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Abstract

Immune responses are tightly controlled mechanisms that serve as the primary means by
which invading pathogens are eradicated. These mechanisms are governed by the action of
several proteins that, when activated, regulate a cascade of downstream effectors in immune cells
that help control and, often eliminate the infection. We have discovered a protein, ABCF1, which
regulates this immune response cascade through Toll-like receptor (TLR) signaling and helps
maintain cellular homeostasis. ABCF1 is the only known member of the ATP-Binding Cassette
(ABC) superfamily that lacks a trans-membrane domain and thus doesn’t function as a
transporter. Previous studies on ABCF1 indicate a role for this protein in DNA sensing
mechanisms and in the pathophysiology of rheumatoid arthritis and autoimmune pancreatitis.

We have discovered that ABCF1 is the sole member of the ABC superfamily possessing
E2 ubiquitin-conjugating enzyme activity and exclusively regulates TLR4 endocytosis in murine
macrophages. In our studies, ABCF1 was found to target Spleen Tyrosine Kinase (SYK) and
TNF Receptor Associated Factor (TRAF3) proteins for K63-linked polyubiquitination, thereby
regulating the shift from MyD88-dependent to TRIF-dependent signaling. We also observed that
ABCF1 negatively regulates MyD88-dependent pro-inflammatory cytokine production in TLR2
and TLR9 signaling, thereby controlling macrophage polarization to the M2 phenotype.

ABCF1 was also found to control viral immune responses by regulating OAS1a enzyme
activity and negatively regulating ABCE1 thereby modulating RNase L activation. ABCF1 also
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seemed to control FcγR II-mediated phagocytosis through phosphorylation of SRC Family
Kinases (SFKs).

Our data also revealed that ABCF1 negatively regulates cytokine storm during the
inflammatory phase of sepsis. It associates with TRAF3 and targets TRAF3 for K63-linked poly
ubiquitination, thereby controlling the shift from inflammatory phase to immune compromised
phase during sepsis. ABCF1 haploinsufficiency was found to trigger lethal renal circulatory
dysfunction, which drastically reduced survival rates during the inflammatory phase of sepsis.

We herein report the discovery of a novel E2 enzyme, ABCF1, whose E2 ubiquitinconjugating activity controls TLR-mediated inflammation and cytokine storm during sepsis in
murine macrophages.
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Lay Summary

Inflammation is body’s first response to infection or injury caused by invading
pathogens. It is traditionally considered as a defense mechanism against infection and overt
tissue damage, stress response, cancer and also helps in maintaining tissue homeostasis.
However, acute or chronic inflammation is equally deleterious and if unchecked can be fatal.
The regulation of this mechanism and means to check overt inflammation is still an openended question in science. Here we describe the discovery of a novel immune regulator
ABCF1, which regulates both bacterial and viral infections by mounting a strong innate
immune response against them. We also discovered a novel ubiquitin mediated function of a
previously understudied protein ABCF1, which through its ubiquitin activity targets key
modulators of inflammation and keeps inflammation in check. Our study also revealed that
through its ubiquitin activity, ABCF1 controls the overt inflammation in diseases like sepsis
and helps maintain tissue homeostasis.
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Chapter 1: Introduction
1.1

Sepsis
Sepsis afflicts over 30 million people worldwide and claims more than 14 million lives

annually [1]. Every year in the United States, more people die from sepsis than from prostate
cancer, breast cancer, and AIDS combined [2]. Sepsis is by far one of the oldest ailments known
to mankind. Hippocrates described it as a process that rots the flesh; later Pasteur described it as
a systemic infection and labeled it as a cause of blood poisoning [3, 4]. Recent studies involving
both animal and patients studies have underlined its bi-phasic property as the major cause of the
complexity of the disease. Sepsis is characterized by an initial phase of exacerbated
inflammation, which is later followed by an immuno-compromised phase of endotoxin tolerance
(ET) [5] (Figure 1). The first phase is termed as Systemic Inflammatory Response Syndrome
(SIRS) and is characterized by systemic inflammation, cytokine storm and Multiple Organ
Dysfunction Syndrome (MODS). SIRS can either originate from infectious causes like sepsis or
non-infectious causes like trauma, burn, surgery, pancreatitis and resuscitation after cardiac
arrest. SIRS is characterized by significantly elevated levels of pro-inflammatory cytokines like
TNFα, IL-6, IL-1α, IL-1β and IL-12 [6]. The second anti-inflammatory or ET phase is clinically
related to mortality by high secondary infection and is characterized by the drastically decreased
production of proinflammatory cytokines and upregulation of anti-inflammatory cytokines like
IL-10, TGFβ and IL-1RA [5, 7].
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Figure 1: Bi-phasic sepsis disease is characterized by initial inflammatory phase and later immunocompromised phase

Schematic representation of the bi-phasic nature of sepsis, where an initial overt inflammatory phase leads to a later
immunosuppression phase. In parallel with these events, macrophages also ‘switch’ from an inflammatory
phenotype to an endotoxin tolerant or refractory state. Adapted from [8].
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1.1.1

Systemic Inflammatory Response Syndrome

Due to an uncontrolled pro-inflammatory response, septic patients frequently show
symptoms like high fever, shock and circulatory failure, which often leads to mortality. This
initial immune recognition response is mediated by Pathogen-Associated Molecular Patterns
(PAMPs) and Danger-Associated Molecular Patterns (DAMPs) originating from bacterial or
fungal organisms [9]. The activation of PAMPs and DAMPs, results in the production of
numerous proinflammatory molecules including TNF-α, IL-1β, IL-2, IL-6, IL-8, and IFN-γ [10].

TLR4-mediated recognition of LPS is a well-characterized PAMP and is an important
trigger of the inflammatory response in sepsis [11]. TLR4 forms a receptor complex
with CD14 and MD2, this leads to a drastic increase in production of pro-inflammatory
cytokines and High-Mobility Group Box 1 Protein (HMGB1), which are important during
pyroptosis and also in the inflammatory phase of sepsis [12].

1.1.2

Circulatory Dysfunction

The innate immune response triggered by PAMPs and DAMPs leads to a cytokine storm,
which has a plethora of effects on numerous organs. This leads to changes in vascular
permeability, endothelial function, and activation of further mediators such as bradykinin,
histamine, complement, and coagulation system. The mortality associated with uncontrolled
sepsis is due to circulatory collapse and persistent MODS occurring on the background of
circulatory and/or cellular failure [13]. The uncontrolled sepsis leads to loss of integrity of tight
junctions hence disrupting the homeostatic regulation of the endothelial cells.
3

This disruption alters the microcirculation, thereby causing functional shunting and
capillary leak, thereby decreasing oxygen diffusion to the surrounding cells and giving rise to
subsequent regional cellular ischemia. The rise of ischemia leads to endothelium being less
responsive, which further leads to fall in systemic vascular resistance and inhibition of blood
distribution to the organs [14].

Circulatory dysfunction during sepsis has also been characterized by blood sludging or
intravascular clumping of red blood cells. This phenomena, changes the blood into a sludge,
which chokes the capillaries and arteries and leads to ischemia. Prolonged sludging then leads to
anoxia and death [15].

1.1.3

Endotoxin Tolerance

Endotoxin tolerance (ET) was first reported in 1946 by Paul Beeson, when he
demonstrated that repeated injections of typhoid vaccine caused a progressive reduction of fever
in rabbits [16]. Later many in vitro ET models confirmed that mouse and human macrophages
and monocytes, when exposed to a sub-optimal dose of LPS, showed increased antiinflammatory cytokines like IL-10, IL-1RA and TGFβ and decreased levels of pro-inflammatory
cytokines like TNFα, IL-6, IL-12, IL-1β, CCL3, CCL4 and CXCL10 [17, 18] (Figure 2).

Signaling through the TLR4-LPS pathway is one of the principal molecular mechanisms
for the detection of gram-negative pathogens [19, 20]. The TLR4 pathway employs signaling
through either, MyD88- or TRIF-dependent signaling [20]. The MyD88-dependent pathway
4

leads to activation of the transcription factor NF-κB and MAPK, whereas the TRIF-dependent
pathway triggers activation of the transcription factors like IRF3 and STAT1/3/6, which in turn
induce the expression of IFNβ and other IFN Stimulated Genes (ISGs) like CCL5 and CXCL10
[20, 21].

5
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Figure 2: Re-challenge with LPS leads to elevation of anti-inflammatory cytokines

Upon endotoxin re-challenge with LPS, the SIRS phase shifts to the ET phase, which leads to drastic
downregulation of pro-inflammatory cytokines (e.g. TNFα, IL-6, IL-1β, IL-12) and upregulation of antiinflammatory cytokines like IL-10, TGFβ and IL-1RA. The tolerant cells also show an impaired antigen-presenting
capacity correlated with decreased expression of HLA-DR and some co-stimulatory molecules.
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Studies have shown that ET follows a functional TRIF-dependent pathway and leads to
over expression of TRIF- induced genes like IFNβ and CCL5 via TRAF3 and IRF3
phosphorylation and dimerization [10, 22]. ET mediated TRIF- dependent pathway also
upregulates IL-10, which is one of the hallmarks of sepsis-induced ET [22, 23].

There have been few studies on understanding the molecular switch from the SIRS to
endotoxin tolerance phase during sepsis via ubiquitination [24], but the mechanism for the
molecular switch between the two phases still remains to be discovered.

1.2

Ubiquitination
Ubiquitin (Ub) is a 76-amino acid polypeptide. Within vertebrates and higher plants, the

amino acid sequence is absolutely conserved and there is only two or three residue difference in
the ubiquitin sequence between animal, plant, and fungal ubiquitins [25]. Studies have also
shown that ubiquitin structure is conserved throughout several species [26], and is virtually
identical whether derived from human, budding yeast, or plants [27].

Ubiquitination is a powerful tool that regulates most aspects of cell physiology [28, 29].
This modification is controlled by three sets of enzymes, namely ubiquitin-activating enzyme
(E1), ubiquitin-conjugating enzyme (E2) and ubiquitin-ligase (E3) (Figure 3). The E1 transfers
the ubiquitin in ATP dependent fashion to the highly conserved catalytic cysteine residue of E2
conjugating enzymes. Ubiquitin loaded E2s can ubiquitinate the target proteins either by
transferring ubiquitin to Homologous to E6-AP C- Terminus (HECT) E3 domain subfamily,
which then ubiquitinates the target protein or to Really Interesting New Gene (RING) E3s, which
8

bind both the target protein and the E2s and form a scaffold, hence providing an optimal
conformation for transfer of ubiquitin from E2 to the target protein [30, 31]. Ubiquitin itself
contains seven Lysine (K) residues, which can function as acceptor sites for another ubiquitin
moiety during the assembly of ubiquitin chains. The transferred ubiquitin molecule can
covalently link to one of the acceptor ubiquitin’s seven lysine residues (K6, K11, K27, K29,
K33, K48, K63) and form ubiquitin polymers or chains [32].

9
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Figure 3: Ubiquitin signaling is modulated by three different enzymes

After activation of the ubiquitin molecule, the thioester conjugates first to an E1, then to a conserved cysteine
residue on an E2 enzyme. E2~Ub then interacts with an E3. In the case of RING domain E3s an intermediate
complex of the substrate, E3 and E2~Ub are required for transfer of ubiquitin from an E2 to the substrate. For
HECT-type E3s, E2~Ub interacts and transfers ubiquitin to an E3 prior to ubiquitin transfer to the substrate.
Adapted from [33].
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1.2.1

Ubiquitin E1 Activating enzyme

In the first step of ubiquitin activation, the E1 enzyme binds ATP, Mg2+and ubiquitin,
and catalyzes an acyladenylation reaction at the C-terminal of the ubiquitin molecule. The
catalytic cysteine in the E1 then attacks the ubiquitin~adenylate [34] to form an activated
ubiquitin~E1 thioester-bonded complex. E1 enzymes have been classified into two separate
groups, canonical and non-canonical E1s [35]. This classification depends on domain structure,
enzymatic mechanism and studied crystal structure of known E1s [35].

In canonical E1 ubiquitin activation, the ubiquitin from E1 is transferred to the conserved
cysteine residue of an E2, which is either directly transferred to the substrate via an E3 ligase or
is first transferred to an E3 ligase and then the E3 ligase ubiquitinates the substrate. After
ubiquitin C-terminal adenylation, (Figure 4) [34, 36] the ubiquitin~adenylate is then attacked by
the catalytic cysteine of E1 enzyme UBA1, producing a covalent thioester linkage between the
cysteine sulphydryl of UBA1 and the C-terminus of ubiquitin [37, 38]. UBA1 then catalyzes the
adenylation of a second ubiquitin molecule [34, 36] and becomes asymmetrically loaded with
two ubiquitin molecules: one ubiquitin molecule is covalently linked to the catalytic cysteine
residue through a thioester bond (ubiquitin T), and a second ubiquitin is associated
non-covalently at the adenylation active site (ubiquitin A). UBA1 then physically associates
with a cognate E2 conjugating enzyme and a thioester transfer reaction ensues, whereby the
C-terminus of ubiquitin (T) is transferred to the catalytic cysteine of the E2 enzyme [39, 40].

12

Figure 4: Domain structures of ubiquitin E1 enzymes

Primary structures of canonical and non-canonical E1 activating enzymes. Adenylation domains are aligned
according to molybdopterin biosynthetic enzyme B (MoeB) and thiamine biosynthesis protein F (ThiF) primary
structures shown above. Lines reflect insertions in sequences between conserved domains. Adapted from[35].
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Not much information is known about non-canonical E1 enzymes, and until now crystal
structure of only one non-canonical E1 enzyme; UBA5 has been determined [41]. UBA5 also
contains a rhodanese homology domain, which helps in the transfer of sulfur atom and thiophilic
sulfur acceptors such as cyanide in vitro. They catalyze this reaction via a conserved cysteine and
have been known to be involved in selenium metabolism [42].

1.2.2

Ubiquitin E2 Conjugating Enzymes

Ubiquitin-conjugating enzymes (E2s) are characterized by the presence of a highly
conserved 150–200 amino acid ubiquitin-conjugating catalytic (UBC) domain [43]. These
domains are 35% conserved among different family members and provide a binding platform for
E1s, E3s, and the other activated Ub/UBL (12). Within this domain, lies a catalytic cysteine that
accepts the activated ubiquitin via a thioester bond from an E1.

E2 enzymes are classified based on the existence of N- or C- terminal extensions to the
UBC domain. Some E2 enzymes which only consists of a UBC domain are classified as (class I)
(Figure 5), additional N- terminal extensions to UBC domain are classified as class II, C-terminal
extensions are classified as class III and both N- and C-terminal are classified as (class IV) [43,
44]. These extensions are involved in many functions involving differences in subcellular
localization, stabilization of the interaction with E1 enzymes, or modulation of the activity of the
interacting E3.
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Figure 5: Various classes of ubiquitin E2 conjugating enzymes

The UBC fold is indicated by purple ellipse and extensions as black lines. Different classes of E2 enzymes are
indicated w.r.t. N- terminal or C- extensions.
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The UBC domains from different E2s have a high degree of sequence homology and their
structures comprise of four α-helices, an antiparallel β-sheet formed by four strands, and a short
helix. The majority of E2s are generally ubiquitously expressed throughout the cell, indicating a
general involvement of these enzymes in ubiquitin conjugation. Some E2 enzymes, on the other
hand, appear predominantly in certain tissues. For example, UBE2U is expressed in the
urogenital tract, UBE2O is found mainly in skeletal and cardiac muscle, and UBE2K is highly
expressed in specific regions of the brain. Many E2 enzymes are found both in the nucleus and in
the cytoplasm [45] and covalent modification of E2s with ubiquitin on their catalytic cysteine
mediate their import into the nucleus [45]. Some E2 enzymes like UBC6 and UBC7 are
exclusively restricted in the lumen of the Endoplasmatic Reticulum (ER) to participate in ERAssociated Degradation (ERAD) [46].

E2 enzymes strongly influence the selection of the correct modifier, ubiquitin, and a
suitable E3 to ubiquitinate the target protein. The UBC domain in the E2 provides the structural
framework to communicate with the correct E1, to accept the ubiquitin from the E1 to its
conserved cysteine residue and then to engage with an appropriate E3 ligase. The E2 uses
overlapping binding sites to associate with the E1 and E3s, making ubiquitin chain assembly a
highly dynamic reaction. The E2 enzymes also help to determine the length of the attached polyubiquitin chain on the target protein. Some E2s preferentially transfer ubiquitin to a lysine
residue on the target protein to initiate ubiquitin chain formation, whereas others help in chainelongation, although a few E2s can perform both tasks [47-49]. Chain-initiating E2 enzymes are
probably less selective in modifying specific lysine residues in the target proteins than chain
elongating E2s, which often extend only a given type of ubiquitin chain. Regulating the
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availability of initiating and elongating E2s directly affects the outcome of the ubiquitin chain
formation reaction. E2 enzymes also regulate the processivity of chain formation. They have
evolved several strategies to increase processivity, including the recognition of substrate motifs
for rapid ubiquitin chain initiation, binding of E3s using RING-independent sites to increase
affinity, oligomerization of charged E2s and preassembly of ubiquitin chains on their active sites
followed by en bloc transfer [50-52]. Thus E2 enzymes help regulate and fine-tune ubiquitin
chain formation in response to infection, changes in signaling or cell physiology.

1.2.3

Ubiquitin E3 Ligase Enzymes

Based on their structure and an E2~ubiquitin-binding domain, E3 ligase superfamily can
be

subdivided

into

three

subfamilies;

namely

Homologous

to

E6-AP C-Terminus (HECT) E3 domain subfamily, Really Interesting New Gene (RING) E3s
and RING bearing RING (RBR) E3s. RING domain E3s catalyze the direct transfer of ubiquitin
from E2 to the target protein, whereas HECT and RBR E3 subfamilies contain a catalytic
cysteine that first receives ubiquitin from an E2 enzyme to form an E3~ubiquitin thioester
intermediate, followed by the transfer of this ubiquitin to the target protein [53].

RING domain E3s are characterized by the presence of a RING domain, which is the
minimal component required to recruit E2~ubiquitin and to stimulate ubiquitin transfer [31].
Structurally, the RING domains are characterized by the presence of two zinc ions coordinated
by cysteine and histidine residues arranged in a cross-braced configuration.
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Figure 6: Crystal structure of Ring E3 domain

Crystal structure of a RING E3 monomer, CBL, in which the RING domain is in orange and the substrate-binding
domain is in grey. Adapted from [53].
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A)

B)

Figure 7: Crystal structural of HECT E3 from NEDD4L and RBR E3 from PARKIN

A) Crystal structure of a HECT domain from NEDD4L. Ubiquitin is transferred from E2 to the catalytic cysteine of
the C‑lobe of the HECT domain and subsequently to a substrate lysine. B) Crystal structure of an RBR domain from
auto-inhibited PARKIN, in which RING1, IBR and RING2 domains are arranged in a confirmation that is not
conducive for E2~ubiquitin binding and ubiquitin transfer. The grey helix is a fragment of the repressor element
(REP), which blocks E2~ubiquitin. Dashed lines indicate disordered regions. Adapted from [53].
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These zinc ions are essential for RING domain folding, and mutations in these residues
are known to impair the activity of the RING domain [31]. RING domain E3s can either be
active monomers (CBL, CNOT4) [54] or oligomers (cIAP2, TRAF6) [55] and some RING
domains lack the E3 ligase activity, but act like active E3s upon hetero-dimerization with other
RING domain-containing partners (BRAC1 with BARD1) [56]. RING domain E3s are known to
induce allosteric changes in the active sites of E2 conjugating enzymes and form a scaffold, thus
bringing the E2 and the target protein closer, so that the E2 can transfer the ubiquitin directly to
the substrate.

To prime this reaction, the side chain of an arginine from RING domain E3 hydrogen
bonds with the E2 enzyme and ubiquitin, thus stabilizing the primed ubiquitin conformation. The
arginine of the RING domain E3 interacts with the carbonyl Arg72 of the ubiquitin molecule,
thus keeping it in the active form along the active site of the E2. The asparagine from this motif
stabilizes the loop from the E2 enzyme [57, 58]. This loop helps stabilize the tail of ubiquitin and
thereby making the lysine from the target protein more reactive towards the E2~ubiquitin
thioester and facilitating catalysis [57].

HECT E3 ligases comprise of an N‑terminal substrate binding domain and a C‑terminal
HECT domain of approximately 350 amino acids. The HECT domain contains a catalytic
component for ubiquitin conjugation and transfer.
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Based on their N‑terminal protein–protein interaction domains, HECT E3s can be
categorized into three groups, first the NEDD4 family, which is characterized by the presence of
WW domains that bind PY motifs (Short proline-rich motifs containing a proline-proline
x‑tyrosine, where x is any amino acid and the entire sequence can be recognized by a WW
domain) in substrates; second, the HERC family, which contains regulator of chromosome
condensation 1‑like domains that are not well characterized; and third, HECTs with other
protein–protein interaction domains [30]. HECT contain an N‑terminal lobe, which binds
E2~ubiquitin and the C‑terminal lobe, which contains the catalytic cysteine [59]. The flexible
hinge between the lobes enables the lobes to rotate, and supports ubiquitin transfer [60].

RBR E3 ligases, on the other hand, possess a RING1‑IBR‑RING2 motif domains [61,
62]. Early studies have shown that the RING1‑IBR‑RING2 motif is essential for E2 binding and
ubiquitin ligase activity, but the mechanism of ubiquitylation by RBR E3s was thought to
resemble that of RING E3s ligases. However, recently, a conserved catalytic cysteine was
identified in the RING2 domain of HHARI and PARKIN. The catalytic cysteine was found to
form a thio-ester intermediate with the C-terminus of the ubiquitin molecule in a HECT E3‑like
fashion [63]. This finding redefined the RBR E3 mechanism as a hybrid of RING and HECT
E3s, whereby the RING1 domain recruits E2~ubiquitin and transfers ubiquitin onto the catalytic
cysteine of the RING2 domain before its conjugation to the target protein.

Ubiquitin modification and the crosstalk between proteins have been studied for quite a
while now, but their role in immune response signaling is rather recent. The role of ubiquitin
modification has been seen in Toll-like receptor (TLR) signaling through Nuclear Factor Of
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Kappa light Polypeptide gene enhancer in B-Cells (NF-κB) and Interferon type I (IFN-I) [64],
but the exact mechanism is still unknown.

1.3

Toll-like Receptor Signaling
The discovery of Toll-like receptors (TLRs) earned the 2011 Nobel Prize in Physiology

or Medicine for Jules A. Hoffman and Bruce Beutler, after their discovery of the fruit fly Toll
gene in innate immunity. Before the discovery of TLRs, the function of innate immunity was
thought to be crude and unsophisticated and only limited to systemic responses such as fever.
The molecular pathway was unknown and signaling events of various cytokines were unclear.
TLRs

are

Pattern

Recognition

Receptors

(PRRs)

an

idea

first

formulated

by

Charles Janeway in 1989. These PRRs recognize pathogen-associated molecular patterns
(PAMPs) from microorganism or danger associated molecular patterns (DAMPs) from damaged
tissues [65, 66].

The TLRs are type I integral membrane glycoproteins and are members of a large
superfamily, which also includes interleukin-I receptors (IL-1Rs). Based on homology, 11
members of TLR family have been identified to date. All TLRs have a considerable homology in
their cytoplasmic domains and have a conserved region of roughly 200 amino acids, which is
known as Toll/IL-1R (TIR) domain [67]. TIR domains vary in sizes and show 20-30% sequence
conservation. On the other hand, the extracellular region of the TLRs contains 19-25 tandem
copies of the Leucine-rich repeats (LRR) motif [67]. Until now, 10 human and 12 mice TLRs
have been identified, which can be activated by various microbial, endogenous or synthetic
ligands [68].
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Figure 8: Mammalian TLR signaling pathway

All TLRs, except TLR3 and late phase signaling of TLR4, associate with MyD88, which in turn recruits and
activates IRAK4, leading to phosphorylation of IRAK1 and IRAK1-mediated activation of the downstream adaptor
TRAF6. TLR3 and TLR4 associate with TRIF and activate the downstream adaptor RIP1 via an ubiquitin-dependent
mechanism, TRAF6 and RIP1 both activate TAK1 and its downstream pathways, leading to induction of
proinflammatory cytokines. TRIF also activates TBK1 for the induction of type I IFNs, via a mechanism thought to
involve TRAF3. Adapted from [69].
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1.3.1

Signaling pathways through TLRs

Activation of TLRs with the above-mentioned ligands leads to recruitment of cytosolic
TIR domain-containing adaptor proteins. The adaptor proteins function by connecting the
receptor to the downstream effector proteins. Till now five adapter proteins have been identified
namely, MyD88, TIRAP, TRIF, TRAM and SARM [19]. These five adaptors work for two
separate pathways that are either MyD88- or TRIF- dependent.

1.3.1.1

MyD88-dependent pathway
Except for TLR3 and late phase of TLR4, all other TLRs follow MyD88 dependent

signaling. Upon activation, MyD88 directly couples to the cytosolic TIR- domains of the TLRs.
TIR- domain of MyD88 weakly couples with the TIR- domain of TLR2 and TLR4 due to
suboptimal electrostatic forces between them. TIRAP associates with MyD88 and provides the
favorable charge for this association [70, 71].

In

addition

to

its

C-terminal

TIR-

domain,

MyD88

also

contains

a

N-terminus death domain (DD). This DD allows protein-protein interaction with serine/threonine
kinases like IL-1 Receptor Associated Kinases (IRAKs). IRAK1, 2 and 4 help in further
downstream signaling, whereas IRAK-M is a negative regulator of the MyD88 dependent
pathway [72]. MyD88 associates with IRAK4, this interaction promotes IRAK4 autophosphorylation. IRAK4 phosphorylation recruits IRAK1 and IRAK2, which undergo their own
successive activation. This forms a large oligomer, which is termed as Myddosome [73-75].
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The downstream signaling mediated by MyD88 leads to K63-linked polyubiquitination of
TNF Receptor Associated Factor 6 (TRAF6), a RING domain E3 ligase by Ubiquitin
Conjugating Enzyme E2 N (UBC13) [76]. TRAF6 is then recruited to the receptor complex
followed by subsequent activation of Transforming Growth Factor-Beta-Activated Kinase 1
(TAK1) [77]. TAK1 regulates and activates two downstream signaling cascades. It activates
Inhibitor of Nuclear Factor Kappa B Kinase (IκK) complex by phosphorylating IKKα, IKKβ,
IKKγ, followed by phosphorylation and nuclear translocation of Nuclear Factor kappa-lightchain-enhancer of activated B cells (NF-κB). TAK1 also phosphorylates serine/threonine kinases
in Mitogen-Activated Protein Kinase (MAPK), which leads to phosphorylation and nuclear
translocation of c-Jun transcription factor and leads to the production of pro-inflammatory
cytokines.

1.3.1.1.1

NF-κB signaling

All NF-κB family members contain an N-terminal domain of approximately 300 amino
acids called the Rel-Homology Domain (RHD), which mediates DNA binding and dimerization,
and is further classified into three members, RelA, RelB and c-Rel [78] and a transcription
activator domains called p50 and p52, which can function as transcription factors [79]. NF-κB
family members are generally found in the cytoplasm in resting stage, but upon stimulus they
shuttle to the nucleus with the help of conserved Nuclear Localization Sequence (NLS). Once
inside the nucleus, RHDs bind to the DNA and p50 can homodimerize and form a complex with
the transcriptional co-activator CREB-binding protein to activate transcription.
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In mammalian cells, there are three principal IκBs namely IκBα, IκBβ and IκBε, which
function in part by masking a conserved NLS that is found in the RHD of the NF-κB subunits.
For

IκBα,

this

NLS

masking

is

only

partially

effective

and

NF-κB–IκBα complexes shuttle into the nucleus even in the absence of cellular stimulation.
However, IκBα also contains a Nuclear Export Sequence (NES), which causes the rapid export
of such complexes back to the cytoplasm [79].
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Figure 9: Canonical and non-canonical pathways of NF-κB activation

NF-κB signaling is often divided into two types of pathways. The canonical pathway is induced by most
physiological NF-κB stimuli and is represented here by TNFR1 signaling. Stimulation of TNFR1 leads to the
binding of TRADD, which provides an assembly platform for the recruitment of FADD and TRAF2. TRAF2
associates with RIP1 for IKK activation. In the canonical pathway, IκBα is phosphorylated in an IKKβ- and IKKγdependent manner, which results in the nuclear translocation of mostly p65-containing heterodimers. The noncanonical pathway, on the other hand, leads to the formation of p52 from p100 and transcription is activated through
p52–RelB heterodimers. Adapted from [80].
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NF-κB can either be activated by either canonical or non-canonical pathway. The most
frequently observed is the canonical, or classical, pathway, which is induced in response to
various inflammatory stimuli, including exposure to bacterial products like peptidoglycan, Lipopolysaccharide (LPS) and pro-inflammatory cytokines Tumour Necrosis Factor-α (TNFα) and
Interleukin-1 (IL-1) [79]. This pathway is initiated by the rapid phosphorylation of IκBα at Ser32
and Ser36, which is triggered by the activation of IKK-complex. The IKK complex consists of
three core subunits, the catalytic subunits IKKα and IKKβ and several copies of a regulatory
subunit called the NF-κB essential modifier (NEMO, also known as IKKγ) [79]. IκBα
phosphorylation, renders NF-κB free and leads to its translocation in the nucleus.

Stimulation of the CD40 and lymphotoxin-β receptors by B-cell-activating factor of the
TNF family (BAFF), LPS and latent membrane protein-1 (LMP1) of Epstein–Barr virus, activate
the non-canonical, or alternative, pathway [81, 82]. Here, activation of IKKα by the NF-κB
inducing kinase (NIK) results in the formation of p52 from p100, as a consequence of
phosphorylation induced, ubiquitin-dependent processing of p100 by the 26S proteasome [81].
p52–RelB heterodimers, which are frequently activated as a consequence of non-canonical
pathway activation, have a higher affinity for distinct IκB elements and might, therefore, regulate
a distinct subset of NF-κB target genes in the nucleus.

1.3.1.1.2

Mitogen-Activated Protein Kinase signaling (MAPK)

MAPK cascades have been shown to play a key role in the transduction of extracellular
signals to cellular responses. In mammalian cells, three MAPK families have been clearly
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characterized: namely classical MAPK (also known as ERK), C-Jun N-terminal kinase/ stressactivated protein kinase (JNK/SAPK) and p38 kinase. The MAPK superfamily consists of three
different sets of enzymes that act like a kinase cascade. Each cascade consists of no fewer than
three enzymes that are activated in series: a MAPK kinase kinase (MAP3K), a MAPK kinase
(MAP2K) and a MAP kinase (MAPK). Currently, at least 14 MAPKKKs, 7 MAPKKs, and 12
MAPKs have been identified in mammalian cells [83]. MAPK pathways relays, amplifies and
integrates signals from a diverse range of stimuli and elicit an appropriate physiological response
including cellular proliferation, differentiation, development, inflammatory responses and
apoptosis [84].
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Figure 10: The MAPK signaling cascade

Different stimuli such as growth factors, inflammatory cytokines or a wide variety of environmental stresses can
activate MAPKs. A number of representative downstream targets, including protein kinases, cytosolic substrates,
transcription factors and chromatin re-modelers, are shown. Adapted from [85].
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1.3.1.1.3

ERK pathway

The Raf-MEK-ERK pathway represents one of the best-characterized MAPK signaling
pathways. ERK pathway is triggered by the binding of a ligand (e.g., a growth factor, cytokine,
or hormone) to the extracellular portion of two subunits of a receptor tyrosine kinase (RTK).
After ligand binding, the RTK subunits form a dimer, which leads to phosphorylation of their
cytoplasmic domains. This activation of the RTK enables recruitment and binding of
cytoplasmic adaptor proteins. The adaptor proteins, in turn, attract Guanine–nucleotide Exchange
Factors (GEFs) to the plasma membrane, where they activate a small GTPase protein such as Rat
Sarcoma Viral Oncogene Homolog (RAS). RAS proteins are usually in their inactive state and
become transiently active when GEF displaces GDP from RAF and allows GTP to bind to RAS.
When activated, RAS phosphorylates and activates MAP3Ks. MAP3Ks then phosphorylates
MAP2K [84].

MAP2Ks have dual specificity for tyrosine and serine/threonine amino acid residues, a
property that is critical for activating the third and final enzyme in the cascade, a MAPK (ERK).
To become activated, the MAPK requires double phosphorylation of a tyrosine residue and an
almost-adjacent threonine residue. Completion of double phosphorylation triggers MAPK
function as an enzyme and translocate to the nucleus, where it phosphorylates and activates
transcription factors. Numerous inhibitors of components of this pathway are being investigated
in various combinations as therapies for metastatic melanoma [86].
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1.3.1.1.4

p38 MAPK pathway

The first member of the p38 MAPK family was discovered as a 38 kDa protein (p38) that
was rapidly phosphorylated on a tyrosine residue, in response to LPS stimulation [87]. p38 was
found to be the homologue of Saccharomyces cerevisiae Hog1 gene, an important regulator of
the osmotic response, and is now referred to as p38α (MAPK14). In response to appropriate
stimuli, threonine and tyrosine residues in p38 can be phosphorylated by three dual specificities
MKKs/MAP2Ks. MKK6 can phosphorylate all four-p38 MAPK family members, whereas
MKK3 activates p38α, p38γ and p38δ, but not p38β. p38α

has also been shown to be

phosphorylated and activated by both MKK3 and MKK6 [88] and also MKK4, an activator of
the JNK (c-Jun N-terminal kinase) pathway [89]. MAP2Ks can also be activated by
phosphorylation of two conserved serine/threonine sites of the activation loop. Several MAP3Ks
have been shown to trigger p38 MAPK activation, including Apoptosis Signal-Regulating
Kinase 1 (ASK1), Dual-Leucine-Zipper-Bearing Kinase 1 (DLK1), [Transforming Growth
Factor β (TGF)] Activated Kinase 1 (TAK1) and Thousand-And-One Amino Acid (TAO) 1 and
2 etc.

The upstream cascade of MAP3Ks signaling involves phosphorylation by STE20 family
kinases and binding of small GTP-binding proteins of the Rho family as well as ubiquitinationbased mechanisms [90]. The diversity of MAP3Ks and their regulatory mechanisms provide the
ability to respond to many different stimuli and to integrate p38 MAPK activation with other
signaling pathways [90]. The TNF-receptor-associated factor (TRAF) family of E3 ubiquitin
ligases are critically important in the activation of p38 MAPK induced by cytokine receptors via
TAK1 phosphorylation. This has been attributed to the role of the K63-linked polyubiquitin
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chains, which act like scaffolds for the assembly of complexes required for kinase activation.
Studies

have

also

shown

TRAF6

to

be

essential

for

the

activation

of

p38 MAPKs (and JNKs) by TGFβ receptors [91, 92]. TRAF6 interacts with TGFβ receptors,
which leads to TGFβ-induced auto-ubiquitination of TRAF6, which leads to phosphorylation and
activation of TAK1 [92].

Activation of MAP3Ks such as MEKK1 or TAK1 by members of the TNF receptor
family such as CD40 is thought to require assembly of multi protein complexes at receptor
intracellular domains. CD40 induces trimerization and recruitment of TRAF2, TRAF3, Cellular
Inhibitor of Apoptosis1/2 (c-IAP1/2) and Ubiquitin-conjugating enzyme 13 (UBC13), which is
followed by the recruitment of IKKγ and MEKK1. The complex is stabilized by interactions
between IKKγ and MEKK1, and Lys63-linked polyubiquitin chains catalyzed by TRAF2 and
UBC13. c-IAP1/2 catalyze K48-linked polyubiquitination of TRAF3 whose proteasomal
degradation results in translocation of the receptor-assembled signaling complex into the cytosol
where MEKK1 is activated and in turn activates downstream components of MAPK cascades
[93].

1.3.1.1.5

JNK signaling pathway

The c-Jun NH2-terminal kinases

(JNKs) are primarily activated by cytokines and

exposure to environmental stress. These insults lead to phosphorylation of Threonine (Thr) and
Tyrosine (Tyr) residues of JNKs by MKK4 and MKK7 [94]. The MKK7 protein kinase is
primarily activated by cytokines (e.g., TNF and IL-1) and MKK4 is primarily activated by
environmental stress. Studies of biochemical properties of MKK4 and MKK7 demonstrate
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that kinases can activate JNK by dual phosphorylation on Thr and Tyr. Several other
MAP3Ks have been reported to activate the JNK signaling pathway. These include members
of the MEKK group (MEKK1-4), the mixed-lineage protein kinase group (MLK1, MLK2,
MLK3, DLK, and LZK), the ASK group (ASK1 and ASK2), TAK1, and TPL2.

Biochemical studies have shown that JNK binds the NH2 terminal activation domain of cJun transcription factor and phosphorylates c-Jun at Ser63 [95, 96].

Recent studies have

established that JNKs also phosphorylate JunB, JunD, and ATF2 at the Ser/Thr residues
located in the activation domain of the transcription factor [97].

1.3.1.2

TRIF-dependent pathway
TIR-domain-containing adapter-inducing interferon-β (TRIF) is an adapter molecule used

by TLR3 and 4. TLR4 is the only TLR that uses both MyD88 in its early phase response and
TRIF in its late phase response, where TLR4 is internalized into endosomes via clathrinmediated endocytosis [98]. Like in the MyD88 pathway where TIRAP assists in the downstream
signaling, in TRIF- dependent pathway, TRAM fulfills that role. Once TRIF binds with the TIR
domain of the receptor, it recruits and binds with TRAF3. TRAF3 is an E3 ubiquitin ligase that is
known to self-ubiquitinate itself and triggers the downstream signaling. TRAF3 ubiquitination
leads to phosphorylation of TBK1 and IκKε, which further leads to phosphorylation of
transcription factor IRF3. Once phosphorylated, IRF3 translocates to the nucleus and dimerizes
and leads to the production of IFN-Is [99, 100].
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1.4

ATP Binding Cassette (ABC) Transporters
ABC transporters are a ubiquitous family of transport proteins, which is one of the largest

and most ancient families, with representatives in all extant phyla from prokaryotes to humans
[101]. ABC transporters are trans-membrane proteins that utilize the energy of adenosine
triphosphate (ATP) binding and hydrolysis to carry out certain biological processes, including
translocation of various substrates across membranes, which may include lipids, sterols,
metabolic products, amino acids, peptides and proteins organic ions, metals, or drugs [102]. ABC
transporters have been classified into seven different subfamilies from A-G and are known to be
involved in cell efflux, to transport metabolites like drugs and other xenobiotic compounds. This
helps clear the cells of toxins, but can be a problem when a cancer cell uses them to remove
anticancer drugs, hence promoting cancer progression [103].

ABC transporters have traditionally been characterized as having four core domains
including: two trans-membrane domains (TMD), which transverse the membrane; and two
nucleotide-binding domains (NBD), which are involved in ATP binding. A typical TMD is
predicted to contain five to ten membrane-spanning helices and the NBD contains the highly
conserved Walker A and B sequence motifs and the SGGQ signature motif [104].

The ABC transporters can further be categorized into three subtypes based on the number
of TMD and NBD present, including: Full molecule ABC proteins, which contain two TMDs
and two NMDs; Half molecule ABC proteins with one TMD and one NDB; and Quarter
molecule ABC proteins that contain only one NBD and no TMD [105]. Several ABC
transporters like ABCB1 or multidrug resistance 1 (MDR1), ABCC1 and ABCG2 are known to
36

efflux out chemotherapeutic drugs, thus rendering cell resistant to cancer therapy [106]. These
transporters are highly upregulated in lungs, breasts, and colorectal cancers and are known to
influence cancer metastasis and cancer stem cells [107]. Clinical studies have proved better
cancer treatment in the absence of these transporters [108]. Similarly, transporters like ABCA1,
ABCG1, ABCG4 and ABCD3 are highly up regulated during lipid transport [109]. These genes
are involved in High-Density Lipoprotein (HDL) synthesis and help in the efflux of cholesterol
from the cell to liver for their hydrolysis into bile salts. Mutation in any of these genes is linked
with cholesterol related imbalance, hence leading to CVDs [110].

1.4.1

ATP Binding Cassette family F member 1

Differential display PCR identified up-regulation of a novel ATP binding cassette (ABC)
gene, named ABCF1 (ABC transporter of subfamily F, member 1) in TNFα stimulated
synoviocytes [111]. ABCF1 was the first mammalian ABC transporter discovered, that lacked a
TMD and hence is localized in cytoplasm and nucleus. The ABCF1 gene is located in the MHC
locus on chromosome 6p21 in humans and on chromosome 17 in mice. ABCF1 is also thought to
be the mammalian homolog of the yeast protein GCN20. GCN20 is found to be associated with
eIF2 and ribosomes through five different chromatography procedures and helps in translation
initiation and its regulation by initiating production of GCN 4; a protein that helps in
upregulation of translation during amino acid deprivation [112] [113]. It is also known to help in
eIF2 recruitment to 40S ribosomal subunit and initiate translation [114] [115]. It binds to
ribosomes through the N-terminal domains and knockdown of ABCF1 by RNA interference
impaired translation of both cap-dependent and -independent reporters, GFP and CAT
respectively [116] [117].
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Further investigations into the regulation of ABCF1 has revealed the presence of a micro
RNA, called mirtron (miR), in the intronic region of ABCF1 [118]. Mirtrons are a type
of microRNA that arise from the spliced-out introns and are known to affect gene expression.
They are novel cellular RNA interference (RNAi) effectors generated via non-classical miRNA
pathway. The miR877 is present in the 15th intron of the ABCF1 gene. Previously, miR877 has
been shown to have a silencing effect on gene expression [119], which reduces mRNA levels of
endogenous gene transcript even though it is expressed with low abundance [120].

Functional studies have also suggested that ABCF1 might play a role in initiating
apoptosis in both extrinsic and intrinsic apoptotic pathways. ABCF1 has been found to be a
proteolytic cleavage substrate of Caspase10 [121]. Caspase10, which is a member of the
Cysteine-Aspartic Acid Protease (Caspase) family, plays a central role in the execution-phase of
cell apoptosis [122]. The ABCF1 gene loci together with HLA-DRB1, has been linked with
autoimmune pancreatitis [123] and its upregulation in human synoviocytes following TNFα
induction has been associated with rheumatoid arthritis [111]. Immunological studies have
shown that ABCF1 associates with dsDNA and DNA sensing components HMGB1 and IFI204
and controls cytosolic DNA sensing mechanisms [124]. Recently we created an ABCF1
heterozygous; Abcf1+/- (Het) mouse from XK097 ES cell line, noting that homozygosity was
lethal at 3.5 dpc and studied promoter activity in embryo development and various adult tissues
[125].
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Chapter 2: Material and Methods

2.1

Mice and cells
Bone marrow cells were isolated from femur and tibia of C57BL/6 mice and were

matured into macrophages as described [126]. Briefly, mouse bone marrow was obtained by
flushing the tibia and femur of a C57BL/6 mouse with Roswell Park Memorial Institute medium
(RPMI) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS). Bone marrow cells
were cultured in 10 ml of RPMI supplemented with 10% FBS, glutamine, and 30% L929 cell
supernatant containing macrophage colony-stimulating factor at an initial density of 106 cells/ml
in 100-mm Petri dishes at 37°C in humidified 5% CO2 for 6 days. Cells were harvested with cold
PBS, washed, resuspended in RPMI supplemented with 10% FBS, and used at a density of
2X106 cells/ml.

Abcf1+/- (Het) mice were generated as previously described [125] and C57BL/6J
(Jackson Laboratories; 000664) mice were used as the wild-type (WT) controls for in vivo
experiments. All in vivo experiments were approved and were performed in accordance with The
University of British Columbia Animal Care Committee and Canadian Council for Animal Care
(CCAC).

2.2

Transfections

All gene knockdowns in cells were done via RNAi interference using Lipofectamine™
RNAiMAX Transfection Reagent (ThermoFisher Scientific; 13778075) according to
manufacturer’s instructions and the extent of knockdown was checked by western blot. ABCF1
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knockdown via Mouse Abcf1 siRNA (sc-140760) from Santa Cruz Biotechnology was always
consistent between 79-81%, when compared with scrambled siRNA control. Mouse cIAP2
siRNA (sc-29851), and mouse Trif siRNA (sc-106845) were from Santa Cruz Biotechnology.

All gene overexpressions were conducted using Lipofectamine™ 2000 Transfection Reagent
(ThermoFisher Scientific; 11668027) according to manufacturer’s instructions and the extent of
overexpression was checked by western blot.

Mouse gene plasmids: Mouse Abcf1WT expression vector was purchased from GenScript (Clone
Id: OMu73202). The Abcf1 C647S mutation and GFP tag were cloned both in Abcf1 WT and
Abcf1 C647S by Top Gene Technologies (Montreal, Canada). FLAG-Traf6 was a gift from John
Kyriakis (Addgene plasmid # 21624). pMSCV-mCherry-Syk was a gift from Hidde Ploegh
(Addgene plasmid # 50045). Mouse Traf3 expression vector was purchased from Origene
(MR225761).

Ubiquitin plasmids: pRK5-HA-Ubiquitin-WT (Addgene plasmid # 17608) contains the wildtype ubiquitin with all lysines intact, pRK5-HA-Ubiquitin-K48 (Addgene plasmid # 17605) and
pRK5-HA-Ubiquitin-K63 (Addgene plasmid # 17606) were gifts from Ted Dawson, and showed
100% similarity with mouse ubiquitin C gene. Ub-K48 and Ub-K63 plasmids contain K48 and
K63 lysines only; all other lysines were mutated to arginines.
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2.3

Cytokine Analysis
Cell culture supernatant from 2X107 cells or blood serum were prepared and incubated on

nitrocellulose membranes containing different anti-cytokine antibodies printed in duplicates
provided with Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems; ARY006).
Treatments and incubations were done as indicated in the respective figure legends and cytokine
analysis was performed according to manufacturer’s instructions. Cytokine levels are depicted as
fold change and represented as bar graphs as described in section 2.15.

2.4

Enzyme-linked immunosorbent assay (ELISA)
Blood serum was prepared and L- Lactase assay kit (abcam; ab65331) and Creatinine

assay kits (abcam; ab204537) were used and serum levels of L-lactase and creatinine were
quantified according to manufacturer’s instructions.

2.5

Co-immunoprecipitation
2X107 cells were lysed with freshly prepared 20 mM Tris HCl pH 8.0, 137 mM NaCl, 1%

Nonidet P-40, 2 mM EDTA, 1X Halt protease and phosphatase inhibitor cocktail (ThermoFisher
Scientific; 78440) and 20 mM N-Ethylmaleimide (Santa Cruz Biotechnology; sc-202719).
Protein A or protein G beads were washed twice with wash buffer comprising 10 mM Tris HCl
pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1X Halt protease and phosphatase
inhibitor cocktail and 20 mM N-Ethylmaleimide, centrifuged at 3,000xg for 2 minutes at 4oC and
incubated with indicated antibody for 4 hours at 4 oC on a rotating shaker. Beads were then
washed twice and incubated with the cell lysate overnight at 4oC. Beads were washed and the
complex was eluted by acidification using 3 x 50 µl 0.1 M glycine at pH 2 by incubating the
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sample for 10 minutes with frequent agitation before gentle centrifugation. The eluate was
neutralized by adding equal volumes of Tris HCl pH 8.0.

2.6

Western blotting
Cell lysates were prepared as described above. All co-immunoprecipitation samples were

prepared without DTT in the sample buffer, unless otherwise mentioned. All other western blot
samples were prepared with DTT in the sample buffer. Lysates were electrophoresed and
immunoblotted with indicated antibodies.

2.7

Antibodies and Chemicals
Antibodies used for western blots and immunoprecipitation, anti ABCF1 antibody for

western blotting (ThermoFisher Scientific; PA5-29955), anti ABCF1 antibody for coimmunoprecipitation (Proteintech; 13950-1-AP), anti I-κB antibody (abcam; ab32518), phosphoI-κB antibody (abcam; ab12135), anti NF-κB p65 (abcam; ab16502), anti phospho-NF-κB p65
(abcam; ab86299), anti cleaved CASP1 antibody (Santa Cruz Biotech; sc-514), anti CASP1
antibody (abcam; ab108362), anti cleaved CASP3 (Cell Signaling Technology; 9661), anti
CASP3 antibody (abcam; ab13847), anti NLRP3 antibody (R&D Systems; MAB7578), anti
ASC antibody (Santa Cruz Biotech; sc-514414), anti TAK1 antibody (abcam; ab109526), anti
phospho-TAK1 antibody (abcam; ab192443), anti TBK1 antibody (abcam; ab40676), anti
phospho-TBK1 antibody (abcam; ab109272), anti IRF3 antibody (Santa Cruz Biotech; sc15991), anti phospho-IRF3 (Cell Signaling Technology; 4947), anti SYK antibody (Santa Cruz
Biotech; sc-1240), anti phospho-SYK antibody (abcam; ab58575), anti PLCγ2 antibody (Santa
Cruz Biotech; sc-5283), anti phospho-PLCγ2 antibody (Cell Signaling Technology; 3871), anti
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A20 antibody (Santa Cruz Biotech; sc-69980), anti K48 antibody (Cell Signaling Technology;
4289), anti K63 antibody (Cell Signaling Technology; 5621), anti TRAF6 antibody (Santa Cruz
Biotech; sc-8409), anti cIAP antibody (Santa Cruz Biotech; sc-1869), anti TRIF antibody
(abcam; ab13810), anti TRAF3 antibody (Santa Cruz Biotech; sc-6933), anti UB antibody (Santa
Cruz Biotech; sc-8017), anti GAPDH antibody (abcam; ab181602), anti Histone H3 antibody
(abcam; ab8580), anti GFP antibody (abcam; ab290), anti MYC antibody (abcam; ab9132), anti
mCherry antibody (ThermoFisher Scientific; PA5-34974), anti HA antibody (Santa Cruz
Biotech; sc-7392).

Antibodies for Fluorescence Associated Cell Sorting (FACS), CD86 (BioLegend;
105011), CD206 ((BioLegend; 1417097), MHC-II (BioLegend; 141607), TLR4 (BioLegend;
145406), CD11b (BioLegend; 101223).

Chemicals used, NP-40 (abcam; ab142227), Smac Mimetic (Tocris; 5141), Dynamin
inhibitor I Dynasore (Santa Cruz Biotech; sc-202592), LipoPolysaccharide (Santa Cruz Biotech;
sc-221855), N-Ethylmaleimide (Santa Cruz Biotech; sc-202719), PMSF solution (Santa Cruz
Biotech; sc-482875) and Aprotinin (Santa Cruz Biotech; sc-3595).

2.8

Phospho-kinase Analysis
Cell lysates from 2X107 cells were prepared as described above. Lysates were incubated

on nitrocellulose membranes containing different antibodies printed in duplicates provided with
Proteome Profiler Human Phospho-Kinase Array Kit (R&D Systems; ARY003B). This kit can
also be used for mouse samples and has previously been tested by [127, 128]. Treatments and
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incubations were done as indicated in the respective figure legends and phospho-kinase analysis
was performed according to manufacturer’s instructions. Phospho-kinase levels are depicted as
fold change and represented as bar graphs as described in section 2.15.
2.9

IRF3 dimerization assay
2X107 cells were lysed in a buffer containing 50 mM Tris, pH 8.0, 1% NP40, 150 mM

NaCl, 1 mM PMSF and 20 µg/ml of aprotinin, and supplemented with native PAGE sample
buffer (125 mM Tris, pH 6.8, and 30% glycerol). The samples were separated by native PAGE
and analyzed by immunoblotting.

2.10 Cytoplasmic and Nuclear fractionation
Bone marrow macrophages were stimulated with the indicated treatments and
cytoplasmic and nuclear fractionation was performed with NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific; 78833) according to manufacturer’s instructions.

2.11 In vitro ubiquitination Assay
Abcf1 WT and Abcf1 C647S expression plasmids were overexpressed in macrophages as
described above. Before overexpressing Abcf1 C647S expression plasmid, cells were treated
with Abcf1 siRNA, as described above to eliminate endogenous ABCF1 levels. Abcf1 siRNA
treated cells were washed with cold PBS twice and then Abcf1 C647S expression plasmid was
overexpressed. Cell lysates were prepared and subjected to co-immunoprecipitation with anti
ABCF1 antibody. The extent of overexpression and co-immunoprecipitation was checked by
western blot. Ubiquitination assay was performed on immunoprecipitated samples with
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Ubiquitylation Assay Kit (abcam; ab139467) according to manufacturer’s instructions. Samples
were run on a gel and blotted with anti ABCF1 and anti Ub antibodies.

2.12 In vivo Endotoxin Tolerance
All In vivo experiments were approved and were performed in accordance with
University of British Columbia Animal Care Committee. 8-10 weeks old female WT and Abcf1
Het mice were either pre-treated with i.p injections of 0.5 mg/kg LPS or with sterile normal
saline. 24 hours later, all mice received an i.p. injection of 20 mg/kg LPS. The former group with
two LPS injection was named endotoxin-treated (ETT) and the latter group with one PBS and
one LPS injection was named non-endotoxin treated (NETT). Mice were either euthanized (by
3% isoflurane in O2 followed by CO2 inhalation) 3 hours after the second injection, to obtain
blood and organs or were monitored every 8 hours for 4 days for survival. Serum was isolated
from blood and cytokines were measured.

2.13 Survival Study
Both WT and Abcf1 Het mice were monitored once a day after the first LPS or PBS
injection. After the second LPS injection, mice were monitored every 8 hours and were scored
on a (0-3) scale based on severity of behaviour and activity, appearance, grooming and posture,
respiratory rate, effort and pattern, rectal temperature, pain and body weight. A score of 3 is
considered humane endpoint (were euthanized) and include: no palpable fat over the sacroiliac
region, severely reduced muscle mass, prominent vertebrae & iliac crests. Immobile, not moving
when nudged or picked up; the animal cannot right itself if placed on the side. Piloerection
(>75% of the body), matted appearance, unkempt and ungroomed with other severe signs of
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illness. Constant, severe hunching when sitting and walking and non-responsive to treatment.
Gasping or open mouth breathing either in cage or when being weighed; struggling to breathe
and unable to move around due to difficulty breathing; noisy breathing (squeaking with effort to
breathe), <33oC for three consecutive measurements one hour apart, Persistent / constant signs of
pain that interfere with normal function despite analgesia administration, animal unresponsive
and cold to touch, severe skin tent (>10 seconds).

2.14 Histological Analysis
Mice were first anesthetized by ketamine/xylazine mixture (up to 150 mg/kg body
weight ketamine and 15 mg/kg body weight xylazine) administered via i.p. injection and then
perfused with sterile PBS at a flow rate of 5 ml/minute for 5 minutes and were sacrificed 3 hours
after the second LPS injection. Kidney, brain and heart tissues were fixed in 4%
paraformaldehyde for 24 hours, washed in PBS and embedded in paraffin. 5-µm-thick sections
were cut and were stained with hematoxylin and eosin (HE). Staining was examined using an
Olympus BX51 microscope equipped with a 40x objective. Images were generated using an
attached Olympus DP73 camera and the high-performance Olympus cellSens software.

2.15 Bar graph generation and Fold change calculation
Bar graphs were generated in GraphPad Prism software (GraphPad Prism Software, San
Diego, CA).

Fold change of cytokine and phospho-kinase levels in Abcf1 siRNA-treated BMDMs
(with or without PAMP treatment) was calculated by normalizing the mean pixel density with
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scrambled siRNA-treated BMDMs (with or without PAMP treatment) respectively. Fold Change
of cytokine and phospho-kinase levels in scrambled siRNA- and PAMP- treated BMDMs was
calculated by normalizing the mean pixel density with scrambled siRNA- and non-PAMP treated
BMDMs.

Fold change of cytokine and phospho-kinase levels in NETT treated Het mice and ETT
treated WT mice were calculated by normalizing the mean pixel density with NETT treated WT
mice. Fold change of cytokine and phospho-kinase levels in ETT treated Het mice were
calculated by normalizing the mean pixel density with ETT treated WT mice.

2.16 Statistical Analysis
The data are presented as the mean ± SD. The means were compared by paired or
unpaired Student t-tests. P values <0.05 were considered significant. Survival is presented as
Kaplan-Meier curves and differences were assessed by the log-rank test in GraphPad Prism
software. The sample size for each experiment is indicated in the figure legend.
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Chapter 3: ABCF1 is a critical regulator of TLR signaling

3.1

Introduction
The Toll-like receptor (TLR) signaling is initiated with the binding of the ligand to the

extra-cellular domain of the receptor. Each of the twelve mice TLRs is activated after binding
with distinct agonists. TLR1 is activated by lipoproteins like Pam3csk4, TLR2 by a grampositive bacterial cell wall component called peptidoglycan, TLR3 is activated by double
stranded (ds) RNA agonist Poly I:C, TLR4 by gram-negative bacterial cell component LPS,
TLR5 by flagellin, TLR6 by lipoproteins and zymosan, TLR7 and 8 by single-stranded (ss)
RNA, TLR9 by CpG DNA, TLR11, 12 and 13 by bacterial 23S ribosomal RNA. Almost all the
TLRs carry out their downstream signaling via Myeloid Differentiation Primary Response 88
(MyD88) adapter molecule, whereas only TLR3 is known to exclusively signal via TIR-domaincontaining adapter-inducing interferon-β (TRIF) dependent pathway, TLR4 on the other hand is
unique and signals via both MyD88- and TRIF- dependent pathways [68].

The immune system limits dsRNA viral replication by mounting a strong innate immune
response against it via TLR3. Synthetic dsRNA analog Poly riboinosinic-Poly ribocytidylic acid
(Poly I:C) signals effectively through TLR3 and hence is a potent ligand [129, 130]. Once
activated, TLR3 recruits TRIF and not MyD88 [131]. TRIF is not a TLR3-specific adaptor
molecule; it is also involved in the TLR4 pathway, after it is endocytosed in the endosomes.
However, its recruitment to TLR4 is mediated by an additional adaptor molecule called TRIF
Related Adaptor Molecule (TRAM) [132]. Once TRIF is recruited to TLR3, it binds Tumor
Necrosis Factor Receptor-Associated Factor 3 (TRAF3). This binding activates TRAF3, which
48

further leads to phosphorylation and activation of TANK-Binding Kinase1 (TBK1) and
Inhibitory kappa Kinase (IkKε). This leads to phosphorylation of transcription factor Interferon
Regulatory Factor 3 (IRF3). IRF3 then translocates into the nucleus, where it dimerizes and leads
to transcription of type I interferons (IFN-I)[133].

The binding of IFN-I to receptor-associated Tyrosine Kinase 2 (TYK2) and Janus
Activated Kinase 1 (JAK1) leads to their rapid auto phosphorylation. This further phosphorylates
and activates Signal Transducer and Activator of Transcription (STAT proteins) [134, 135]. The
STATs that are activated in response to IFN-I are STAT2, STAT3, STAT5, STAT6. These
STAT proteins form either homodimers or heterodimers and these complexes bind to IFNStimulated Response Element (ISRE) in ISG promoters, thereby initiating their transcription
[136, 137]. Even Mitogen Activated Protein Kinases (MAPKs) are known to mediate IFN-I
signaling via phosphorylation of p38 and ERK kinases [138]. Studies have shown that MAPK
kinases are independent of STAT pathway, as the inhibition of p38 activity did not block STAT
or ISGF3 activity [139].

The initiation of viral infection and the subsequent production of anti-viral responses,
through cytokines and IFN production are well studied but the mechanism of its regulation is still
remains understudied. One of the anti-viral mechanisms recently discovered is mediated by a
family of anti-viral proteins called 2’-5’ Oligoadenylate Synthetases (OAS). Like other anti-viral
genes, transcription of OAS1 is induced by virus infection and IFN stimulation [140]. In humans
there are three functional OAS genes (OAS1-3), resulting in 8 to 10 OAS isoforms due to mRNA
splicing. In mice on the other hand, in addition to OAS2 and OAS3 genes, there are 7 separate
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OAS1 genes [141, 142]. After stimulation with dsRNA, the functional OAS proteins exhibit a
characteristic polymerase activity and produces a series of short 5’ phosphorylated, 2’,5’-liked
oligoadenylates collectively referred to as (2’-5’A) [px 5′ A(2′ p5′ A)n ; x = 1-3; n≥ 2] from ATP
[143].

2’-5’A subsequently binds and activates Ribonuclease L (RNase L). Activated RNase L
leads to degradation of both cellular and viral RNA, leading to termination of protein synthesis,
thereby terminating viral replication [144, 145]. Studies have also shown that RNase L enhances
the induction of IFNβ, thereby controlling viral infection [146]. This process has been shown to
be regulated by binding of small RNA cleavage products with Retinoic Acid Inducible Gene I
(RIG-I) and Melanoma Differentiation-Associated Protein 5 (MDA5) [144, 147]. Enhanced
IFNβ levels were seen in Bone Marrow Derived Macrophages (BMDMs) expressing elevated
RNase L levels. After production, IFNβ engages with IFNAR1 and IFNAR2. This binding
initiates a signaling cascade, which leads to the induction of more than 300 IFN stimulated genes
(ISGs) [148].

ATP Binding Cassette Family E member 1 (ABCE1) is a member of ATP cassette super
family and is a known RNase L inhibitor [149]. ABC transporters are a ubiquitous family of
transport proteins, which is one of the largest and most ancient families, with representatives in
all extant phyla from prokaryotes to humans [101]. Studies have shown that overexpression of
ABCE1 in HeLa cells inhibits IFN mediated anti-viral activity on encephalomycocarditis,
thereby inhibiting 2-5A/RNase L pathway[150].
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The early phase downstream signaling mediated by TLR4 is carried out by adapter
protein MyD88. This leads to K63-linked polyubiquitination of TNF Receptor Associated
Factor 6 (TRAF6), a RING domain E3 ligase by Ubiquitin Conjugating Enzyme E2 N (UBC13).
This step is critical for phosphorylation and nuclear translocation of NF-κB and Mitogen
Activated Protein Kinases (MAPKs) and subsequent production of pro-inflammatory cytokines
[76]. Whereas the late phase TLR4 signaling is carried out by TRIF-dependent pathway, which
leads to phosphorylation and dimerization of IRF3. After LPS stimulation, BMDMs have also
been shown to have an increase in actin-dependent internalization of particles called
phagocytosis. Phagocytosis by macrophages can be mediated by many receptors namely Fcγ
receptors (FcγR), Integrins, PRR, Apoptotic Corpse Receptors and Scavenger receptors [151].

Three classes of FcγRs have been identified, namely FcγRI (CD64), FcγRII (CD36) and
FcγRIII (CD16), with each class containing several different isoforms [152]. Out of all the
isoforms FcγRIIB is known to negatively regulate phagocytosis [153] and CD16 has been found
to be a low affinity receptor, with one of its isoforms FcγRIIIA being expressed in macrophages
at low levels and its other isoform FcγRIIIB is exclusively expressed in neutrophils [152].
Phagocytosis by FcγRs is initiated by phosphorylation of tyrosine residues in the ImmunoReceptor Tyrosine based Activation Motifs (ITAMs) located in their cytoplasmic domain [154].
Activation and phosphorylation of ITAMs have been attributed to Spleen Tyrosine Kinase
(SYK) and SRC Family Kinases (SFKs), which include SRC, LYN, LCK, FYN, YES, FGR and
HCK.
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Phosphorylation of ITAMs recruits and activates SYK. SYK in turn phosphorylates
downstream adapter molecules like Src homology 2 domain containing Leukocyte
Phosphoprotein of 76 KDa (SLP-76) [155]. Macrophages isolated from Hck-/-, Fgr-/-, Lyn-/mice display reduced activation of SYK, thus leading to reduced phagocytosis. These cells still
accounted for residual phagocytosis because these macrophages still expressed YES, SRC and
FYN kinases [156]. SFKs have either been known to inhibit phagocytosis by phosphorylating
inhibitory receptors containing Immuno-Receptor Tyrosine Based Inhibitory Motifs (ITIMs)
[157] or have been shown to impair actin polymerization below the phagocytic cup [156].
Studies have also shown STAT3 dependent and MAPK independent activation of phagocytosis
[158, 159]. Phosphorylation of STAT3 and STAT5a and upregulation of IL-10 have also been
associated with phagosome maturation in macrophages [160]. After phagocytosis, the
downstream response from these pathways leads to increase in anti-inflammatory cytokines and
decrease in pro-inflammatory cytokines [159, 161].

Here we also show that in BMDMs ABCF1 negatively regulates pro-inflammatory
cytokine production (IL-6 and TNFα,) after stimulation with TLR2 and 9 agonists, whereas
ABCF1 positively regulates pro-inflammatory cytokine production after stimulation with TLR5
agonist. It associates with OAS1a and regulates dsRNA viral infection through OAS1- dependent
RNase- L anti-viral activity. We also observed that upon LPS stimulation, ABCF1 negatively
regulates pro-inflammatory cytokine production (IL-1β, IL-6, TNFα, CXCL10, CXCL11) and
MAPKs (p38, ERK1, JNK1). ABCF1 was also found to be essential for phosphorylation of a
tyrosine residue in the ITAM motif of FcγR II A, and thereby helped in the regulation of E. Coli
phagocytosis in BMDMs.
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3.2

Results

3.2.1

ABCF1 negatively regulates pro-inflammatory cytokines in TLR2 and TLR9

signaling whereas positively regulates pro-inflammatory cytokines in TLR5 signaling
Binding of a PAMP to a TLR, leads to the production of a myriad of cytokines and
chemokines. After this insult, the downstream effector response helps modulate the immune
reaction and regulates several signaling pathways. To investigate if ABCF1 regulates TLR
signaling by modulating cytokine levels, ABCF1 levels were knocked down through RNAi in
BMDMs and levels of both pro- and anti-inflammatory cytokines were analyzed. On stimulating
Abcf1 siRNA treated BMDMs with TLR2 agonist peptidoglycan, levels of pro-inflammatory
cytokines like IL-6 and TNFα were significantly elevated by 40 fold and 80 fold respectively,
when compared with peptidoglycan treated scrambled siRNA group (Figure 11 A). IFNγ levels
were also found to be upregulated by 70 fold. Whereas levels of anti-inflammatory cytokines like
IL-2, IL-4, IL-10 were significantly downregulated by 35 fold, 20 fold and 40 fold respectively,
when compared with peptidoglycan treated scrambled siRNA group (Figure 11 A).

The above trend in cytokine levels was also observed when Abcf1 siRNA treated
BMDMs were stimulated with TLR9 agonist CpG DNA. Upon stimulation with Abcf1 siRNA
treated BMDMs with CpG DNA, cytokines like IL-6 and TNFα were significantly elevated by
30 and 50 fold respectively whereas IL-2, IL-4 and IL-10 were downregulated 50-60 fold, when
compared with CpG DNA treated scrambled siRNA group (Figure 11 B).

53

On the other hand, on stimulating Abcf1 siRNA treated BMDMs with TLR5 agonist
flagellin, levels of IL-6 and TNFα were downregulated by 10 fold and 70 fold respectively and
anti-inflammatory cytokines like IL-4 was slightly upregulated by 5 fold and IL-10 was
upregulated by 2 fold, when compared with the flagellin treated scrambled siRNA group (Figure
11 C).

This suggests that ABCF1 is involved in negative regulation of pro-inflammatory
cytokine production through TLR2 and TLR9 signaling, whereas it is involved in positive
regulation of pro-inflammatory cytokines and IFN-II production through TLR5 signaling.
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Figure 11: ABCF1 negatively regulates pro-inflammatory cytokines in TLR2 and TLR9 signaling, whereas
positively regulates pro-inflammatory cytokines in TLR5 signaling

BMDMs were treated with Abcf1 siRNA and stimulated with A) TLR2 agonist peptidoglycan (100 ng/ml for 24
hours), B) TLR9 agonist CpG DNA (5 µM for 24 hours), C) TLR5 agonist flagellin (100 ng/ml for 24 hours). Bar
graph representing fold change of various cytokines in presence and absence of the agonists in cell culture
supernatants. Fold change calculations were done as indicated in materials and methods. Bars indicate the mean ±
standard deviation. P-value < 0.01. The data is representative of 3 separate experiments.
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3.2.2

ABCF1 is necessary for IFN-I specific chemokine and cytokine production after

TLR3 agonist Poly I:C stimulation
IFN-Is are critical for host defense against viruses. Once a cell is infected by a viral
infection, a myriad of IFN-I specific genes are produced that help in the elimination of viral
infection. To determine if ABCF1 is necessary for this mechanism, ABCF1 was knocked down
in BMDMs through RNAi and the change in levels of various IFN-I proteins and transcription
factors was studied. Levels of IFN-I proteins such as CCL2, CXCL10, IFNβ, were down
regulated by 5 to 10 fold when treated with both Abcf1 siRNA and Poly I:C and compared with
Poly I:C treated scrambled siRNA group (Figure 12 A).

Pro-inflammatory cytokines like IL-1β, IL-6 and TNFα were marginally elevated after
both Abcf1 siRNA and Poly I:C treatment, whereas anti-inflammatory cytokines like IL-1Rα,
IL4, IL-10 and TGFβ were all down regulated by 15-25 fold after both Abcf1 siRNA and Poly
I:C treatment and when compared with Poly I:C treated scrambled siRNA group (Figure 12 A).

Thus, this cytokine and chemokine regulation by ABCF1 demonstrates that ABCF1
seems to be necessary for mounting a strong IFN-I dependent innate immune response against
dsRNA infection. Recent studies have a very biased opinion whether TGFβ and IL-10 positively
or negatively regulate anti-viral responses [162-164], but here we demonstrate that ABCF1
positively regulates both TGFβ and IL-10 levels after Poly I:C stimulation and subsequently
both these cytokines positively regulate anti-viral responses in presence of ABCF1 (Figure 12A,
14).
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Figure 12: ABCF1 is necessary for ISG specific cytokine, transcription factor production and IRF3
dimerization after Poly I:C stimulation

BMDMs were treated with Abcf1 specific siRNA in presence and absence of Poly I:C (10 µg/ml for 24 hours). A)
Bar graph representing fold change of various cytokines and chemokines in cell culture supernatants. B) Bar graph
representing fold change of various MAPKs and ISG specific phospho-proteins and transcription factors from whole
cell lysates (WCLs). C) Cytoplasmic and nuclear fractions from BMDMs treated with Abcf1 specific siRNA in
presence and absence of Poly I:C were analyzed by immunoblot (IB) for levels of transcription factors involved in
TLR3 signaling. D) WCLs were separated by native PAGE gel and were analyzed for IRF3 dimerization. Fold
change calculations were done as indicated in materials and methods. Bars indicate the mean ± standard deviation.
P-value < 0.01. The data is representative of 3 separate experiments.
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3.2.3

ABCF1 counteracts Poly I:C mediated dsRNA infection via JAK-STAT pathway

and IRF3 production
Many signaling pathways are at play after a cell has been infected with dsRNA [165].
The cell can either inhibit translation by activating Phospho kinase R (PKR) or degrade the
mRNA through RNase L by activating OAS proteins [165]. Both of these pathways lead to
phosphorylation and dimerization of IRF3, which then leads to production of ISGs [166, 167].
To investigate if ABCF1 regulates this signaling, phosphorylated levels of ISG specific STAT
proteins like STAT2, STAT3 and STAT6 in Abcf1 siRNA treated and Poly I:C stimulated
BMDMs were analyzed. 10-25 fold reduction in phosphorylation levels of STAT proteins was
observed in Abcf1 siRNA treated and Poly I:C stimulated BMDMs when compared with Poly I:C
treated scrambled siRNA group (Figure 12B). Conversely, increased levels of MAPKs like p38,
ERK1, JNK1 and transcription factor c-JUN was observed in Abcf1 siRNA treated and Poly I:C
stimulated BMDMs (Figure 12B).

BMDMs treated with both Abcf1 siRNA and Poly I:C revealed reduced phosphorylation
and dimerization of transcription factor IRF3 (Figure 12C, D), whereas

increased

phosphorylation levels of transcription factor NF-κB p65 was observed in the nuclear extracts
from Abcf1 siRNA treated and Poly I:C stimulated BMDMs when compared with Poly I:C
treated scrambled siRNA group (Figure 12C). This suggested that ABCF1 seems to positively
regulate the production of ISGs via STAT and IRF3 transcription factors upon dsRNA infection
(Figure 12, 14).
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3.2.4

ABCF1 is necessary for OAS1a activity after Poly I:C stimulation

The anti-viral OAS1-RNase L pathway has shown to be crucial for viral RNA cleavage
and production of IFN-I [168]. IFN-I production initiates a feedback JAK-STAT pathway, which
helps in viral elimination via phosphorylation of STAT proteins and production of ISGs. To
investigate, if ABCF1 regulates OAS1a signaling, Poly I:C stimulated BMDMs were coimmunoprecipitated and the data revealed an association between ABCF1 and OAS1a (Figure 13
A, B). BMDMs were then treated with Abcf1 siRNA in presence and absence of Poly I:C and
OAS1a protein levels were analyzed. Western blot analysis showed decreased OAS1a levels
when treated with Abcf1 siRNA alone and no significant increase was seen when stimulated with
Poly I:C (Figure 13C), when compared with scrambled siRNA controls.

To examine if ABCF1 was also necessary for OAS1 anti-viral activity, the amount of
pyrophosphate (PPi) produced as a by-product of 2’5’A formation was quantified as earlier
described [168]. Abcf1 siRNA treated and Poly I:C stimulated BMDMs showed no increase in
PPi production when stimulated with recombinant OAS1 (Figure 13D). On the other hand, twofold elevation in PPi levels was seen in controls (Figure 13D).

Since downstream OAS signaling leads to RNase L activation and viral degradation, we
ought to know if ABCF1 regulated RNase L activation. To investigate this, first RNase L protein
levels were measured in BMDMs. Immuno blot analysis revealed reduced RNase L levels in
cells treated with both Abcf1 siRNA and Poly I:C as compared with Poly I:C treated scrambled
siRNA group, suggesting that ABCF1 seems to positively regulates RNase L levels in Poly I:C
stimulated BMDMs. (Figure 13C).
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To investigate if ABCF1 was also necessary for RNase L activation, RNA degradation
assay was performed upon BMDMs treated with scrambled or Abcf1 siRNA in presence or
absence of Poly I:C. A lower RNA Integrity Number (RIN) score of 7.3 was observed in cells
treated with both scrambled siRNA and Poly I:C (Figure 13E) as compared to a RIN score of 8.9
in cell treated with both Abcf1 siRNA and Poly I:C, suggesting that ABCF1 is necessary for
RNase L activation and subsequent RNA degradation.

Previous studies have shown that ABCE1 negatively regulates RNA degradation via
RNase L activity [149]. In our western blot analysis, we observed that ABCF1 negatively
regulates ABCE1 levels in BMDMs treated with Abcf1 siRNA in presence and absence of Poly
I:C (Figure 13C). This suggested that ABCF1 seems to positively regulate RNase L mediated
RNA degradation by regulating OAS1a anti-viral activity and negatively regulating ABCE1
upon Poly I:C stimulation (Figure 14).
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Figure 13: ABCF1 associates with OAS1a and controls it 2’5’A activity
A) BMDMs were treated with Poly I:C (10 µg/ml for 24 hours) and an equal concentration of WCLs were immuno
precipitated with anti-ABCF1 antibody. The immunoprecipitates were immunoblotted with anti-ABCF1 and antiOAS1a antibodies. B) ABCF1 was over expressed (Over Exp.) in BMDMs, an equal amount of WCLs were
immunoprecipitated with anti-ABCF1 antibody and the immunoprecipitates were immuno blotted with anti-ABCF1
and anti-OAS1a antibodies. C) Protein levels of OAS1a, ABCE1 and RNase L were analyzed from WCLs from
Abcf1 siRNA-treated BMDMs in presence or absence of Poly I:C. D) Increased pyrophosphate production (a
readout of 2’5’A activity) was measured in scrambled and Abcf1 siRNA treated BMDMs in presence and absence of
recombinant OAS1. E) Total RNA was extracted from Abcf1 siRNA treated BMDMs in presence or absence of Poly
I:C and was run on a Agilent 2100 bioanalyzer. 28S and 18S RNA have been shown and RIN score was calculated.
Bars indicate the mean ± standard deviation. P-values indicated. The data is representative of 3 separate
experiments.
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Figure 14: Model for how ABCF1 regulates dsRNA infection via OAS1a, TLR3 and JAK-STAT signaling

After dsRNA infection, several signaling cascades are triggered within the cell to eliminate the infection. One of the
first anti viral proteins to be produced is OAS1a. ABCF1 associates with OAS1a upon dsRNA infection. This
binding leads to production of 2’5’A, which binds and activates RNase L, which degrades viral RNA. dsRNA can
also be detected by TLR3 in the endosomes. Once activated TLR3 leads to phosphorylation and dimerization of
IRF3 and shuttles it to the nucleus. IRF3 leads to production of IFNβ and other cytokines, a step regulated by
ABCF1. IFNβ leads to the production of positive feedback loop by activating JAK-STAT pathway. ABCF1 was
also found to be essential for STAT 3, 5 and 6 phosphorylation and helped in mounting a strong IFN-I mediated
anti-viral response.
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3.2.5

ABCF1 is necessary for anti-inflammatory cytokine production after LPS

stimulation
BMDMs, when stimulated with LPS, trigger a complex immune signaling with the
production of both pro-inflammatory and anti-inflammatory cytokines. After LPS binds to
TLR4, MyD88- dependent signaling is triggered as a result of an early phase response, followed
by late phase TLR4 endocytosis and initiation of TRIF- dependent signaling [169]. To
investigate if ABCF1 regulates LPS signaling, BMDMs were treated with Abcf1 siRNA in
presence and absence of LPS and levels of pro- and anti-inflammatory cytokines were analyzed.
20-30 fold increase in pro-inflammatory cytokines like IL-6, TNFα, IL-1β, IL-12p70, CXCL10,
CXCL11 (Figure 15A) was observed when cells were treated with Abcf1 siRNA and LPS and
compared with LPS treated scrambled siRNA group. On the other hand, anti-inflammatory
cytokines like IL-1Rα, IL-4, IL-10 and ISGs like IFNβ showed 30 fold downregulation with
Abcf1 siRNA treatment alone and the increase was not profound even after LPS stimulation
(Figure 15A).
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Figure 15: ABCF1 positively regulates anti-inflammatory cytokines and ISG specific transcription factors
and negatively regulates MAPK after LPS stimulation

BMDMs were treated with Abcf1 specific siRNA in presence or absence of LPS (100 ng/ml for 24 hours). A) Bar
graph representing fold change of various cytokines and chemokines in cell culture supernatants. B) Bar graph
representing fold change of various MAPK and ISG specific phospho-proteins and transcription factors from Abcf1
siRNA and LPS treated BMDMs WCLs. Fold change calculations were done as indicated in materials and methods.
Bars indicate the mean ± standard deviation. P-value < 0.01. The data is representative of 3 separate experiments.
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3.2.6

ABCF1 is necessary for FcγR IIA mediated phagocytosis in BMDMs

Murine FcγRs have been shown to be critically involved in phagocytosis by macrophages
[170, 171]. Out of the three murine FcγRs, FcγR I is a low binding receptor in macrophages
[171], whereas the levels of FcγR I and II vary depending on the stimuli and cargo being
engulfed by macrophages. We investigated the role of ABCF1 in regulating phagocytosis, by
incubating Abcf1 siRNA treated BMDMs in presence and absence of LPS with fluorescent
labeled latex IgG coated beads. After flow cytometry analysis, 6 fold reduced fluorescent
intensity was observed in Abcf1 siRNA treated BMDMs when stimulated with LPS. This
suggested that regulation by ABCF1 seems to be essential for phagocytosis of latex IgG coated
beads after LPS stimulation (Figure 16A).

Phagocytosis of fluorescent-labeled E. coli particles was also examined in Abcf1 siRNA
treated BMDMs. Absorbance value before and after BMDMs incubation with E. coli was
measured and levels of phagocytosis was determined. After E. coli incubation, Abcf1 siRNA
treated BMDMs showed 4 fold-reduced levels of phagocytosis, when compared with scrambled
siRNA control; this suggested that ABCF1 seems to be necessary for phagocytosis of E. coli
(Figure 16A).

To investigate if ABCF1 mediated phagocytosis via which FcγR, levels of FcγRI (CD64),
FcγRII (CD32) and FcγRIII (CD16) were analyzed via flow cytometry. Surface levels of CD64
and CD16 were not altered with loss of ABCF1 irrespective of LPS stimulation in BMDMs (data
not shown). The levels of CD32 on the other hand seemed to have been positively regulated by
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ABCF1 after LPS stimulation (Figure 16B). To analyze how ABCF1 mediates phagocytosis via
CD32, the later was immunoprecipitated from ABCF1 overexpressed and LPS stimulated
BMDMs. Strong protein bands were observed when the immunoprecipitates were
immunoblotted with anti CD32 antibody (Figure 16C). The immunoprecipitates also showed
strong protein bands when immunoblotted with anti phosphotyrosine antibody, suggesting CD32
ITAM phosphorylation in the presence of ABCF1, thus activating phagocytosis (Figure 16C,
17).
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Figure 16: ABCF1 is necessary for FcγR II A mediated phagocytosis
A) The absorbance value of phagocytosis was measured either in Abcf1 siRNA treated BMDMs incubated with
fluorescent labeled IgG-coated latex beads for 2 hours in presence and absence of LPS or Abcf1 siRNA treated
BMDMs incubated with fluorescent labeled E. Coli for 2 hours. B) CD32 levels were analyzed by flow cytometry in
treated BMDMs. Bars indicate the mean ± standard deviation of mean fluorescence intensity (MFI), p-value
indicated. C) ABCF1 was overexpressed in BMDMs in presence and absence of LPS. WCLs were immuno
precipitated with anti-CD32 antibody. The immunoprecipitates were immunoblotted with anti-CD32 and antiphosphotyrosine antibodies. D) Bar graph representing fold change in phosphorylation levels of SFKs in WCLs
from Abcf1 siRNA treated and LPS stimulated BMDMs. Fold change calculations were done as indicated in
materials and methods. Bars indicate the mean ± standard deviation. P-value < 0.01. The data is representative of 3
separate experiments.
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3.2.7

ABCF1 positively regulates SFK and STAT3 activation and negatively regulates

MAPKs during phagocytosis
ITAM phosphorylation has been shown to recruit and phosphorylate SFKs, which
triggers the downstream signaling cascade. SFKs like SRC, FYN, LYN and FGR, have been
reported to be critically involved in phagocytosis [32, 33]. To investigate if ABCF1 regulates this
mechanism, BMDMs were treated with Abcf1 siRNA in presence and absence of LPS and
phosphorylation levels of various SFKs were analyzed. Phosphorylation levels of all the SFKs
were significantly downregulated with varying levels (Figure 16D), when cells were treated with
Abcf1 siRNA only. The levels increased negligibly in almost all SFKs with the exception of SRC
and FYN, which were elevated 3-4 fold after LPS stimulation (Figure 16D).

Analysis of protein phosphorylation in BMDMs also showed that levels of MAPKs like
p38, ERK and JNK were 40-50 fold elevated when treated with Abcf1 siRNA and these levels
significantly decreased when cells were stimulated with LPS (Figure 15B). MAPK specific
transcription factor c-Jun also showed the same trend (Figure 15B). STAT transcription factors,
on the other hand, showed an anomalous response. Phosphorylation levels of STAT 5a, STAT 2,
STAT 3 and STAT 6 were downregulated after Abcf1 siRNA and LPS stimulation (Figure 15B),
whereas STAT 5b phosphorylation was negatively regulated with ABCF1 levels, when
compared with LPS treated scrambled siRNA group. Thus, we suggest that ABCF1 seems to
positively regulate SFK and STAT transcription factors in LPS treated BMDMs, which aids in
phagocytosis (Figure 17).
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Figure 17: Model for how ABCF1 regulates FcgR II A mediated phagocytosis

ABCF1 was found to be essential for phosphorylation of ITAMs and subsequent phosphorylation of SRC, LYN or
FGR, which initiates FcγR mediated phagocytosis of E. Coli particles. ABCF1 then targets SYK for K63-linked
polyubiquitination (Chapter 4), which is followed by SFK mediated phosphorylation of SYK (Chapter 4).
Phosphorylation of SYK leads to downstream phosphorylation of PLCγ2, FYN and other SFKs, which lead to actin
polymerization and formation of the phagocytic cup. The downstream cascade leads to ABCF1 dependent elevated
phosphorylation levels of STAT 2, 3 and 6, which leads to increase in production of anti-inflammatory cytokines.
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3.3

Discussion
The mammalian immune system has evolved to recognize and counteract many different

forms of PAMPs through PRRs present either on the surface or inside the cell. This convoluted
mechanism is under the surveillance of many proteins, which form a vast network of signaling
cascades that ultimately controls the cells reactions towards invaders. Here we show that ABCF1
regulates immune signaling via TLR2, 3, 4, 5 and 9 (Figure 11, 12, 15), which encompasses both
gram-positive, gram-negative bacterial, and viral infections. ABCF1 was found to negatively
regulate pro-inflammatory cytokines like IL-6 and TNFα production in TLR2, 3, 4 and 9 (Figure
11, 12, 15) signaling and positively regulates pro inflammatory cytokine in TLR5 pathway.
ABCF1 negatively regulates type II interferon in TLR2 pathway, whereas positively regulates
them in TLR5 and 9 signaling (Figure 11).

Upon Poly I:C infection in BMDMs, ABCF1 seems to be important for the production of
ISG specific proteins like IFNβ, CCL2 and CXCL10 (Figure 12A). Through TRIF-dependent
TLR3 signaling after Poly I:C stimulation, ABCF1 was found to positively regulate STAT 3, 5
and 6 phosphorylation and negatively regulate MAPK phosphorylation (Figure 12B). Protein
analysis in Abcf1 siRNA treated BMDMs showed increased NF-κB p65 and MAPK
phosphorylation upon Poly I:C stimulation, when compared with Poly I:C treated scrambled
siRNA group (Figure 12C). Decreased levels of IRF3 phosphorylation and dimerization were
observed in Abcf1 siRNA treated and Poly I:C stimulated BMDMs, which suggested that ABCF1
could be involved positively regulating STAT protein activity in a TRIF-dependent manner
(Figure 12B, D). Thus our cytokine-chemokine and protein phosphorylation data suggests that
ABCF1 deficiency in the cells seems to phenocopy pro-inflammatory MyD88-NF-κB pathway,
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whereas TRIF-IRF3 pathway was found to ABCF1 dependent. However, the mechanism of how
ABCF1 regulates TLR5 signaling still needs to be studied.

Previous studies have shown that a cell counteracts dsRNA infection via Oas1-RNase L
mediated viral degradation [143, 150, 166]. Our studies also suggest that ABCF1 regulates this
signaling pathway by interacting with OAS1a and controlling its 2’5’A activity. Immunoprecipitation experiments revealed that upon Poly I:C stimulation OAS1a was immuno
precipitated with ABCF1 (Figure 13). Protein analysis also showed that ABCF1 positively
regulates OAS1a levels in Abcf1 siRNA treated and Poly I:C stimulated BMDMs (Figure 13).
ABCF1 was also found to negatively regulate protein levels of RNase L inhibitor, ABCE1, thus
positively regulating RNase L dependent RNA degradation (Figure 13).

Previous studies have shown that Poly I:C acts as an adjuvant and helps in inhibiting HIV
infection. This adjuvant role elicits IFN-I production through TLR3 and shuts down HIV
replication in DCs [172]. Poly I:C leads to the production of IFNβ, CCL2 and CXCL10 and
induces a unique innate immune response against HIV. Our data suggests that ABCF1 regulates
Poly I:C mediated IFN-I and ISG production, therefore perhaps ABCF1 could also regulate Poly
I:C mediated TLR3 anti-viral infection after HIV exposure.

IFN-I has also been shown to induce counter-regulatory mechanisms, which has provided
ways to counteract chronic inflammation, viral responses and even cancer [173]. IFN-I regulates
these inhibitory factors by modulating Programmed Death-Ligand 1 (PD-L1) and Indoleamine
2,3-dioxygenase (IDO) levels during Lymphocytic Choriomeningitis Virus (LCMV) infection
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[174] and counteracts metastases and T cell inhibitory signals and promotes T cell during cancer.
In melanoma and breast cancer, IFN-I has been known to drive the expression of TNF-related
Apoptosis-Inducing Ligand (TRAIL), which triggers caspase8 mediated cellular apoptosis [175,
176]. As ABCF1 regulates IFN-I and it’s a target of caspase 8 [121], perhaps ABCF1 also
regulates anti-viral response against LCMV and restrict cancer metastases.

We have also shown that ABCF1 regulates FcγRII mediated phagocytosis (Figure 16).
ABCF1 seems to be essential for phosphorylation of tyrosine residue in the ITAM motif of
FcγRII by SFKs, which leads to ubiquitination and subsequent phosphorylation of SYK and
PLCγ2 (Figure 17 and Chapter 4). This led to ABCF1 dependent phosphorylation of STAT
transcription factors (Figure 15B), which regulate maturation of phagocytic cup and production
of TRIF-dependent anti-inflammatory cytokines (Figure 15A).

Depending on the size of the cargo being engulfed, the mechanism of internalization of
particles can be broken down into several distinct pathways, namely, clathrin mediated
endocytosis (particle size <0.5 μm) and non-clathrin-mediated endocytosis, which includes
phagocytosis

and

micropinocytosis

(particle

size

>0.5

μm).

Non-clathrin

mediated

micropinocytosis has recently been shown to be regulated by Epidermal Growth Factor Receptor
(EGFR) and K-Ras [177], and loss of K-Ras regulates ABCF1 levels [178] and as ABCF1
regulates phagocytosis through FcγRII, it could perhaps also regulate micropinocytosis.

Both phagocytosis and micropinocytosis have been shown to play important roles for
TAP-dependent antigen presentation in macrophages and DCs [179, 180]. As ABCF1 regulates
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phagocytosis and could perhaps regulate micropinocytosis, it’s also fitting to conclude that
ABCF1 might have a role to play in antigen presentation through MHC class I.

Thus based on our molecular and cellular signaling analysis, we have identified that
ABCF1 controls TLR mediated innate immune responses and could perhaps regulate anti-viral
responses. Further work will be needed to exploit this information to modify outcomes in various
diseases in patients care.
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Chapter 4: ABCF1 controls TLR4 endocytosis through its E2 ubiquitinconjugating activity
4.1

Introduction
The ubiquitination system is an intracellular protein modification pathway that typically

requires the sequential biochemical activities of three distinct enzymes (E1, E2, and E3). E2s are
the rate-limiting enzymes and are generally characterized by the presence of a highly conserved
Ubiquitin-Conjugating (UBC) domain. This domain contains a conserved catalytic cysteine
residue that accepts an activated ubiquitin (Ub) molecule from E1 via a thioester bond. This Ub
moiety is then transferred to a lysine residue on a target protein via an E3 ligase. This Ub can
itself also be ubiquitinated through one of seven lysine residues (K6, K11, K27, K29, K33, K48,
K63), forming polyubiquitin chains [32]. Studies have shown that K48- and K11- linked
polyubiquitin chains typically target proteins for degradation by the 26S proteasome, while K63linked chains usually mediate the recruitment of binding partners, DNA repair mechanisms, or
immune signaling [181]. Ub modification and its role in the crosstalk between proteins have
been studied for the past few decades, but the discovery of their role in immune response
signaling is rather recent. The role of Ub modification in activating or repressing protein function
has recently been reported during Toll-like receptor (TLR) signaling mediated by the Nuclear
Factor Kappa B (NF-κB) and Interferon Type 1 (IFN-I) pathways [64], but its regulation remains
under characterized.

Downstream TLR signaling is mediated by either the MyD88-TIRAP or TRIF-TRAM
pathways. Amongst all the TLRs, only LPS-activated TLR4 can induce both MyD88- and TRIF79

dependent signaling from two different organelles [182]. It does this by mediating MyD88dependent responses from the cell surface and TRIF-dependent responses when internalized into
endosomes [183]. Recent research has uncovered a possible role for the polyubiquitination of
Cellular Inhibitor of Apoptosis 1/ 2 (cIAP1/2) and TNF Receptor Associated Factor 3 and 6
(TRAF3 and TRAF6) [100] in mediating the shift from MyD88- to TRIF- dependent signaling
and subsequent IFN-I production in BMDMs. Studies have also shown that endocytosis of TLR4
in BMDMs is critically dependent on the phosphorylation of Spleen Tyrosine Kinase (SYK) and
Phospholipase C Gamma 2 (PLCγ2) [169]. How these proteins regulate TLR4 endocytosis
during the shift between these two pathways still remains elusive.

Here, we report that ABCF1 is a novel E2 ubiquitin-conjugating enzyme that interacts
with and mediates the polyubiquitination of key elements of the TRIF signaling pathway. We
demonstrate that ABCF1 controls the molecular switch that regulates LPS-induced TLR4
endocytosis and the concomitant transition from MyD88- to TRIF- dependent signaling, thereby
regulating LPS-induced macrophage polarization.

4.2

Results

4.2.1

ABCF1 mediates macrophage polarization to the M2 phenotype after LPS

stimulation
Macrophages provide the first line of defense against many common microbial infections
and are critical for mounting a strong innate immune response against them. Broadly,
macrophages can be classified into two distinct subtypes, M1 (classically activated macrophages)
[184] and M2 (alternatively activated macrophages) [185]. In particular, upon LPS stimulation,
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early-phase (MyD88-dependent) signaling leads to the phosphorylation and activation of NF-κB,
promoting the differentiation of macrophages to the M1 phenotype. On the other hand, TLR4
endocytosis-mediated late-phase (TRIF-dependent) signaling leads to IRF3 phosphorylation and
dimerization, which promotes M2 polarization [186, 187]. The mechanisms involved in
macrophage polarization and the regulation of this plasticity in disease prognosis are currently
poorly understood.

A previous report has suggested a possible role for ABCF1 in regulating innate immune
responses [124]. Our own initial studies indicated that ABCF1 negatively regulates MyD88dependent pro-inflammatory cytokine production upon activation of TLR2 and TLR9 signaling
and positively regulates TRIF-dependent anti-inflammatory cytokine production upon activation
of TLR3 signaling in BMDMs (Figure 11). Therefore, to investigate if ABCF1 also plays a role
in LPS-induced TLR4 signaling and macrophage polarization, we first assessed levels of M1
(MyD88-dependent) and M2 (TRIF-dependent) associated cell surface markers by flow
cytometry in LPS-stimulated BMDMs treated with Abcf1 siRNA. Levels of M1 markers like
CD86 and MHC-II were elevated in LPS and Abcf1 siRNA-treated cells, when compared with
their scrambled controls (Figure 18 A, A1.1). On the other hand, the M2-specific marker,
CD206, was found to be expressed marginally less in LPS and Abcf1 siRNA-treated cells, when
compared with their respective controls.

Next, we examined whether knocking down ABCF1 expression in BMDMs would alter
the activation status of transcription factors NF-κB (MyD88-dependent) and IRF3 (TRIFdependent). Elevated levels of phosphorylated NF-κB p65 were observed in the nuclear extracts
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of Abcf1 siRNA-treated cells, both in the presence and absence of LPS (Figure 19A) when
compared to their respective controls. By contrast, a reduction in IRF3 dimerization (Figure 18C)
and phosphorylation (Figure 19A) was observed in Abcf1 siRNA-treated cells, regardless of LPS
stimulation.

Since macrophage polarization has been tightly linked to the differential expression of
various cytokines, we sought to determine whether the knockdown of ABCF1 influences
cytokine secretion in BMDMs. Upon treatment of BMDMs with Abcf1 siRNA alone, we
observed a 20-40 fold increase in the secretion of M1-associated pro-inflammatory cytokines
(IL-1β, IL-6, IL-12p70, TNFα) (Figure 18B), implying that loss of ABCF1 seems to phenocopy
MyD88-dependent pro-inflammatory signaling. After 30 minutes of LPS stimulation, Abcf1
siRNA-treated BMDMs secreted 30-40 fold more of these pro-inflammatory cytokines than
scrambled controls. By contrast, M2-associated anti-inflammatory cytokine secretion (e.g. IL1Rα, IL-4, IL-10, TGFβ) was reduced by 20-30 fold in Abcf1 siRNA-treated BMDMs, both with
and without LPS stimulation. This implies that ABCF1 seems to influence macrophage
polarization to the M2 phenotype by upregulating TRIF signaling and downregulation MyD88
signaling.
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Figure 18: ABCF1 polarizes macrophages to the M2 state in response to LPS stimulation

Abcf1 was knocked down with specific siRNA in BMDMs in the presence or absence of LPS (100 ng/ml for 30
mins). A) Treated BMDMs were stimulated with LPS and analyzed by flow cytometry for M1 (CD86 and MHC-II)
and M2 (CD206) specific surface markers. Bar graphs represent mean fluorescence intensity (MFI) and error bars
represent mean ± standard deviation and p-values are indicated. B) Bar graph representing fold change of various
cytokines and chemokines in BMDMs cell culture supernatants. Fold change calculations were done as indicated in
materials and methods. Bars indicate the mean ± standard deviation. P-value < 0.01. C) Whole cell lysates (WCLs)
were separated by native PAGE gel and were analyzed for IRF3 dimerization. D) WCLs from BMDMs treated with
Abcf1-specific siRNA in the presence or absence of LPS were IB with anti TRIM21 and anti TRIM30 antibodies.
The data is representative of 3 separate experiments.
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Figure 19: ABCF1 is necessary for macrophage polarization to the M2 phenotype

Abcf1 was either overexpressed (Over Exp.) or knocked down with specific siRNA in BMDMs in the presence or
absence of LPS (100 ng/ml for 30 mins). A) Cytoplasmic and nuclear fractions were analyzed by IB for the
expression and phosphorylation of the indicated transcription factors involved in macrophage polarization. WCLs
from B) BMDMs treated with Abcf1-specific siRNA in the presence or absence of LPS, and ABCF1-overexpressing
BMDMs in the presence or absence of LPS, were immunoblotted with specific antibodies to detect expression levels
of regulatory proteins, kinases, and transcription factors. The data is representative of 3 separate experiments.
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Figure 20: ABCF1 negatively regulates MyD88-dependent signaling and pyroptosis, and is necessary for
TRIF-dependent signaling in BMDMs

Abcf1 was knocked down through siRNA in BMDMs in the presence or absence of LPS (100 ng/ml for 30 min) and
levels of phosphoproteins were measured from WCLs. A) Bar graph representing fold change of various MAPK and
ISG specific phosphoproteins and transcription factors B) Bar graph representing fold change of cell survival
specific phosphoproteins. Fold change calculations were done as indicated in materials and methods. Bars indicate
the mean ± standard deviation. P-value < 0.01. The data is representative of 3 separate experiments.
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4.2.2

ABCF1 is a novel class IV E2 ubiquitin-conjugating enzyme

Our screen on Abcf1 siRNA-treated and LPS-stimulated BMDMs identified the
regulation of RING tripartite motif (TRIM) E3 ligases (Figure 18D). Interestingly, previous
studies have shown the involvement of certain TRIM E3s in TLR4 signaling [188] and
regulation and manipulation of these E3 ligases by E2 ubiquitin-conjugating enzymes [189].
Thus, despite the fact that, to date, no E2 ubiquitin-conjugating activity has been reported in the
ABC family of transporter proteins, we hypothesized the possibility of ABCF1 being a novel E2
Ub-conjugating enzyme.

We aligned the protein sequence of mouse ABCF1 with sequences of known mouse E2
enzymes using the CLUSTALW server. From this analysis, we identified regions in ABCF1 that
are highly conserved within the UBC domain of E2s. These conserved regions include key
residues in the UBC domain active site and other residues critical for ubiquitination activity. We
also identified a cysteine residue in the ABCF1 sequence at position 647 that perfectly aligns
with the cysteine residue in the active site of all the other E2s (Figure 21A). As the secondary
structure of ABCF1 has not been experimentally determined in X-ray or NMR studies, we
predicted the secondary structure of ABCF1 in silico using the homology modeling tools,
YASPIN and APSSP server.

Although the core E2 topology is retained across the UBC domain and the critical
catalytic cysteine is shared by all the E2s however, many structural variations have been
observed in several members that deviate from the established structure of an E2 active site, an
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observation that is not uncommon among E2 enzymes. In agreement with other E2 enzymes, our
homology modeling indicates that ABCF1 contains characteristic β-meanders in its UBC domain
followed by formation of a C-terminal active site β-hairpin flap-like structure (here after called
“flap ”) (Figure 21A) [190]. ABCF1 also possesses a well-conserved cysteine residue embedded
in the C-terminal region of the flap; as also seen in UBC13 and ATG10 E2s whose structures
have earlier been identified [191]. In accordance with previous studies we also observed a
conversed asparagine in the flap region (Figure 21A) (here after termed “flap asparagine”),
generally found in close proximity (7-15 residues) of the conserved cysteine, which has
previously been implicated in stabilizing the oxyanion hole in the active site of the enzyme
[190]. Like UBE2W, ABCF1 also contains the flap asparagine but it is not as well conserved as
seen in other E2s. A conserved flap histidine upstream of the flap asparagine is also present in
the E2 active site. These polar residues have been known to come in contact with the catalytic
cysteine and promote Ub binding [190]. However, in ABCF1, the presence of other polar
residues (arginine, aspartate and asparagine) in the active site and a histidine upstream of the flap
region might assist in Ub binding. Alternatively, studies have suggested that both the flag
asparagine and histidine residues are only conserved in a small number of families, likely
because of differences in target E3 protein (substrate) recognition by different E2s [190, 192].
This appears to be the case for ATG10, which lacks both the flap asparagine and histidine
residues (Figure 21A) [190].

The presence of hydrophobic residues in the E2 flap region is thought to lower the pKa
of the active site and mediate E2-E3 binding [193]. ABCF1 was found to contain the greatest
number of hydrophobic residues amounting to ten among all the E2s shown in Figure 21A. In
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theory, this would lower the active site pKa and facilitate target lysine deprotonation. ABCF1
also contains a highly-conserved proline residue, which sits upstream of the flap region and
tethers the flap to the β-meander, and helps in stabilizing the entire structure [190].

To experimentally validate our in silico analysis, we performed in vitro ubiquitination
assays to investigate ABCF1 enzymatic activity in both the presence and absence of an E1 Ubactivating enzyme (UBA1) and cofactors (Mg2+ and ATP). An increase in the apparent molecular
weight of ABCF1 was observed when recombinant ABCF1, UBA1, and Ub proteins were
incubated in the presence of Mg2+ and ATP (Figure 21B). As Ub attachment to E2s occurs via
thioester linkages and is DTT sensitive, no such protein band was observed when samples were
treated with DTT. This suggests that a thioester bond was formed between ABCF1 and Ub in the
presence of E1 and necessary cofactors, and the increase in apparent molecular weight is
consistent with the addition of Ub to the ABCF1 catalytic cysteine.

To confirm that the conserved cysteine at position 647 in the ABCF1 sequence is the
catalytic cysteine that mediates the E2 function, in vitro ubiquitination assays were performed
with Abcf1 WT and Abcf1 C647S (where the cysteine was mutated to a serine) protein
constructs. Again, a shift in the apparent molecular weight of ABCF1 was observed when Abcf1
WT was used in the assay.

Importantly, no such shift was observed with Abcf1 C647S,

indicating a critical role for this conserved cysteine in the ubiquitination reaction (Figure 21C).

Earlier studies have suggested the categorization of E2 enzymes into 4 classes based on
the presence of N- and/or C- terminal extensions to the UBC domain [194]. ABCF1’s conserved
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cysteine is at position 647 and, based on bioinformatics analysis, its UBC domain ends soon after
position 647. Considering ABCF1 is 840 amino acids long, it must contain considerable N- and
C- terminal extensions, which is characteristic of class IV E2s.

Taken together, these data strongly implicate that ABCF1 is a novel class IV E2
ubiquitin-conjugating enzyme with a conserved catalytic cysteine at position 647.
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Figure 21: ABCF1 is a novel class IV E2 ubiquitin-conjugating enzyme whose activity is critically dependent
on a cysteine residue at position 647

A) The protein sequence of the putative UBC domain of murine ABCF1 was aligned with UBC domain sequences
of known murine E2 conjugating enzymes, using ClustalW software. The protein secondary structure at different
regions within the UBC domain is depicted in the purple and yellow boxes. The conserved catalytic cysteine is
shown in the red box, asparagine in the blue box, histidine in the orange box, and proline in the green box. B)
Recombinant ABCF1, UBA1, and ubiquitin proteins were incubated in the presence or absence of cofactors (Mg2+
and ATP) and reducing agent (DTT) in an in vitro ubiquitination assay. The reactions were run on an SDS-PAGE
gel, transferred to nitrocellulose membranes, and blotted using an ABCF1-specific antibody. C) The in vitro
ubiquitination assay described in (B) was performed using ABCF1 immunoprecipitated from WCLs of BMDMs
transfected with either Abcf1 WT or Abcf1 C647S overexpression constructs. Endogenous ABCF1 expression was
knocked down using specific siRNA before transfection of Abcf1 C647S. The reactions and loading controls were
analyzed as in B). D) The in vitro ubiquitination assay described in (B) was performed using ABCF1
immunoprecipitated from WCLs of BMDMs. The reactions were run on an SDS-PAGE gel, transferred to
nitrocellulose membranes, and blotted using an anti ABCF1-specific antibody conjugated with Alexa Fluor 647
(Red) and anti ubiquitin antibody conjugated with Alexa Fluor 488 (Green). ABCF1 WT+E1+Ub lane shows that
ABCF1 and ubiquitin merge and display a yellow color, signifying binding of ABCF1 and ubiquitin proteins, which
rise to a second higher protein size band. E) Various classes of E2 enzymes are shown w.r.t. N- and C-terminus
overhangs.

The

data

is

representative

of

3

separate

experiments.
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4.2.3

ABCF1 is necessary for TLR4 endocytosis

On the cell surface, TLR4 engagement by LPS recruits MyD88, which ultimately leads to
the production of pro-inflammatory cytokines through the MAPK and NF-κB pathways [99].
Once activated, TLR4 is internalized into endosomes, decreasing its expression on the cell
surface [169, 182]. This phenomenon activates TRIF-mediated signaling, which leads to the
dimerization and nuclear translocation of IRF3, and subsequent production of IFN-I (Figure 18)
[182, 183].

Our previous study that ABCF1 influences the polarization of macrophages responding to
LPS prompted us to investigate if ABCF1 (and possibly its E2 activity) plays a role in TLR4
endocytosis. We therefore, monitored the loss of TLR4 surface expression over time (a readout
of TLR4 endocytosis) in BMDMs stimulated with various concentrations of LPS, as previously
described [169]. Flow cytometry analysis of cell-surface TLR4 showed that endocytosis could be
observed within 30 minutes of stimulation, and at LPS concentrations as low as 10 ng/ml (Figure
22A, B). Knocking down ABCF1 expression in LPS-stimulated BMDMs resulted in a clear
increase in cell-surface TLR4 levels (Figure 22C). Conversely, considerably less surface TLR4
levels were detected in BMDMs engineered to overexpress WT ABCF1. Curiously, this
phenomenon was reversed when BMDMs were made to overexpress the C647S mutant form of
ABCF1, suggesting a potential role for ABCF1-mediated ubiquitination in TLR4 endocytosis.
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We also confirmed these results in vivo using Abcf1+/- (Het) mice injected with LPS. At
every time point examined, CD11b+ splenic macrophages from Het mice exhibited strikingly
increased TLR4 surface staining than their WT counterparts (Figure 22D), supporting the
hypothesis that ABCF1 is necessary for TLR4 endocytosis.
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Figure 22: Ubiquitination activity of ABCF1 is necessary for TLR4 endocytosis

TLR4 endocytosis was analyzed by flow cytometry in BMDMs A) Stimulated with various LPS concentrations for
30 mins, B) Stimulated with LPS (10 ng/ml) for various lengths of time, and C) Transfected with either siRNA
(scrambled or ABCF1-specific) or ABCF1 overexpression vectors (WT or C647S) and stimulated with LPS (100
ng/ml for 30 mins). D) Both WT and Abcf1 Het mice were intraperitoneally (i.p.) injected with 50 ug LPS. At the
time points indicated, mice were euthanized and their spleens were harvested to isolate CD11b+ macrophages.
TLR4 cell-surface expression in the CD11b+ macrophages was measured using flow cytometry (n=9 mice per
group). Bars indicate the mean ± standard deviation. P-values are indicated. The data is representative of 5 separate
experiments.
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4.2.4

ABCF1 regulates the transition from MyD88- to TRIF-dependent signaling

The regulation of the shift from MyD88- to TRIF- dependent signaling during TLR4
endocytosis is still an open question in immunology. Since we investigated that ABCF1 (and
possibly its E2 activity) to be essential for TLR4 endocytosis, we hypothesized that ABCF1
might also play a role in this transition in macrophages. We examined the phosphorylation status
of various proteins involved in these pathways in BMDMs stimulated with LPS. Knocking down
ABCF1 expression with specific siRNA resulted in an increase in the phosphorylation levels of
the MyD88-associated kinase, TAK1, in BMDMs stimulated with LPS (Figure 19B). By
contrast, phosphorylation of the TRIF-associated kinase, TBK1, was greatly attenuated when
ABCF1 was knocked down (Figure 19B).

We also observed reduced levels of A20 (a negative regulator of the MyD88-dependent
NF-κB pathway) in Abcf1 siRNA-treated BMDMs both with and without LPS stimulation
(Figure 19B). Furthermore, several MyD88-associated MAPK kinases (p38, ERK1/2/3,
JNK1/2/3, RSK1/2/3 and MSK1/2) and MAPK-specific transcription factors (c-Jun and CREB)
followed the same trend of phosphorylation as p-TAK1, while TRIF-dependent production of
ISG-specific transcription factors (STAT-2, -3, -5a and -6) followed the same trend of expression
as A20 (Figure 20A). Overexpressing ABCF1 in BMDMs corroborated these results, displaying
changes in levels of p-TAK1, A20, p-TBK1 and p-IRF3 that were indicative of TRIF-dependent
99

signaling (Figure 19C). These results support the hypothesis that ABCF1 negatively regulates
MyD88-dependent signaling and positively regulates TRIF signaling in macrophages responding
to LPS.
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Figure 23: Change in the polyubiquitination state of ABCF1 is associated with TLR4 endocytosis as indicated
by a shift from MyD88-dependent to TRIF-dependent signaling

A) BMDMs were stimulated with LPS (100 ng/ml) for the indicated time intervals, Cells were then lysed and WCLs
were immunoprecipitated (IPd) with an anti-ABCF1 antibody, followed by immunoblotting with anti-polyubiquitin
antibodies. B) BMDMs were stimulated with various concentrations of LPS (0-1000 ng/ml) for 30 min, after which
the presence of polyubiquitinated species of ABCF1 was determined as in (A). C) BMDMs were treated with
SMAC mimetic (100 nM) (SM) and/or Dynasore (80 µM) in the presence or absence of LPS (100 ng/ml for 30
min). Cells were then analyzed for the presence of polyubiquitinated species of ABCF1 as in (A). D) BMDMs were
co-transfected with the indicated combinations of overexpression vectors. Each vector contained either Flag-tagged
Traf6, HA-tagged Ub (WT, K48, or K63), or GFP-tagged Abcf1. Cells were lysed and WCLs were IPd with an antiGFP antibody, followed by immunoblotting with an anti-HA antibody to detect polyubiquitinated forms of ABCF1.
WCLs were also immunoblotted with the indicated antibodies to determine the extent of recombinant protein
overexpression. The data is representative of 3 separate experiments.
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4.2.5

ABCF1 is targeted for K48- and K63- linked polyubiquitination by cIAP1/2 and

TRAF6 during early- and late- phase TLR4 signaling, respectively
Our data thus far demonstrates that ABCF1 mediates TLR4 endocytosis and facilitates
the shift towards the TRIF-IFN-I signaling axis. Since the regulation of TLR4 signaling is known
to involve the polyubiquitination of key effectors, including TRIM21, TRIM27, TRIM30,
TRAF3, TRAF6, and cIAP1/2 [100, 188], we hypothesized that ABCF1 might itself be regulated
by polyubiquitination. We observed increased levels of K48-linked polyubiquitinated ABCF1
when BMDMs were stimulated with LPS (10 ng/ml) for 5, 10, and 20 minutes (Figure 23A),
suggesting that ABCF1 was bound for degradation. Interestingly, polyubiquitination of ABCF1
shifted to K63 linkages after 30 minutes of LPS stimulation (Figure 23A, B). ABCF1 therefore
appears to be the target of K48-linked and K63-linked polyubiquitination by unknown proteins.
Curiously, the timing of the K48- and K63- linkages after LPS stimulation coincide, respectively,
with early-phase MyD88-dependent signaling via MAPK and NF-κB pathways at earlier time
points, and ABCF1’s positive regulation of TLR4 endocytosis and late-phase TRIF-dependent
signaling at 30 minutes.

Next, we sought to better understand the regulation of ABCF1 polyubiquitination and the
mechanism of the switch from K48 to K63 linkages. cIAP1/2 is an E3 Ub ligase that mediates
the formation of degradative (K48) Ub linkages on TRAF3 during early-phase TLR4 signaling, a
process that inhibits the transition to late-phase TRIF signaling [99, 100]. Therefore, we
hypothesized that cIAP1/2 might also target ABCF1 for degradation in a similar fashion. Upon
stimulation of BMDMs with LPS for 30 minutes, polyubiquitinated forms of ABCF1 were found
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to be predominantly K63-linked (Figure 23A, C). These linkages were even more prevalent
when cells were treated with smac-mimetic (SM), a small molecule that rapidly triggers cIAP1/2
degradation (Figure 23C) [195]. Inhibiting TLR4 endocytosis with the dynamin inhibitor,
dynasore [196] both greatly reduced the prevalence of K63 linkages and extensively upregulated
K48 linkages. Strikingly, this K48-linked polyubiquitination of ABCF1 was almost completely
abolished when cells were treated with SM (Figure 23C). These results suggest that cIAP1/2
targets ABCF1 for K48-linked polyubiquitination upon TLR4 engagement, and this step occurs
prior to TLR4 endocytosis. Consistent with this, we found that knocking down cIAP1/2
expression both increased levels of ABCF1 and reduced phosphorylation of TAK1 in BMDMs
stimulated with LPS for 30 minutes (Figure 24A). The observed reduced p-TAK1 levels are in
line with previous findings that cIAP1/2 is essential for TAK1-mediated MAPK and NF-κB
signaling [100].

TRAF6 is an E3 ligase that mediates the K63-linked polyubiquitination of both cIAP1/2
and TRIF [197]. We asked if TRAF6 might also be necessary for the observed formation of K63linked Ub chains on ABCF1 during late-phase (TRIF-dependent) TLR4 signaling. TRAF6 was
found to co-immunoprecipitate with ABCF1 in BMDMs stimulated with LPS for 30 minutes,
suggesting a potential role for TRAF6 in ABCF1-mediated signaling (Figure 24B). Next, we
performed in vitro ubiquitination assays where we co-transfected BMDMs with Abcf1, Traf6,
and Ub expression vectors. After 30 minutes of LPS stimulation, overexpression of TRAF6 was
able to strongly induce K63-linked polyubiquitination of ABCF1, while no K48 linkages were
detected (Figure 23D).
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These findings indicate that early-phase TLR4 signaling targets ABCF1 for cIAP1/2mediated degradative (K48-linked) polyubiquitination, while ABCF1 is activated (K63polyubiquitinated) during late-phase signaling by TRAF6.

4.2.6

ABCF1 associates with and mediates the K63-linked polyubiquitination of SYK

and TRAF3 and regulates TLR4 endocytosis and IFN-I production
Our discovery that ABCF1 is an E2 Ub-conjugating enzyme prompted us to explore if
this activity plays a role in ABCF1’s positive regulation of TRIF-dependent signaling. TLR4
endocytosis is an essential upstream trigger of TRIF signaling that requires, first, the
phosphorylation of SYK, then the p-SYK-mediated phosphorylation of PLCγ2 [169]. Coimmunoprecipitation studies in LPS-stimulated BMDMs revealed that while ABCF1 associates
with SYK (Figure 24B, C), no interaction with PLCγ2 was observed (data not shown).
Furthermore, knockdown of ABCF1 expression was found to decrease the phosphorylation of
both SYK and PLCγ2 in LPS-stimulated BMDMs (Figure 24E), suggesting a mechanism for the
previously observed TLR4 endocytic defect when ABCF1 is knocked down.

To investigate if ABCF1’s E2 activity regulates SYK, we analyzed the formation of
polyubiquitinated species of SYK in BMDMs co-transfected with Abcf1, Syk, and Ub expression
constructs. In the absence of LPS stimulation, we did not detect any polyubiquitination of SYK
(Figure 25A). After 30 minutes of LPS stimulation, K63-linked forms of SYK were detected in
BMDMs overexpressing Abcf1 WT, Ub-K63, and Syk plasmids, whereas no K48-Ub chains were
observed. Notably, the formation of these K63 linkages was disrupted when Abcf1 WT was
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substituted with the Abcf1 C647S mutant plasmid, suggesting that the conserved cysteine is
necessary for ubiquitin transfer and critical for the E2 activity of ABCF1.

Previous studies have shown that SYK associates with TRAF6 [198] and our data shows
that TRAF6 and SYK associate with ABCF1 during TLR4 endocytosis (Figure 24B, D), possibly
implying the formation of a TRAF6-ABCF1-SYK complex. This suggests that during late-phase
TLR4 signaling, TRAF6 binds with both target protein, SYK, and E2 enzyme, ABCF1, and
perhaps acts like a scaffold to aid in the K63-linked polyubiquitination of SYK by ABCF1 in an
E3-RING domain-like fashion (Figure 26) [199].

We have shown ABCF1 to be essential for TLR4 endocytosis and TRIF-dependent
signaling, which leads to the phosphorylation of TBK1 and IRF3, resulting in the downstream
production of IFN-I. Polyubiquitination of TRAF3 is known to be an essential checkpoint in this
pathway and non-canonical self-polyubiquitination of TRAF3 is thought to be the key driver for
this regulation [99, 100]. In our co-immunoprecipitation studies, we observed an interaction
between ABCF1 and TRAF3 (Figure 24B, D); it is possible that this interaction is indicative of a
scenario where an E2 ubiquitin-conjugating enzyme (ABCF1) interacts with an unknown E3
ligase to facilitate the transfer of its ubiquitin moiety to a target substrate (TRAF3).
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In order to examine whether ABCF1 targets TRAF3 for polyubiquitination, we cotransfected Abcf1, Traf3, and Ub expression constructs into BMDMs. Robust polyubiquitination
of TRAF3 was only observed when BMDMs were overexpressing Abcf1 WT, Ub-K63, and Traf3
plasmids and only when stimulated with LPS (Figure 25B). This polyubiquitination reaction
required K63 linkages in Ub, as only negligible amounts of K48 linkages were detected under all
other conditions tested. Importantly, K63-linked polyubiquitination of TRAF3 was completely
abolished when Abcf1 WT plasmid was replaced with the C647S mutant plasmid, indicating a
critical role for the conserved catalytic cysteine in this reaction (Figure 25B). These results
suggest that upon LPS stimulation, ABCF1 targets TRAF3 for K63-linked polyubiquitination in
an E3-RING domain like fashion. As no interaction was observed between TRAF3 and TRAF6
(data not shown), the identity of the E3 ligase that aids in this RING domain-mediated transfer is
still unknown.
Previous studies have shown that TRAF3 polyubiquitination is dependent on its
interaction with TRIF [99, 100]. To examine whether the interaction between ABCF1 and
TRAF3 depends on TRIF, we treated BMDMs with Trif siRNA in the presence or absence of
LPS and immunoprecipitated ABCF1. A strong interaction between ABCF1 and TRAF3 was
observed after LPS stimulation, and knockdown of TRIF did not affect this association (Figure
25C). Treating BMDMs with both Trif siRNA and LPS led to decreased p-TBK1 levels,
confirming that TRIF-dependent TRAF3 ubiquitination is important for downstream signaling
(Figure 25C). Therefore, it appears that although TRIF is not necessary for ABCF1 and TRAF3
association, perhaps ABCF1 first interacts with TRAF3 and then this complex recruits TRIF
(Figure 24B), facilitating the ABCF1-mediated K63-polyubiquitination of TRAF3 (Figure 26).
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Figure 24: ABCF1 levels are negatively regulated by cIAP1/2 in the early phase of TLR4 signaling, whereas
ABCF1 forms a complex with SYK, TRAF6 and TRAF3 and negatively regulates SYK and PLCγ2
phosphorylation in late phase TLR4 signaling in BMDMs

A) BMDMs were treated with cIAP1/2-specific siRNA in the presence or absence of LPS (100 ng/ml for 30 mins).
Cells were lysed and WCLs were immunoblotted with anti-ABCF1, anti-TAK1, anti-p-TAK1, and anti-cIAP1/2
antibodies. B) BMDMs were stimulated with LPS

(100

ng/ml for 30

mins) and

WCLs were

immunoprecipitated with anti-ABCF1 antibody. The immunoprecipitates were immunoblotted with anti-ABCF1,
anti-SYK, anti-TRAF6, and anti-TRAF3 antibodies. C) SYK was overexpressed (Over Exp.) in BMDMs, WCLs
were immunoprecipitated with anti-SYK antibody, and the immunoprecipitates were immunoblotted with antiABCF1 and anti-SYK antibodies. D) TRAF3 was overexpressed in BMDMs, WCLs were immunoprecipitated with
anti-TRAF3 antibody, and the immunoprecipitates were immunoblotted with anti-ABCF1 and anti-TRAF3
antibodies. E) Protein analysis of p-SYK and p-PLCγ2 in Abcf1 siRNA-treated BMDMs in presence or absence of
LPS. The data is representative of 3 separate experiments.
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Figure 25: ABCF1 targets SYK and TRAF3 for K63-polyubiquitination thereby regulating TLR4 early and
late phase pathways

A) BMDMs were co-transfected with the indicated combinations of overexpression vectors. Each vector contained
either Myc-tagged Syk, HA-tagged Ub (WT, K48, or K63), or GFP-tagged Abcf1 (WT or C647S). Cells were lysed
and WCLs were immunoprecipitated with an anti-MYC antibody, followed by immunoblotting with an anti-HA
antibody to detect polyubiquitinated forms of SYK. WCLs and immunoprecipitates were also immunoblotted with
the indicated antibodies to determine the extent of protein overexpression. B) BMDMs were co-transfected with the
indicated combination of overexpression vectors, and processed as in (A) to detect polyubiquitinated forms of
TRAF3. C) WCLs were immunoblotted from Trif siRNA-treated BMDMs in presence and absence of LPS. The data
is representative of 3 separate experiments.
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Figure 26: Model for how ABCF1 regulates TLR4 endocytosis

In macrophages, MyD88-dependent early phase of TLR4 signaling leads to UBC13 targeting TRAF6 for K63polyubiquitination, which further targets cIAP1/2 for K63-polyubiquitination. cIAP1/2 then enhances K48proteasomal degradation of ABCF1 and TRAF3. In the absence of ABCF1, TAK1 is phosphorylated, which leads to
activation of MAPK and NF-κB pathways and elevated production of pro-inflammatory cytokines like TNFα, IL1β, IL-6, thereby polarizing macrophages to M1 phenotype. Self K48-proteasomal degradation of cIAP1/2 results in
activation and K63- linked polyubiquitination of ABCF1 by TRAF6, which results in ABCF1 to bind and forms a
complex with TRAF6 and SYK and target SYK for K63-linked polyubiquitination. This leads to SYK and
subsequent PLCγ2 phosphorylation. Phosphorylation of SYK and PLCγ2 modulates TLR4 endocytosis into the
endosomes, which then initiates TRIF-dependent TLR4 signaling. ABCF1 then forms a complex with TRAF3 and
TRIF and targets TRAF3 for K63-polyubiquitination in TRIF-dependent manner. This triggers phosphorylation of
TBK1 that leads to phosphorylation and eventual dimerization of IRF3 and production of IFN-I stimulated genes.
This shift from MyD88 to TRIF signaling by ABCF1 leads to increased production of IL-4, IL-10, CCL17, TGFβ
and IFNβ and reduced production of TNFα, IL-1β, IL-6 and CD86, MHC-II surface markers and increased CD206
levels, thus polarizing macrophages to M2 phenotype.
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4.3

Discussion
Endotoxin LPS is one of the most potent insult for the innate immune response mediated

overt inflammation. The role of ubiquitin modification has previously been seen in TLR
pathways, but the exact mechanism of ubiquitin regulation is still unknown. Thus we sought to
identify regulators of LPS-TLR4 signaling, which controls the exacerbated innate immune
signaling.

Here we report the discovery of a novel class IV E2 conjugating enzyme ABCF1,
which through it’s conserved catalytic cysteine at position 647 controls TLR4 endocytosis.
ABCF1 accomplishes this by regulating IFN-I response and macrophage polarization, through its
K63-polyubiquitination activity in murine macrophages. ABCF1’s E2 activity is a new
molecular function amongst all ABC gene family members, which until this report were known
only to mediate substrate transport, multiple drug resistance and cystic fibrosis. However,
ABCF1 lacks trans-membrane domains, a feature of most ABC family members but does contain
a conserved ATP binding cassette however, it also possesses obvious structural features of an E2
enzyme. ABCF1 displays a characteristic UBC domain and several well-conserved residues
within it that create a low pKa environment in the active site and leads to deprotonation of the
substrate lysine. Furthermore, human ABCF1 also aligns perfectly with other known human E2
sequences and has a conserved cysteine at position 655 (data not shown).

In macrophages, MyD88-dependent early phase of TLR4 signaling leads to UBC13
targeting TRAF6 for K63-linked polyubiquitination, which further targets cIAP1/2 for K63114

linked polyubiquitination [99]. cIAP1/2 then enhances K48- mediated proteasomal degradation
of ABCF1 (Figure 23C) and TRAF3 [100]. In the absence of ABCF1, TAK1 is phosphorylated,
which leads to activation of MAPK and NF-κB pathways and elevated production of proinflammatory cytokines like TNFα, IL-1β, IL-6, thereby polarizing macrophages to M1
phenotype (Figure 18, 19, 20, 24A, 26).

Self K48-proteasomal degradation of cIAP1/2 triggers the onset of late phase TLR4
signaling. Degradation of cIAP1/2 results in activation and K63-linked polyubiquitination of
ABCF1 by TRAF6 (Figure 23C, D). Activated ABCF1 then binds and forms a complex with
TRAF6 and SYK (Figure 24B, C, D) and targets SYK for K63-linked polyubiquitination (Figure
25A). This leads to SYK and subsequent PLCγ2 phosphorylation (Figure 24E). As both
phosphorylation and ubiquitination of SYK by ABCF1 are important for TLR4 endocytosis,
further studies are still needed to understand whether these processes work simultaneously or
successively. Phosphorylation of SYK and PLCγ2 modulates TLR4 endocytosis into the
endosomes, which then initiates TRIF-dependent TLR4 signaling (Figure 22, 23) which has also
been confirmed by [169]. This leads to phosphorylation and dimerization of IRF3 and production
of IFN-I. ABCF1 was also found to regulate the downstream TRIF signaling by forming a
complex with TRAF3 and TRIF and targeting TRAF3 for K63-linked polyubiquitination in TRIF
dependent manner (Figure 25B, C). This triggered phosphorylation of TBK1 that leads to
phosphorylation and eventual dimerization of IRF3 (Figure 18, 25B, C) and production of IFN-I
stimulated genes, including IFNβ (Figure 18B, 26).
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This shift regulated by ABCF1’s ubiquitination activity not only regulates TLR4
endocytosis, but also controls macrophage polarization. We also suggest that ABCF1 positively
regulates IL-4, IL-10, CCL17, TGFβ, IFNβ production and CD206 cell surface levels and
negatively regulates TNFα, IL-1β, IL-6 production and CD86, MHC-II surface levels, thus
polarizing macrophages to M2 phenotype via TRIF-dependent signaling (Figure 26). From an
evolutionary perspective, our identification of ABCF1 ubiquitination targets SYK and TRAF3 as
regulators of TLR4 endocytosis and IFN-I production respectively also draws to a conclusion
that ABCF1 could also regulate other immunity related endocytosis receptors like Dectin1 and
FcγRs and control IFN-I production and counteract viral infections like HIV and cancer
progression.
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Chapter 5: ABCF1 regulates the shift from SIRS to ET phase during sepsis

5.1

Introduction
Sepsis is a bi-phasic disease characterized by an initial hyper-inflammatory phase known

as Systemic Inflammatory Response Syndrome (SIRS), which is followed by an immunecompromised phase called Endotoxin Tolerance (ET) [6, 200]. The SIRS phase is marked
simultaneously by the drastic production of pro-inflammatory cytokines (e.g. IL-1β, TNFα, IL6) and downregulation of anti-inflammatory cytokines (e.g. IL-10, IL-4, IL1Rα), whereas the
opposite occurs during ET [201]. In SIRS, the vigorous inflammatory insult generally leads to
impaired contractility, reduced cardiac index, and ejection fraction, thus leading to circulatory
failure [202, 203]. Persistent circulatory failure leads to rupturing of the microcirculation and
vasculature, resulting in Multiple Organ Dysfunction Syndrome (MODS), a major determinant
of mortality in sepsis [204].

Transition to the ET phase dampens the overall inflammatory response, and fatalities
during this phase are either due to failure to control primary infection or acquisition of secondary
infection [205]. A recent study revealed a protective role for IRF3-dependent IFNβ production in
lethal LPS-endotoxin mediated sepsis immunotherapy by controlling the levels of a nuclear
histone deacetylase called Silent Information Regulator Transcript-1 (SIRT1) in murine BMDMs
[206]. There have also been few studies on understanding sepsis and ubiquitination modification
to explain this phenomena [24] but the mechanism for the molecular switch between the two
phases still remains to be discovered.
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Here we report that ABCF1 regulates the SIRS-to-ET transition during sepsis. In a mouse
model of sepsis, ABCF1 was required for the production of the immunotherapeutic mediators,
IFNβ and SIRT1, and was critically protective against lethality.

5.2

Result

5.2.1

ABCF1 is crucially protective during sepsis and targets TRAF3 for K63-

polyubiquitination and controls the IFNβ-SIRT1 dependent sepsis immunotherapy
During sepsis, the disease transitions from the pro-inflammatory SIRS phase (MyD88dependent) to the anti-inflammatory ET phase (TRIF-IFN-I dependent) [207], although the
regulation of this shift is not well understood.

Macrophages are thought to be the main

producers of inflammatory cytokines during both these phases [208, 209], and their plasticity has
been shown to mediate the transition of the disease to the TRIF-dependent ET phase [6, 10]. Our
results thus far indicate an integral role for ABCF1 in governing the switch from MyD88- to
TRIF-dependent signaling in BMDMs responding to TLR4 agonist, LPS.

We, therefore,

hypothesized that the reduced expression of ABCF1 in Abcf1+/- (Het) mice would impair their
ability to undergo this transition during sepsis and render them haploinsufficient in their response
to this disease.

As a model for sepsis, we injected WT and Abcf1+/- (Het) mice with endotoxin (LPS) as
described in Methods. Pretreatment of WT mice with LPS (ETT-WT) induced endotoxin
tolerance and resulted in a serum cytokine profile indicative of the anti-inflammatory ET phase
of sepsis. Specifically, we observed a drastic reduction in the levels of pro-inflammatory
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cytokines (IL-1β, IL-6, TNFα, HMGB1) by 30-50 fold, T cell-attracting chemokines (CXCL9
and CXCL10) by 10-20 fold, and T cell proliferative cytokine (IL-1α) by 60 fold. ETT-WT mice
also concomitantly displayed significantly increased levels of anti-inflammatory cytokines (IL1Rα, IL-4, IL-10, TGFβ) and IFN-I (IFNβ), again recapitulating the ET phase of sepsis. In stark
contrast to this, the ETT-Het mice exhibited a 40-60 fold elevation in pro-inflammatory
cytokines (IL-6, IL-1β, HMGB1, TNFα) levels when compared with ETT-WT mice (Figure
27A, A2.1), and a 20-30 fold downregulation in anti-inflammatory cytokines (IL-1Rα, IL-4 and
IFNβ), with IL-10 showing a reduction of 40-50 fold. The NETT-Het mice also exhibited a proinflammatory response but to a lesser extent than their ETT counterparts. The serum cytokine
profile of ETT-Het mice suggested these mice were unable to transition to the ET phase of
sepsis, and remained permanently in the hyper-inflammatory SIRS phase of the disease, thus
exhibiting a phenotype of cytokine storm.

The polarized serum cytokine profiles of the ETT-WT and ETT-Het mice were
manifested in drastically different survival rates for these mice. Only 55% of ETT-Het mice
survived for 8 hours after the second (high-dose LPS) injection and there were no survivors after
16 hours (Figure 27B). ETT-WT mice, on the other hand, had a 90% survival rate by the end of
the 96-hour study. By contrast, NETT-WT mice had a 60% survival rate, whereas only 10% of
NETT-Het mice survived by the end of 96 hours (Figure 27B).

Next, we analyzed the expression levels of key mediators of MyD88 (p-TAK1), TRIF (pIRF3), and a negative regulator of MyD88-dependent (A20) signaling in BMDMs derived from
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these mice. ETT-Het BMDMs contained elevated levels of p-TAK1 and reduced levels of A20
and p-IRF3 compared to ETT-WT BMDMs (Figure 27C). The predominance of MyD88dependent signaling in ETT-Het BMDMs and TRIF-dependent signaling in ETT-WT BMDMs
mimics the activity of these signaling pathways during the SIRS and ET phases of sepsis,
respectively.

ABCF1 has earlier been shown to mediate the K63-linked polyubiquitination of TRAF3
(Figure 25), which is essential for the shift from MyD88- to TRIF- dependent signaling and also
for TRAF3-mediated IRF3-dependent IFN-I production [100]. Therefore, in order to investigate
if the immunotherapeutic effect of IFNβ during sepsis depends on the activity of ABCF1, we
examined the possibility that ABCF1 targets TRAF3 for ubiquitination during sepsis.
Immunoblot analysis of ETT-Het BMDMs revealed increased K48-linked polyubiquitination of
TRAF3, suggesting these proteins were destined for proteasomal degradation, hence activating
the MyD88 pathway characteristic of SIRS (Figure 27D). By contrast, increased K63-linked
polyubiquitination of TRAF3 was observed in ETT-WT BMDMs, suggesting activation of the
TRIF-IFN-I pathway characteristic of the ET phase (Figure 27D). Elevated levels of
phosphorylated IRF3 (Figure 27C), dimerized IRF3 (Figure 27E), and IFNβ were also observed
in ETT-WT BMDMs, whereas no IRF3 dimerization and a 15 fold reduction in IFNβ levels was
seen in ETT-Het BMDMs. These results support the hypothesis that ABCF1 is required for
TRAF3 activation (K63-linked polyubiquitination) and subsequent IRF3 phosphorylation and
dimerization, ultimately leading to the production of IFNβ, a crucially protective cytokine in
LPS-induced sepsis (Figure 30).
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The protective effect of IFNβ during sepsis is thought to depend on its positive
regulation of the JAK-STAT pathway and, consequently, SIRT1 production [206]. We observed
a 50-70 fold reduction in the phosphorylation levels of STAT transcription factors (Figure 28A)
and an absence of SIRT1 in ETT-Het BMDMs (Figure 27C), demonstrating that even a single
allele of ABCF1 was insufficient to maintain non-trivial levels of SIRT1. Thus, ABCF1 appears
to control the switch from MyD88- to TRIF- dependent signaling during the SIRS-to-ET
transition in sepsis, facilitating IFNβ-dependent production of the immunotherapeutic mediator,
SIRT1 (Figure 30).
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Figure 27: ABCF1 targets TRAF3 for K63-polyubiquitination and controls SIRS to ET phase transition
during sepsis

WT and Abcf1 Het mice were either pre-treated with i.p. injections of 0.5 mg/kg LPS or with sterile normal saline.
24 hours later, all mice received an i.p. injection of 20 mg/kg LPS. The former group with two LPS injection was
named endotoxin treated (ETT) and the latter group with one PBS and one LPS injection was named non-endotoxin
treated (NETT). Serum was isolated from whole blood from NETT and ETT treated WT and Het mice. A) Bar graph
represents fold change of serum cytokines and chemokines. Fold change calculations were done as indicated in
materials and methods. Bars indicate the mean ± standard deviation. P-value < 0.01. B) Het mice die earlier than
WT mice when treated with either NETT or ETT treatments. Percentage survival after second LPS injection with
n=9 mice per group was monitored until 96 hours, p value <0.001. C) BMDM WCLs from NETT and ETT mice
were analyzed for the expression of regulatory proteins, phospho-proteins and caspases. D) BMDM WCLs were IB
with anti-TRAF3 and later IP with anti-TRAF3 antibody. The immunoprecipitates were IB with anti-TRAF3 and
poly-ubiquitin antibodies. E) BMDM WCLs were separated by native PAGE gel and were analyzed for IRF3
dimerization. All cytokine and protein analysis were done after 3 hours of second LPS injection. The data is
representative of 3 separate experiments.
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5.2.2

BMDMs from ETT-Het mice undergo extensive pyroptosis

While caspase-3-mediated apoptosis of immune cells is the leading cause of secondary
infection during the ET phase of sepsis [210], caspase-1-dependent pyroptosis is the primary
cause of immune cell death during the SIRS phase of sepsis [211]. Pyroptosis is a highly
inflammatory cell death pathway triggered in response to intracellular pathogen signals. Upon
activation of this pathway, NOD-like receptors (e.g. NLRP3) associate with adaptor proteins
(ASC) to form a supramolecular complex with caspase-1 known as the inflammasome. This
leads to the cleavage and activation of caspase-1, which in turn effects the processing and
secretion of pro-inflammatory cytokines (IL-1β, HMGB1, TNFα), and eventual cell death [212].

Serum cytokines from ETT-Het mice showed a phenotype consistent with cytokine
storm, with drastically elevated levels of IL-1β, HMGB1, IL-6 and TNFα (Figure 27A).
BMDMs from ETT-Het mice also had elevated quantities of NLRP3, ASC, and cleaved caspase1, as well as decreased cleaved caspase-3 levels when compared with ETT-WT BMDMs (Figure
27C). In addition, we observed reduced phosphorylation levels of apoptosis-associated kinases
like AKT in BMDMs from ETT-Het mice (Figure 28B). Interestingly, a similar trend of
pyroptosis was also observed in LPS-stimulated BMDMs treated with Abcf1-specific siRNA and
LPS (Figure 28C). These results indicate that ABCF1 plays an important role in transitioning
BMDMs from pyroptotic to apoptotic cell death pathways during sepsis.
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Figure 28: ABCF1 is necessary for TRIF dependent transition from SIRS to ET phase and apoptosis during
sepsis

BMDMs were isolated from NETT or ETT mice and WCLs were prepared. A) Bar graph representing fold change
of MAPK and ISG specific phospho-proteins and transcription factors levels in BMDMs. B) Bar graph representing
fold change of phospho levels of cell survival proteins and various Src family kinases in BMDMs. C) WCLs from
Abcf1 siRNA treated and LPS stimulated BMDM were analyzed by IB for levels of proteins specific for pyroptosis.
Fold change calculations were done as indicated in materials and methods. Bars indicate the mean ± standard
deviation. P-value < 0.01. The data is representative of 3 separate experiments.
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5.2.3

ABCF1 haploinsufficient mice die early due to hypotension induced acute
kidney injury in SIRS phase
Increased levels of circulating pro-inflammatory cytokines like IL-1β, IL-6, and TNFα is
associated with multiple organ failure on the background of persistent circulatory failure [13,
202]. During SIRS, the presence of endotoxin in the blood (endotoxemia) leads to the
upregulation of TNFα, which alters renal microcirculation and hemodynamics, and leads to
acute kidney injury [213, 214]. This alteration during sepsis results in hypoperfusion of the
kidneys [215]. The acute inflammatory response caused by pro-inflammatory cytokines damages
the host tissue, which ultimately leads to death [216].

Hypotension and increased serum lactate levels have been characterized as early
indicators of septic shock in both mice and humans [217, 218]. Increased serum lactate is a
marker of abnormal microcirculation, reflective of tissue hypotention and cellular hypoxia,
which constitutively defines septic shock [219]. ETT-Het mice demonstrated a significant
increase in their serum lactate levels when compared with their WT and NETT counterparts,
indicating increased hypotension in the ETT-Het mice tissues (Figure 29A).

Pathologically, serum creatinine is used as a measure for assessment of kidney function.
Increased serum creatinine has been attributed as a biomarker for Acute Kidney Injury (AKI)
[220]. Rising creatinine levels during sepsis often appear after the window of opportunity for
effective therapy has already passed. Again, the ETT-Het mice demonstrated a significant
increase in their serum creatinine levels when compared with their WT and NETT counterparts,
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indicating increased kidney failure in ETT-Het mice kidneys (Figure 29B). Serum creatinine
levels in the NETT-WT group were always found to be below the detection range.

Histological analysis of these mice revealed widespread dilation and congestion of small
vessels in their kidneys (Figure 29C). In addition, these images clearly depict the ‘sludging’
effect of red blood cells (shown by black arrows) being compacted together in dilated/congested
vessels. This form of vasculature dilation and congestion on a systemic scale results in a critical
drop in blood pressure, causing insufficient blood and oxygen to reach critical central organs,
including the brain and heart. The kidneys of the ETT-Het mice exhibited significantly greater
sludging and vascular dilation compared to ETT-WT mice, suggesting increased congestion of
blood vessels and thus contributing to severe hypotension induced AKI and increased mortality.
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Figure 29: ETT-Het mice develop Renal Circulatory Failure

A) Serum lactase levels B) Serum creatinine levels were measured in NETT and ETT treated WT and Het mice with
n=9 mice per group,p-values are indicated. C) ETT-WT and ETT-Het mice were perfused and sacrificed after 3
hours of second LPS injection. Kidney tissues were fixed in 4% paraformaldehyde for 24 hours, washed in PBS and
embedded in paraffin. 5-µm-thick sections were cut and were stained with hematoxylin and eosin (HE). The slides
were seen under Olympus BX51 microscope and images were taken with Olympus cellSens software. Black arrows
represent areas of red blood cells sludging. The data is representative of 3 separate experiments.
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Figure 30: Model of how ABCF1 regulates endotoxin tolerance during sepsis

During sepsis ABCF1 targets TRAF3 for K63-polyubiquitination and regulates the shift from MyD88-dependent
SIRS phase of sepsis to the TRIF-dependent endotoxin tolerance phase. Once ubiquitinated, TRAF3 mediates the
downstream signaling, which leads to IRF3 phosphorylation and dimerization by TBK1 and IKKε. This shuttles
IRF3 into the nucleus, where it leads to the production of IFNβ. IFNβ binds to the JAK-TYK receptor and triggers
JAK-STAT pathway, which leads to phosphorylation and nuclear translocation of STAT transcription factors into
the nucleus, where they lead to the production of SIRT1. SIRT1 induces deacetylation of RelA/p65 NF-κB subunit
thereby inhibiting NF-κB signaling. Lack of NF-κB signaling inhibits pro-inflammatory cytokine production,
thereby reducing inflammation.
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5.1

Discussion
Endotoxin LPS is the most potent insult in the pathogenesis of sepsis. Sepsis is a bi-

phasic inflammatory disease, with the mechanism of shift between its phases still elusive. We
sought to identify regulators of LPS-TLR4 signaling, which controls the cytokine storm and
endotoxin tolerance phases during sepsis.

Several murine models of sepsis relate to sepsis pathogenesis in humans. In the Cecal
Ligation Puncture (CLP) model, a portion of cecum is ligated with creation of one or more cecal
colostomies via needle puncture. Like human sepsis, this model leads to continuous bacterial
release, which mimics immune dysfunction, but this comes with several drawbacks. This system
displays high degree of variability, as needle puncture size and length of cecum ligated is not
well regulated in all the labs and leads to significant alteration in immune regulation. The CLP
mice also undergo hypothermia and require antibiotic treatment, which alters the sepsis model.
Thus this makes the CLP model a model of injury and incompletely treated peritonitis [221].
Another such model is Colon Ascendens Stent Peritonitis (CASP) model, where a plastic stent is
inserted in the ascending colon under anesthesia. This model mimics continuous bacterial release
as in CLP, but also displays high variability in stent size and stent insertion on the colon, thus
giving rise to similar drawbacks as if CLP. Lastly, the Endotoxin Tolerance (ET) model utilizes
single component LPS, which is released by gram-negative bacteria. This model mimics the
overwhelming hypotension in human sepsis and high LPS dose mimics similar morbidity rate
and hematological alterations as seen in human sepsis. This makes the ET model of endotoxemia
on the widely used sepsis mouse models mimicking human sepsis [221].

Therefore, we utilized

LPS induced endotoxin mouse model of sepsis and discovered the role of ABCF1 in IFNβ based
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sepsis immunotherapy. Previous studies have discovered antagonistic role of an NAD1dependent nuclear histone deacetylase named SIRT1 in NF-κB signaling [222] and
IFNβ mediated protective role in endotoxin tolerance during sepsis [206], which also critically
regulates cell cycle, apoptosis, inflammation and metabolic activities in the cell [223]. We have
discovered an up-stream regulator ABCF1, which controls the IRF3 dependent-IFNβ production
by targeting TRAF3 for K63-polyubiquitination, which triggered IRF3 phosphorylation,
dimerization and production IFN-I genes (Figure 27, 28). IFNβ then led to JAK-STAT mediated
SIRT1 (Fig 28A, 27C) mediated protective role in endotoxin tolerance during sepsis by
deacetylating RelA-p65 subunit of NF-κB and inhibited inflammation (Figure 30) [222]. This
regulated the shift from MyD88-dependent SIRS phase to TRIF-dependent ET phase during
sepsis. In the ETT-Het mice, diminished IFNβ mediated JAK-STAT signaling prevented SIRT1
production, this inhibited the shift to ET phase, which resulted in a SIRS dependent phenotype of
cytokine storm and early mortality due to pyroptosis, whereas the ETT-WT mice show perfect
shift to the ET phase and exhibited significant elevation of anti-inflammatory cytokines and IFNI genes, with elevated SIRT1 levels. (Figures 27, 28). As ABCF1 is an up-stream regulator of
IFNβ signaling, this immune regulator may be a potential target for novel therapeutics to
attenuate inflammation.

Sepsis has also been shown to lead to mortality due to hypotention mainly in the heart,
brain and kidney [215] and our studies show significant increase in serum lactate levels
indicating increased hypotention in ETT-Het mice (Figure 29A) and increased serum serum
creatinine, indicating kidney failure (Figure 29B), in response to upregulation of pro134

inflammatory cytokines and MAPKs characteristic of SIRS phase (Figure 27, 28). Our previous
study on ABCF1 promoter activity in mouse tissues revealed that this promoter is highly active
in kidney tissues, with greater than 60% of kidney cells expressing ABCF1 [125], and the
present data is consistent with Abcf1 Het mice developing visible changes in the microcirculation
of kidneys (Figure 29C). Recent studies have suggested the role of SIRT1 as a regulator of
lifespan extension associated with cell cycle and differentiation [224] and role of IFNβ-SIRT1 in
attenuating LPS-induced kidney damage [206] and as ABCF1 seems to critically regulate SIRT1
signaling, it is also fitting to conclude that apart from innate immune responses, ABCF1 could
also be a conceivable therapeutic target that controls cell survival.

Previous studies have mapped ABCF1 has a risk factor gene for rheumatoid arthritis and
autoimmune pancreatitis [111, 123] and recent genome wide association studies have also
associated ABCF1 with the risk of gout [225] and crohn’s disease [226]. Dysregulation in innate
immune responses have been attributed as a key factor for the prognosis of these immunologic
disorders and the current research is focusing on to control the cytokine secretion by
macrophages. As we have established that ABCF1 is a key up-stream innate immune regulator in
sepsis, it is highly likely that ABCF1 regulates innate immune responses and controls
macrophage polarization and regulates cytokine production in these auto-immune disorders, thus
further work will be needed to understand its molecular signaling.

Thus, based on both molecular and histological analysis, we identify ABCF1 as a potent
class IV E2 conjugating enzyme that acts as an innate immune regulator, which controls the
production of pro-inflammatory cytokines and targets TRAF3 for K63-linked polyubiquitination
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and modulates TLR4 endotoxin infection. For several decades research has focussed on
discovering TLR4 inhibitors that control pathogenesis during sepsis [227]. Here we describe a
keystone regulator that controls the shift from SIRS phase to ET phase of sepsis thereby
modulating sepsis mortality. Thus ABCF1 may be potential target for pharmacological drug
development to protect against sepsis and further work will be needed to exploit this new target
to modify outcomes in various diseases in patients care.

In summary, we have discovered a novel ubiquitin E2 conjugating enzyme, ABCF1,
which negatively regulates pro-inflammatory cytokine production in TLR2 and TLR9 signaling
and positively regulates IFN-I production in TLR3 signaling and anti-inflammatory cytokine
production in TLR5 signaling. ABCF1 also controls Oas1a mediated RNase L activation and
FcγR IIA mediated phagocytosis via SYK and SFKs. We also how that ABCF1 regulates the
shift from MyD88 to TRIF dependent signaling of TLR4 endocytosis, hence polarizing
macrophages to M2b phenotype and SIRS to ET transition in sepsis, by K63-polyubiquitinating
TRAF3 and causing IRF3 nuclear translocation and dimerization. During sepsis ABCF1 controls
the renal microcirculation and vasculature and modulates SIRS mediated mortality.
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Chapter 6: Future directions and Conclusion
6.1

Future directions
Through out the evolutionary process, inflammation has had a profound impact on

shaping the mammalian biological systems. The adverse effect of inflammation can be seen with
the rise in the present day inflammatory diseases, in part, due to pleiotropic effects of host
resistance to pathogens over the course of human history. This positive selection influenced the
genetic factors, which lead to inheritance of inflammatory disease single nucleotide
Polymorphisms (SNPs). Genome-Wide Association Studies (GWASs) in European ancestry
showed SNPs in Abcf1 gene, which were associated with Rheumatoid Arthritis (RA), Multiple
Sclerosis (MS), Crohns Disease (CD) linked with positive selection [228]. GWAS and
International HapMap project have also discovered proteins encoded in these positively selected
genomic regions to be located in the MHC locus [229]. ABCF1 is also one of the genes in MHC
locus and GWAS studies on ABCF1 have shown that ABCF1 could be a marker for RA [230] or
CD [231, 232]. Previous studies have shown the association of ABCF1 gene locus with
rheumatoid arthritis, thus the future direction for this research includes the use of ABCF1
heterozygous

mouse

model

in

understanding

molecular

mechanisms

involved

in

pathophysiology of rheumatoid arthritis. Future work should focus on treating both WT and
Abcf1 (+/-) Het mouse model with collagen induced arthritis and study the signaling cascade
through ABCF1’s E2 conjugating activity. This would yield a greater understanding in the fight
against auto-immunity.
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Throughout evolution, innate immunity has not only evolved as the first line of defense in
matured mammals; it is in fact the only defense mechanism that protects the mammalian fetus
from pathogens, as the adaptive immunity doesn’t kicks in until after birth. In Zebra fish, the
lymphoid progenitors are detectable at E8.5-9.5 and in mouse as early as E4. Activation of the
innate foetal immune response results in the synthesis of leukotrienes and prostanoids, and
inflammatory cytokines, including TNFα, IL-1β, IL-6, IL-12, and type I and II IFNs [233]. As
we have already shown that ABCF1 critically regulates innate immune signaling in macrophages
and is necessary for production of IFN I, IL-6 and IL-12 (chapter 3 and 4) and is also involved in
embryogenesis [125], thus the next logical step would be to study if ABCF1 also controls foetal
innate immune regulation and protects the foetus from external pathogens.

Earlier studies have shown that ABCF1 associates with eIF2α and helps in translation
initiation [234] and our recent study on ABCF1 promoter activity [125] showed that complete
knock out of ABCF1 was embryonic lethal. Thus we need to study and understand how ABCF1
regulates this cell death mechanism. There have been many studies on investigating cell death
control mechanism and a few reported K48-polyubiquitin mediated proteasomal degradation of
eIF2α as a critical step in deciding cell fate. Research to understand involvement of ABCF1 in
this signaling will potentially answer many question and will provide researchers with new cell
survival mechanisms.

Our in house bio-informatics and sequence alignment analysis led to a possibility of
another mouse ABC protein ABCF3 also possessing E2 conjugating activity. We discovered that
mouse ABCF3 protein sequence aligned perfectly with other know mouse E2s including ABCF1
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and had a conserved cysteine at residue 622. Thus research is needed in understanding if ABCF3
is an E2 ubiquitin-conjugating enzyme and if it interacts with ABCF1 and is further involved in
regulating cellular mechanisms.

6.2

Conclusion
The first research article that ever reported the discovery of ABCF1 in TNFα stimulated

synoviocytes was published nearly two decades ago [111]. It was not until a decade ago when
ABCF1 was first associated with translation initiation in mammalian cells [117]. It was later
associated with autoimmune diseases such as rheumatoid arthritis and pancreatitis [123].
Immunological studies in mouse embryonic fibroblasts (MEF) have shown that ABCF1
associates with dsDNA and DNA sensing components HMGB1 and IFI204. It interacts with SET
complex members (SET, ANP32A and HMGB2) and helps in cytosolic DNA sensing
mechanism [124]. We recently tried to study the role of ABCF1 by creating a homozygous
knockout mouse model. To our surprise, the mice were lethal at 3.5 days postcoitus (dpc) and
didn’t survive past the pre-implantation stage of development [125]. So we created an ABCF1
heterozygous; Abcf1+/- (Het) mouse from XK097 ES cell line and studied promoter activity in
various tissues. Since last twenty years, role of ABCF1 has been shown in many biological
processes, but its molecular function is yet to be discovered.

The aim of this work was to characterize the molecular function of ABCF1 and
investigate how it regulates various biological processes. We discovered that ABCF1 is the first
ABC protein to possess an E2 ubiquitin-conjugating enzyme activity and has an UBC catalytic
domain with a conserved cysteine embedded in the UBC domain at position 647 and is critical in
139

ubiquitin regulation (Chapter 4). We discovered that ABCF1 through its E2 ubiquitinconjugating enzyme activity regulates the shift from TLR4-mediated MyD88-dependent
signaling to TRIF-dependent signaling. It is targeted by cIAP1/2 for K48-mediated proteasomal
degradation. This triggers the early phase TLR4 signaling where ABCF1 was found to negatively
regulate MyD88-dependent signaling components like MAPK and NF-κB pathways thereby
negatively regulating pro-inflammatory cytokine production (Chapter 4).

ABCF1 also regulates TLR4 endocytosis by targeting SYK for K63-linked
polyubiquitination thereby regulating the shift from MyD88-dependent signaling to TRIFdependent signaling. ABCF1 also targets TRAF3 for K63-linked polyubiquitination and controls
IFN I production hence modulating macrophage polarization from M1 to M2 phase (Chapter 4).

Role of ABCF1 was also studied in TLR4 and FcγR IIA mediated phagocytosis (Chapter
3). We observed that ABCF1 is essential for SFK mediated ITAM phosphorylation of FcγR IIA,
which triggers downstream SFK phosphorylation and actin polymerization to form the
phagocytic cup.

We also investigated that ABCF1 binds with anti-viral gene OAS1a and regulates viral
RNA degradation by controlling 2’5’A activity of OAS1 and viral interferon production via
TLR3 downstream signaling. It also controls IFN-I positive feed back loop via activation of
JAK-STAT pathway and phosphorylation of STAT 2, 3 and 6 transcription factors (Chapter 3).
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Role of ABCF1 was also studied in modulating inflammation through other TLRs. We
observed that ABCF1 negatively regulates pro-inflammatory cytokine production through TLR2
and TLR9 signaling, whereas positively regulates pro-inflammatory cytokine production through
TLR5 signaling (Chapter 3).

In chapter 5 we show that ABCF1 controls the shift from SIRS to ET phase of sepsis by
targeting TRAF3 for K63-linked polyubiquitination. We also found that ABCF1 negatively
regulates cytokine storm in SIRS phase of sepsis, and conversely was necessary for regulating
IFN-I production in ET phase. We investigated that ABCF1 controls renal microcirculation and
its haploinsufficiency leads to red blood cell sludging and circulatory dysfunction mediated
mortality. Endotoxin treated WT mice showed 90% survival after 96 hours, whereas ABCF1
haploinsufficient mice died after 16 hours of endotoxin treatment.

Our study shows that ABCF1 regulates inflammation and immune response through all
TLRs and has proven to be essential in critically controlling not only TLR mediate response but
also interferon positive back mechanisms. Therefore we conclude that ABCF1 with its novel E2
ubiquitin-conjugating activity is a potent immune regulator and a keystone molecular switch,
which controls the switch from SIRS to ET phase of sepsis and regulates various critical aspects
of body’s defense mechanism against the pathogen. Through our research, we have further
elucidated the molecular mechanism of biphasic diseases, like sepsis, which kills more than 14
million people worldwide every year, and have laid a path for better understanding and devising
better ways to counteract sepsis and save patient lives.
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Figure A1.1: ABCF1 regulates various cytokines, chemokines and phospho-proteins in BMDMs after LPS
stimulation

ABCF1 was knocked down with specific siRNA in BMDM in presence or absence of LPS (100 ng/ml for 24 hours).
A) Bar graph representing fold change of various cytokines and chemokines in BMDM culture supernatants. B) Bar
graph representing percentage fold change of various phospho-proteins from WCLs from Abcf1 siRNA and LPS
treated BMDMs. Fold change calculations were done as indicated in materials and methods. Bars indicate the mean
± standard deviation. P-value < 0.01. The data is representative of 3 separate experiments.
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Figure A2.1: ABCF1 regulates various cytokines, chemokines and phospho-proteins during sepsis

WT and Abcf1 Het mice were either pre-treated with i.p. injections of 0.5 mg/kg LPS or with sterile normal saline.
24 hours later, all mice received an i.p. injection of 20 mg/kg LPS. The former group with two LPS injection was
named endotoxin treated (ETT) and the latter group with one PBS and one LPS injection was named non-endotoxin
treated (NETT). Serum was isolated from whole blood from NETT and ETT treated WT and Abcf1 Het mice.
A) Bar graph represents fold change of cytokines and chemokines. B) Bar graph representing fold change of various
phospho proteins in BMDM WCLs. Fold change calculations were done as indicated in materials and methods. Bars
indicate the mean ± standard deviation. P-value < 0.001. The data is representative of 3 separate experiments.
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