Infection and Immunity



The immune system refers to a collection
of cells, chemicals and processes that
function to protect the skin, respiratory
passages, intestinal tract and other areas
from foreign antigens, such as microbes
(organisms such as bacteria, fungi, and
parasites), viruses, cancer cells, and
toxins

The immune system can be simplistically
viewed as having two “lines of defense”:

innate immunity and
adaptive immunity
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Innate immunity - First line of host defense

Innate immunity is an antigen-non specific defense mechanisms that a host uses immediately
or within several hours after exposure to almost any microbe

The innate immune system is a rapid non specific reponse that helps the body prevent infection from
pathogens never encountered before, prior to an antibody and T cell response being developed

The innate immune response has no immunologic memory and, therefore, it is unable to recognize or
“memorize” the same pathogen should the body be exposed to it in the future




Adaptive (acquired) immunity

« Adaptive (acquired) immunity refers to antigen-specific defense mechanisms that take several days
to become protective and are designed to react with and remove a specific antigen

« The hallmark of adaptive immunity is the capacity for memory which enables the host to mount a
more rapid and efficient immune response upon subsequent exposure to the antigen

* During adaptive immunity, antigens are transported to lymphoid organs where they are recognized by
naive B-lymphocytes and T-lymphocytes

» These activated B- and T-lymphocytes subsequently proliferate and differentiate into effector cells

« Adaptive immune responses are the basis for effective immunization against infectious diseases



Pathogens ( ACQUIRED IMMUNITY )

attachment

matures into
plasma cell

FIGURE 4 | Acquired immunity: immune cells show two types of responses. Humoral immunity involves the B cells that mature into plasma cells that secrete
antibodies and attach to the pathogen. B cells also produce memory cells for the future attack of the same pathogen. Cytotoxic T lymphocytes (CTLs) are immune
cells that play an important role in the fight against infections and tumor immunology. T cell matures into an active killer T cell called cytotoxic T lymphocytes, which
attach to the infected cell and kill it. The lymphokines attract additional immune cells for stimulation and cascade the effect.




Mechanisms of antibody-mediated
neutralization of viruses by functions of the
IlgG Fab fragment that block binding to cell
surface receptors and inhibit infectivity by
aggregating viral particles and inhibiting steps
in the viral life cycle, such as fusion

Binding of antibodies with certain properties
may enable changes in the viral entry protein
that accelerate fusion
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Barrier Mechanism

Anatomic
Skin « Mechanical barrier retards entry of microbes

« Acidic environment (pH 3-5) retards growth of microbes
Mucous « Normal flora compete with microbes for attachment sites
membrane « Mucous entraps foreign microbes

- Cilia propel microbes out of body

Physiologic

Temperature - Body temperatureffever response inhibits growth of some pathogens
Low pH - Acidic pH of stomach kills most undigested microbes

Chemical « Lysozyme cleaves bacterial cell wall

mediators - Interferon induces antiviral defenses in uninfected cells

- Complement lyses microbes or facilitates phagocytosis

Phagocyticfendocytic barriers

- Various cells internalize (endocytosis) and break down foreign macromolecules
- Specialized cells (blood monocytes, neutrophils, tissue macrophages) internalize (phagocytose), kill and digest whole organisms

Inflammatory barriers

- Tissue damage and infection induce leakage of vascular fluid containing serum protein with antibacterial activity, leading to influx of phagocytic cells
into the affected area

The innate immunity consists of components that are already at the location of infection and respond immediately with a
generalized response

The innate immune system is composed of tissue barrier, innate immune cells, innate immune molecules, and cytokines

Innate immunity can be viewed also as comprising four types of defensive barriers: anatomic (skin and mucous membrane),
physiologic (temperature, low pH and chemical mediators), endocytic and phagocytic, and inflammatory



Innate immunity includes different types of defensive

Barrier Mechanism barriers: anatomic (skin and mucous membrane)
Anatomic
Skin - Mechanical barrier retards entry of microbes

+ Acidic environment (pH 3-5) retards growth of microbes

The skin

« The skin, the largest organ of the body, is a very strong physical barrier, that many pathogens find
impenetrable.

« Alongside the physical barrier, the skin is also inhospitable to many pathogens, containing
antimicrobial peptides that can kill pathogens.

« ltis also covered in commensal skin flora that promote wound healing and restrict the growth of other
microbes



Innate immunity includes different types of

Barrier Mechanism defensive barriers: anatomic (skin and mucous
Anatomic membrane)
Skin - Mechanical barrier retards entry of microbes
+ Acidic environment (pH 3-5) retards growth of microbes
Mucous « Normal flora compete with microbes for attachment sites
membrane « Mucous entraps foreign microbes

« Cilia propel microbes out of body

The mucosal surfaces
Key entry point for viruses and other pathogens into the body include the mucosal surfaces

This includes the mouth, nose, eyes, respiratory tract, gastrointestinal tract, urinary tract and reproductive
tract.

With the respiratory and gastrointestinal tract being the main sites of viral entry.

All these sites have an arsenal of antimicrobial agents, specialist cells types, mucosal antibody (mainly
secretory IgA) and some have inhospitable conditions (low pH).

They are resident to an array of immune cells that patrol these entry points to prevent pathogen invasion
and infection.



The innate immune system is
composed of tissue barrier, innate
immune cells, innate immune
molecules, and cytokines.

The innate immune cells including
macrophages, DCs, Natural Killer Cells
(NKs) and innate-like lymphocytes
have been proved to be essential for
responses against pathogens

When the pathogen invades the host
cell, the neutrophil and natural killer
cells start digesting the pathogen.
However, the macrophages and DC
phagocytose the pathogen and act as
antigen-presenting cells, producing a
cytokine storm for attracting other
immune cells to amplify the response
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The innate immune response is the first line of defense against an invading pathogen

Two events required to trigger an effective anti-viral/microbial innate immune response are:
a) detection of the invading virus/bacteria by immune system receptors; and

b) initiation of protein signaling cascades that regulate the synthesis of IFNs and cytokines

FIGURE 16-7 Innate and adaptive immune responses against viruses.
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Key component of the innate immune system are pattern recognition receptors (PRRs)

These are present on the cell surface of a number of different cell types (immune cells, epithelial cells, endothelial cells
etc), and recognise components shared by many pathogens, which are not present in the host, distinguishing self
from non self (Janeway, 1989, Janeway, 2013; Takeuchi and Akira, 2010).

These unique microbial molecules are called pathogen-associated molecular patterns or PAMPS

PAMPs include things such as lipopolysaccharide (LPS), flagellin, peptidoglycan, which are present on the surface
of different bacterial pathogens. They also recognise the genetic material of some viruses (dsRNA/ssRNA), and other
ubiqutous components shared by other microorganisms (fungi, parasites) (Takeuchi and Akira, 2010).

The ability to recognise different pathogens depend on which PRRs cells have, and therefore dictate the ensuing
immune response. Pathogens will often activate multiple PRRs allowing cross talk between receptors and a more robust
immune response

However, the host can produce some proteins and metabolites after being stimulated by its own tissue damage,
cell necrosis, and other factors. These molecules are called damage-associated molecular pattern (DAMP). PRRs
can also recognize such molecules, activate natural immunity, and cause inflammation



There are five main groups of PRRs:

1.

Toll Like receptors (TLRs) are the most
widely studied,

C-type lectin receptors (CLRs),

Retinoic acid inducible gene-l (RIG-1) like
receptors (RLRs)

Nucleotide-binding oligomerisation
domain-like receptors (NLRs).

Cytosolic DNA sensors

Lipopolysaccharide (LPS)
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Pattern recognition receptors and their cognate ligands. TLRs 3, 7, 8, 9 and 11 have been reported to exhibit
endo- somal or intracellular localization while NOD1, NOD2, RIG-I, MDA-5, NALP1, NALP3, NLRC4, and the
intracellular DNA sen- sor (ISD) function in the cytoplasm. Only a partial list of ligands or classes of ligands for
each receptor is given.

Table 1. Common PRAS in innate immunity

Items PRR Domains Cellular PAMP Sources Signaling pathways
distribution
Tol-ike TLR1 LRR Mo, DC, Triacyl lipopeptide  Bacteria Maost TLRs: MyD88-
receptors (TLRs)  (TLR1-TLRZ) domain-transmembrane  Ma, Eo, Ba dependent pathways;
domain-TIR domain TLR3: TRIF-dependent
TLR2 Mo, DC, Lipoteichoic acid Bacteria pe
(TLR1-TLR2, (extracellular to Ma, Eo, B2 Arabinomannan pathways; TLR4: MyD88-

TLR2-TLRE)  Intracellular) Mycobacterium  jopendent pathways and

Peptidoglycan Bacteria TRIF-dependent pathways
Zymosan Fungi
Lipoprotein Mycoplasma
Pore protein Neisseria
TLRS Mg, DC, IEC  dsRNA Virus
TLR4 (MD-2/ Mg, Lipopolysaccharides  Bacteria
co14) DC Ma Eo st shack proteins  Host
TLRS IEC Flagellin Bacteria
TLRS Mo, DC, Lipoteichoic acid Bacteria
(MLR2-TLRE) Me, Eo, Ba Peptidoglycan Bacteria
TLR7 pDC, ssANA Virus
Mg, Eo Imidazoquinoline  Artificially
synthesized
TLRS Mg, N ssANA Virus
TLR9 pOC, Eo, Ba Non-methylated Bacteria, Virus
CpG DNA
TLR1O pOC, Eo, Ba dsRNA Virus
(hurman)
TLRN Mg, DC Profilin and related  Toxoplasma
(mouse) proteins gondii
TLR12 DC Profilin and related  Toxoplasma
(mouse) proteins gondii
TLR13 Unknown  23s ribosomal RNA  Bacteria
(mouse)
Nucleotide- NOD1 LRR domain-NBD-effector  |EC, cytosol IE-DAP Gram negative  RIP2-TAK1-NF-xB pathways
binding domains of Mg bacteria
oligomerization MOP
domain-like o m:gm
receptors (NLRs) positive bacteria
RIG-I-like RIG-H (RD}-CTD-DexD/H helicase  Cytosol S-triphosphorylated  Virus MAVS-TRAF6-NF-<B/TBK1
receptors (RLRs) domain-CARD RNA, short- pathways
chain dsRNA
MDAS poly IC, long- Virus
chain dsRNA
LGP2 dsRNA Virus
C-type lectin Dectin-1 CTLD-ITAM DC, Mg [-Glucan Fungus Tyrosine kinase-dependent
receptors (CLRS) ooy annan ngus and non-tyrosine kinase-
2 oM o dependent pathways
Absent in ALRs HIN-200-PYD Cytosol dsDNA Bacteria Inflammasome—pyroptosis
melanoma-2-like
receptors (ALRs)
LAR leucine-rich repeat, TR Toll/IL-1R di in, NBD i g domain, RD rep i in, CTD C anal o CARD activation and
recruitment domain, CTLD C-type lectin-like domains, ITAM i ptor tyrosine-based activation motif, PYD pyrin domain, Mo momq‘be. DC dendritic

cell, Ma mastocyte, Eo easinophils, Ba basephis. pDC plaumacymd dendritic c:l. IEC immd epithelial cell, N neutrophil, deANA double-stranded RNA, ssRNA

single-stranded RNA, iE-DAP y-D-glu-mes MyD&&8 myeloid diff factor 88, TRIF TIR domain-containing
adaptor protein-inducing interferon i, RIP2 rer.ap(nfmra:ling :enne—theom\e protein 2, TAKT transforming growth factor-f-activated kinase 1, NF-xB8
nuclear factor <B, MAVS mitochondrial antiviral signaling protein, TRAFS turmor is factor P d factor, TBKT TANK-binding kinase 1




The location of PRRs varies within the cell, some are present on the cell surface (plasma
membrane) and recognise extracellular pathogens.

These are mainly present on immune and epithelial cells.

Other PRRs are present within the cells and recognise intracellular pathogens, such as viruses
(endosome membrane/cytoplasm). Intracellular PRRs can also be membrane bound and present
within the endosome membrane or free within the cytoplasm. These are often found in all cell
types
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TLRs consist of a extracellular domain that
recognises PAMPs and an intracellular
domain that has cell signalling capabilities,
known as the Toll Interleukin Receptor
(TIR) domain.

Although all TLRs share similar
extracellular LRRs, they recognize very
different microbial signatures

> Leucine rich repeats (LRR)

S Toll/IL-1R (TIR) domain




Toll like receptors (TLRs)

* In humans there are 10 functional TLRs
(Medzhitov, 2001; Takeda and Akira, 2005).

* These are found as heterodimers or homodimers
in the plasma membrane or endosome membrane
(Lester and Li, 2014).

« TLR1, 2,4, 5,6, 10 are found in the plasma
membrane, and TLR3, 7, 8, 9 in the endosome
membrane (recognise intracellular pathogens)

« TLRs (TLR1, 2,4, 5, 6, 10) expressed on the
surface of cells, mainly recognize the membrane
components of pathogenic microorganisms, such
as lipids, lipoproteins, and proteins; TLR 3, 7, 8, 9
are expressed on endosome membrane and
recognize the nucleic acids of microorganisms
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Toll-like receptors (TLRs) 3, 7, 8 and 9 are the major
PRRs that recognize distinct types of virally-derived Toll-like receptor Ligand
nucleic acids and activate signaling cascades that

result in the induction of IFNs and cytokines TLRT Lipopeptides

TLR2 Lipoprotein, lipoteichoic acid, others
mm ::m S mmmh:m Rp—— TLR3 .Double-strand?d RNA

h“\ TLR4 Lipopolysaccharide (LPS)

% g. ';5&: M B % ? TLRS Flagellin

TLR6 Lipoprotein, lipoteichoic acid, others

TLR7 Viral RNA

Y TLR8 Viral RNA

MR2 TLRT  TLR2 TLRG LR TRT TIRE TLR¢  TLRY TLRI0 i Unmethylated CpG-containing DNA

TLR10 Unknown

TLR11 Profillin
There are currently over ten known Toll-like receptors that bind
microbial associated molecular patterns (MAMPs) from bacteria, fungi
and viruses.




The Toll-like receptor (TLR) signaling
pathway

TLRs are categorized into two groups
depending upon whether they utilize a
MyD88-dependent pathway or a TRIF-
dependent pathway. TLRs 1,2, and 5-9
transmit signals through a MyD88-
dependent pathway, whereas TLR3
signaling is mediated by a MyD88-
independent pathway. By contrast, TLR4
can signal through MyD88-dependent and
MyD88-independent pathways.

TLRs signal through the
recruitment of specific adaptor
molecules, leading to activation of
the transcription factors NF-kB and
IRFs, which dictate the outcome of
innate immune responses

NF-kB, which controls the expression of an array of
inflammatory cytokine genes, while IRFs the production of
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sulfate, fibronectin, HA,
HMGB1, hyaluronan,

PAMPs: zymosan,
peptidoglycan acylated
lipopeptides
DAMPS: HSPs, HMGB1,
hyaluronan, HDL (modified)

PAMP: LPS
DAMPS: HSPs,

fibrinogen, heparin

PAMP: Flagellin
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Figure 1
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NF-kB target genes involved in inflammation development and progression. NF-kB is an inducible
transcription factor. After its activation, it can activate transcription of various genes and thereby
regulate inflammation. NF-kB target inflammation not only directly by increasing the production of
inflammatory cytokines, chemokines and adhesion molecules, but also regulating the cell
proliferation, apoptosis, morphogenesis and differentiation.
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Cytokines are small secreted proteins released
by cells have a specific effect on the interactions
and communications between cells.

Cytokines could be glycoproteins, polypeptides,
or proteins and function as signalling molecules,
facilitating and controlling the immune system
and inflammation and the process of
hematopoiesis

Cytokine is a general name; other names include
lymphokine (cytokines made by lymphocytes),
monokine (cytokines made by monocytes),
chemokine (cytokines with chemotactic
activities), and interleukin (cytokines made by
one leukocyte and acting on other leukocytes).
Cytokines may act on the cells that secrete them
(autocrine action), on nearby cells (paracrine
action), or in some instances on distant cells
(endocrine action).

There are both pro-inflammatory cytokines and
anti-inflammatory cytokines.
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Different pathogens activate different TLRs. TLRs signal through two different pathways using myeloid
differentiation primary response gene 88 (MyD88) and TIR-domain-containing adapter-inducing interferon 3,
leading to activation of NF-kB and IRF respectively NF-kB leads to DNA transcription and cytokine
production, while IRF leads to interferon production. TLRs: toll like receptors; NF-kB: nuclear factor k-light-
chain-enhancer of activated B cells; IRF: interferon regulatory factor
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Many viral infections, especially those of RNA viruses,
result in the delivery and replication of viral RNA in the
cytosol of infected host cells.

These viral RNAs often contain 5'-triphosphate (5’-ppp)

and panhandle-like secondary structures composed of
double-stranded segments

%
> -
5'ppp short panhandle dsRNA

RNA polymerase lll-mediated conversion of microbial
DNA into 5-triphosphate double-stranded RNA that
activates the RNA helicase RIG-I.

RLRs are RNA sensors localized in the cytosol

RIG-I and MDAS recognize a complementary set of
cytosolic viral ss/dsRNA ligands. Their activation is
tightly regulated by phosphorylation, ubiquitination, and
host proteins such as LGP2.

RIG-I and MDAS signal to MAVS (mitochondrial protein),
which initiates the production of interferon signaling.
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Baltimore Virus family (examples) RLR
classification

Herpesviridae (herpes simplex virus type 1; Kaposi's sarcoma-associated herpesvirus; Epstein-Barr  RIG-1 and

virus) MDA5
| dsDNA s o RIG-1 and
Poxviridae (vaccinia virus) MDA5
Adenoviridae (adenovirus) RIG-I
Il ssDNA No known examples that activate RLRs NA
Il dsRNA Reoviridae (rotavirus) s:g:sand
. L. oo . ; ; RIG-I and
Picornaviridae (encephalomyocarditis virus; rhinovirus; coxsackie B virus) MDA5
v oy e B o o RIG-1 and
ssRNA (+) Flaviviridae (West Nile virus; hepatitis C virus; Zika virus) MDA5
Coronaviridae (SARS coronavirus) ﬂg:sand
Orthomyxoviridae (influenza A virus) RIG-I
. ; RIG-1 and
V ssRNA (-) Paramyxoviridae (measles virus) MDA5
Filoviridae (Ebola virus, Marburg virus) 'Ialg:sand
.. . . i . RIG-1 and
VI ssRNA (RT) Retroviridae (human immunodeficiency virus) MDA5
VIl dsDNA (RT) Hepadnaviridae (hepatitis B virus) BG4 i

MDAS5



Fig. 1: DNA-sensing receptors.
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TLR9, which is localized to the
endosomal membrane, senses CpG

hypomethylated DNA and, in turn,
activates the transcription factors
nuclear factor-kB  (NF-kB) and
interferon  regulatory  factor  3/7
(IRF3/7), leading to expression of
genes encoding  proinflammatory

cytokines and interferons, respectively.

Fig. 1: DNA-sensing receptors.
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In the cytosol, AIM2 binds to double-
stranded DNA, leading to the
formation of a multimeric protein

complex called the AIM2
inflammasome, which leads to the
activation of caspase 1 and the

maturation of the proinflammatory
cytokines IL-18 and IL-18, and,
ultimately, pyroptotic cell death-”

Biochemical studies have shown that
70-base pairs (bp) of dsDNA is the
minimum length necessary to activate
the AIM2 inflammasome, but 200-bp of
dsDNA allows for optimal AIM2
activation.

» Pyroptosis is an inflammatory cell death usually
caused by microbial infection, accompanied by
activation of inflammasomes and maturation of
pro-inflammatory cytokines interleukin-13 (IL-1B)
and interleukin-18 (IL-18)

* *AIM2 sensing of cytosolic DNA is an important innate
immune strategy since the presence of DNA in the
cytosol can be indicative of pathogen invasion.

Fig. 1: DNA-sensing receptors.
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AIM2 (absent in melanoma 2) plays a protective
role against various intracellular as well as
extracellular microbial infections.

Listeria and Francisella are intracellular bacteria
that successfully replicate in the cytosol of
macrophages and dendritic cells (DCs), and AIM2
senses their DNAs released into the cytosol upon
bacterial lysi

AIM2 inflammasome plays a vital role during DNA
viral infections.

Murine cytomegalovirus (MCMV), a herpesvirus of
the subfamily beta-Herpesviridae, is sensed by
AIM2 in macrophages and DCs leading to
caspase-1-dependent IL-1 responses
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cGAS activation by cytosolic DNA leads to
endogenous generation of cyclic GMP-
AMP, a unique second messenger, which
binds to stimulator of interferon genes
(STING), leading to activation of TANK-
binding kinase 1 (TBK1) NF-kB and IRF3,
resulting in the transcription of genes
encoding interferons and cytokines

Fig. 1: DNA-sensing receptors.
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The cGAS-STING signalling pathway has
emerged as a key mediator of inflammation
in the settings of infection, cellular stress
and tissue damage.

» Abnormal localization of DNA in the cytosol
elicits an immune response through the
cGAS-STING pathway.

» Cytosolic DNA derives from exogenous
(pathogens and dead cells) and endogenous
(genome instability or mitochondrial damage)
sources.

» cGAS binds to DNA in the cytosol and
converts ATP and GTP into 2'3'-cGAMP.

* cGAMP then binds to STING on the ER to
trigger STING trafficking to vesicles. cGAMP-
bound STING activates the downstream
kinases TBK1 and IKK to activate the
transcription factors IRF3 and NF-kB,
respectively.

» These transcription factors induce
expression of type | IFNs and cytokines,
which propagate the immune response in an
autocrine and paracrine manner.

Fig. 1: The cGAS-STING pathway.
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The innate immune response is the first line of defense against an invading pathogen

Two events required to trigger an effective anti-viral/microbial innate immune response are:
a) detection of the invading virus/bacteria by immune system receptors; and

b) initiation of protein signaling cascades that regulate the synthesis of IFNs and cytokines

FIGURE 16-7 Innate and adaptive immune responses against viruses.
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Abbas AK, Lichtman AH, Pillai S, editors. Cellular and molecular immunology. 8th ed. Philadelphia: Elsevier Saunders; 2015
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Discovery of Interferons
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I Type I TFN: the first cytokine
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FIG. 11,14, Discovery exporioment,

Isaacs, A., and Lindenmann, J,, Proc. Roy. Soc., B, 147, 258 (1957) @

Definition of Interferons

Interferons(INF) are set of proteins
which are released by virus infected
cells in vivo and which reacts with
uninfected cells so as to render them
resistant to infection to virus.

In 1957, Isaacs and Lindenmann reported a
secreted factor termed “interferon” that could
induce a virus-resistant state in chick cells after
influenza virus infection



Interferons (IFNs) are a group of
antiviral cytokines that are
induced during viral infection by
viral replication products, such
as double-stranded (ds)RNA.
IFNs exert their biological
functions by binding to
specific cell-surface
receptors.

In turn, this triggers the
intracellular IFN signalling
pathway — mainly the JAK-
STAT pathway — which
induces the expression of a
large number of IFN-
stimulated genes (ISGs).

The ISGs, the workhorses of the
IFN response, set up an
antiviral, antiproliferative and
immunoregulatory state in the
host cells.

[Anﬁvini. antiproliferative and immunocregulatory responsas]




IFN binds to its receptor
and thereby activates Tyk2
and Jak1, which then
phosphorylate Stat1 and
Stat2.

Together with IRF9, Stat1
and Stat2 form the ISGF3,
which translocates into the
nucleus and induces the
expression of ISGs.
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Type | IFNs are primarily induced by the
activation of pattern-recognition receptors, such
as Toll-like receptors (TLRs), RIG-I-like receptors
(RLRs), and cytoplasmic DNA sensors

Nucleic acid sensors of the innate immune
system recognize unusual DNA and RNA
molecules, for example, viral genomes

This results in the triggering of an intracellular
signalling cascade that transcriptionally induces
the genes encoding type | interferons, which are
subsequently secreted.

Type | interferons act in an autocrine (not shown)
and paracrine manner by binding to their
receptor, interferon-a/p receptor (IFNAR), which
activates the Janus kinases (JAKSs).

These in turn activate the transcription factors
signal transducer and activator of transcription 1
(STAT1) and STAT2, leading to expression of
interferon-stimulated genes (ISGs).

Several ISGs have direct antiviral effects.

Type | interferons and ISGs also play important
roles in bacterial infections and cancer; these
effects can be both beneficial and detrimental,
depending on the setting.

Production of type | interferons and ISGs over
extended periods of time can lead to
autoinflammatory and autoimmune diseases.

Fig.1: The type l interferon system.
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Gene Protein function Mechanism of action Refs
OAS, RNASEL RNA cleavage Degrades viral and cellular RNA, induces IFN-a/B 81-91
PKR EIF2a phosphorylation Blocks protein synthesis, transcriptional signalling 94-98
p56 Binds EIF3 Blocks protein synthesis 99,100
Mx1 Wraps around viral nucleocapsids Interferes with intracellular trafficking 101-104
ISG15 ISGylation Cytokine-like, protein modification 105-107
PLSCR1 Phospholipid migration, DNA binding Enhances expression of some ISGs 110-112
TRAIL/APO2L Ligand of death receptor Apoptosis 113-115
XAF1 Blocks inhibitor of apoptosis (XIAP) Apoptosis 247
G1P3 (6-16) Inhibits caspase 3 Anti-apoptotic 116,117
ISG12 Not known Antiviral 119,120
GBP1 GTPase Antiviral, angiogenesis inhibitor 121,268
ISG20 3'-exonuclease for RNA and DNA Antiviral 122
PML Not known Antiviral, antitumor 123
ADAR1 Adenosine deaminase for dsRNA RNA editing, altered translation 124
Viperin (cig5) Not known Antiviral 125
iNOS Nitric oxide synthase Antiviral 126
Nup98/Nup96 Nucleoporin, RNA and protein transporters Antiviral 127,270
IRF7, RIG-I, MDAS, STAT1 Signalling to IFN-o/B genes or to ISGs Induction of type | IFNs 79,80

ADAR1, adenosine deaminase, RNA-specific; dsRNA, double-stranded RNA; EIF2a/3, eukaryotic initiation factor 2a/3; G1P3, interferon, a-inducible protein; GPB1,
guanylate binding protein 1, interferon-inducible, 67kDa; iNOS, inducible nitric oxide synthase; IRF7, interferon regulatory factor 7; ISGs, interferon-stimulated genes;
MDAS5, melanoma differentiation associated protein 5 (also known as IFIH1); Mx1, myxovirus (influenza virus) resistance 1, interferon-inducible protein p78; Nup98/Nup96,
nucleoporin 98/96 kDa; OAS, 2'-5'-oligoadenylate synthetase; PKR, protein kinase R; PLSCR1, phospholipid scramblase 1; PML, promyelocytic leukaemia; RIG-I, retinoic
acid-inducible gene | (also known as DDX58); RNASEL, ribonuclease L; STAT1, signal transducer and activator of transcription 1, 91 kDa; TRAIL/APOZ2L, tumour necrosis
factor-related apoptosis-inducing ligand (also known as TNFSF10); Viperin (cig5), also known as RSAD2; XAF1, X-linked inhibitor of apoptosis-associated factor 1; XIAP,
X-linked inhibitor of apoptosis protein (also known as BIRC4).

ISGs are a diverse group of more than 300 genes that mediate the biological effects of IFN stimulation



Targets for ISGs within viral life cycles P
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1.

The 2'-5'-oligoadenylate synthetase/ribonuclease L (OAS/RNase L) pathway is a
critical component of innate immunity: double-stranded RNA (dsRNA) binding to
OAS drives activation of 2'-5"-oligoadenylate (2-5A) synthesis to trigger the antiviral
properties of RNase L.

RNase L

Viral dsRNA can directly activate one of
several human OAS proteins to produce a
unique 2'-to-5' linked oligoadenylate of 3—6
bases (2—-5A) from ATP.

2-5A
The only well-established function of 2-5A is 7_ . 08, l
activation of the ubiquitous, latent enzyme, /5 Q00

RNASEL.

2-5A binding to RNASEL induces
monomeric, inactive RNASEL to dimerize
into a potent endoribonuclease that cleaves
single-stranded regions of RNA




PKR is a serine/threonine kinase that
mediates translational control in response
to dsRNA and other signals

PKR mediates translational control by
phosphorylating the protein synthesis
initiation factor EIF2a, resulting in an
inactive complex between EIF2—GDP and
the recycling factor, EIF2B

These events produce global inhibition of
protein synthesis that blocks viral
replication
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Biochemical mechanisms of
dsRNA-induced inhibition of
translation and protein
synthesis.

DsRNA activated, IFN-induced
protein kinase R (PKR) inhibits
mRNA translation via
phosphorylation of the alpha
subunit of the eukaryotic
initiation factor 2 (elF-2a) and
complex formation with elF2B.

Initiation of 2'-5"-oligoadenylate
synthesis from ATP by dsRNA-
activated 2'-5'-oligoadenylate
synthetase (2'-5'OAS) leads to
the dimerization of RNase L
and non-specific RNA
degradation.
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Figure 1. The pleiotropic effects of
type | interferons (IFNs). Continuous
baseline production of type | IFNs by
various tissues and cells fine-tunes a
wide variety of physiological processes
including hematopoietic stem cell
functions, synaptic plasticity, bone
remodeling and immune homeostasis. In
addition, the microbiota-induced basal
IFN-signature prepares stromal and
immune cells for upcoming infections
(upper left panel). Upon viral infection,
type | IFN signaling induces antiviral
state in all nucleated cells via the
upregulation of IFN-stimulated genes
that inhibit the replication and spreading
of viruses (upper right panel). Type |
IFNs also control the cells of innate
(lower left panel) as well as adaptive
(lower right panel) immune system by
shaping the activation, differentiation,
effector functions and trafficking of these
cells. elF2a: eukaryotic initiation factor
2a; IFN: interferon; IFNAR: interferon-
alpha/beta receptor; ISRE: IFN-
stimulated response element; Mx
GTPase: myxovirus resistance
guanosine triphosphatase; NK: natural
killer; OAS: 2'-5' oligoadenylate

synthetase; Oligo A: 2"-5"-oligoadenylate;

PKR: protein kinase R; Rnase L:
ribonuclease L; Th: T helper.
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Impact of Type | Interferons on Susceptibility
to Bacterial Pathogens

*Type | interferon (IFN) signaling
can be detrimental or beneficial to
the host during bacterial infections
and this varies between species
and by infection site.

*Bacterial factors can directly
modulate type | IFN signaling and
its downstream effects.

*Significant diversity is seen
between strains of the same
species to activate this response.

Bacterial infection
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Figure 1. Type | Interferon (IFN) Signaling in the Context of Bacterial Infaction. Type | IFNs are induced when bacteria are recognized by pattem-recognition
receptors (PRRE), inchuding nucleotide-binding leucine-rich repeat proteins such a3 NOD-1 and NOD-2 (NLRs), RIG-| ke recaptors (RLRs), and Tol-ike receptors
{TLRs) and cyclic GMP-AMP synthase (cGAS). PRR sensing activates the transcription factors of the interferon regulstory factor (IRF) family, which, dong with NF-xB,
stimulate the exprassion of typa | IFNs, depicted hera with IFN-f. IFN-J i then secreted and binds to the interferon alpha and beta receptor subunit (IFNAR) receptor
which signals through the Janus kinase (JAK)-STAT (signal transducer and activetor of transcription pathway. The phosphongated forms of STAT-1 and STAT-2 and
the interferon reguiatory factors form a transcription factor complex that franslocates to the nucleus where it induces the expression of hundreds of interferon-
stmulated genes (15Gs). IFN-f is aleo produced, alowing a positve feedback oop and paracrine signaing.



The fact that most viruses devote part of
their limited genome to mechanisms that
perturb IFNa/f production and/or IFNa/B-
mediated signalling, thereby preventing
ISGs from being induced, illustrates the
importance of this cytokine family in host

cell protection against viral infection >
=
H
Fig. illustrates the range of activities mediated q
by IFN antagonists of various viruses. Only a
few examples are listed but they demonstrate
several important points.
First, viral proteins or functions have been
identified that cover the whole spectrum of the
IFN response in infected cells. z
Second, a single viral protein may inhibit quite [
different components of the IFN induction and
signaling cascade.
Third, a given virus may display more than one

IFN-antagonistic activity targeting different
pathways.
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ACTIVATION OF INTERFERON REGULATORY FACTORS AND THE

COUNTERACTIONS TAKEN BY VIRUSES.
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FIGURE 3. TYPE I IFN SIGNALING AND THE
COUNTERACTIONS TAKEN BY VIRUSES.

HMPV, human metapneumovirus; IBV,
infectious bronchitis virus; JEV, Japanese
encephalitic virus; LPMV, La Piedad
Michoacan Mexico Virus; PEDV, porcine
epidemic diarrhea virus; RSV, respiratory
syncytial virus; SFTSV, severe fever with
thrombocytopenia syndrome virus; VZV,
varicella-zoster virus.
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Viral proteins disrupt the interferon response at many different
points

SARS-CoV-2 proteins
antagonize interferon
induction.

SARS-CoV-2 proteins inhibit
interferon response and ISG
production

Current Research in Virological
Science
Volume 2, 2021, 100015
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Heterogeneity and functions of the 13 IFN-a
subtypes — lucky for some?

A 0 B
Multiple subtypes exist within the type | IFN y T,
family, in particular 13 distinct IFN-a genes, e Y 5 IFNAR
. . . vira ing affinity for inding af for
which signal through the same heterodimer ~ P AR el AN
. . . &) \ ,f,’\i: 0.53 IFNa8 IFNa10 0.4
e oty opressedby e () ( =0y FE
. N | 0.83 IFNa a/ 0.
) ety | | ARt ) ez FNats 11
MDAS 1.25 IFNa21 IFNa2 1.3
A number of 17 subtypes of IFN-I have been e 8 ¢ ed 21
identified in humans, including 13 IFN-q, as | ] nee ) | o
IFNa17 IFNa1 2200
well as IFN-B, IFN-w, IFN-¢ and IFN-. | .
o® |
The 13 subtypes of human IFN-a (IFN-a1, o Explanations for their distinct functions come
IFN-a2, IFN-a4, IFN-a5, IFN-a6, IFN-a7, IFN- I ey o Lrom stulgiss repg:ting th?lt ;hedvartiﬁlés'ﬁ t
a8, IFN-a10, IFN-a13, IFN-a14, IFN-a16, IFN- 4 = it uman IFN-a subtypes all bind with differen
sequence homology (76—-96% shared amino and 2.

acid sequences) that determines identical
secondary and tertiary folding

The expression patterns and antiviral activities
of IFN-a subtypes vary among different

viruses in both acute and chronic infection.
Eur J Immunol, Volume: 53, Issue: 8, First published: 27 June 2023, DOI: (10.1002/eji.202250307)



There are 22 human IFNs, classified in 3 types (16 Type-l: 13 IFNas, IFNB, IFNg, IFNk, and IFNw; 1 Type-Il, IFNy; and 4
Type-lll, IFNA1, IFNA2, IFNA3, and IFNA4)

Type | IFNs are produced by
many cell types including
lymphocytes (NK cells, B-cells
and T-cells), macrophages,
fibroblasts, endothelial cells,
osteoblasts, leukocytes,
plasmacytoid* and dendritic
cells.

Type Il IFN is produced
predominantly by natural killer
(NK) and natural killer T (NKT)
cells as part of the inpate
immune response, and by
CD4+ and CD8+ T cells of the
adaptive immune cells.

The main producer of Type Il
IFNs are type 2 myeloid
dendritic cells, epithelial cells
and hepatocytes

TPE] TYPE Il TYPE I

o IFN-A famil
0.0, O D IFN-B @ ! IFN-y
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IFNAR2 IL28Ra IL10RB IFNGR1 IFNGR2

IFNAR1

GAS |

*Although, each cell is capable of producing type | IFNs, plasmacytoid dendritic cells (pDCs)
possess a unique ability to rapidly produce large amounts of them Journal of Hepatology 2013 vol. 58 | 564-574
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in growth medimm o a fingd concen.
trazion of 2 X 10° cells per milliliter,
Screw-cap cullure tubes were each
planted with 2 ml of the cell suspen-
wan, placed in o roller drum, and
Incuihured s1 37°C,

Three types of ¢all cullures wets
wesl for the imterferon assay: (D celle
derfved from o human feral luag, grows

Induced in Haman Leukocytes by
Phytobemoghutinin

Avitract. Ployiohemageintinin, aa ere
tr) of ke Aoy deom. Phasculus
vulgaris, feuducer (o buman lewkocyie
ewltures an inkitatar of the crtopathic
effecis of Sindbis vine, The physico-
chenveal and MNologicel properdes of
this viresdnkibitor are stallar 10 2ose
o) iaterforon indnced by Newcastle
clisewre virmy, etvept jov an iwviehilioy
ar pit 2 ane 10 and r 36°C.

DBuring attempts 1o calture penipheral
leukocytes from the blood af persoms
with and without viral infeciions, phyio-
hemuggiutinin (PHA), on eximer of
the kidncy beun {Fhascolus vlparis)
which agglutmates red Blood cells m
the prepanaion of cules, Gncuced
synthesds, in levkoeyses cultured from
normal individuals, of o virus-irhibitor
with interferon-like propenies.  Inler.
feron production in virusanfected cul-
tures of humam leukocvtes bas boen
previowsly reparted {1 21,

In 1his report the properties of dhe

in sulture, and wsed between
the 10th and 25th passage: (i) the
BHK 21 clore 13 ¢C13) an extablished
cell line derived from haby Ramsier
Kidoeys (3}: (i) the L' cell straim
of movss Abroblusts derived from mor-
mal mouse skin {4}

Phytohemagglusicia ¥ (Smi hotthes,
Diteo Co.) wos dissolved i phosphate-
huffered salinge (100 ml) at room tam-
peratige and pased theough 2 filer
with a pore @ne of 600 mpe. The fik
raie was stored gt 4°C,

The specimens to be tested for in-
terferon were (luted inm growth medi
wn, und | ml of cach diwion was
added to I-doy-akd cultures of hmn

caion o pH 2 for 24 howrs; and (i§)

Tade 1. Comparbon betvesn pooperties of
Induced

loss of y activity on
trestonent with crystalline trypsin (02
mg/ml) for 1 howr ot 37°C. The titers
of Newcsstle disesse virus—induced im-
tecfeyon were approaimately 10 cul-
ture-peotecting umits per millilicer.
Phytobemagzhstinin (0.1 ml) was
added to each 2 mi of whitedhlood-cell
cultures in =suspension  and mm
at 37°C; at hourty Intervals

divcase  veurmducad  rireeiohibitors Fha
+) Indcse grester thun 3 Soeriold refuc.

ton @0 tiler of mhebdor a

produced in animals snd ool eultures
eaposed to a varicty of other monvirsl
agenty: bacteria and endotoxin (7)), an

Minus (=) indicstes »o rnlullm -
hior sl wesament

tier of

sanlonie p (8} amd nucleic
acids from animal cells (9}, yeast (20),
nu hactetia (1), The interforom-like

doced im rabbils m re-

Covsalline tygain (0.0 mg/

media and cells were col

sayed for virus-inhibisory activity. An
Inhibisee of eyropathic effecss of Sind.
bls virus in Jung cells of the human
fetus appeared in the white-cell cal-
tures 2 hours after addition of phyto-
hemagglutinie, increased in fiter wntil
appronimaly the 208h lmur and re.
mained ot &

i | hr; 33°C) + +
4 and as- 0 u ‘mk 1 hr, 3?'('» - -
05,000, &

A (supernatant assarh - ~
46°C, 1 hr - -
36°C, 1 hr + —
0°C, 1 b -+ -
AH L2 — -

AU - -
pH 30 24 e = -
PHOID. 24 b - -
PH 1L 24 br + -
Disdvend No o

The titers of the virus -d\imw [ro-
duced in leukocyie culiares obilained
from different individuak varied from
10 10 $0 culiure-proteciing units per
milkiliter with an occasional culiurs peo-
ducing no detectable inhibitor, The w-

nhibitor was present in the media;

Jetal Jumg cclls growe in i
momoluyers in wrew.cap ubes, After
20hour imcubstien 81 37°C, the cuk-
fures were washed once with 4 wil of
rhosphate-bufiered salise. One milli=
Bigr of warm Eagle’s modiom was
added to cuch twbe, amd then | ml of
cokl growith meadism containieg S0OD
tissme coliure infective doses (TCID,)
of Sindbis virus (Egypt AR 339 strain)
was inoculsted  This amount of virns

i s he clfcch in

phviohensaggloninin g nduced Vi ohid-
Btor oge described and compared with
imterforon induced is white blood cclls
by defection with Newecasle Jdisease
virus INDV.

Cells were grown in lnglu mlnp
mam w2l mediom
with rypeose phosphase beath (4 per-
cent) amd fesal calf soram (10 percent),
The concentration of sodiwm bicorbon-
ute w175 g/lter, and all ecll<ulture
wessels were gussed with £ pescem €O,
i ar before incubution &t 37°C. Whilte
blood cefls were abrained from 1he ve-
noms blood of normal zdules; the bood
was placad in 1ebes contsining phenol-
free heparin {05 m! for each 14 m)
blood). The tubes were incubased at
I7°C for 50 10 60 minwes snd Mhea
centrifuged a1 roow  temperinre it
OO rev/min for 2 ninukes, The super-
natane eukocyterich plasma wos thea
receminfoged a1 1600 revimin for 8
migures, and the peller was wspended
im grewth medium by gentle pipecting.
The leukosyies were counted in & hemo-
cytometer, and the cells were dikued

gros
cultures in 24 10 %0 howrs. Cultures
were considersd w0 be protecied when
there was lem than 10-porcent cyto-
pathic effect ot 2 time when comtrol
cultures evhibited more than T3.per-
cont exlopathic effect.

Interferon titers are expressed 4y re-
ciprocu’ of the highest diluion of the
specimmen, § ml of which protected cul-
1ares against chalknge with Sindbis
virus. No speaimen was tested at less
thom 1:10 dilution.

To prepare Newcastle Jdiscase virps
mierferon white hlood cell cultures
were inoculated with 10¢ EIDy, (cgg
Infective deses) of wins (Hickman
siran) and incubated for 48 hours.
The madia were then colfected, omd all
infective virs wes completely meuteal-
ized with by perimmune |ulna Mg antis
serum 1o the virus (5). The inhib

it was nor derected in cells disrupied by

celk were cullured was olim-md by
the that

sponse w0 endotoxin  has  properties
similar w (he phylohemagglutinin-in-
duced virus-ishibiter (42).

The production of different mter-
ferons in human deukocric culures by
phytohemagglutinin and Newcasile dis-
weuse virus may either reflect the het-
eropeneens nature of the cell populstion
or be the resuht of different mecha-
nisms of imlerferon synthesis in the
same cell type. In support of the latier
hypnlhhi are the fmdings that phylo-

a1 on (6}
ond thot mononuckear cclls do produce
interferom in response 10 viral infection
(2). Ao, Ho has recemtly reporsed
unl the pmduvunn of virusmduced

whole blood trested with rlumhen
ghwinin and incubated =t 37°C pro-

can be i by actino-
myecin, whereas production of eado-
toxinsindnced virus-inhibitor cannot; he

H"rnqum:y sound. In Mlloall cul.
Tuees ubated wilhout p e
glitinin,  virs-inhibitor cmld not be
detecied in either the meda or cell-
disrupted (ruction.

The 2bour incubation period be-
iween the addition of phytohemag-
gltinin ared the appearance of viru.
Inhiblior  suggests 2 succession  of
intracelldar events in the course of
inhibiler production. To provide evi-
dence that the virus-inhibiter was sym-
thesized in white blood cells the fol-
Jowing experiments were performed.
The white cells were (rested with phyte-
Bemagglwtinin for 30 minutes und then
washed five lhm in growth media to

dixed a virws-inhibi dle in L this phi o il

the phsne, Auempls (0 BoB1e o virus  mechanisms of inwerferom production

from ph or the phy- (l.!) Tlo paywhomduunﬂ- ~muJuced
" (bt iraadrhib:

were unsuccessful, an indication that
3 virus was probubly not inircduced
from without nor activated from white
cells in the course of the experiments.

The propertics of the phytohomag-
ghutinindnduced  vins-dnhibllor  were
determined and compored (ot compor-
adle } With i in-
duced by Neweastle diseas virus in
kewkocyte cultares as deseribed above,
Both vieus-inhibitors are noodialyzable,
aoaiadeniable proteins (Tuble 1)
whieh hove no diewet virus-neulralizing
rmemes hut which con cxert their

. be pro-
duced in »Ime celis in m@mu o a
stimuladon of cellular RNA synthesis
and may be a feedback mechunism for
control of RNA syathosis.

E. Frenzracx WHERI 00K

Dep af Ps M achicie
and oY, School of i

Western Reserve University, and
Univeresity Hospitals, Cleveland, Okio
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remove ll phytoh Jutinin not .
soclased vhh mlln On incehatlon st
37°C these cubtures synthesized the vi-
rus-inhibitor, but at 4°C fuded to pro-
duce the inbibitor. When phyiohomag-
itinin was added 10 celkfree growth
media and imcubated for 24 hours at
37°C. vo virus-inhibitor was produced.
F nll\'. ng ull cultares rrented with

effects by imcub
-'lh cells hefore Inoculation of chak
kempe vicus. Further, both protcins In-
Bibit virus mudtiphcation in haman cells
and aot in monse of harster bidney
cells, In contrast 10 the virus< nduced
nserferon, however, the physohemag.
ghutinindnduced inhibior is unstable
ot pH 2 md 10 and &1 SA*C. Thus

b lutinin were as ibk
1o the cylopethic effocts of Sindbis vie
s as were untreated cultures. 1'bm
apﬂhuu sugul the Inerslewk

the phy lutmen-induced  virs-
mbabitor is an interf like subst

lulv'\c 1o hu and o extremes of pH.
Phy gelutinin st RNA

property of this preparation comld hc
attrbuted 1o interferon on the basis of
(1) po reduction in the vinss inhibioey
titer of the supernarani afier centrifu-
gotion at 1050007 for 3 hours: (i) mo
reduction i inhibitory 1 on acidifi-

SCIENCE, VOL. e

but do nol
e oul lh| possidility that phyto-
hemogghutivin is degraded within whitc
cells into a peotein with virusdnhibitocy
properiies.
The possibility of a virus mi
naat in the media in which the white
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and DNA synibests in heman Jeuko-
c¥les, with subsequent transformation of
Iymphecyies into blastoid cells, and ine
cremses the miwde rue (6). T now
report 2 further and pertaps kied
effeci by phylohemagglutinin,
Inlecferon-like substances hove been
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INTERFERON (lambdas) COMES ON THE SCENE (2)

IFN lambda 1-3 IFN lambda3 (IL28B) IFN lambda4
(IL28A, IL28B, 1L.29) SNPs

2003 2009 2013

Genetic variation in IL28B predicts hepatitis C ™™
treatment-induced viral clearance

Dongliang Ge', Jacques Fellay', Alexander J. Thompson?, Jason . Simon’, Kevin V. Shiannal, Thomas J. Urban',
Erin L. Heinzen', Ping Qiu, Arthur H Bertelsen’, Andrew J. Muir’, Mark Sulkowski’, John G.
& David B. Goldstein'

Genetic variation in IL28B and spontaneous clearance ™ _ )
of hepatitis C virus A variant upstream of IFNL3 (IL28B) creating a new

David L. Thomas'*, Chioe L. Thio'*, Maureen P. Martin®*, Ying Qi’, Dongliang Ge’, Colm O'hUigin?, Judith Kidd", interferon gene IFNL4 is aSSOCiated WIth impaired )
Kenneth Kidd", Salim I. Khakoo®, GraemeAIexindev‘ James ). Goedert, Gregory D. Kirk, Sharyne M. Donfield’ clearance of hepatitis Cvirus mcs

HugoR. Rnsen‘ ie H. Tobler'!, Michael P. Busch'', John G. McHutchison'?, David B. Goldstein®

Paul Sheppard*, Wayne Kindsvogel*, Wenfeng Xu*, Katherine Henderson,

Stacy Schlutsmeyer, Theodore E.Whitmore, Rolf Kuestner, Ursula Garrigues, Carl Birks,

Jenny Roraback, Craig Ostrander, Dennis Dong,finu Shin, Scott Presnell, Brian Fox, & Mary Carington3

Betty Haldeman, Emily Cooper, David Taft, Teresa Gilbert, Francis ). Grant, Monica Tackett, Ludmila Prokunina-Olsson', Brian Muchmore', Wei Tang', Ruth M Pfeiffer?, Heiyoung Park®,

William Krivan, Gary McKnight, Chris Clegg, Don Foster and Kevin M. Klucher Harold Dickensheets*, Dianna Hergott!, Patricia Porter-Gill', Adam Mumy", Indu Kohaar', Sabrina Chen®,
Nathan Brand!, McAnthony Tarway!, Luyang Liv', Faruk Sheikh*, Jacquie Astemborski’, Herbert L Bonkovsky*,

. . 5 . oy Brian R Edlin®!%, Charles D Howell'!, Timothy R M 1203, David L Thomas™ !4, Barbara Reh 5
IL28B is associated with response to chronic hepatitis C B0t Do S i RO g e D LR e S

interferon-o. and ribavirin thera; ‘mawre
py genetics

iah!%, Max Moldovan®, Golo Ahlenstiel’, Thomas Berg®, Martin Weltman®,
Maria Lorena Abate’, Margaret Bassendine?, Ulrich Spengler*, Gregory ] Dore™!%, Elizabeth Powell'* 2,
Stephen Riordan'>, David Sheridan®, Antonina Smedile’, Vincenzo Fragomelic, ‘Tobias Maller’, Melanie Bahlo?,

Type I” IFNS were discovered by ’[WO groups (Kotenko Graeme ] Stewart?, David R Booth? & Jacob George,for the Hepatitis C Study'*
et al., 2003, Sheppard et al., 2003), and in humans Genome-wide association of IL28B with response

include four subtypes, IFN-A1 (IL-29), IFN-A2 (IL-28A), Eif’fﬁf:ﬁ;?ﬁi‘é“"“ -0 and ribavirin therapy for —_

IFN'AB (IL'ZBB), and IFN')\4. |FN')\4 WaS the |aSt tO be Yasuhito Tanaka''®, Nao Nishida>'®, Masaya Sugiyama', Masayuki Kurosaki®, Kentaro Matsuura',

. . . N.oy.s.h:nnm* Mina Na.k.‘ganwn‘ Masaaki Knmug‘.:’ Keisuke H.mnl’l Shuhei H.lge“ Yoshito Ito”, 'E;)x Mita®,
discovered, and is a pseudogene in many human B T i s VRS ko o ko S il i

. . Naohiko Masaki'?, Fuminaka Sugauchi', Namiki Izumi’, Katsushi Tokunaga® & Masashi Mizokami''7
populations (Prokunina-Olsson et al., 2013). - —




Within type | and Ill, there are multiple IFNs; Type lll Type | E Type |l Type I IIN
within type Il, there is only a single IFN. 13 x IFN-ot : Y Ty "j){_
IFN-p : Vv gV
IFN-k | |l
[FN-A1 IFN-¢ : IFNGR2 | |IFNGRI
The type Il class of IFN comprises the single IFNy IFN-\2 IFN-& | il
: ' () 2\ Q)
gene product that binds the IFNy receptor IFN-)3 IFN-T : i 4 ARy "y
(IFNGR) complex, and mediates broad immune IFN-A4 IFN- PNy 28
responses to pathogens other than viruses. O OD ' g - l
IFNLRf IL-10R  IFNART FNAR2 | e
The more recently described type Ill IFNs include Cel | S\
four IFNA gene products that signal through membrane JAK1 @ @ m 1 m Qﬂj
receptors containing IFNLR1 (IFNA receptor 1; ® P ® ® I 1
also known as IL-28Ra) and IL-10R2 (also known QI’,\
as IL-10RB). g\%@g GAF
R
Type | IFNs, which in humans comprise 13 IFNa
subtypes, IFNB, IFNk, IFN¢g, IFNo, engage the
ST ) €3 €3 (€ €@ ©
ubiquitously expressed IFNAR (IFNa receptor)
complex that is composed of IFNAR1 and /;%_[\—;\
IFNAR2. The function of type | IFNs is well N ‘J.(% !
characterized and they are known to be essential Xg\{l‘w | 5
for mounting a robust host response against viral > —> \y 648
infection. ISRE WW Nucleus Antimycobacterial

immunity

ISGs: OASs, GBPs, NOS2, IFITMs, TRIMs, Viperin, ISG15, MXs, ‘
Nature Microbiology volume 4, pages914-924 (2019) IRFs, STATS, IFNS...
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Interferon-gamma (IFN-y)

~ Differentiation: Up-regulation of
T cell activation Inhibition of class | and class

type 1 bias cell division IIMHC
Cytostatsis expression

1 Regulation of Immune Responses by Interferon-Gamma (IFN-y). IFN-y is produced predominately by TH1, T
c 1, NKT and NK cells, resulting in the activation of T cells, NK cells, macrophages, dendritic cells (DCs) and
granulocytes. In addition, it upregulates class | and class || MHC expression on tumor cells as well as the
expression of a wide variety of receptors on both tumor cells and epithelial cells. IFN-y: interferon-gamma; NK:
Natural killer cell; T H 1: T-helper cell type 1; T ¢ 1: T cytotoxic cell type 1; MHC: major histocompatibility

complex.
Maijor histocompatibility complex (MHC) class | and class Il
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V)

Vi)

Type | and type Ill IENs bind to
distinct receptors but activate
similar signalinq pathways and
transcriptional responses.

The type | and type lll IFN receptors
are heterodimers comprised of IFNAR1
and IFNAR2 subunits or IFNLR1 and
IL10RB subunits, respectively.

IFNs first bind one receptor chain with
high affinity (IFNAR2 or IFNLR1), then
recruit a low-affinity receptor chain
(IFNAR1 or IL10Rp) to create a
signaling-competent ternary complex.
Receptor dimerization activates TYK2
and JAK1 kinases, which
phosphorylate STAT1 and STAT2.
Phosphorylated STAT1 and STAT2
heterodimers complex with IRF9 to
produce the transcription factor ISGF 3.
ISGF3 binds to ISREs and promotes
expression of hundreds of ISGs.

Type | IFN

Type Il IFN

e ——

Nucleus

I'lge expression

R




Although their signaling pathways and transcriptional
responses have many similarities, some features distinguish
type | and type Il IFNs:

(1)
(2)

(3)

(4)

(5)

most type | IFN genes lack introns, whereas type Il IFN
genes have 5 or 6 exons;

the type | IFN family is larger, comprising 16 members in
humans and 18 in mice, compared with 4 type Il IFN
members in humans and 2 in mice;

type | and type lll IFNs bind distinct receptors. The type |
IFN receptor (IFNAR) is ubiquitously expressed, whereas
the type Il IFN receptor (IFNLR) is expressed preferentially
on epithelial cells, as well as neutrophils;

although the genes activated by type | and type Ill IFN
signaling are similar, differences in cell type specificity and
signaling kinetics result in distinct responses. The type | IFN
response is more potent, rapid, and transient, whereas the
type lll IFN response is less potent, slower, and sustained.
Many cell types respond to type | IFNs, resulting in a
systemic response that is more inflammatory. In contrast,
the type Il IFN response is less inflammatory and
concentrated at epithelial and barrier surfaces.

Type | IFN

Type Il IFN

G — — —— -
ene g .
Single exon Multiple exons
Members |Human al, a2, ad, ab, ab, a7, Human Al, A2, A3, A4
a8, al0, al13, al4d, a6,
al7, a2l, f, e, x, ®
Mouse a1, a2, ad, ab, ab, a7, Mouse A2, A3
a9, all, al2, al3, ald,
alb, al6, aBp, &, k, L
Receptor ey
binding 7N
IFN |
IFNAR1 IFNAR2 IFNLR1 IL-10Rp
* High-affinity bindinfgf to IFNAR2, | » High-affinity binding to IFNLR1,
then recruits low-affinity then recruits low-affinity
IFNAR1 to form signaling IL-10Rp to form signaling
competent ternary complex competent ternary complex
* Receptor subunits bind on * Less cytokine surface exposed,
opposite sides of cytokine, more stem-stem contacts in
no stem/stem contacts recpetor
* Receptor is ubiquitously * Receptor preferentially
expressed expressed on epithelial cells
(and some immune cells,
Y L e.g., neutrophils)
M
pon [ s N‘T“r““?’"‘“|““ y pe AN T - :
[ )\1 { ._i.-\i o .'.‘ oo :.g | [of o] ] ’ # ,
W ¥ G200 7 9000080 £
Response | * High potency * Lower potency

* Rapid kinetics
* Systemic
¢ Inflammatory

¢ Slower kinetics
* Anatomic barriers
* Less inflammatory




A. Respiratory Tract B. Liver
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EFFECTS OF IFN
LAMBDA
AT THE BARRIER

SURFACES
Immunity. 2015 July 21; 43(1): 15-28.




An Interferon Paradox

*Most, if not all, cells in humans and mice express the receptor for type | interferons
(IFNs). Therefore, these cytokines have a range of direct and indirect effects on
various cell types during infection with viruses, bacteria, parasites and fungi.

*Type | IFNs are important for host defence against viruses, through the induction of
antiviral effector molecules that are encoded by IFN-stimulated genes. These IFNs
can, however, cause immunopathology in acute viral infections. Conversely, they can
lead to immunosuppression and loss of virus control during chronic viral infections.

*Type | IFNs are part of a complex cross-regulatory network, which leads mostly, but
not always, to protection of the host against infectious diseases with minimum
damage to the host.

Nature Reviews Immunology volume 15, pages87—103 (2015)




During chronic viral infection, type |
IFNs can induce the production of
immunosuppressive cytokines such as
interleukin-10 (IL-10).

They can also induce APCs to express
ligands (such as programmed cell
death 1 ligand 1 (PDL1)) for T cell-
inhibitory receptors (such as PD1, the
PDL1 receptor). These factors lead to
the suppression of T cell function and
failure to clear infection.

c | During acute viral infections such
as with influenza virus, type | IFN
production by myeloid cells, such as
plasmacytoid dendritic cells (pDCs)
and inflammatory monocytes, leads to
the upregulation of expression of both
the death ligand TNF-related
apoptosis-inducing ligand (TRAIL) on
inflammatory monocytes and the
TRAIL receptor death receptor 5 (DR5)
on epithelial cells. TRAIL-expressing
inflammatory monocytes then induce
immunopathology and host morbidity
and/or mortality through killing
epithelial cells.

Figure 2: Type l interferons during viral infection.
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An Interferon Paradox
Interferons must balance antiviral actions against immunosuppressive

effects during acute and chronic infections

Antiviral effects Immunomodulatory effects

* Antiviral gene expression Immunosuppressive molecules
* Immune cell activation e Immune cell inhibition
= Direct viral inhibition Lymphoid tissue disruption

7 Viral sensitivity to antiviral genes \‘

Effectiveness of early immunity
Acute viral IT’-_ SH———
infection | B NN | infection

Viral evasion of IFN-induced
immune responses

Balancing dual roles.Type 1 interferons (IFN-a/B) may control viral replication and spread through two
mechanisms. Antiviral responses include the expression of antiviral genes and the activation of specific im
mune cells. Imnmunomodulatory responses include the expression of immunosuppressive molecules, im-
mune cell inhibition, and cell death. The balance of these responses may shift, with enhanced antiviral ac-
tions during acute infections and greater immunomodulatory effects during chronic infections. crenit: v.
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Interferons (IFNs) are glycoproteins belonging to the
family of cytokines and have antiviral, antitumor, and

immunomodulatory activities.

Table 1 Inmturlerons and their uses

Generic names Brand names | Uses
Interferon alfa® {IFN-a)
Human natural leukocyte 11 N-o Aferon N Malignant diseases: hairy cell leukaemia, chronic

Natural fibroblast interferon Fiblaferon myelogenous leukaemia, cutaneous T cell
Recombinant interferon I N-oi2a wellferon, lymphoma, follicular kmphoma, multiple
Roferon myeloma, Kaposi's sarcoma, diffuse melanoma,
Recombinant interferon IFN-a2b Intron A renal cell carcinoma, carcinoid lumaourns
Recombinant interferon IFN-n2c Berofor Viral diseases: condylornata acuminata, chronic
Pegylated IFN-o2a Pegasys active hepatitis 8 and
Interferon beta (IFN-8)
Recombinantinterferon IFN-Bla Avonex, Rebif | Multiple sclerosis
Recombinant interferan IFN-B1b Betaferon,
Betaseron,
Extavia
Pegylated IFN-Bla Plegridy
Interferon gamma (IFN-y)
Recombinant interferon |FN-y1b Immukin Serious infections in chronic granulomatous

Actimmun

disease




