, T7-
iRhom2-AN, T7-iRhoml, T7-iRhoml1-AN and control vector. After 24h were
treated with recombinant mouse TNF (R&D Systems) at the indicated
concentrations. After 48h, cells were washed and stained with crystal violet at RT
for lhr. The remaining crystal violet was dissolved with methanol and measured
using colorimetric assays.

ELISA:

10° L-929 cells overexpressing T7-iRhom2, T7-iRhom2-AN, T7-iRhoml, T7-
iRhom1-AN and control vector were seeded in 24-well plates. After indicated
points supernatant was harvested and subjected to ELISA [DuoSet ELISA (R&D
Systems)] that was performed according to the manufacturer’s instructions. In case
of ADAMs inhibition studies, cells were co-cultured with marimastat (20 uM, MM,
Tocris Bioscience) or with 3 uM of GI or GW (Sigma) culture medium without FCS
for 6 hours. Similarly, 2x10° cells from TOC patient derived keratinocytes were

seeded into 24-well tissue culture plates.

After indicated time points supernatant was harvested and used for ELISA,
performed according to the manufacturer’s instructions (as above). To block
ADAM17, cells were co-cultured with TMI-005 (500 nM) or vehicle (DMSO). This
medium was then collected and ELISA measured the TNRF1 concentration. All

experiments were carried out in triplicate or more.

Reverse transcription PCR

RNA was extracted using RNeasy kit (Qiagen). The tagman primers (applied

biosystem) were used to measure indicated mRNA expression using reverse
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transcription PCR (Bio rad). The relative expression of the indicated mRNA was
normalized to beta actin or GAPDH expression. Furthermore, relative expression
values were then calculated on the RTpr method. Relative quantities (RQ) were

determined with the equation: RQ = 2"-AA®

Cell surface protein isolation

Cell surface proteins from L1929 cells expressing T7-iRhom2, T7-iRhom2AN were
isolated using a sulfo-NHS-SS-biotin-based Cell Surface Protein Isolation Kit
(Pierce) according to the manufacturers’ instructions, after addition of 20mM BB-
2516 (Tocris Bioscience) and 1,10-phenanthroline (Sigma) to the lysis and wash

buffers.

Flow Cytometry

Single cell suspensions from cultured cells were prepared after trypsin treatment
and stained for 20 min at 4°C with anti-T7 in PBS containing 1% FCS and 5mM
EDTA The staining of anti-TNFR1-biotin and anti-TNFR2-biotin (eBioscience) was
performed in PBS containing 1% FCS and 5SmM EDTA for 1hr at RT, followed by
washing and incubation with streptavidin tagged PE/APC antibody (eBioscience)

for 30min at 4°C.

Immunoprecipitation & Immmunoblotting

Cells were lysed in PBS containing 1% TX-100 (Sigma), EDTA-free protease
inhibitor cocktail (Roche), Phospho stop (1 tablet/10mL), and the inhibitors BB-
2516 (20uM; Tocris Bioscience) and 1,10-phenanthroline (10mM; Sigma). To
analyze PARP-cleavage, Phospho-p65 or phospho-IkBa the cells were exposed to
2.5ng recombinant mouse TNF (R&D Systems) for indicated time points and
activation was determined by harvesting cells from 60mm dishes.

Immunoprecipitation was performed using mouse mAbs recognizing the T7 tag
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(millipore) or anti-ADAM17 (Abcam).

Statistical Analysis

Data are expressed as mean + S.E.M. Statistical significance between two groups
was analyzed using students t-test. For experiments involving analysis of multiple
time points, two-way ANOVA with an additional Bonferroni post-test was used. p-

values < 0.05 were considered statistically significant.
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Chapter 4B - METHODS

Topic II - RAIDD affects the IFN-I Production

The Method section was adapted from the published manuscript in Cellular
Physiology and Biochemistry 2016;39(4):1271-80. doi: 10.1159/000447832.
Epub 2016 Sep 8. and it is entitled as

RAIDD mediates TLR3 and IRF7 driven type I interferon production

Authors: Sathish Kumar Maney’, Haifeng C. Xu", Jun Huang, Aleksandra A.
Pandyra, Christian Ehlting, Renan Aguilar-Valenzuela, Vitaly I. Pozdeev, David R.
Mcllwain, Albert Zimmermann, , Johannes Bode, Hartmut Hengel, Carsten J.

Kirschning, Ira R. Kim, John Hiscott, Dirk Brenner Dieter Haussinger, Pamela S.
Ohashi, Tak W. Mak, Karl S. Lang”, and Philipp A. Lang™"

“# equally contributed

Sathish K. Maney (SKM) contributed almost 35% to this study with experiments
and manuscript preparation

Cell culture, Cloning, Plasmid preparation and Transfection:

Human RAIDD was amplified using 5°-TGC GGC CGC GGA GGC CAG AGA

CAA ACA AGT-3‘and 5°-TGT CGA CGA GGC ACC ATC ACT CCA ACA-
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3¢.Amplified products were initially cloned into the pGEM-T-easy cloning vector,
thereafter subcloned into the p3XFlag-CMV-7.1 vector using Nofl and Sall
restriction enzymes. Human IKKe was amplfied using 5’-AAG CTG GCT AGC
GTA TGC AGA GCA CAG CCA ATT A-3’ and 5’- GAG ACT AGG GTC AGC
GAC ATC AGG AGG TGC TGG-3’ and cloned into pGEM-T-easy cloning vector,
thereafter subcloned into pcDNA3.1/zeo with C-terminal HA-tag using Nhel and

PshAl restriction enzymes.

Murine nucleotide sequence encoding RAIDD-C-term-HA was custom-synthesized
by Gene script and cloned into pcDNA3.1/zeo (based on full ORF of
NM 009950.2 with codon optimization for mouse expression). pBEN2-eYFP-
IRF7A was obtained from CK. pUNOI1-hIKKe was purchased from Invivogen
(punol-hikke). All the expression plasmids were amplified using promega maxi pre
kit according to the manufactures instructions. Expression plasmids were
transfected using lipofectamine 2000 or lipofectamine LTX (Invitrogen) in 293t
cells or HEK TLR3 cell lines. 24h post transfection, cells were processed for further
analysis. Unless otherwise indicated, cells were cultured in DMEM containing 10%

FCS, L-Glutamine, Penicillin, and Streptomycin.

Stable Knockdown of RAIDD:

Lentiviral particles were generated by calcium phosphate transfection of sub-
confluent (50-60%) 293TV cells with 10ug of shRNA (Origene), Sug of pRSV-Rev
and pMDLg/pRRE constructs. Lentiviral particles were collected 24 and 48 hours

later, filtered through a 0.45um filter and stored at -80C. Parental cells (293t cells or

hektlr3 cells) were infected with lentiviral particles containing the indicated
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shRNAs and cells were selected with puromycin (48h, Sug/ml of puromycin). Two

different specific RAIDD shRNA’s were used in the experiments

IFN-I promoter assay:

IFNP promoter assay (measured as previously described) [113], IFN4o promoter
assay were measured as previously described [231]. Briefly, IFN luciferase
promoter and reporters were transfected in the ratio of 10:1 in 293T cell lines or
HEK TLR3 cell lines (Invivogen). 24h Post-transfection, reported gene activities

were measured by dual luciferase reporter assay system (Promega).

Immmunoblotting & Immunoprecipitation:

Briefly, cells were lysed in PBS containing 1% TX-100 (Sigma), EDTA-free
protease inhibitor cocktail (Sigma), Phospho stop (1 tablet/10mL). Immunoblots
were probed with primary anti-RAIDD (abcam ab8426), anti-IRF7 (Cell Signaling
4920 or 13014), and B-ACTIN (Cell Signaling 5125). The pull-down was performed

using MultiMACS HA/ GFP Isolation Kit or mAbs recognizing the FLAG.

Statistical analyses:

Data are expressed as mean + S.E.M. Statistical significant differences between two
different groups were analyzed using students t test. Statistical differences between
several groups were tested using one-way ANOVA with additional Bonferroni or
Dunnett’s post-tests. Statistically significant differences between groups in
experiments involving more than one analysis time point were calculated using two-

way ANOVA (repeated measurements).
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Chapter SA- RESULTS

Topic I — Truncated iRhoms Promotes shedding of the TNF receptors

The following published manuscript in Science Signaling. 2015 Nov 3;8(401):
ral09. doi: 10.1126/scisignal.aac5356 was adapted for the results section.

Deletions in the cytoplasmic domain of iRhom1 and iRhom?2 promote shedding of
the TNF receptor by the protease ADAM17

Sathish K. Maney,# David R. McIlwain,# Robin Polz,# Aleksandra A. Pandyra,#
Balamurugan Sundaram, Dorit Wolff, Kazuhito Ohishi, Thorsten Maretzky,
Matthew A. Brooke, Astrid Evers, Ananda A. Jaguva Vasudevan, Nima
Aghaeepour, Jirgen Scheller, Carsten Miink, Dieter Haussinger, Tak W. Mak,
Garry P. Nolan, David P. Kelsell, Carl P. Blobel, Karl S. Lang", and Philipp A.
Lang’,

- +,# equally contributed

Sathish K. Maney (SKM) contributed almost 18% to this study with experiments
and manuscript preparation.
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Truncation of iRhom2 or iRhom1 cytoplasmic domains triggers resistance

against TNF-induced cell death

L-929 murine fibrosarcoma cells are highly sensitive to TNF-induced cell death
through engagement of their cognate cell surface receptors [228-230]. cDNAs
capable of conferring resistance to L-929 cell killing by TNF were identified from a
mouse 3T3 cell-derived cDNA library through enrichment in a CPR screen [231].
Three different cDNAs were isolated following six successive rounds of infection,
cell killing, and rescue of viral particles from surviving cells (Figure 10A).
Sequencing revealed the identity of these hits as c-FLIP, an established negative
regulator of TNF induced cell death [232], along with two cDNAs corresponding to
nucleotides 249-2571 and 618-2571 of native iRhoml (the latter referred to
henceforth as iRhom1-AN) (Figure. 10B and Figure Supplementary 1A). The
similarity of this result to the identification of an N-terminally truncated version of
iRhom2 we previously reported using a separate CPR screen [229] and recent
literature concerning mutations in the N-terminus of iRhom?2 [151, 235] led us to
investigate whether there was a selective advantage for removal of part of the

extended cytoplasmic N-terminus, a hallmark feature of iRhoms [259].

Full-length and AN truncated iRhom proteins were detected at predicted
molecular weights, and in similar abundance, in cells stably overexpressing tagged
iRhom constructs (Figure 10C). We first compared the ability of cells
overexpressing either full-length iRhom2-WT, iRhom2-AN or vector control to
withstand exposure to recombinant TNF (Figure 10D). We observed only a slight
reduction in cell death assessed by Annexin V and 7AAD staining for cells
expressing iRhom2-WT, whereas iRhom2-AN cells had dramatically lower levels

of Annexin V, 7AAD positive cells (Figure 10D). Interestingly, we found similar
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effects when comparing cells expressing iRhom1-WT versus iRhom1-AN, which
were also strongly resistant to TNF cytotoxicity (Figure 10E). Next, we confirmed
these observations using a separate assay to measure cells remaining adherent
following 48 hours of TNF treatment. Consistently, we observed a slight protection
against TNF mediated cell death in iRhom2-WT expressing cells, but major
protection was triggered by iRhom2-AN (Figure Supplementary 1B). Moreover,
iRhom1-AN expressing cells were also protected against TNF induced cell death,
compared to iRhom1-WT (Figure Supplementary 1C). Importantly, cells expressing
full-length and AN iRhoms retained a similar capacity to undergo cell death
resulting from other stimuli, such as staurosporine (Figure Supplementary 1D).
These data indicate that deletion of part of the cytoplasmic domain of either iRhom1
or iRhom?2 confers a selective advantage over their full length counterparts in TNF

resistance.
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Figurel0: N-truncated iRhom1-AN confers TNF resistance as identified by
CPR screening.

(A) PCR results from each round in the CPR screen (see Methods) showing
enrichment for cFLIP and two short versions of iRhom1 in TNF-resistant cells. (B)
Systematic representation of wild-type (WT) and short versions of iRhoml
identified by CPR relative to their predicted transmembrane domain structures. (C)
Immunoblotting and densitometry for T7 in lysates from L-929 cells expressing a
control vector, or T7-tagged wild-type (WT) or AN iRhom1 (iR1) or iRhom?2 (iR2)
(n=3). (D and E) Cell death, assessed by Annexin V binding and 7-AAD staining
using flow cytometry, in 10°L-929 cells transfected as indicated and treated with
recombinant TNF for up to 48 hours. (n= 5). Data are mean + S.E.M. from the
number of experiments (n) indicated; * p<0.05, ** p<0.01, *** p<0.001 against

AN; # p<0.05, ## p<0.01 against vector.
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Supplementary Figure 1
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Figure Supplementary 1: Cloning of CPR screen identified iRhom versions.

(A) Diagram of cloning strategy used to generate iRhom1-WT, iRhom2-WT, and
CPR screen-identified iRhom1-AN and iRhom2-AN constructs using EcoRI and
Notl digestion into a modified version of MSCVpuro (Clontech) containing a C-
terminal T7 tag vector. (see Materials and Methods). (B and C) 10° L-929 cells
were treated with recombinant TNF for 48 hours followed by washing and crystal
violet staining. Optical density values of crystal violet elution are shown for cells
transduced with vector or (B) iRhom2-WT or iRhom2-AN , or (C) iRhom1-WT or
iRhom1-AN (n=6) * p<0.05, ** = p<0.01, and *** = p<0.001; ### p<0.001 between
iRhom2-WT and vector). (D) Cell death in cultures of 10° L-929 cells treated with
staurosporine (0.5, 1 or 1.5 ug/ml) for 24 hours, assessed by Annexin V binding and

7-AAD staining using flow cytometry (Data are means n=6).
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Truncated iRhoms curb TNFR signaling through release of TNF receptors

We next investigated the mechanism by which iRhom2-AN confers
resistance towards TNF-induced cytotoxicity by examining the status of signaling
downstream of the TNFRs. TNFR engagement in L-929 cells results in activation of
both cell survival and cell death signaling pathways, causing activation of cell
survival associated NF-kB and cleavage of cell death associated poly(ADP ribose)
polymerase (PARP) [236-239]. When we examined PARP levels by immunoblot,
we detected cleaved PARP in TNF-treated control cells (Figure 11A). However,
PARP cleavage was reduced in cells expressing iRhom2-WT, and was not detected
in cells expressing iRhom2-AN (Figure 11A). Next, we looked for hallmarks of

TNF-mediated NF-xB activation [240], and we detect IkB-a phosphorylation and

degradation as well as serine®*®

phosphorylation of p65 in vector and iRhom2-WT
expressing cells, but it was suppressed in iRhom2-AN expressing cells (Figure

11B). These findings indicate that TNFR signaling was blocked by iRhom2-AN

upstream of both survival and death signaling branches [241].

To test whether surface TNFR abundance itself was affected by different
iRhom2 isoforms, we used flow cytometry to measure TNFR abundance on the
surface of L-929 cells transducted with vector, iRhom2-WT, or iRhom2-AN.
TNFR1 and TNFR2 abundance was highly reduced on cells expressing iRhom2-AN
or iRhom1-AN compared to cells expressing vector or either wild-type iRhom
(Figure 11C and D). When we measured the concentration of soluble TNFRs in
conditioned media from these cultures, we observed greater concentrations of
soluble TNFR1 and TNFR2 in conditioned media from cells expressing iRhom2-
AN or iRhom1-AN than in that from control cells or cells expressing either wild-

type iRhom (Figure 11E and F). These effects were not associated with either
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decreased TNFR transcript expression (Figure Supplementary 2A+B) or large

differences in total cellular abundance of TNFRs (Figure Supplementary 2C-E).

Together, the data indicate that the blockade in TNFR signaling after AN-
iRhom expression was caused by reduced surface abundance and enhanced
shedding of TNFRs. Previous work suggested that shedding of TNFRs was
responsible for iRhom?2-mediated resistance towards TNF by blocking TNFR
signaling [147,152]. We now show that this shedding mechanism is not only true for
truncated iRhom2 but also for truncated iRhoml. Furthermore, we confirm that
TNFR signaling is blocked by AN-iRhom expression by showing that both
downstream cell survival and cell death signaling responses are suppressed in these

cells.
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Figure 11: iRhom2-AN induces TNFR shedding.

(A and B) Immunoblotting and densitometry for PARP (A) or total and
phosphorylated NF-kB pathway proteins (B) in lysates from L-929 -cells
overexpressing a vector control, iRhom2-WT or iRhom2-AN and exposed to
recombinant TNF (2.5 ng/ml) for up to 8 hours (A) or 45 minutes (B). (n=3,
normalized to control and actin). (C and D) Flow cytometry analysis of TNFR1 and
TNFR2 surface abundance on 1929 cells overexpressing wild-type or truncated
iRhom2 (C) or iRhom1 (D). (n=5 or 6, respectively). (E and F) Amount of TNFR1
and TNFR2 in supernatants from 10° L929 cells expressing wild-type or truncated
iRhom2 (E) or iRhom1 (F). (n=5). Data are mean + S.E.M. from the number of
experiments (n) indicated; * p<0.05, ** p<0.01, *** p<0.001 against AN; # p<0.05,

## p<0.01, ### p<0.001 against vector.
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Figure Supplementary 2: TNFR1 and TNFR2 abundance in iRhom expressing

cells.

(A and B) RNA expression of TNFRI (left panel) and TNFR2 (right panel) in L929
cells expressing (A) iRhom2-WT or iRhom2-AN, or (B) iRhom1-WT, or iRhom1-
AN (n=6 experiments, ** p<0.01 between iRhom2-WT and iRhom2-AN). (C and
D) TNFR1 (C) and TNFR2 (D) abundance by Western blotting the whole cell
lysates from L929 cells expressing vector control or wild-type (WT) or AN mutants
of iRhom1 (iR1) or iRhom?2 (iR2) (n=3). (E) TNFRI1 and TNFR 2 abundance using
flow cytometery analysis of permeabilized L929 cells transfected as in (C and D)

(TNFRIn= 11 and TNFR2 n= (9-11)). Data are means + SD.
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iRhom-regulated TNFR shedding depends on ADAM17

TNFRs are cleaved from the cell surface by membrane proteases such as
ADAMI17 [242, 243] (Figure Supplementary 3A). To investigate whether increased
TNFR shedding into the supernatant of iRhom-AN expressing cells was dependent
on metalloproteases in L-929 cells, we investigated shedding in the presence of
several ADAM family inhibitors. Increased release of TNFRs into the supernatant
of iRhom2-AN expressing cells relative to control or wild-type iRhom2 was
blocked by the broad spectrum metalloprotease inhibitor marimastat (Figure 12A).
Furthermore, shedding induced by iRhom2-AN or iRhom1-AN was unaffected by
an ADAMI0 selective inhibitor, GI254023X (GI), but was abolished by an inhibitor
of both ADAMI0 and ADAMI17, GW280264X (GW) (Figure 12B and C).
Consistently, culturing iRhom2-AN expressing cells with marimastat restored the
ability of recombinant TNF to trigger cell death to a similar extent as that observed
in cells expressing wild-type iRhom2 (Figure. 12D). TNF itself had little effect on

TNFR shedding (Figure Supplementary 3B and C).

To firmly establish that AN-iRhoms exert their effects through ADAMI17,
we stably expressed either a scrambled control or one of two ADAMI17-specific
shRNA (Figure 13A) in L-929 cells transduced with vector, iRhom2-WT, and
iRhom2-AN. Surface TNFR1 and TNFR2 abundance was reduced in cells
expressing iRhom2-AN or iRhom1-AN relative to wild-type or vector-transduced
controls, however these effects were rescued by ADAM17 silencing (Figure 13B
and Figure Supplementary 4A and B), suggesting that truncated iRhoms enhance
ADAMI17-dependent shedding. Next, we examined whether ADAMI17 silencing

would disrupt the survival advantage of AN-iRhoms against TNF. As expected,
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knocking down of ADAM17 abolished the survival advantage caused by expression

of AN-iRhoms conferred in response to TNF (Figure 13C and D).

Together, the data indicate that TNFR shedding and TNF resistance
phenotypes associated with expression of N-terminally truncated iRhoms can be
blocked by knockdown or inhibition of ADAMI17, establishing ADAMI17 as a

mechanism through which iRhoms mediate their effects on TNF signaling invitro.
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Figure 12: Effects of AN iRhoms can be blocked by ADAM17 inhibitors.
(A and B) Abundance of TNFR1 and TNFR2 in the culture supernatants from 10°

L-929 cells expressing wild-type or truncated iRhom2 cultured in presence or
absence of (A) marimastat (MM, 20 uM) or (B) GI or GW (each 3 M) for 6 hours.
(n=5 or 6, respectively). (C) As in (B) in10° L-929 cells expressing wild-type or
truncated iRhoml. (D) Cell death as a percentage of Annexin7*-AAD" cells in
cultures (n=3) of 10’ L-929 cells expressing wild-type or truncated iRhom? treated
with recombinant TNF in the presence or absence of marimastat (MM, 20 uM).
Data are mean + S.E.M. from the number of experiments (n) indicated; ** p<0.01,

4% p<0.001 against wild-type; # p<0.05, ### p<0.001 against vector.
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Supplementary Figure 3
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Figure Supplementary 3: ADAM17 mediates cleavage of TNFRs.

(A) TNFR1 and TNFR2 concentrations were determined in the supernatant of
control and ADAM17-deficient imEFs (n=6 experiments). Data are means + SEM
#%% < (0.001 (B and C) TNFRI (B) and TNFR2 (C) abundance in cultures of 10’
L-929 cells expressing different versions of iRhom?2 treated with recombinant TNF
in the presence or absence of marimastat (MM, 20 uM), assessed by TNFR ELISA

(n=6). Data are means + SD; *** p < (0.001.
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Figure 13: Stable knockdown of ADAM17 prevents increased TNFR shedding
and resistance to TNF.
(A) Immunoblot for pro (P) and mature (M) ADAMI17 in lysates from L.929 cells

expressing full-length and AN iRhom?2 transfected with either a scrambled control
(Scrl) or an ADAM7-targeted shARNA (ADAMI17-Shl). Blot is representative of 3
experiments. (B) Surface abundance of TNFR1 and TNFR2 as determined by flow
cytometry on L-929 cells expressing a vector control, full-length (WT) iRhom?2 or
iRhom2-AN in the presence of either control or ADAM17 shRNA (n=6 ). (C and
D) Cell death as a proportion of Annexin7*-AAD" cells in cultures of 10° L-929
cells stably expressing full-length or AN iRhom2 (C) or iRhom1 (D) and either
scrambled or ADAM17 shRNA treated with recombinant TNF for 48hours. (n=4 or
6, respectively). Data are mean + S.E.M. from the number of experiments (n)

indicated; * p<0.05, *** p<0.001.
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Figure Supplementary 4: Stable knockdown of ADAM17 prevents AN iRhom-
dependent TNFR shedding. (A) Surface abundance of TNFRI and TNFR2
determined by flow cytometry in L929 cells expressing a vector control (V), full
length iRhom2 (WT) or iRhom2-AN in the presence of either scrambled shRNA
(Scrl) or shRNA against ADAM17 (Sh2) (n=6). (B) Surface abundance of TNFR1
(n=6) and TNFR2 (n=4) determined by flow cytometry in L929 cells expressing a
full length iRhoml or iRhoml-AN in presence of either scrambled (Scrl) or

ADAM17 shRNA. Data are means + SD; * = p<0.05, ** = p<0.01, *** = p<0.001.

66



Thesis — Sathish Kumar Maney

Truncation of the cytoplasmatic tail results in enhanced presence of iRhom2 at
the cell surface

We next asked how wild-type iRhoms and their AN counterparts might
differentially affect ADAMI17 activity[147, 152, 244]. Binding of iRhom2 to
ADAMI17 is thought to be important for ADAM17 maturation and activation. When
we pulled down either wild-type or truncated iRhom2, we detected ADAMI17 in
both immunoprecipitated lysates (Figure 14A). Reciprocally, when ADAMI17 was
pulled down, both iRhom2-WT and iRhom2-AN were detected (Figure 14A).
Similar data was obtained in iRhom1-WT and iRhom1-AN expressing cells (Figure
Supplementary 5SA). These data indicated that both isoforms of iRhom1 and iRhom?2

are capable of binding ADAM17, consistent with previous reports [147,153].

When we enriched for cell surface proteins, we noticed a larger proportion
of iRhom2-AN was present in surface fractions versus intracellular fractions and
relative to wild-type iRhom2 (Figure 14B). These findings were further confirmed
by T7 surface antibody staining and flow cytometry, where the Mean fluorescent
Intensity (MFI) for iRhom2-AN was significantly higher than that for wild-type
iRhom2 (Figure 14C). Consistently, immunofluorescence of tagged iRhom?2
revealed greater staining intensity for iRhom2-AN versus wild-type iRhom2 on
formalin fixed cells, differences which were not apparent after 1% triton
permeabilization (Figure 14D). Furthermore, in permeabilized cells, sub-cellular
localization of both wild-type and AN-iRhoms in the proximity of Golgi marker
GM130 (Figure Supplementary 5B). Increased surface localization of iRhom2-AN
compared with wild-type iRhom2 persisted after ADAMI17 knockdown and in
ADAM17 knockout fibroblasts (Figure 14E and F) [139], indicating that ADAM17

is not strictly required for iRhom2-AN trafficking.
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Truncated iRhom2 and wild-type Rhom?2 did not exhibit significantly differenence
in the rates of protein degradation after inhibition of protein synthesis with
cycloheximide, as measured by immunoblotting (Figure Supplementary 5C). This
argues against a role for differential protein stability affecting iRhom?2 surface
abundance. Increased surface abundance of iRhom2-AN is also unlikely to be the
result of greater RNA expression, as transcript abundance was comparable between
iRhom2-AN and wild-type iRhom2 (Figure Supplementary 5D). We detected
mature ADAM17 on the cell surface of cells expressing vector, wild-type iRhom?2,
or iRhom2-AN (Figure Supplementary SE). However, a puzzling overall reduction
in the total quantity of mature ADAMI17 was observed in immunoblots of cells
expressing iRhom-AN (Figure 14A and Figure Supplementary SA and E), an effect
that was prevented by marimastat treatment (Figure Supplementary SF). These data
indicate that AN-iRhoms are capable of binding to ADAM17 in a similar manner to
that of wild-type iRhoms, and that the specific effects of iRhom2-AN may be

related to its enhanced abundance at the cell surface.
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Figure 14: Truncation of the cytoplasmatic tail results in increased surface
expression of iRhom2.

(A) Immunoprecipitation (IP) for T7 or ADAM17 followed by immunoblotting for
the same in lysates from L-929 cells stably expressing T7-tagged wild-type or
truncated iRhom?2. P, pro and M, mature ADAMI17. Blot is representative of 3
experiments. (B) Immunoblotting for iRhom?2 using a T7 antibody in intracellular
and cell surface fractions from L-929 cells stably expressing wild-type or truncated
iRhom?2. Blot is representative of 3 experiments. (C) Surface abundance of iRhom2,
determined using an antibody against T7, on stably transfected 1.929 cells (n=8 ).
(D) Immunocytochemistry for iRhom?2 using T7-antibodies (Cy3), Phalloidin-FITC
and Hoechst staining in stably transfected L-929 cellsfixed and/or permeabilized as
indicated. (n<3 experiments) (E) Flow cytometry analysis of mean fluorescence
intensity (MFI) of the surface abundance of iIRhom2 on unpermeabilized stably
transfected L-929 cells expressing either scrambled or ADAM17 shRNA (E; n<4
experiments) or immortalized wild-type or Adaml7 knockout MEFs (F; n=12
experiments). (Data are mean + S.E.M. from the number of experiments (n)

indicated; *** p<0.001.
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Supplementary Figure 5
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Figure Supplementary 5: Localization patterns of truncated iRhoms and

association with ADAM17.

(A) L-929 cells stably expressing iRhoml-WT (T7-tagged), iRhoml1-AN (T7-
tagged), or a vector plasmid were lysed followed by immunoprecipitation (IP) using
T7 or ADAM17 antibodies. Immunoblots of lysates enriched using T7 or ADAM17
antibodies are shown, with GAPDH as a control. Bands representing pro-(P) and
mature-(M) ADAM17 are indicated. Blots are representative of 3 experiments. (B)
L929 cells expressing vector control, iRhom2-WT, iRhom2-AN, iRhom1-WT or
iRhom1-AN were fixed and permeabilized before staining for T7(Cy3) and GM130
(Cy2) along with Hoechst (n=3). (C) 10° L-929 cells expressing different versions
of iRhom2 were treated with cycloheximide (100 pg/mL) for the indicated time
points. Whole cell lysates were probed for T7-tagged-iRhom2-WT or -iRhom2-AN
expression levels by immmunblotting and were quantified by densitometry (n=3).
(D) iRhom2 and iRhom1 mRNA expression levels were determined in L929 cells
expressing a vector control, iRhom2-WT, and iRhom2-AN (n=5). (E) Surface
proteins from L-929 cells expressing full length iRhom2, iRhom2-AN, or a vector
were enriched followed by immunoblotting for intracellular and surface fractions
for ADAMI17 (P = proform; M = mature form), ADAMI0 (P = proform; M =
mature form), and ADAMY9; GAPDH served as loading control. Blots are
representative of 3. (F) L929 cells overexpressing a vector control, iRhom2-WT or
iRhom2-AN were exposed to marimastat. Immunoblot of ADAMI17 is shown before
and after marimastat treatment (left panel). Bands representing pro-(P) and mature-
(M) ADAM17 are indicated. Right, data are mean densitometry values = SD of 3

blots; ** p<0.01 between MM-treated and naive cells).
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N-terminal iRhom mutations increase constitutive activity of ADAM17

ADAMI17 can be rapidly activated in response to stimuli including PMA [245, 246].
We therefore wondered whether the effects of AN-iRhoms might influence the rapid
activation of ADAM17. When we stimulated L.-929 cells with PMA, we observed
an expected increase in TNFR1 and TNFR2 shedding from cells expressing either
vector or wild-type iRhom2 (Figure Supplementary 6A). In contrast, we did not
detect PMA-induced TNFR shedding from cells expressing iRhom2-AN (Figure
Supplementary 6A), and the amount of TNFRs in the stimulated iRhom2-dN
expressing cells was not increased when compared to wild-type iRhom2 expressing
cells (Figure Supplementary 6A) In all cases, PMA-stimulated TNFR shedding was
blocked by marimastat (Figure Supplementary 6A), or GW, which both inhibit
ADAMI17, but not by the ADAM10-selective inhibitor GI (Figure 15A). The data
indicate that truncated iRhoms may induce a constitutively active TNFR shedding

state, resembling PMA-stimulated shedding state in control cells (Figure 15B).

To investigate these effects in a different cellular context we co-expressed
wild-type or truncated iRhom2 or as control, an unrelated cytoplasmic protein
[mitotic arrest deficient 2 (MAD2)] along with the iRhom?2-selective AP-tagged
ADAM17 substrate KitL.2 in iRhom2” immortalized mouse embryonic fibroblasts
(IMEFs) [147, 155]. To improve the detection of potential differences in shedding,
we took advantage of the reversible nature of ADAM17 inhibition with marimastat
to block shedding overnight, enabling uncleaved substrate to accumulate, and then
observed constitutive shedding immediately after washout of the inhibitor.
Compared to control cells, only cells expressing iRhom2-AN exposed overnight to
marimastat exhibted greatly enhanced shedding of KitL.2 (Figure 15C). In a separate

experiment, we used an irreversible inhibitor of ADAM17 (DPC), which selectively
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binds to active ADAMI17. Thus, if ADAMI17 is not activated while cells are
exposed to DPC, ADAMI17 can be fully activated after the inhibitor has been
removed; however, if ADAMI17 is activated in the presence of DPC, ADAM17 will
not be able to recover activity after the inhibitor is removed [245]. Incubation of
cells expressing iRhom2-AN with DPC for as little as 30 minutes prevented the
increased KitL2 shedding even after the inhibitor was removed, whereas cells
expressing wild-type iRhom2 required overnight exposure to DPC to exhibit
ADAMI17 inactivation (Figure Supplementary 6B). These data suggest that

ADAMI17 is constitutively in a more active state in the iRhom2-AN setting.

Dominantly acting familial mutations in the N-terminal cytoplasmatic tail of
iRhom2 cause a cancer susceptibility disorder called tylosis with esophageal cancer
(TOC) [151, 247]. These mutations increase constitutive ADAMI17 activity in
keratinocytes [248]. Compared to overexpression of wild-type murine iRhom2 in
iRhom1 and 2 double knockout iMEFs, expression of a construct bearing mouse
homologues of two causative iRhom2'**"""*** TOC mutations caused increased
constitutive TGF-o shedding (Figure 15D). Finally, we examined human
immortalized keratinocyte cell lines TYLK 1 and TYLK2 derived from TOC
patients bearing heterozygous mutation in iRHOM?2 ""*"WD [151, 247] and control
keratinocyte cell lines (K17). Significantly higher amounts of constitutive TNFR1
shedding into culture supernatants was detected from cells generated from TOC
patients compared to cells derived from healthy controls (Figure 15E), shedding
which could be blocked by the ADAMI17 inhibitor TMI-005. This data is consistent
with enhanced ADAM17-dependent shedding of amphiregulin, TGF-o. and HB-

EGEF that is observed in TOC patient derived keratinocytes [249].
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These results indicate that ADAMI17 activity is enhanced by N-terminal
iRhom mutations and may provide an explanation for why cells that have AN
iRhom proteins have a selective advantage over their wild-type counterparts in

promoting resistance to TNF-induced cell death.
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Figure 15: N-terminal mutations in iRhom2 trigger constitutive activity of
ADAM17.
(A and B) TNFRI1 and TNFR?2 in conditioned media 10° L-929 cells expressing

wild-type or AN iRhom2 (A) or iRhom1 (B) cultured with PMA (100 ng/ml) in the
presence (where indicated) of GI or GW (each 3 M) (n=6). (C) KitL2 shedding in
immortalized MEFs genetically lacking iRhom2 transfected with AP-tagged KitL2
along with MAD?2 (control), iRhom2WT, or iRhom2-AN, and (where indicated, +)
preincubated with marimastat overnight (MM/ON), followed by washout of the
inhibitor (n=3). (D) TGF-a shedding from immortalized MEFs genetically lacking
iRhom1 and iRhom2 and transfected with AP-tagged TGF-a along with MAD2
(control), murine wild-type iRhom2 or iRhom2"**" ***** (n>5). (E) Concentration of
soluble TNFR1 in supernatants from 2 x 10° healthy donar (K17 cells) or tylosis
patient with mutation in IRHOM2 ""*"WD [ TYLK1 and TYLK2 donor human
keratinocytes treated with vehicle (DMSO) or TMI-005 ADAMI17 inhibitor for 24
(left) or 48 (right) hours. Data are mean + S.E.M. from the number of experiments
(n) indicated; * p<0.05, ** p<0.01, *** p<0.001 against wild-type (A and B) or

MAD?2 (D and E); # p<0.05 against vector (A and B) or mutant construct (D and E).
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Figure Supplementary 6: Increased ADAMI17 activity associated with N-
terminal truncated iRhom2.

(A) TNFRI (n > 4) and TNFR2 in supernatants from 10° L-929 cells expressing full
length (WT) or -AN iRhom2 cultured with PMA (100 ng/ml) in the presence or
absence of marimastat (MM, 20 uM) (*** p<0.001 compared to WT). (B) Mouse
embryonic fibroblasts lacking iRhom2 (iRhom2”~ mEFs) were transfected with
either iRhom2-WT (top panel) or iRhom2-AN (lower panel) and KitL2-AP.
Following treatment with the irreversible ADAM17 inhibitor DPC, or the reversible
ADAMI17 inhibitor MM for indicated time points (O/N = over night), cells were

washed and PMA dependent shedding of KitL2-AP was determined (n=3).
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CHAPTER 5B — RESULTS

Topic II - RAIDD affects the IFN-I Production

The Results section was adapted from the submitted manuscript for publication
(June 2016) to Cellular Physiology and Biochemistry (2016MS388), and it is
entitled as

RAIDD mediates TLR3 and IRF7 driven type I interferon production

Authors: Sathish Kumar Maney,” Haifeng C. Xu” Jun Huang, Aleksandra A.
Pandyra, Christian Ehlting, Renan Aguilar-Valenzuela, Vitaly I. Pozdeev, David R.
Mcllwain, Albert Zimmermann, , Johannes Bode, Hartmut Hengel, Carsten J.

Kirschning, Ira R. Kim, John Hiscott, Dirk Brenner, Dieter Hiussinger, Pamela S.
Ohashi, Tak W. Mak, Karl S. Lang,+ and Philipp A. Lang.+

+,# equally contributed

Sathish K. Maney (SKM) contributed almost 35% to this study with experiments
and manuscript preparation.
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RAIDD is critical for IFN-I production after TLR3 stimulation.

IFN-I is induced by activation of PRRs including Toll like receptors (TLRs) [76].
Particularly, TLR3 can induce production of IFN-I following stimulation with its
agonist Polyl:C [250]. To analyze the impact of RAIDD during TLR3 mediated
IFN-I production, we generated HEK TLR3 transgenic cells, which stably express
scramble (sctRNA) or shRNA against RAIDD (Figure 16A). When we challenged
these cells with Poly I:C, they showed uniform expression of RAIDD at various
time points (Figure 16A). In order to investigate the presence or absence of TLR3
mediated IFN-I activation signals, we used IFN4o promoter driven luciferase.
When compared to untreated cells, Poly I:C treatment showed IFN-I activation
evident by the expression of luciferase. However, cells lacking RAIDD expression
showed significantly reduced activation of IFN-I after Poly I:C treatment (Figure
16B). Next, we examined the Poly I:C driven nuclear translocation of IRF7, which
remains one of the molecular hallmark during IFN-I activation[123]. RAIDD
deficient cells showed impaired expression and nuclear translocation of IRF7, when
compared to scramble control cells (Figure 16C). Next, we checked the impact of
RAIDD on other dsRNA sentinel receptors such as (MDAS) [37] and its potent
adaptor molecule (IPS1) [111] no notable difference in the activation of IFN-I was
observed, either in presence or absence of RAIDD expression (Figure 16D & E).
Taken together, these data suggest that RAIDD specifically affects the TLR 3

mediated IFN-I activation.

81



Thesis -Sathish Kumar Maney

Figure 16
A B = - scrRNA RAIDD
scrRNA shRNA S [] shRNA RAIDD
RAIDD RAIDD §
0 3h 6h 12h 0 3h 6h 12h ,_g 15000 - oo
- - e RAIDD o= h
=
e sssem——  [-ACTIN <€ 10000 -
Q
2
3 50004
i
Z n.s.
= 0-
-+
Poly I:C
C
scrRNA shRNA scrRNA shRNA
RAIDD RAIDD RAIDD RAIDD
0 612 0 6 12 0 6 12 0 6 12 Time (h)
o o P Total IRF7
—— D w— GAPDH
e HISTONE
Cytosolic Fraction Nuclear Fraction
D E ] sctRNA RAIDD
= = |:|shRNA RAIDD
.2 40004 .S 5000~
S g
E 30004 T E 4000 l
= i)
= = 3000-
€ 20001 <
2 g 20007
5? 1000 ﬂ 3 1000—] iﬂ
é 0']l T T - é 0- ||l| T T —
10 50 100 200 10 50 100 200
MDAS (ng) IPS1 (ng)

82



Thesis — Sathish Kumar Maney

Figure 16: RAIDD is critical for IFN-I production after TLR3 agonist
treatment.

(A) Whole cell lysates were prepared from HEK TLR3 cells expressing scrRNA
and shRNA RAIDD were treated with Polyl:C (25mg/ml) at indicated time points
and probed for RAIDD and § ACTIN. (One representative of n=3 is shown) (B)
HEK TLR3 cell lines, stably transduced with scramble or RAIDD-targeting shRNA,
were transfected with [FN4a luciferase promoter and Renilla constructs (10:1), and
IFN4a promoter activity was measured after 6h of Polyl:C (25mg/ml) treatment.
Luciferase activity as normalized to Renilla luciferase activity was shown (n=6 is
shown) (C) HEK TLR3 cytosolic and nuclear fractions were prepared after the
treatment with Polyl:C (25mg/ml) at indicated time points and probed for IRF7,
HISTONE H3, and GAPDH (one representative of n=3 is shown). (D) IFN4a
promoter luciferase activities were measured after transient transfection of indicated
concentration of IPS1 (n=6 is shown) and MDAS5 (n=6 is shown) (24h post-

transfection) from 293t cells stably expressing the scramble and shRNA of RAIDD.
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RAIDD triggers IRF7 mediated IFN-I transcription.

Next, we investigated whether RAIDD may interact with IFN-I transcription
factors. Co-immunoprecipitated RAIDD-HA showed interaction with endogenous
IRF7; however, no interaction with the closely related IRF3 could be detected
(Figure 17A). These results were validated by reciprocal co-immunoprecipitation
using IRF7-YFP to pull down endogenous RAIDD from the IRF7-YFP precipitated
lysates (Figure 17B). This interaction could be enriched when both molecules were
co-expressed (Figure 17A and B). Further, RAIDD-HA did not interact with TRAF6
(Figure 17A) but in sharp contrast to enriched IRF7, which showed interaction as
expected (Figure 17B). The immunoprecipitation of RAIDD-HA or IRF7-YFP
showed no sign of interaction with IkBa (Figure 17A and B). These results indicate
that RAIDD affects IFN-I activation, likely through a mechanism involving a direct
molecular interaction with IRF7. Next, we tested the physiological impact of IRF7
and RAIDD association. Hence, we expressed IRF7 in the RAIDD deficient 293T
cells and examined IFN-I activation through luciferase expression driven by
IFN4a promoters. Consistent with the molecular interaction, IRF7 mediated IFN-I
activation was significantly reduced in the RAIDD deficient cells when compared to
sctRNA control (Figure 17C). Notably, IRF7 mediated IFN production is
diminished in RAIDD deficient cells but not completely abrogated (Figure 17C),
indicating a RAIDD independent activation of IRF7. Moreover, RAIDD was
dispensable for IRF3 mediated IFN-I activation (Figure 17D). Together, these data

suggest that RAIDD interacts with IRF7 to promote IFN-I transcription.
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Figure 17: RAIDD interacts with IRF7 and synergizes with IRF7 in IFN-I
activation.

(A,B) 293t cells were transfected with RAIDD-HA, IRF7-YFP, or EGFP control
plasmids. Whole cell lysates were blotted directly after immunoprecipitation for
RAIDD-HA using an anti-HA antibody (A), or immunoprecipitation for IRF7-YFP
using an anti-YFP antibody (B). Blotting was performed using anti-RAIDD, anti-
IRF7, anti-TRAF6, anti-IRF3, anti-lkBa or GAPDH antibodies as indicated (one
representative of n=3 experiments shown) (Error bars indicate SEM). (C,D) 293t
cells stably expressing scrRNA control or shRNA RAIDD were transiently
transfected with IRF7 (One representative of n=3 is shown) (C) or IRF3 (n=6 is
shown) (D) together with IFN4a luciferase promoter and Renilla plasmids. Dual

luciferase activity was measured at 24h post transfection.
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RAIDD triggers IKKe but not TBK1 mediated IFN-40 activation

We further investigated the mechanism by which RAIDD affects IRF7 activation.
Due to defects noticed in nuclear translocation of IRF7 in RAIDD deficient 293T
cells (Figure 18C) we hypothesized that RAIDD may connect IRF7 to its
phosphorylating kinases TBK1 or IKKe [209]. Accordingly, we expressed TBK1 or
IKKe in RAIDD competent cells. Strikingly, when compared to scramble controls,
we found IKKe driven IFN-I promoter activation was reduced in cells with RAIDD
deficiency (Figure 18A), whereas this was not the case for TBK1 (Figure 18B). The
increasing concentration of RAIDD with TBK1 also failed to enhance the basal
induction of IFN-4a luciferase (Figure 18C). These data indicate, that IKKe but not
TBK1 is able to mediate transcriptional activation of IFN4a and IKKe requires the

RAIDD to mediate its effects.
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Figure 18: RAIDD triggers IKKe mediated IFN4a activation but not the

TBK1.
(A,B) 293t cells stably expressing sctrRNA or shRNA of RAIDD were transiently

transfected with IKKe (10ng/ul) or TBK1 (30ng/ul). together with the indicated
luciferase promoter and measured for IFN4a luciferase activity 24h post
transfection. (A) (One representative of n=3 is shown) and (B) (n=6 is shown). (C)
293t cells were transiently transfected with increasing concentration of RAIDD
together with same molecules of TBK1 (30ng/ml). IFN4a luciferase activities were

measured at 24h post transfection (n=6 is shown).
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Full-Length RAIDD drives activation of IFN-I
To investigate which domains of RAIDD trigger the IKKe mediated IFN-I

activation, we generated deletion constructs of RAIDD, lacking the DD or the
CARD (Figure 19A). We observed that the full-length RAIDD showed a significant
increase of the IFN-I activation, while neither the CARD nor the DD alone
promoted IFN-I transcription (Figure 19B and C). Notably expression of a mutant
DD or CARD reduced the effects of full-length RAIDD in this setting, indicating
that both domains are indeed needed to exert its effects on IFN-I activation (Figure
19B and C). In support of the previous finding, the different forms of RAIDD have

no significant impact on TBK1 mediated IFN-I activation (Figure 19B).
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Figure 19: Full length RAIDD enhances IKKe mediated IFN-I activation.

(A) A diagram illustrating the constructs of RAIDD, Death domain truncated
RAIDD (DD), and CARD Domain truncated RAIDD (DC) is shown. (B-D) 293t
cells were transfected with Empty Vector (EV), RAIDD (DC), RAIDD (DD), and
Full length RAIDD along with TBK1 (n=6 is shown) (B) and IKKe (n=6 is shown)
(C, D). At 24h after transfection, IFN4a (B,C) and IFNP (D) luciferase activities

were measured.
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RAIDD Coordinates the IKKe and IRF7 activation driven IFN —I Production

To further investigate the molecular interaction of RAIDD, we co-expressed IKKe
together with empty vectors or CARD or DD or full-length RAIDD and examined
for the protein-protein interaction. Although the various mutants of RAIDD were
uniformly expressed, only the full-length RAIDD showed interaction with IKKe
(Figure 20A). Consistently, the reciprocal immunoprecipitation also showed
interaction of IKKe only with full length RAIDD but not with the one of the
mutants (Figure 20B). Next, we examined the synergetic effects of these
components and co-expressed empty vectors or CARD or DD or full length RAIDD
together with IKKe + IRF7 following analysis of luciferase activity driven by
[FN4o and IFNP promoters. We observed significant IFN-I activation only in the
presence of the full length RAIDD in sharp contrast to both deletion mutants (Figure
20C and D). We therefore hypothesized that intact RAIDD triggered IKKe and
IRF7 mediated induction of IFN-I. Taken together, our data shows that RAIDD
interacts with IRF7 and IKKe to coordinate IKKe mediated IRF7 activation and

IFN-I production.
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Figure 20: Full length RAIDD interacts with RAIDD and drives the IFN-I
mediated by IKKe and IRF7.
(A) 293t cells were lysed followed by immunoprecipitation (IP) using anti-FLAG

(RAIDD) (A) or anti-HA (IKKg) (B) antibodies. Immunoblots were probed using
anti-FLAG or anti-HA antibodies, along with anti-GAPDH as control (one
representative of 3 experiments is shown). (C, D) 293t cells were transfected with
Empty Vector (EV), RAIDD (AC), RAIDD (AD), and Full length RAIDD along
with IKKe and IRF7. After 24h, cells were lysed and analyzed for IFN4o. (C) (n=6

is shown) and IFNf (D) (n=6 is shown) luciferase activities.
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Chapter 6 - DISCUSSION:
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Innate immune response plays a critical role in pathogen recognition and subsequent
production of effector modulators such as TNF or IFN-I to control invading
pathogens [12-14]. Here, we have characterized two adaptor proteins, iRhoms and

RAIDD that play a crucial role in innate immunity.

The rhomboid proteases iRhom1 and 2 are considered inactive proteases [232,
233]. The removal of conserved cytoplasmic domains of iRhoms did not alter the
functions. Nevertheless, their abundance and widespread expression strongly
indicate that iRhoms should have an essential function. Earlier studies showed that,
similar to flies, mammalian iRhoms could promote ERAD of EGF [234], but the
physiological significance of this remains unclear. Knockout mouse studies
suggested a differential role but also equally important role of mammalian iRhoms
[70, 148]. The iRhom2 deficient murine models indicate that iRhom2 regulation is
restricted to the hematopoietic compartment [70, 148, 168]. Further analysis shows
that iRhom?2 KO mice have intensive immunological defects. The iRhom?2-deficient
mice showed defects in ADAMI17 activation and as the consequence is showed
impaired TNF response to bacterial infection [70, 148]. In turn, iRhom2 expression

was correlated with TNF-driven inflammatory arthritis in patients [235].

Similar to iRhom?2, iRhom1 knockout mice also showed defects in ADAM17
activation in brain tissues, where iRhom2 expression is low [167]. Both iRhom1 and
2 reported to have similar interaction with ADAM17 [166, 167]. Notably, iRhom1-
deficient mice showed a viability difference when compared with two knockout
models. Earlier mouse models revealed that iRhom1-deficient mice were considered

as embryonically lethal [166], whereas the more recent models showed they are
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viable [167]. Furthermore, it was argued that extensive deletion of exons in the
earlier models might be the cause for lethality, which requires further investigation.
The iRhom1/2 double knockout mice showed the phenocopy of ADAM17-deficient
mice. Furthermore, the characterization of iRhom1/2 double knockout mice [166,
167] or siRNA knockdown experiment [236] suggests that the primary role of
iRhom1 and 2 is to regulate ADAMI17. Overall, these data strongly indicate that for
ADAMI7 activity the iRhoms (iIRhoml or iRhom 2, or both) are highly

indispensable [166, 167].

Based on a CPR screening, we investigated the role of iRhom1 or iRhom2, which
lacks part of their extended N-terminal cytoplasmic domains. These truncated
iRhoms triggered activation of ADAMI17 and conceptually resistance to TNF-
induced cytotoxicity. The hyperactivation of ADAMI17 led to shedding of cell
surface TNF receptors. Further, we observed a functional similarity between
iRhom1 and iRhom?2, suggesting the importance of the iRhom N-terminal
cytoplasmic domain. Mechanistically, we found that WT iRhoms and truncated
iRhoms showed similar interaction with ADAMI17 and this indicates that the N-
terminal cytoplasmic domain is dispensable for the interaction with ADAMI17.
Loss of the N-terminal cytoplasmic tail of iRhoms results in enriched plasma
membrane localization. We speculate that membrane localization of mutant iRhoms

might be an important factor for driving ADAM17 activity.

On the other hand, the conserved cytoplasmic N-terminal domain is very critical for

the actions of both iRhom1 and iRhom?2. Inherited dominant N-terminal mutations

in human iRhom?2 lead to esophageal cancer [228]. TOC-derived cell lines suggest

98



Thesis — Sathish Kumar Maney

that these mutations could manipulate ADAMI17 activity. It could have a direct
impact on the consequence of neoplasia as observed in TOC keratinocytes, either by
the constitutive shedding of EGFR ligands which is strongly implicated in cancer
[229] or by shedding of TNFRs as an evasion mechanism for tumor cells from TNF-
mediated tumor control. Similarly, the elevated expression of ADAMI17 is also
known to be associated with breast, ovarian, kidney, colon, and prostate cancers

[230].

Furthermore, similar defects were also reported in murine models that lack the N-
terminus of iRhom?2, which exhibited severe hair loss and skin [231-234].
Moreover, the mice bearing both cub and Uncv allele displayed abnormalities that
could be correlated with the deregulation of ADAMI17 substrates. In case of both
cub and Uncv, they showed an apparent decrease in expression of mature ADAM17
and it is reported to be the consequence of hyperactive ADAM17 [233, 234] [235].
We also observed similar apparent reduction in the mature form of ADAMI17 in

truncated iRhom cell lysates with increased activity of ADAM17.

Subsequently, this could be rescued by blocking ADAMI17 function -either
chemically via marimastat or through specific molecular targets (ADAMI17
shRNA). Moreover, the inhibition of ADAMI17 using marimastat in iRhom2- A N-
expressing cells provides the evidence of hyperactive ADAMI17. Also our results
associated with the N-terminal iRhom mutations with the activation of ADAM17
and might explain why familial human mutations in the N-terminus of iRhom2 can

cause tissue overgrowth and oesophageal cancer.
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In addition, ADAMI17 is one of the components of innate immunity, which
regulates EGFR and TNFR signaling pathways, and controls cell growth, cell death,
oncogenesis, and immunity. Although many cell surface proteins are regulated by
ADAMI17 activity, the precise mechanisms involved in this regulation are poorly
understood [154]. In addition to TNF and TNFR shedding, the iRhoms were
reported to promote shedding of distinct ADAM17 substrates. iRhom2 regulates
ADAMI17 to shed epiregulin, EphB4, Kit ligand 2, heparin-binding EGF-like
growth factor. TGF o@ shedding appears to be influenced by iRhom1 and iRhom?2

[168].

Our data indicate that the N-terminal cytoplasmic tail of iRhoml and 2 adaptor

protein showed constitutive shedding of ADAM17 substrates for TNFRs, Kit ligand
2 and TGF « , thereby influencing the innate immune response. Taken together, this
study shows that truncated iRhoms participate in ADAM17 mediated shedding
mechanism on TNFRs which could protect cells from TNF « -induced apoptosis.

Our data highlight the potential of iRhoms as a novel drug target for therapeutic

interventions during inflammatory mediated diseases.

In a parallel study, another adaptor protein from the DD superfamily protein named
RAIDD regulates the IFN-I signaling. DD superfamily proteins are known to exist
as a single interacting domain or combined with two functional interacting domains,
which are known to regulate multiple signaling cascades. The impact of DD
superfamily is well known in the mammalian IL-1 receptor and Toll-like receptor
(TLR) pathways [241]. In addition to the mammalian system, the expression of the

DD superfamily proteins was reported in viruses in order to evade the host’s innate
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antiviral cytoxicity response [261]. The integration of DED-containing sequences in
herpes virus and both DED-containing and PYD-containing sequences in poxviruses
was acquired to interfere with the host apoptotic and inflammatory response against

viral infection [261, 262].

In addition to TIR-containing adapters TIR-containing protein TIRAP, the IL-1
receptor and most Toll-like receptors recruits MyD88 [219]. MyD88 has both a DD
and a TIR domain, and it recruits IRAKs (which include IRAK1, IRAK2, IRAKM
and IRAK4) via a DD interaction. IRAKs are composed of a DD and a Ser/Thr
kinase domain [219, 263]. Consequently IRAKs recruits TRAF6 for NFkB
activation [264]. In Drosophila, the toll like receptor pathway is crucial for
mediating anti-fungal immune responses [28] and for dorsoventral patterning [264,
265]. Similar to toll-like receptor pathway, the assembly of Tube and Pelle in
Drosophila is mediated through the DD interactions. Pelle was considered as the
functional ortholog of IRAK and Tube of MyD88 [267]. Therefore, the
characterization of the DD superfamily is crucial to understand the fundamental
principle of innate immunity. In our study we found that the deletion of either the
death domain (DD) or the caspase recruitment domain (CARD) of RAIDD could
not rescue IKKe and IRF7-mediated IFN-I, whereas intact RAIDD expression could

reverse it.

We report for the first time that another DD superfamily protein, RAIDD,
coordinates TLR3-driven IFN-I production during innate immunity. RAIDD is the
only protein in the human and mouse genomes that contains both DD and a CARD

[224, 239]. RAIDD was described to be expressed in almost all tissues; except the
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brain, lung and kidneys, which had reduced expression [224]. This protein has been
repeatedly suggested to regulate programmed cell death pathways. The interaction
of RAIDD was reported to be associated with PIDD (p53-induced death domain
protein) and caspase-2 to form a PIDDosome complex [225, 226]. This complex
was observed to be important during the DNA damage or lethal heat shock
response. Recent findings argued against this complex formation [268] and indicate

other essential roles for RAIDD in signaling cascades.

In support of that, RAIDD was reported to sequester the B-cell CLL/Lymphoma 10
(BCL10) and it negatively regulates NFxB-dependent cytokine and chemokine
expression in T cells [223]. Furthermore, a similar interaction was observed in
endothelial cells under inflammatory conditions [269]. In our study, we found that
RAIDD shows molecular interaction with IRF7. After TLR3 stimulation, a
knockdown of RAIDD impaired nuclear translocation of IRF7, suggesting an

interaction of RAIDD and IRF7 at the protein level.

Activation of IRF7 is required for the IFN I transcription. TLR3, 4,7,8,9 [249], and
cytosolic RLRs, [115-117], are known to activate the IRF 7 for the production of
type I IFNs. Recent studies have identified the surprising roles of TLR2 and 8 in
cell-specific activation of IRFs for production of type I IFNs [270-272]. The
internalized TLR2 activates IRF1, 3 and 7 in inflammatory monocytes and bone
marrow-derived macrophages [270]. In our study, we found RAIDD deficiency
particularly affects down stream activation of TLR3 but not RLR-mediated IFN-I

production.
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Adaptor molecules such as TRIF are essential for TLR3 and 4 signaling. MyD88 is
essential for TLR2/7/8/9, and IRAK1/4 [128, 130] TRAF6 (for TLR7, 8 and 9 and
RIG-I) [133, 222] and TRAF3 (for TLR3 and 4, RIG-I, and nucleotide-binding
oligomerization domain-2) [112, 115-117] mediated signaling. The recruitment of
all these adaptor proteins culminates in the activation of IKKe and TBKI1. Both
TBK1 and IKKe can phosphorylate IRF3/7 transcription factors. Furthermore, IRF7

phosphorylation was reported to be negatively regulated by the recently identified

factor Pellino3 through the interaction with TRAF6 [252].

However, since we did not observe binding of RAIDD to TRAF6, we speculate that
RAIDD triggers activation and nuclear translocation of IRF7 through a Pellino3

independent mechanism. Moreover, the 2-5 ~ -oligoadenylate synthetase (OAS)

family member OASL1 has been shown to prevent IRF7 mRNA translation and
consequently IFN-I production [251]. Notably, the transcription factor ELF4 can
enhance IRF3 and IRF7 binding followed by phosphorylation of TBKI1 [273].
However, we observed no difference in TBK1-mediated IFN4o promoter activity
following the knockdown of RAIDD. Our data indicate an alternative mechanism in
which RAIDD connects IRF7 to the upstream kinase IKKe thereby increasing IFN-
I production. We identified RAIDD as a crucial adaptor protein for innate immune
activation. We have delineated an unexpected TBK 1-independent signaling pathway
that feeds via IKKe to IRF7 activation. Consequently, our data show that this
pathway is crucial for IFN-I production. In conclusion, the doctoral research has
provided a body of scientific evidence that supports the pivotal role of iRhom1 and

2 and RAIDD in innate immune response and its function.
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