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Abstract

Interferons were the original prototype cytokine system discovered in 20th-century research. As the name implies, they
were originally thought to be synthesised and secreted between cells. Thanks to technological advances, the
processes involved in protein secretion can be explained comparatively more clearly at both the genetic and
biochemical levels. The discovery of interferon (IFN) occurred when genetic research was still in its infancy. Franklin
and Wilkins discovered the structure and function of deoxyribonucleic acid (DNA) at the same time as Crick and
Watson; however, Isaacs and Lindemann, two scientists, described the first IFN in 1957. Mutations can be caused by
inherent genetic protein synthesis and during infection as well as within IFN regulation pathways affecting cell
proliferation. This remains central to host cell IFN synthesis and effects through IFN protein receptor subunits defined
by 6 protein domains. Type Il IFN is key to immune cell function secreted by a variety of immune cells, mainly natural
killer (NK) as well as T cells. Single—stranded and/or double—stranded RNA/DNA viruses, as well as bacterial infections
(e.g., Escherichia coli) and fungal infections (e.g., Aspergillus), also affect IFN regulation. Pathogenic proteins utilise
intra/extracellular proteins that sense foreign antigens like Toll-like Receptors (TLRs), affected by mutations within the
human cellular IFN transduction pathways. Since the discovery of the third IFN type in 2003, when immune cell
phenotypes were further characterised, questions remain about the immunological mechanisms contributing to the
regulation of the innate and adaptive host immune system. Alterations in the synthesis of type I/lI/lll host IFNs can
differentially and beneficially alter homeostatic cellular pathways in pathological disease, with type | IFN being
synthesised in cancer as well as by homeostatic cells. Therefore, considered here are the overall IFN molecular, cell

regulatory mechanisms in the context of immune cell research developments.
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1. Introduction

Interferons (IFNs) are secreted glycoproteins with historically unique anti—viral activity as well as cellular oncological
regulatory properties induced by the regulation, maturation, development or chemotaxis of immune cells, e.g., dendritic
cells (DCs), in the early phase of infection. Different IFN types can stimulate the innate/adaptive compartments of the
immune system to produce IFN influenced by other pleiotropic proteins released by immune cells, including cytokines (IL)

and chemokines (CC, CXC), which act as specific cellular autocrine/paracrine signals in a hormonal manner 1,

The nomenclature of interferons was historically derived as alpha (&, from leukocytes), beta (B, from fibroblasts), and
gamma (y, from mitogen—activated lymphocytes) stimulated to proliferate. After the initial discovery of the first IFN protein
in 1957, three main types of IFN are known today: Type | (o/ B), Type Il (y), with the discovery of Type Il (A) in 2003, and
each having distinct anti—proliferative and anti—viral activities through additional subtypes. At least three IFN types have
distinct cellular functions and are expressed when differentially expressed genes (DEGs) are transcribed and translated
by IFN regulatory factors (IRFs) and other proteins. This occurs in health and disease and is regulated by IFN—stimulated
genes (ISGs), IFN—inducible proteins (IFl), together with IFl transmembrane proteins (IFITM), as well as cytoplasmic

interferon regulatory factors (IRF).

Immunisation and therapeutic treatment have historically targeted IFN for therapeutic benefit in preclinical development,
from phase 1/ 2 to phase 3 and beyond, according to the overall safety profile, and success rates by regulatory and
monitoring agencies such as the United States Food and Drug Administration Agency (FDA), the European Centre for
Disease Control (ECDC), and other organisations like the European Medicines Agency (EMA) (see Supplementary

Materials). However, the literature on type I/ 11 /Ill IFN is needed to compare overall mechanisms so far.

Either natural IFN or recombinant IFN compounds including human type | IFN and/or type II/1ll IFN concentrations within
host cell populations can stimulate both innate/adaptive immune system branches honing an effective response during
disease through cellular production from 2 cell phenotypes. One includes T cell synthesis, with the other natural killer (NK)
cell synthesis of type Il IFN also produced by other antigen—presenting cells (APCs), like monocytes and macrophages
(M1¢/M2¢). The immune system also senses pathogenic antigens through pattern recognition receptors (PRRs), as well
as cellular endosomal expressed Toll-like (TLR) receptors. Cancer pathologies can respond to type Il IFN cell synthesis,
whilst viral evolution may affect type I/1l/lll IFN homeostatic immune cell function. This aspect during viral
epidemics/pandemics is considered, evidenced with Dengue Fever virus (DENV), Ebola virus (EBOV), and recently
Monkeypox virus (MPXV) 3], It is plausible that regulation of IFN is modulated and affects early therapeutic and/or
clinical disease onset—delaying effects during viral evoked diseases like Influenza A virus (IAV), Measles virus (MeV), as
well as Human Immunodeficiency virus (HIV); however, this can be affected by other bacterial infections such as lower
respiratory tract bacterial infections caused by Haemophilus influenzae, Streptococcus pneumoniae and Staphylococcus
aureus, as well as oncological diseases, like hepatic melanoma[*l. Other reviews ascertain regulatory IFN proteins
affected by viral proteins (VP), synthesised by Coronaviridae (e.g., SARS-CoV-2) as well as Flaviviridae (e.g., DENV,
Yellow Fever) [°l. Individual VP mutations affect other cytosolic PRRs proteins (e.g., retinoic acid—inducible gene I, RIG-I/

mitochondrial anti—viral signalling protein (MAVS) pathways in at least two other virus families

Qeios ID: PBXUF5 - https://doi.org/10.32388/PBXUF5 2/55



Q Qeios, CC-BY 4.0 - Article, October 12, 2023

(Filoviridae/Nairovidiae) 8%, Viral mutations occur in both DNA/RNA viruses, like the positive—sense single—stranded
RNA virus (+ssRNA) Influenza A (Alphainfluenzavirus). This has 198 quantified potential antigen subtype combinations of
the viral antigen expressed haemagglutinin/neuraminidase (HA/NA) proteins, affecting immune cell phenotypes.
Therefore, viral antigens co—exist circulating in nature, with increases in antigen circulation necessitating clarification of

IFN regulatory factors within host cells.

Three or more types of IFN have differential inhibitory or stimulatory mechanisms on the immune system causal in lysing
infectious viruses effectively through stimulating effector cell activity through a myriad of proteins. This is effected through
IFN receptors (IFNR) at the cell plasma membrane (PM) surface interacting with at least 18 types of IFN binding to 6 IFNR
proteins expressed by dendritic cells (DCs), and others, having variable phenotypes. Interferon receptors are also
expressed by B lymphocytes, monocytes, and M1¢/M2¢, as well as T lymphocytes. Receptor expression is also within the
cellular PM on glial cells, neurons, and others. Interferon receptors (IFNR), therefore initiate downstream/upstream cellular
effects, as well as T cell secretion of type Il IFN—y, upon host cellular viral infection. Plant products also generate IFN—
stimulating proteins. Timing of cellular IFN synthesis and cellular secretion affects viral infection, propagation, and
replication; but also, IFN acts differentially through other protein pathways to effect pathogen cellular lysis in organs,
tissues and cell systems by regulating other cell cycle proteins, like p38. Immunodeficiency disorders or individual protein

mutations may also cause errors in IFN/IFNR signalling throughout development.

Therefore, regulation of type I/1l/lll IFN responses can have resultant detrimental and/or beneficial immune system effects
during pathology. The subtypes of IFN directly affect and influence the two branches of the innate and adaptive immune
response requiring clarity. Each IFN type fulfils unique immunological roles during 5 types of pathology including viral,
fungal, bacterial, mycobacterial as well as oncogenic diseases. Immune system modulation and/or evasion may represent
evolutionary development within animal hosts varying. Therefore, here is the analysis of genetic, molecular, and cellular

analysis of type I/1l/lll IFN mechanisms of action to date, in sections 3-6, that will require further research.

2. Methods

Currently, indications are that more than 100,000 PubMed results show prior IFN research. National clinical trials (NCTs)
investigated the utility of IFN as a potential therapeutic divided into other types that include type | IFN—x (380), type | IFN—
B (116), type | IFN—omega (6) and type | (epsilon (1) (5 type Il IFN-y (173)), and type lll IFN-A (17) currently (see

Supplementary Materials).

3. Interferon Types

3.1. Overview to Interferon Cellular Types

Type | IFN proteins are synthesised/secreted by translation from cellular nuclear transcription factors (TFs) resulting in
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differential anti—viral activity against host pathogens that may vary. Each IFN protein is known as a small molecular weight
(MW) molecule in humans; for example, type | IFN—o1/13, IFN-02, IFN—08 and IFN-o21 are composed of 187-189
amino—acids, while type 11l IFN-A is within the MW range 179-200 amino acids. Chemokines in comparison are smaller
MW proteins (e.g., CCL2, 99 amino—acids), with pleiotropic effects directing immune cell migration throughout tissues.
Small MW proteins are induced through gene synthesis transcription and subtypes can be differentially modified earlier in
response to pathogenic antigens both inside and outside the cell. Interferon subtypes can be synthesised by myeloid cells
like plasmacytoid dendritic cells (pDCs) producing higher concentrations of type | IFN (IFN—-o/IFN—B), effecting anti—viral
responses in hosts; but also, within skin epithelial cell tissues through tumour necrosis factor (TNF) related apoptosis—
inducing ligand (TRAIL), and at least 10 intra/extracellular PM and vesicular TLRs 6. On the other hand, type Il IFN-y is
secreted by at least two effector cells (NK/T cells) together with two antigen presenting cells (DCs and M¢), each with
different phenotypes characterised by cluster of differentiation (CD) marker. Type Ill IFN subtypes also influence host
immune responses within epithelial layers. It is considered through regulating cellular cycle function that each IFN
performs roles, with type | IFN—3 potentially regulating Mo cell cycle (M1¢/M2¢), and metabolism; while type | IFN—a could
be considered similar in the regulation of homeostatic function and observed commonly in health as well as inflammation

and Al disorders.

Type | IFNs include IFN—B, IFN-8, IFN—¢, IFN—K, IFN-T, IFN-w, and IFN-C amongst others; whereas type Ill IFN is
composed of IFN—A (IFN-A1, IFN=-A2, IFN-A3, IFN-A4), known originally as IL29, IL28A, and IL28B with IFN-A4
discovered in 2014 ], Two types of type Ill IFN (A2, A3), are considered to have 96% amino—acid homology®l. Other
classifications of subtype exist and most vary between host animal species encoded by IFN genes. To clarify, human IFN
consists of at least 18 subtypes, some others of which are type | IFN-o4, IFN-o7, and IFN—a14; whilst in pigs and bats
diversity of IFN—w is worthy of consideration, with less type | IFN—a described as discussed further [P1101011] Amongst
type | IFN—a subtypes, a recombinant IFN—o2b therapeutic version in humans is utilised as below ['2Il'3], However,
research studies in 2015 indicate that IFN—02 is non—glycosylated missing one aspartic acid (D) amino—acid at position 44
in humans without functional change [, Furthermore, it is indicated two recombinant type | IFN—o2a / IFN—o2p
preparations contain a neutral lysine (L) and alanine (K) substitution at position 23 when observations were that the type |

IFN-o@ is conserved and less prone to mutations [1°!.

Recently, it was shown that type | IFN may contain pro—inflammatory glycans unknown affecting predominant antibody
(IgG) binding to immune cell FcyR PM receptors (CD16/CD32/CD64), all of which influence an effective innate system
response [°l16]. As a result, this can influence 3 functional branches of the adaptive T cell response (helper (Ty),
cytotoxic (T¢), and NK cells). Modulation of sialic acid residues present in other receptors like the specific intercellular
adhesion molecule—3 grabbing non—integrin (CD209 or DC—SIGN) or fucose residues may also occur unknown to date.

Therefore, the overall homeostatic properties of type | IFN can be considered further.

Before and after 2019, pharmacokinetic properties of recombinant type | IFN—o2 engineering indicated the synthetic IFN
production vector could affect pharmacokinetic half-life when glycoengineering indicated Pichia pastoris as an option,
together with the purification method of recombinant IFN, whereas all subtypes of type | IFN—B are N—

glycosylated 1711811191 |n comparison, other studies show the addition of a glycosy! group on IFN—A4 may increase anti—
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inflammatory actions and anti—viral efficacy [°°l. It is notable that glycosylated IFNs vary in stability and display
antimicrobial effects with research comparatively unknown '], Glycosylated IFN also bind to carbohydrates/ and PM
receptors with higher/lower binding affinities to receptors. Respective IFN receptors include type | IFN receptors
(IFNAR1/2), type Il IFN receptors (IFN—yR1/IFN-yR2), as well as type Il IFN receptors (IFN-AR1/IL10R2), each

composed of two subunit domains (#2123l Below is a depiction of 2 type I IFNs (See Figure 1).

Interferon type |
3SE3 3SE4

Dr Ingo Fricke © 2023 ATy .
This work is licensed under a CC BY-NC-SA: 4.0 license. 2 W

The images were made by IF from PDB entries 35E3 & 35E4
using Chimerax https:/fwww.cgluesf.edu/chimerax/

) IFNAR1

Figure 1. Type | Interferon Receptor/Ligand Binding. Pictures were made using existing PDB files, namely 3SE3 and 3SE4, depicted as ribbon, and

ribbon with surfaces of the receptor, with its electrostatic potential.

As above, the receptor/IFN complex was clarified in 2011, and comparisons of type | IFN—a assays allowed type | IFN—«
receptor binding studies to show IFN binding to IFNAR1 occurred with higher (um) affinity, whilst binding to IFNAR2 was
lower affinity in a smaller (nm) range [?4. However, IFN—B and IFN-A are produced by various cells, with IFN—o generally
synthesised by immune cells, but specifically pDCs during infection with receptors throughout the bodily system [2°]. Other
reviews establish type | IFN downregulation, while research into type Ill IFNs is in the early stages; however, other
authors suggest type lll IFNs may have further biological mechanisms [?6!(27]. Much remains unknown with regard to type
[l IFN-A signalling proteins. Specific data on IFN therapy comes through national clinical trials (NCTs) conducted
throughout history before/after the first cloning of IFN receptors in 1990 and types of recombinant IFN-o2 (see
Supplementary Data S1) [l During the recent pandemic, type | IFNs were evidenced to have an effect in reducing

SARS-CoV-2 viral genome load requiring further detail [221[301[311[32][33]

3.2. Mechanisms of Action of the Three Types of Interferon in the Immune System
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Cellular effects of IFN regulating immune system cells vary with affinity of 3 types of IFN and subtypes through 6 subunit
receptor domains differentially expressed in organs, systems, tissues and cells. In brief, type | IFN—a research to date
indicates unusual variance during host infections with evidential beneficial/detrimental effects. However, IFN regulates the
differentiation and maturation of myeloid cell lineages as well as B/T cells, NK cells and others by being metabolised and
secreted from cells. This training of immune responses occurs through inhibition as well as DC stimulation of cell
maturation/differentiation by regulating costimulatory molecules like CD80/CD86 increasing major histocompatibility
complex (MHC) antigen presentation, as well as stimulation of T cell phenotypes expressing adhesion molecules (e.g.,
CD62) [341. Also, DC tolerogenic and maturation phenotypes are known to occur through pDCs into three conventional
types of DCs (cDC1, cDC2, cDC3) [°5]. These cells reversibly differentiate into myeloid/monocytic lineages during

inflammatory processes during endothelial cell injury or cancer [%6].

It is suggested the dual role of type | IFN is of an inhibitory cytokine (IL—10) in monocytes whilst stimulating a T cell
response [°7]. This is mediated through the suppressor of cytokine signalling—1 (SOCS—1) protein acting independently
regulating the expression of IFNAR2 expression as well as IFN transduction through conserved phosphotyrosine residue
on the tyrosine kinase (TYK) enzymes in effect regulating anti-viral/anti—proliferative effects and type 11 IFN [38][391[40],
This was evidenced from 2002 in more than 40 countries where recombinant type | IFN—02 was used as a therapeutic to
treat various types of leukaemia (B/T cell lymphomas) [“11142], In comparison, type Il IFN—y is largely produced by only
cells of the immune system primarily induced by APCs which phagocytose pathogens produced from adaptive immune
cells NK and T cells that utilise MHC class Il proteins to effect cytolysis. Two primary T cell phenotypes produce type Il

IFN-y with the majority expressing CD4 and/or CD8 molecule proteins 43!,

Historically, type Il IFN is a measure of T cell activity of adaptive immunity. The activity of type Il IFN expression is also
measured by expression of subunit receptors in tissues/cells through cellular mRNA expression to indicate gene transcript
location. However, it is currently considered that the RNA for another type Il IFN, IFNLR2 (IL10R2), is present in lungs,
intestines, and liver tissues as well as B cells, neutrophils, Mgs and pDCs, but not in NK cells [*4]. Additionally, type 11l IFN
is considered to have a higher affinity for one subunit (IFN-AR1), with less affinity for the other subunit (IL10R2) possibly

explaining some of the differential activity of IL—10 which shares this receptor.

In the past, type Il IFN was considered to be predominant on non—haematopoietic cells (e.g., intestinal epithelial cells).
Type IIl IFN has lower affinity binding affinity to its respective receptors compared to type | IFN [“°]. Other reviews
examine the relevance of single nucleotide point (SNP) mutations of type Il IFN pathways during disease [**]. The
relevance of type Ill IFN is becoming clearer. Research in vivoindicates that during type Il IFN-A2 (IL28A) deficiency,
there is an effect on three crucial immune system branches. Namely, germinal B cell centre formation, where B cells
develop that secrete antibodies (Abs) of 4 main types eventually (IgM, IgG, IgA, IgE). Therefore, as IFN can affect the
innate branch of the immune system, this can affect the other adaptive branches where increased activity through two
other T cell branches denoted by helper T cells (T/CD4*) as well as cytotoxic T cells (To/CD8). Moreover, type Il IFN-

A3 is similarly highlighted as relevant to B cell proliferation and antibody production [#41(46].

Immune system modulation and/or evasion may represent evolutionary development within animal host immune systems
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and vary. Recently, two three types of cellular signalling are considered alongside IFN that are cytokines (interleukins, IL)
and chemokines (CC/CXC). Individual cellular expression is stimulated by many pathogenic organisms, like Smallpox
(VARV), Human Immunodeficiency virus (HIV), but also bacterial pathogens (Streptococci), and others like Respiratory
Syncytial virus (RSV) that also cause viral-induced pathology., Viral mutations occur in DNA/RNA viruses like the
positive—sense single—stranded RNA virus (+ssRNA) Influenza A (Alphainfluenzavirus), having 198 potential subtype
combinations of haemagglutinin/neuraminidase (HA/NA) protein antigens that can differentially affect immune cell
phenotypes. Different serotypes of Gram—negative (—ve) (e.g., Coccobacilli, Haemophilus influenzae, Hl) are known to
shed intracellular/extracellular protein membranes during infection denoted as 3 types (A, F or non—capsulated (ncHI)

(see Supplementary materials). Other viruses like Influenza A avian virus (H5N1) can affect variable animal hosts.

An effective increase in pathogen antigen circulation may inhibit or stimulate/sensitise the immune system affecting the
lysis of infectious viruses through regulatory host IFN synthesis or unknown metabolic factors. The three shared methods
of immune system kinetics comprise of firstly pathogenic DNA/RNA 5’ capping, through the incorporation of methyl
(CH3-) group to the 5’ genome with pattern recognition receptors (PRR) including TLRs affected. Secondly, cellular
mitochondrial metabolic changes affect the synthesis rate of reactive oxygen species (ROS), whilst pathogens also utilise
inter—cellular channelling nanotubes or porous membranes (471 The third objective considered could be unknown
modulation of type I/lll IFN or indeed the rate of IFN synthesis subtypes by immune cells or infected cells which is a

historically well researched therapeutic that has initiated remission during oncological disorders.

3.3. Cellular Signalling Mechanisms of Interferons

Interferon cellular action occurs through transmembrane protein receptors, as above, utilising predominantly janus kinase
(JAK), and STAT protein phosphorylation activation pathways. However, seven STAT proteins (STAT1, STAT2, STATS,
STAT4, STAT5A, STAT5B, STAT6) are described in mammals as central to immune cell regulation with STAT1/STAT2
pertinent to IFN signalling [“61*°]. The IFN-AR1/IL—10RB receptors for IFN—A are notably shared with IL—22 implicated in
disease [°Y]. Less is known about type Il IFN. Data www.proteinatlas.org) implies the IFN-A receptor (IFN-AR1) is
preferentially expressed by both pDCs and B cells, with IFNAR1 by both neutrophils and three phenotypes of monocytes

(classical, intermediate and non—classical), whilst IFNAR2 evenly distributed on all immune cells.

During the 1990s, STAT proteins were found to bind to JAK proteins. Various laboratories were known when four
scientists including James Darnell, George Stark, as well as lan Kerr discovered the molecular basis. These were
classified into four types (JAK1, JAK2, JAK3) when Muller discovered that the tyrosine kinase (TYK2) enzymes bridged
the gap between JAK/STAT proteins to be essential in type | IFN signalling [*°. Thereafter, two pathways are described
including initially “canonical” or high—affinity binding of type I IFNs to the IFNAR2 to form a trimer with IFNART [*°]. The
second pathway described is “non canonical”, referring to three independent kinase enzyme pathways, that include
activation of MAP kinase (MAPK), mammalian target of rapamycin (mTOR), but also phosphatidylinositol 3—kinases PI3K,
a serine/threonine kinase [*9]. In the canonical model, activation and phosphorylation of JAK1/TYK2 occurs by

phosphorylation to form a STAT1/STAT2 trimer with other interferon regulator factors (e.g., IRF1/3/7/9), producing
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interferon stimulating growth factors (e.g., ISGF3) translocating to nuclear interferon sensitive response elements (ISRE)
effecting IFN synthesis [°']. However, the original “non—canonical” pathway is considered to be where STAT1 or other
proteins, like MAPK or PI3K, homodimerise. Other reviews summarise STAT proteins as containing a conserved DNA
binding domain —SH2 recognising phosphotyrosine motifs of cytokine receptors [“°l. Below is shown the IFN signalling

pathways (see Figure 2).

Key: Interferon Signalling
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Figure 2. Systemic Interferon Signalling

The activity of type | IFN occurs via activation of the nitric oxide synthase (NOS), and inactivation of an enzyme protein
kinase R (PKR) that can be regulated by cellular viral DNA/RNA. Further activation of the enzyme oligoadenylate
synthetases (OAS) along with peptide presentation by class I/ll (MHC-I/II) occurs. Albeit, VP protein fragments are
metabolised with short amino—acid peptide chains presented known as epitopes to immune cell receptors (e.g., T cell
phenotypes CD4/CD8) [°2]. There are four members of OAS enzymes, of which three (OAS1/2/3) produce 2'-5'-linked
oligoadenylates and a similar OAS ligand (OASL) binding to RNAase L regulating the degradation of viral or cellular RNA.
Activation of adenosine deaminase 1 (ADAR1), a dsRNA binding protein, is known to catalyse the process of deamination
of adenosine usually involved in viral RNA replication, but also maturation and development of leukocytes to effect
apoptosis of infected [°2I[54]. Protein kinase R downregulates translation of viral RNA encoding pathogenic protein
domains; whereas OAS activation can degrade and lyse RNA with ADAR1 enabling RNA editing Viral NSPs may activate
the phosphatidylinositol 3—kinase (PI3K) pathway inhibiting type | IFN synthesis, as well as activating cellular stress—
response proteins (e.g., heat—shock proteins) involved in cell proliferation regulation, survival, and differentiation as well as

immune cell regulation. Therefore, temporal initial inhibition of regulatory apoptotic pathways can occur while a pathogen
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replicates, prior to induction of innate immune system host cells [55],

In brief, STAT1 proteins are regulators of cell cyclin-dependent kinase inhibitors (CDKI), P21 and P27, but also caspases
(1/3/11) that sense and are activated during cellular apoptosis [*°!. However, STAT1 is also involved in antigen
presentation as well as B cell development through regulating Fas (CD95), and Bcl-2 affecting granulocyte

development [°l. In an immunological context, STAT1 is described to be activated by three cytokines (IL-2, IL-6, TNF),
but also interferons. In contrast, STAT2 does not homo—polymerise but can be activated by type | IFN. Thirdly, STAT3 is
described to be activated by the IL-6 and IL—10 family of cytokines regulated by CD95 acting as a molecular switch
controlling immune cell differentiation, growth and apoptosis as observed in certain cancer types. Transcription of STAT3
is seen to occur constitutively in certain cancer types, like head and neck cancer, as well as haematological tumours
amongst others [49I56157] However, STAT3 inhibition has been described to affect cytokine receptor, IL—4Ra, expression
by naive CD4 T cells expressing the migration adhesion molecule, CD62L, required to transverse endothelial cell
membrane layers [°/]. During gene knockout experiments of CD95, it is evidenced that overexpression of STAT1 inhibits
STATS3 transcription of the IL17a promoter gene transcript necessary facilitating synthesis of IL—17 from T17 cells largely
unknown to date [°8l. Conversely, in vivo, the role of STAT3 is intertwined with STAT5 where overexpression of STAT5 is
suggested with the cytokine GM—CSF to activate the differentiation of both neutrophils while inhibiting myeloid lineages
(monocyte/Mos) (561, Overall, viral antagonism is affected by extraneous factors, but also cellular PM as well as vesicular
TLRs that could plausibly also have mutations leading to a sensitised and/or delayed immune system response
dependent on the homeostatic function of IFN proteins. For example, in this review (n=5/1288) individuals were indicated
to have autosomal recessive (AR) disorder. These may result from deficiencies in the genes involved in IFN regulation
(OAS1/OAS2/RNASEL), with type Il IFN in vitro able to upregulate expression of OAS1/2/3 in the myeloid cell lineage
required to synthesise IFN through nuclear transcription of IFN and viral antigen presentation [591(60]_ This one project
further clarifies, in a subset of multi—inflammatory syndrome associated disorders in children (MIS—C), without COVID-19
pneumonia, but with antibodies to SARS-CoV-2 that mononuclear phagocyte function could rely on IFN signalling during

pathological disorders [°°].

The last key protein to be considered, ISG15, derived through the translation of the IFN—stimulated gene 15(ISG15), is an
intracellular/extracellular protein described as "ubiquitin-like” [8']. The protein, ISG15 has only been found in vertebrates
and is induced by a range of cellular—associated injury or infection (bacterial/viral) factors and can initiate cytokine release
(e.g., IL-1B, retinoic acid), during hypoxia or DNA damage induced by each of the type I/lI/lll IFNs (671, The function of
ISG15 in relation to immune cells was described some years ago to direct 3 cellular factors. Firstly, it can increase
stimulation of monocyte cytotoxicity, secondly stimulate type Il IFN synthesis, thirdly, induce NK cell maturation and finally
DC maturation. This variability in function remains largely unknown as to the mechanism of ISG15 exocytosis; although it
is also considered that ISG15 is localised in neutrophil vesicle exosomes in TLR3—-activated endothelial cells during
apoptosis [6']. Other authors ascertain that ISG15 can bind to the leukocyte function antigen (LFA-1,) and can induce IL—
10 known to affect both NK and T cell differentiation, but also is induced by type | IFNs. The gene ISG15 has two IFN—
stimulated response elements (ISREs) in its promoter area that bind to IRF3/9 ISRE. Of these, IRF9 interacts with

STAT1/2 to form the ISGF3 complex that induces ISG nuclear transcription, although IRF3 also complexes, however, the
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other IRFs (e.g., IRF4) can also induce /SG15 translation [61162].

3.4. Type I Interferons in Infections

Therefore, to begin it is necessary to examine type | IFN subtypes synthesised by human cells. Interferon regulation
affects all bodily tissue system immune responses. Research prior to 2009 examined chronic hepatitis C (HCV) infection
to find all type | IFN subtypes inhibited viral replication, but 3 subtypes harboured more activity (IFN-a17, IFN—-o7, IFN—
a8) 1631, Whilst 2 years later, during human metapneumovirus infection (hMPV), similarly, four subtypes of type | IFN (IFN—
a5, IFN-06, o8, and o10) appeared to exhibit high anti-viral potency [64]. In comparison, after 2012, investigations into
Mumps viral (MuV) infection evidenced that all 12 subtypes of human type | IFN—o could be synthesised. It was then
postulated that viral mutations affect IFN affinity for IFNAR1. Increased synthesis of type | IFN (a5, o8, a17, o21), in
comparison to less induction of other type | IFNs (02, o4, 06, o7, o1 6) was observed (651, Genetic MuV mutations were

indicated with IFN—a10 and IFN—a14 appearing to be host synthesised in response to different MuV strains [6°],

In 2020, type | IFN synthesis variability was also observedin vitro with Influenza infection of human respiratory epithelial
cells, compared to in vivo, to find induction of type | IFN (o, o6, 14, a16), whilst other type | IFN subtypes (05, o8, o21)
were pertinent to lesser virulent strains (%6, Non-structural proteins (NSP) are produced (e.g., Zika virus (ZIKV)) and
packaged in vesicles within the endosomal/exosomal cellular pathway after translation in host cells that may affect either
host type I//1ll1l IFN gene transcription [67]. This molecular event seems to occur with some of the SARS—-CoV-2 proteins

encoded where viral particle replication rate together with IFN synthesis rate is therefore a regulatory checkpoint.

Whereas, in comparison other viruses like Monkeypox virus (MPXV), HIV-1/HIV-2, as well as Henipaviridae (NiV), can
affect host cell nuclear activity antagonising synthesis and exocytosis of type | and possibly type Il IFNs unknown 21681,
As exemplified, by the translation of viral proteins, IFN—encoding mRNA may be cleaved or IFN gene transcription

altered (261181, During Filoviridae (EBOV/Marburg virus) infection, comparisons were made between the function of
VP24/VP35, which appeared to affect the rate of IFN synthesis in specific cell types more than others [BI69170] Whereas
the EBOV VP35 protein did not suppress IFN production in pDCs, sensitised type | IFN—mediated immune responses
could attenuate EBOV virulence [/11[72] Investigators induced a loss—of—function (LOF) mutation in the EBOV gene
encoding VP35 to observe EBOV antigens with decreased virulence |73, However, during Flaviviridae infection (ZIKV),
type | IFN— expression within both mucosal and glandular epithelial cells is suggested to be protective [74. Research
involving type | IFN—B seems to involve mycobacterial research on leprosy implying that this dsDNA mycobacteria species

does differentially activate cyclic GMP—AMP synthase (cGAS), but can antagonise the OASL ligand required for IFN

signalling ["®!. Moreover, within retroviral (HIV—1) infection, suppression of type | IFN synthesis could occur and cellular
transmission by producing a viral infectivity factor (Vif). This occurs by triggering the cytoplasmic stimulator of interferon
gene (STING), by interacting with cellular tyrosine (Tyr/Y) phosphatase enzymes known as Src homology region 2
domain—containing phosphatase—1 (SHP-1) within STAT pathways regulating various IRFs [491[51][76] This leads to
STING dephosphorylation at the Y162 amino—acid position [/7]. Another study highlighted the ability of HIV—1 to evade

TLR8 detection via translation and signalling of the snapin VP to neighbouring cells (78] Therefore, it is necessary to
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clarify how IFN regulation may be compared.

More recent developments seem to indicate type | IFN subtypes (06, o8, a14) were pertinent to regulation of HIV infection
in vitralin vivol'?l. Although, type | IFN (05) could potently inhibit Influenza (H3N2) in epithelial layers'’°l. However, in
2023, the role of type | IFN affecting STAT2 proteins was defined that could affect the adaptive branch of the immune
system through effector memory (Tgp) T cells alongside classical monocytes through defective IFN signalling as well as
potentially IFNAR2 [79IB0IB1182] Conversely, the other type | IFN—B utilised in therapeutics, through differentially
expressed genes (DEG) changes examined TNF—« in vitro stimulation of monocytes and T cells, during 2013, to find
metabolic programming could occur. Clarification came that type | IFN—f could modify 2 immune cell checkpoint proteins,
CD38/CD83, through upregulation on monocytes at 2 days, but not T cells confirming that type | IFN—f can modify the
STAT3 signalling pathway %],

3.5. Type Il Interferon and Immunological Disorders

Interferon cellular signalling and synthesis can be influenced by many factors that are genetic mutations, and cellular
transcription/translation of TFs, affecting the resultant immune cell secretion as well as naturally produced auto—antibodies
(aAbs). Changes can exhibit pathological consequences in individuals during either an ineffective immune response (e.g.,
immunodeficiency) or an overactive immune response. For instance, Mendelian susceptibility to mycobacterial disease
(MSMD) was first reported in 1996 to be an inherited human IFN-yR1 and IFN-yR2 mutational deficiency; therefore,
causal with resultant effect on type Il IFN receptor signalling with reduced synthesis observed and less effective immune
responses. Type Il IFN is a crucial NK cell and T cell cytokine required to be produced naturally. Mutations in genes
affecting type Il IFN-y signalling through IFN—yR1/IFN—yR2 were reported in two cases in 2020 (841 Mutations in this
trimer interface of type IFN—y/IFNy—R1/IFN-yR2 can be deficient abrogating downstream nuclear signals. It was shown
that this synthesis by both NK/T cells in some cases may be independent of circulating viral antigens (841 Further
overviews appeared around 2000 of two individuals elucidating that type Il IFN production through MSMD research can be
affected by a number of other point mutations in many genes (IFNGR1, IFNGR2, IRF8, IL-12RB, IL-12RB1, STAT1),
each within the IFN signalling pathway [#4]. Type Il IFN-y production therefore does influence outcome during

mycobacterial infection or repeated other infection.

However, during 2012, STAT1 LOF was observed within the IFN pathway indicative that MSMD could occur as 4 inherited
phenotypes [2°]. Research shows that increased host susceptibility occurs to viral, bacterial, and mycobacteria infections
with the resultant immune responses affected [8°]. Furthermore, two cases in 2012 evidenced that granulocytes could
display reduced production of interferon signature gene protein (ISG15) resulting in less type Il IFN—y lymphocyte
responses with recurrent mycobacterial illness [%6]. It was suggested and hypothesised then that ISG15 alongside free
ISG15 protein could have cytokine—like properties and be synthesised by B cells as well as monocytes in the sera of
healthy individuals. More recently, in 2021, a categorization was proposed for the other type | interferonopathies where
other inherited diseases can cause auto—inflammation due to dysregulation in this crucial IFN pathway [87]. With regards
to type Il IFN, genetic variations can affect proteins encoding human leukocyte antigens (HLA) producing other proteins

processing antigens, like MHC I/Il surface receptors, which vary between populations. As recently as 2021, anti—IFN—y
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autoantibodies (AIGA) were suggested to be affected by HLA antigens in some diagnosed cases (n=600) that could
explain differential immune responses to infections like mycobacteria. Specifically, it was suggested that the following
alleles (DRB1*16:02—DQB1*05:02 and HLA-DRB1*15:02—-DQB1*05:01) encoding MHC type Il peptide presenting

molecules could be variable [88189] Therefore, each of the factors will be discussed further.

3.6. Errors in Interferon STAT Pathway Signalling

Initially, four errors in STAT1 signalling were defined to be genetic factors affecting protein production and immune system
function. These were defined as follows: “AR complete” STAT1 deficiency, along with “autosomal dominant (AD)”, but also

“partial”, along with “gain of function (GOF)” and observed in pathological reports (n=6) in children (6],

During 2006, errors in TYK signalling emerged when one patient was observed to have recurrent viral and mycobacterial
infections along with increased levels of IgE susceptible to bacterial staphylococcal infections. In 2015, other cases
emerged (n=7) indicating the IFNAR1 could be downregulated, but that 2 key cytokine receptors (IL-10R2 and IL-12Rp1)
were affected, with reduced expression of the IFNLR subunit affecting both IL-12 and IL-23 receptors during
mycobacterial infection [90][1], Conversely, isolated reports from 2015 into chronic mucocutaneous candidiasis (CMC),
evidenced mutations in STAT1 to be independent of STAT3 affecting Ty17 cell differentiation producing IL—17[%2, During
2020, only the second report of an individual case reported from a family with a heterozygous deficiency for the type I IFN
receptor (IFNAR2) during a similar clinical pathology to haemophagocytic lymphohistiocytosis (HLH) occurred. This
indicates that type | IFN—o does affect NK degranulation and function as well as controlling inhibition of type Il IFN.
Interestingly, the same donor cells were used in vitroto confirm that STAT1 phosphorylation is required for IFN signalling.
This project noted that IFN signalling did not occur in monocytes by flow cytometry with type | IFN gene transcripts
abrogated nearly completely (RSAD2, IFI44, ISG15, SIGLEC1, CXCL10, IFI27), with type Il IFN regulated genes
observed [93]. Therefore, it could be considered given the scarcity of reports prior that further research would be needed.
Summary reviews in 2020 detail the complexity of errors in IFN signalling occurring affecting type I/Il IFN signalling
through gamma activated sequences (GAS) causal in delivering an effective immune response to infections and cell cycle
regulation in cancer through adaptive T cell phenotypes [°“!. The role of type Il IFN cannot equally be understated as 3

types of IFN regulate and signal through STAT proteins.

More recently, reports indicate that TLR3 deficiencies in people may occur as an AR disorder found during Influenza
infection [9°]. Moreover, in 2020, it was seen that the function of STAT1 in monocytes could display a dual role of
abrogating or reducing type Il IFN—y and type | IFN—x function during infections. These can result in serious complications
immunologically, by LOF of monocytes, with recurrent infections independent of type 1l IFN-A [°6]. More recently, within
the Shigella bacterial species outer surface protein C (OspC) member, OspC2 inhibition of type Ill IFN—A1 synthesis was
observed during infection (971 In 2021, one report discovered through Enterovirus infection that deficiencies in cytoplasmic
TLR3 together with a RIG-I like receptor, named Melanoma differentiation—associated protein 5 (MDA5), may explain that
activation of TLR3 is required for endosomal sensing type l/lll IFN and MDAS5 is required for cytoplasmic pattern

recognition independently (98], These were interesting observations.
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Deficiencies in many STAT proteins affect all aspects of an effective immunological response. Through single—cell RNA
sequencing (scRNA) experiments, the STAT2 deficiency recently (n=23) was quantified further elucidating the relationship
between IFNAR2 and STAT1/STAT2 IFN signalling. There were indications STAT2 deficiency results in loss of sensitivity
to type | IFN. Gene transcripts at a single cell level showed that STAT2 deficiency affects effector memory (Tgpy) cells with
reduced gene transcripts (MX1, IRF9, USP18 and ISG15), observed concurrently with three others (STAT1/IRF1/ICAM1),
that could affect classical monocyte response IFN signalling and adhesion during viral inflammatory disorders like severe
Influenza, SARS—-CoV—2, Enterovirus, but also Herpes Simplex virus (HSV—1) 8999 On the other hand, STAT3
deficiencies were also initially described as hyper—immunoglobulinaemia E in 1966. The protein, STAT3, was suggested
as a factor during sporadic cases in individuals (n=98) of another rare AD disorder (Job's syndrome) characterised by
dermatitis and increased serum IgE. In this instance, IL-6 stimulation resulted in less CCL2 synthesis by leukocytes was

suggested [1901. Therefore, below is shown the role of STAT3 in the immune system (see Figure 3).
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effects exerted in the shown immune cells.

Therefore, STAT1 signalling was examined in individuals with GOF or overactive STAT1 signalling to examine the role in
diagnosed CMC individuals (n=8) [%?]. Fungal and Ty17 cell immune response during recurrent infection remains unknown
with clarification on DCs examined further. In 2023 DC analysis, through comparison of monocyte—derived DCs (moDCs)
to tolerogenic DCs (tDCs), it is surmised that tDCs may express less immune cell checkpoint regulatory proteins (CD80,
CD83, CD40); whilst moDC phenotypes expressed other inhibitory receptors like programmed death—ligand, PD-L1 [101],

However, the dual activity action of PD—-L1 with the T cell immunoglobulin (Ig) and mucin domain—containing protein
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(TIM3) was characterised as a receptor expressed on both T cell types (CD4 */CD8") producing type Il IFN with both

considered checkpoint proteins remaining a target of cancer therapeutic development [1021[103],

3.7. Other Types of Interferon Regulation Pathways

The other 3 crucial STAT proteins (STAT4/5/6) remain comparatively recently investigated. As recently as 2021, other
authors concur that STAT4 has not been extensively examined and remains comparatively unknown. The considered role
of STAT4 is that it is expressed constitutively by haematopoietic cells (HSPCs), including both NK/T cells and is consistent
in health and disease ['94]. In 2020, STAT4 was clarified to be encoded by a further two gene transcripts ¢/8), with the
STAT4a subunit able to induce cellular production of more type Il IFN; whereas the STAT4[ subunit could better respond
to IL—12 stimulation ['9%]. Other reviews ascertain that STAT4 is a pertinent protein as well as a relevant potential
modulator of tumour suppression during hepatocellular carcinoma (HCC), but also correlates with serum hepatitis B
antigen levels (HBsAg). An additional role in Al diseases (Sjogren’s syndrome (SS), Systemic Lupus Erythematosus
(SLE), Psoriasis, Type 1 Diabetes 1 (T1D), Rheumatoid Arthritis (RA)), as well as both asthma and atherosclerosis, is
suggested but discussed elsewhere [1051[10611107] Of the last two STAT proteins (STAT5), conversely is essential for NK
cell development and has two types of protein domains [“°]. This was shown comparatively recently utilising mouse
cytomegalovirus (MCMV) infection in vitro of human cells. Expression of STAT5 was observed as upregulated on memory
NK cells rather than naive NK cells ['%8]. Furthermore, this was induced by IL—12 dependent on two cytokines (IL—2/IL—15)
to produce granzyme A, with the possibility that the apoptotic PI3K pathway could be affected [18110°] However, 2
subunit proteins of STAT5 possess varying functions. Overexpression of STAT5A in vitro with type | IFN— stimulation of
CD4* T cells was seen to suppress PD—1 induction, in effect regulating other coinhibitory receptors''%. In comparison,
STAT5B deficiency has been observed to produce reduced counts of Tgrgg cells with STAT5A unchanged 1],
Furthermore, STAT5B deficiencies could manifest during lymphopenia together with reduced yd T cells, as well as NK
cells '], Deficiency of STAT5B in individuals has been associated with other Al diseases, like idiopathic arthritis,
thyroiditis, and thrombocytic purpura, with the role of Trgg cells unknown [198I110°] | astly, the dimer STAT6 can be
activated by phosphorylation and is considered to transduce signals from M¢$ maturation factors, (IL—4/IL—13), alongside B
cell-driven maturation, and Ig subtype maturation in germinal centres [*°!. STAT6 can be activated independently by
viruses, but also recruits APCs and T cells playing a part in innate immunity during allergic conditions, and immunity to
helminthic parasites during TH2 cell-driven responses [12]. The relevance of other genes translated into extracellular
cytokine—like proteins induced by type | IFN, like ISG15, is of consideration. During deficiency, it could be seen that the
encoded protein appears to play a role in regulating type Il IFN mycobacterial immune responses and is expressed in

acute arthritic conditions [66]. The overall role of STAT proteins is shown below (see Figure 4).
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Figure 4. Protein and Cytokine STAT Protein Interactions Summary known today

4. The Role of Type I/ll/lll Interferon Signalling Since Discovery

4.1. Timing of Interferon Synthesis and Immune Cell Pathways

The chronology of IFN signalling post—cellular infection can be affected in three stages. Initial early IFN synthesis from
DCs, second a delayed response, and thirdly an absent IFN response through various cellular and nuclear factors. The
first can occur with temporal viral load regulation, enhanced regulation of pro—inflammatory responses in the
acute/chronic phase, as in many bacterial as well as viral diseases (e.g., EBOV/COVID-19) []. The second is followed by
a dysregulated DC maturation process, T cell maturation, or other cells presenting antigens during acute/chronic
inflammation (DC, monocyte/M¢), that can be affected by IFN signalling through respective receptors and STAT proteins
(e.g., STAT1/STAT3/STATS) signalling [*°!. The third may occur through either inborn genetic errors unknown, or the
production of aAbs introduced above, as well as pathogen infections (e.g., H. Pylori). The homeostatic early synthesis of

type | IFN underpins many of the current research therapeutics to date affecting regulation of the immune system.

4.2. Autoantibodies, Interferon and Errors

Systemic production of aAbs, including against type | IFN, has long been known to occur in different pathologies. For
example, during Al polyendocrinopathy syndrome type | (APS—-I), an AR syndrome occurs by immune cells affecting
endocrine function resulting in candidiasis adrenal insufficiency. In this case, point mutations in the Al regulator gene

(AIRE) affect the tolerogenic profile development of T cells (1131 1t was noted, in population studies in 2017 that aAb titres
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against type | IFN—w were particularly high varying across populations with IFN—o2 [ 3], Subsequently, a notable study in
2017(n=8972) examined other aAbs against type | IFNs including IFNo2 to find aAbs occur naturally in 86% of people
combined with four other cytokines measured (IL-1¢, IL-6, IL—10, GM—CSF) to note natural occurrence in younger

adults ' 141, Conversely, other studies examining this during non—~COVID—19 acute respiratory failure indicate (n=284) that

1.1% were positive for antibodies against IFN—o2 and similarly with type Ill interferon recently [11511116],

Furthermore, single nucleotide point (SNP) mutations occur in other IFN signalling proteins, like STAT2, or other AR
individuals, with pathological consequences, including HLH, but also bronchiolitis, and recurrent RSV amongst other
pathologies [°°!. Causal factors in aAb production resulting in disease as being a genetic trait were observed in
investigating type Il IFN research. Exemplified in 2019, a population study (n=74) in Southeast Asia appears to indicate
that aAbs against type Il IFN—y vary between populations and may be present as a risk factor in nontuberculous

mycobacteria (NTM), alongside other opportunistic infections like Salmonella, Histoplasma and Cryptococcus ['71.

During the recent pandemic, research indicates variability and unknowns with regards to autoantibodies. It is indicated
that approximately 10%—25% of those with chronic COVID—19 pneumonia possess aAbs to one or two type | IFNs (IFN-
o2/IFN-w) age over 25 or one of the 12 other subtypes of type | IFN—a respectively, but not type | IFN—pB [118I1119] |n
other viral infections like West Nile virus (WNV), aAbs to type | IFN (IFN-o/IFN—w) were detected in a cohort (n=441),
indicated to occur in males over 65 years at a prevalence range of 0.3%— 1.0% and in a third of individuals

hospitalised |29 Although SARS—-CoV-2 is a well-characterised virus, earlier in the pandemic, three types of type | IFN
do possess anti—viral regulatory properties (IFN—a8, IFN—3, IFN—w), with type | IFN-w having the most potent inhibitory
activity against earlier B.1.351 lineages circulating up to 2021 [79]. For reasons, explained below maybe this was an
oversite in research, as another type | IFN—¢ alongside type Il IFN—w proteins was observed at higher concentrations in
infant nasopharyngeal samples (n=192) ['2"]. This was concurrently observed in population studies showing variance in
IFN subtypes inhibition ability declining between 4 strains of SARS—CoV-2 showing less type | IFN anti-viral activity [/9].
Combined genome—wide association studies (GWAS) did indicate the type | IFN (IFNAR) pathway could be associated

potentially with severity (n=466) by coronaviruses in gene set enrichment analysis (GSEA) [122]

. Authors correctly pointed
out there are few if any global population studies that do examine human leukocyte antigen (HLA) polymorphisms which
are key in tissue typing. The HLA encodes two functional protein complexes required to present antigens (MHC class I/11)

that are polymorphic proteins aside from IFN proteins as above.

4.3. Interferon—Inducible Transmembrane Proteins during Viral Infection

However, other IFN proteins induced by IFN are relevant and could be directly affected during pathology. For example, the
IFIT family of proteins has 5 members regulating viral replication. Some authors consider other IFI proteins (IFIT1, IFIT3
and IFIT5) to regulate SARS—CoV-2 replication. Various IFIT proteins intracellularly sequester viral ss/dsRNA and also
unmethylated RNA present during host cellular pathogen infection ['23]. During the 2009 Influenza (H1N1) pandemic, as
above, IFITM1/2, became clearer as potentially limiting the rate of VP synthesis through type | IFN synthesis in other

viruses like WNV) as well as DENV infections ['24]. A third protein, IFITM3, estimated to compose 50-80% of total IFITMs,
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present on T cell PMs, was seen to differentially regulate IFN synthesis through ubiquitination and methylation inhibited
concurrently with point mutations in different tyrosine residues (e.g., Y20) [12°l126] Phosphorylation could be inhibited
preventing endocytosis and ubiquitination occurring through E3—ubiquitin ligase, similarly to STAT proteins ['27]. Around
this time, the CD225 domain of IFITM proteins was discovered to be required for inhibition of both Influenza/DENV
replication ['28]. Indeed, IFITM3 was recently indicated to be increased in severely affected Influenza patients additionally
pointing towards this as a potential factor in restricting viral replication in tissues ['2°]. Therefore, IFITM3 could be
considered important to Influenza infection immunisation responses and is confirmed to be present during SARS-CoV-2
infections to be a regulatory checkpoint in vivo observed in gene knock—out non-human primates (NHPs) in the pulmonary
tract ['391. Finally, this class of IFIT/IFITM3 proteins are further implicated in modulating amyloid plaques during

Alzheimer's disease [13111132],

4.4. Interferon and Immunotherapy Regulation in Cancer

Interferons play roles in many pathologies. Both type I/ll IFNs have long been considered to be immune cell regulatory
affecting both cell cycle and cancer cell proliferation, with partial protective roles during tumorigenesis through expression
of PD-L1, whilst tissue cells produce a suppressive cytokine IL—10, but also a metabolite indoleamine—pyrrole 2,3—
dioxygenase (IDO1/2). The regulatory effects of IFN rely on complex interactions with metabolic and cytokine factors

affecting immune cell function (see Figure 5).
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Some of these include tryptophan and kynurenine regulating cellular metabolism differentially in immune cells like M¢
(M1p/M29), as well as activating killer cytotoxic T cells expressing CD8™. Effector immune cell function relies on the
production of perforin, granzymes and other cytolytic enzymes from both T¢/NK cells in the tumour microenvironment
(TME) where other cell cycle proteins are factors [*3l. Other reviews ascertain categories of therapeutics undergoing
clinical trials targeting type | IFN pathways as TLR agonists, STING agonists, chemotherapeutics, oncolytic viruses and
cancer—targeted drugs ['33]. In contrast, overexpression of IRF7 proteins also affects cancer and acute myeloid leukaemia
(AML) progression L1341 Similarly, inhibition of other vascular endothelial cell adhesion molecules (VCAM1/VLA—4) may

reduce intracerebral invasion during AML in vivol'34]

. Before 2020, it was known that type Il IFN—y affected an immune
cell regulation checkpoint, PD-L1, as well as IDO1/2 and may inhibit T cell activity in tumours through STAT1 with
upregulation of IRF1, as well as degradation of tryptophan and NK cell suppression. It is considered that the T cell
response is determined by the concentration of type Il IFN—y, within the TME, aside from M¢ phenotypes and tumour—

[43]

associated antigens (TAAs), as well as type l/lll IFNs unknown to date *°!. But also, that escape from type Il IFN immune

cell detection can regulate tumorigenesis [431[1331[135],

5. The Role of Interferon during SARS-CoV-2 induced COVID-19 in 2023

5.1. Introduction to SARS—CoV-2 Structure and Interferon Regulation

The SARS-CoV-2 viral protein domains consist of protein domains that include spike (S1/S2), membrane (M),
nucleocapsid (N) and envelope (E) protein domains encoded by and 16 non—structural proteins (NSP1-NSP16) with
differing detailed host roles. The first encompasses a receptor binding domain (RBD) that has an affinity to the human cell

receptor angiotensin—converting enzyme (ACE2) receptor. These are depicted below (see Figure 6).
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Figure 6. SARS—-COV-2 Genome Structure

The first NSP (NSP1), lyses host mRNA affecting type I IFN signalling through STAT proteins. The last NSP (NSP16),
towards the 3’ end of viral RNA is followed by a variety of structural/accessory proteins encoded by open reading frames
(ORFs). Many NSPs are defined and end with a cleaving methyltransferase enzyme at NSP16 (2'-O-MTase) ['36]. The
latter enzyme is conserved in a viral pocket known as the S—Adenosyl-L—Methionine complex, activated by joining
NSP10, forming the 2-O-Methyltransferase enzyme complex. The resulting methyl group (—CH3) transfer occurs to the
5" end of the +ssRNA VP upon activation. Moreover, specific ORFs (e.g., ORF6) encode other proteins affecting IFN
signalling through STAT1/STAT2 and other membrane proteins as above [1371[1381[139] The —CH3 group is transported
from S—adenosyl-L—methionine pocket formed after reacting with the S—adenosyl molecule and L—methionine amino—
acids to NSP13/NSP14 before binding to an NSP16 effector protein. Each of NSP13-16 as well as ORF6 were indicated
to suppress IFN production through STAT1 [1381[1401[1411[142] 'Below is shown the NSP and ORF function characterised for

SARS-CoV-2 (see Figure 7 and Table 1).
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SARS-CoV-2 Non Structural Proteins (NSP) Functional Role
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Figure 7. SARS—CoV-2 Non—Structural Protein (NSP) Function
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ORF1 ORF1a/1b and 16NSPs

ORF2 Spike Protein
ORF3a/3b lon Channel/ Inhibits Autophagy and type | IFN
ORF3a/3b Promote virion release

ORF4 Envelope Protein

ORF5 Membrane Protein

ORF6 Inhibits IFN, binds STAT1 and inhibits IRF3
ORF7a/7b Inhibits IFN and STAT2 activation

ORF8 Downregulates MHC class | and Inhibits IFN

ORF9a Nucleocapsid Protein

ORF9b Disrupts IFN

ORF10 Degrades MAVS

Table 1. SARS—CoV-2 Open Reading Frames (ORF)

These can have implications upon adaptive immune responses with lesser or greater incidence of moderate to severe
disease [143]. The effective regulation by IFN products play a major role in anti-viral defencel’*4l. As above, SARS—CoV-
2 proteins (e.g., ORF3a, ORF9b and ORF10) perform a role in modulating type I/lll IFN mediated immune responses
through inhibiting nuclear transport of IRF3, NF-=kB and STAT polymers, leading to downregulated expression of a variety
of IFl genes ['#°]. Type | IFN is described as critical to regulating the activation and recruitment of neutrophils'“¢l. Indeed,
neutrophils may reduce /FIT3 translation leading to a reduction in IRF3 phosphorylation!'#7[148]_Similar events occur in
RSV and other infections ['4°]. Each virus synthesises NSP1 inhibiting translation of type | and type Il IFN-encoding
genes leading to stimulation or inhibition of IFN receptor activity (e.g., IFNAR2); whilst RSV translates NSP2 to suppress
responses as such ['°9]. As above, RSV activates Rab5a host cell proteins to downregulate the activation of type Ill IFN

signalling cascades ['°].

As above, SARS—-CoV-2 ORF9b impairs type | IFN responses specifically through receptors but also intracellular
enzymes (e.g., IkB kinase (IKK)—related kinases (IKKo/B/y), as well as nuclear transcription factors (e.g., TFs, NF—«B).
These can activate PRR proteins localised near mitochondria, namely, RIG—I and MAVS, usually resulting in robust IFN

expression [192153]_ Other signalling pathways affected through type | IFN—a and IFNAR1/2 can result in homeostatic
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signal transduction through STAT proteins including cytokines (e.g., transforming growth factor (TGF—) and TNF—0).

During chronic COVID-19, the rate of increase in cytokine synthesis can therefore affect cytolytic/cytotoxic NK/T cell
function alongside Ty cell recognition of peptide antigens['Il154I[1551[156] Moreover, chronic viral, bacterial, fungal or
oncological pathology can involve the inhibition of both innate or adaptive type Il IFN—y synthesis together with significant
inhibition of the lesser understood B2 integrin (CD18) by NK cells around vascular endothelial cells ['3I[157]Sixteen

NSPs are translated that can directly suppress the immune—stimulatory action of type | IFN and type 1l IFNs through
ISGs [158][159]‘

5.2. Interferon Research during SARS—CoV-2 induced COVID—-19

Therefore, with regard to COVID—19 mechanisms, laboratory research examined genetic mutations (n=659) to estimate
that 3.5% of mortality may occur from a deficiency in IRF7 proteins. Possible reasons include pDCs secreting less type |
IFN or unknown IFN subtypes requiring further detail. Susceptibility in cell samples, in vitro, established that fibroblast cells
could also be susceptible to SARS—CoV-2 infection [8%]. In comparison, during HCoV—229E viral infection, in vitro
research indicated that IRF1/IRF3 and IRF7 were activated with IRF3 required for viral RNA transcription [160]. As recently
as 2023, Cao et al. showed the SARS-CoV-2 protease (PLpro), may inhibit phosphorylated IRF3 as a result of de—
ubiquitination of STING at L289. This resulted in the inhibition of type | IFN gene transcript promoters (IFNB) alongside
three other gene transcripts (ISG56, CXCL10, and CCL5) ['61]. Whereas others examined respiratory responses
examining the chemokines and immune cell changes (n=174) in individual health and heightened during community—
acquired pneumonia (CAP), as well as COVID—19. It was found that IFN signalling gene transcripts were present ['62]. As
above and below, part of the SARS—CoV-2 infection pathogenesis can be in part explained. It was predicted then there
were more activated mast cells and neutrophils together with less activated DCs/M2¢ but 3 chemokine gene transcripts
and more chemokines were upregulated (CXCL8, CXCL17, CCL2) together with one subunit of the type | IFN receptor,
IFNAR7 [162],

It was further evidenced in serum blood samples, both type Il IFN-A1/ IFN-A2 were observed at increased concentrations
in recovering individuals (non—ICU vs ICU), independent of other cytokines measured by enzyme—linked immunosorbent
assays (ELISA) [1631[164] gych assays may not have been widely available prior. Comprehensive IFN analysis of the
lower respiratory tract occurred during chronic COVID-19 over the last 3 years through single—cell RNA (scRNA)
sequencing. Specifically, it was observed that type Il IFN gene transcripts (IFN-A2, IFN-A3 and IFN-A4), were
upregulated alongside type | IFN gene transcripts, but type Il IFN-A2/3 proteins were translated and expressed in
broncho—-alveolar lavage fluid (BALF) samples [°']. Moreover, it appears that epithelial cells do produce IFN-A1 stimulated
in vitro, through TLR3, RIG—I, and MDA-53"]. However, IFN-A1 was evidenced as expressed in the upper respiratory
tract with decreased production further down the respiratory tract with at least five gene transcripts upregulated appearing
to correlate with SARS—CoV-2 viral load [3']. This could therefore reflect cellular changes in IFNLR expression unknown
so far. Each of the other type I/lll IFN gene transcripts (IFN-A1, IFN=A2, IFN-A3, IFN-(3, IFN—04,) showed a lower

correlation compared to acquired respiratory distress syndrome (ARDS) in the lower respiratory tract, although age and
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other pathological conditions are a factor [*]. Interestingly, bioinformatic data suggests upregulation of TNFR/NFKB, IFN—
A2 and STAT3 pathways that usually stimulate immune cell phenotype differentiation 211, In a recent mixed age case
(n=192) report, nasopharyngeal swabs were purported to measure that type | IFN (IFN-a, IFN-B, IFN—¢, IFN-w), as well
as type Il IFN (IFN-A1, IFN-A2 and IFN-A3) proteins were all synthesised and measured in children [12111165] |ndeed,
increases in the synthesis of TNF/IL—6 through STAT1/2/3 does affect both metabolic and NF-kB causal in inflammatory

processes that did not significantly restrict viral load increase [1661116711168],

5.3. Two Types of Interferon during COVID-19

During 2020, many studies indicate that type I/lll IFN homeostasis could be pertinent to COVID—19 regulation. Anin vitro
study showed SARS—CoV-2 infection does not induce usual levels of type | IFN production by antigen presenting cells
like myeloid DCs (mDC) or differentiated Mg [169]. Specifically, it was suggested that there was no detectable IFN—a, with
reduced synthesis and secretion of IFN-B1 and IFN-A1, where normalised read counts were lower than 10 ['7%]. Some
observed in individual patients (n=101), decreased rate of type I/ll IFN synthesis during COVID—19 disease by gene
transcripts present (IFN—, IFN-B, IFN-A1, ISG), in the upper respiratory trace!'”']. Notably, measured assay scales
indicated the rate of type | IFN—« protein concentrations (<2.1 pg/ml), together with type Il IFN-y (<15 IU/mL), could be
independent of each other. Interestingly, one cytokine, IL—17 was indicated as not produced by Ty17 cells ' 7']. Therefore,
at least with the novel SARS—CoV-2, each of the STAT1/STAT2/STAT3 pathways could be affected. It was noted in vitro

that with the same cell samples stimulated, both DCs and NK cells were functionally exhausted [171],

During 2020, results showed that out of 6 immune cell phenotypes (T cells, B cells, NK cells, and APCs), pDCs could
respond to type | IFN-o2 and were more responsive to type | IFN-A1 than B cells [172I1731[174] Thjs involves differential
phosphorylation rates of more than 6 IFN signalling proteins (STAT1-STATS), affecting Trgg cell

differentiation ['7211 731174 Notably, type Ill IFN-A2 and IFN-A3 induced STAT1 phosphorylation and activation in the B
cells that produce antibodies [#4l'75]. Authors noted that naive B cells more than plasmablasts could be blocked by JAK

inhibitors (441l

1751 The time point noted that antibody isotype class—switching did not occur within five days''”°!. There are
5 types of antibodies secreted in humans (IgG, IgA, IgM, IgE, IgD) with isotypes ['\. One isotype, IgD was historically
elusive ['761. However, IgA1/IgA2 receptors (CD89/FcaRl) expressed by neutrophils in 2022 were indicated as possibly
affected by type Il IFN remaining unclear. In combination with CD16 (FcyRIIl A/B), CD32 (FcyRIlI A/B/C) and CD64
(FcyRI), the predominant transduction pathways of IgG/IgA secretion occurs through antibody Ig Fc receptors to effect

leukocyte type Il IFN production in both the mucosal and respiratory tract 127101771,

Shortly prior, significant details emerged (p<0.05) in a smaller cohort (n=54), that specific gene transcripts were
expressed (IFN-o, IFN-(, IFN-A1, IFN-A2), in patients alongside IRF7 in comparison to health care workers (HCW) that
would have been exposed to SARS—CoV-2 infection [16%]. One project set out to measure the time—points of host type |
IFN—-02/IFN-B (n=65) expression that clearly showed type | IFN—02 synthesised and reduced within 1 week in all but 25%
of recovered patients between 2 timepoints, one week apart ['781'79]. This was accompanied by a clear differential of

reduced type | IFN-o2 concentrations during severe COVID—19. Albeit, assay scales may differ, it could therefore be seen
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then the dysregulated immune response with IFN may be affected by SARS—CoV-2 proteins |'78l. The homeostatic
balance of type | IFN is usually maintained and largely unclear in different pathologies ['8%.. At this juncture, homeostatic
regulation of the rate of type I/lll IFN synthesis could affect the immune cell phenotypes through STAT1/STAT3 signalling.
During maturation other dominant peripheral blood yd T cells as well as mucosal-associated invariant T (MAIT) cells
producing tumour necrosis factor (TNF—a) can also stimulate STAT phosphorylation and immune cell maturation through

IFN receptors [111181]

. Viral modulation of antigen presentation is largely unknown. However, during the COVID-19
pandemic, emerging reports appeared linking caspase activation and recruitment domains (CARD) to nucleotide—binding
oligomerization domain (NOD) like receptor (NLRC5) central to the STAT1/IRF3 pathways [159] The significance of this
was that NLRC5 seems to be central to nuclear transcription—producing MHC class | molecules that can be suppressed
during infection affecting antigen presentation to T cells ['5°]. Simultaneously MHC class Il molecules regulation on DCs

may affect NK cells [159],

During COVID—-19 disease severity, STAT6 in individuals (n=38) in pneumocytes and lymphocytes was measured by
CD8/CD4 ratios evidenced and indicated at less than a ratio of 1 affecting survival. Specifically, higher STAT6 expression
in pneumocyte cytoplasm and the nucleus was indicated (1821 with regards to IFN signalling, some studies indicate that
during infection of individuals (n=32), both TLR7/8 may potentially have been impaired unknown, ruling out type Il IFN
deficiency, with increases of relevant TLR gene transcripts (TLR3) during pulmonary infection [183] 1t was noted that IFN—
AR1/IL10RB2 is required by NK cells for type Il IFN signalling ['8!. Given the above, it is necessary to consider additional
metabolic factors (e.g., pyruvate, hexanoate), where type IFN-A significantly correlated with glycolytic metabolites
potentially indicative of dysregulation of mitochondrial metabolism ['84]. Recent in vitro and in vivoresearch further
indicates a link between type | IFN and long—interspersed—element 1 (LINE-1) retro—transposition. Specifically,
suggestions were that type | IFN/ LINE—1 retrotransposons regulate each other, with exaggerated type | IFN expression
potentially linked to a higher incidence of Al disease but also senescence [185] With regards to SARS—-CoV-2 infection, it
was indicated that 4 proteins (NSP1-3/NSP14) could suppress LINE-1 transposons. Therefore, it is possible that LINE—1

retrotransposon—encoding DNA representing around 17% of the human genome could be affected unknown to date.

5.4. Other Pattern Recognition Receptors

With regards to SARS—CoV-2 infection, viral host entry is sensed through PRRs and TLRs (e.g., TLR3, TLR7/8/9), as
well as pathogen—associated molecular patterns (PAMPs). Endosomal PRRs like the four TLRs include cytoplasmic TLR4
which senses an array of pathogenic antigens. Activation of TLR3/TLR4 results in the phosphorylation of TRIFF and then
the IRF3 dimer, whilst the activation of TLR7/8/9 causes phosphorylation of the IRF7 dimer [153I[18611187] ynlike TLR3,
activating TLR4 phosphorylates other proteins before the activation of the IRF3 dimer. The outcome is an expression of
type | IFN—encoding genes with autocrine and paracrine signalling ['88]. Within these, IRF3 and IRF7, are considered to
be cytokine and chemokine inducers inducing CXCL10, CCRS5, ISG56, IL-12p35, IL-23, and IL-15 2111891 Other
cytoplasmic PRRs include RIG—I and MDAS5, which phosphorylate IRF3 and IRF7 dimers ['9%. Once the SARS—-CoV-2
particle enters, TLR3 and TLR7 are activated through PAMPs, either at plasma or vesicular membranes during cellular

infection localised with other RIG-I like proteins MDAS5 affecting IFN regulatory factors (IRF3/IRF7) near mitochondrial and

Qeios ID: PBXUF5 - https://doi.org/10.32388/PBXUF5 24/55



Q Qeios, CC-BY 4.0 - Article, October 12, 2023

peroxisomal organelle membranes [21I7611891[191] The overall cellular recognition activating IRF3 can induce both
chemokines and cytokines like CXCL10, as well as IL-12p35 and IL-23 whilst inhibiting another subunit receptor IL—12
with all 3 required that influence DC phenotypes ['..

Type | IFNs have been found not to recruit NK cells directly but through the activation of chemokines and monocyte
maturation proteins (e.g., CCL2, CCL5, CXCL8, CXCL10, CXCL17) [1621[192] |nterferon—stimulated genes result in
producing chemokines, like CXCL1, CCL2 and CXCL10, that each have ligands and receptors on neutrophils, and T cells
respectively ['93]. While, DCs expressing CD14 can reversibly differentiate into monocytes expressing CD163 and either

M1¢/M2¢ with recruitment of NK cells stimulating type Il IFN—y inducing lysis of infected cells (6],

6. The Four Types of Type Il Interferon during Health and Disease

6.1. Overview

Type Il IFN-A was first discovered in 2003 with subsequence confirmation there were 4 subtypes of type Il [FN-A1, IFN—
A2, IFN-A3, as well as IFN-A4. Upon discovery, early observations were that type Il [IFN-A could influence immune cell
(monocytes) development into DCs as several cytokines (e.g., IL—2) induce Trgg cell development, differentially through
STAT protein and IFN signalling ['9]. It is considered that type Ill IFN-A has overall anti-viral properties unclear to date
through IFN-AR1/IL10RB2 binding affecting intracellular signal transduction. In 2010 this was clarified further when
genomic analysis showed one gene for IL10RA (IFNLR1) was common to many animals including humans, monkeys,
mice, horses and chickens. The gene transcript was subsequently found to be expressed by LNs, testis, but also by
germinal centre B cells and in various types of cancer (lymphoma, acute lymphoblastic leukaemia, head and neck cancer);
but expressed at high concentrations within tissue like the pancreas (thyroid, skeletal muscle, and heart tissues) indicating
these could respond to type IIl IFN synthesis ['9%]. Interestingly, authors postulated that the three important adaptive arms
of the immune system responsive were NK cells, and T cells, through promoting the other phenotype by evoking a ;1

cellular response [19°],

During early 2011 research, a gene regulator of B/T cell differentiation (LyF) was described as having a transcriptional
binding site within the /IFNLR1 domain encoding for one part of the type Il IFN receptor. Furthermore, the activator protein
2 (AP-2), c—Jun and a p53 binding site within 1kb of the start of the transcription sequence on IFNLR1 in humans was
described [19°]. Conversely, the first report appeared after evidencing the other key gene transcript for type | IFN
synthesis, ISG56, as well as RIG-Iinduced by synthetic IFN-A2 in vitroin P. alecto bats ['%%]. As type Il IFN research
unfolded, it was in 2014 clarified that JAK2 was essential to regulating signal transduction for type Il IFN-A1, when in vitro

it was observed L. monocytogenes could potentiate type |1l IFN-A1 around peroxisomes 197!,

The newer type Ill IFN-A4 was investigated at the same time using transcriptome sequencing (RNA—seq) as to how liver
hepatocytes and primary human airway epithelial cells (pHAE) could be affected ['?8]. This comparison and others note

that the type Ill IFNL4 gene can be polymorphic and differentially expressed which could change the function after protein
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translation with frameshift mutation disrupting translation of the IFNL4 mRNA [Il'83] During 2016, no difference in
IFN/ISG expression was observed according to clinical asthma severity (n=66) in individuals. It was observed that
neutrophilic asthmatics overexpressed both type I/lIl IFN (IFN—B, IFN-A1(IL—29)), rather than eosinophilic asthmatics, but
not IFN-A2/IFN-A3 (IL—28) [1°°]. Interestingly, in 2020, research on SLE further confirmation examined the unclear
mechanisms of type Il IFN that IFN-AR1 may correlate with B cell proliferation signalling through TLR7/8 PM receptors. It
was plausibly suggested that increased IgM production could occur but outside the lymphatic follicular environment where
B cell antibody clonal selection and isotype switching usually occurs ['1290]. The gap in these studies does concur with

evolution in clarification of T cell phenotypes.

6.2. Early Type Il Interferon Research During Viral Diseases

In comparison, supporting evidence with type Il IFN—-A synthesis suppression during rotavirus infection and porcine

201][202][208][204][205] " Following on from above, in

epidemic diarrhoea virus (PEDV) similarly remains under investigation |
pigs, just before the recent pandemic (2019), in vitro experiments compared the transcriptional profile of porcine epithelial
cells to observe that type 1l IFN-A3 was noted to upregulate at least 983 differentially expressed genes (DEGS). This
STRING analysis indicated 7x as many type Ill DEGs in comparison to type | IFN could be upregulated illustrating the
diversity of type Il IFN. These observations remained pivotal to potential anti—viral inhibition of Porcine Epidemic
Diarrhoea virus (PEDV) infection. In comparison, supporting evidence with IFN-A synthesis suppression during rotavirus
infection and porcine epidemic diarrhoea virus (PEDV) similarly remains under investigation [2011202][203][204][205] Thege
can have implications upon adaptive immune responses with lesser or greater incidence of moderate to severe

disease [1#3]. Although a different viral infection, type Il IFN is historically considered to affect mucosal epithelial cells.
This was one of the initial projects that revealed relevant STAT protein gene transcripts affected with IFN-A3 upregulation
occurring could be STAT2/JAK2 of relevance given that STAT proteins and JAK enzymes affected can potentially be
activation/inhibition therapeutic targets [2°¢]. Recently, in 2020 in between waves of SARS—CoV-2 infection, during a
clinical trial (NCT04354259), it was observed that polyethylene glycol-conjugated (PEG) IFN-A may potentially have a

beneficial therapeutic effect in acute COVID—19 during a phase 2 clinical trial 2971,

Amidst 2015 and following the EBOV outbreaks, detail on the newly discovered type Illl IFN in immune cells emerged to
show that gene transcripts during severity (EBOV) were observed within DCs that were IL28A and IL28B /%!, Through
2016, investigating subtypes of type | IFN, above, during HCV infection, it was observed that STAT2 changed ISG15
synthesis through MX1 transcription required for type | IFN synthesis in M¢s with type Il IFN phosphorylating JAK2
evocative that STAT2 may heterodimerize; Subsequently an increase of protein kinase R, IRF9, was seen in cells
deficient in these proteins stimulated by type | IFN [208]. These results confirmed that type | IFN-A1 transduction was
dependent on STAT1/STAT2. Interferon could also reduce replication and inhibit HCV, whilst STAT1 was essential for
type Il IFN synthesis [298]. The paradoxical role of IFN-A as the most studied polymorphic IFN indicates that during HCV
infection, type Il IFN-A4 is secreted at lower concentrations from a stressed endoplasmic reticulum. This in effect could
attenuate HCV-specific peptide presentation to T cells (CD8 *) through MHC class | peptide—dependant presentation,

whilst type IIl IFN-A3 was secreted at normal concentrations 209,
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Current 2022 investigations imply that the IFN-AR1 is also expressed within gingival keratinocytes, within vitro IFN—A1
stimulation at low doses stimulating RIG—I/TLR3, with both PRRs recognising viral RNA without evoking high expression
of pro—inflammatory cytokines, like IL—6, and therefore may be of consideration as an anti—viral 2%, Whereas IFN-A3
expression in a vector is being looked at to counter a variety of dog—affecting pathogens like canine coronavirus (CCoV),
parvovirus (CPV), as well as distemper virus (CDV) [2'"]. During 2020, in vivo expression of a recombinant type IIl IFN
(IFN—-A2, IFN-A3), during Rabies virus infection (RABV) was shown to have an anti—viral response administered
intranasally and reducing viral load in a neurotropic virus. The overall observations were that upregulation of
SOCS1/SOCSS3 occurred simultaneously with decreasing cytokine production and reduced viral pathogenicity when
various type | IFN proteins (IFN—o4, IFN-05, IFN-3, STAT1, IFIT2) were observed that could change vascular blood—
brain barrier permeability (212!, Recent kinetic reports indicate intracellular potency in hepatic cell linesin vitro of the more
polymorphic IFN-A4, seemingly translated before 24 hours after cellular infection instigating STAT1/STAT2
phosphorylation earlier. This was characterised by gene transcripts (MX1, ISG15, OAS2, RIG—I, STATT) while IFN-A3 was
sustained in contradiction to other reports after 24 hours [23]. Conversely, in other viruses (Human papillomavirus, HPV)
that is implicated to cause cervical cancer, the differential expression of mucosal epithelial cell type Il IFN (A7, A2, A3)
gene transcripts (n=56) was observed to be upregulated in low—risk HPV infection [24]. Furthermore, utilising in vitro
HPV18 expression in cell lines it could be seen that type | IFN—f and type Il IFN-A1 in basal epithelial cells could be
inhibited by DNA ligand stimulation and through suppression of the cGAS-STING pathway necessary for IFN

synthesis [215],

6.3. Immune System Production of Cytokines and Type l/lll IFNs

Most immune cells produce type | IFNs, meaning that the glycoprotein is widely bioavailable within the human bodFm].
During immune cell characterisation before 2010 it was observed that Trggg (T-bet*Foxp3™) could produce another
cytokine, IL—10, regulating the majority of immune cell phenotypes including T cells (CD4*) 271, The cytokine, IL—10, is
an anti—inflammatory cytokine with an essential role in development and proliferation of Trgg cells, restricting myeloid and
chronic inflammatory T cell responses. However, IL—10 or the expansion of antigen—activated, tumour—specific CD8* T
cells remains unknown. In comparison, the role of IFN-A is better described through the expression of IFN-AR1 through
functional absence on fibroblasts, splenocytes, endothelial cells and some M1¢/M2¢ phenotypes and thus these are non—
responsive (3213611461186 \Whereas IFN-AR1 is constitutively expressed by pDCs and B cell phenotypes with IFN—A
activity on pDCs considered to occur through phosphorylation of STAT proteins (STAT1, STAT2, STAT3 as well as
STATS5) [218],

It has been hinted that IFN-A could be regulated by ISG15 transcription and encode the respective ISG15 protein at
early/late stages after hepatocyte cell stimulation with different inhibitory regulation to type I IFNs. Studies using
immortalized hepatocytes in vitro ascertain that this occurs independently of IRF1, but IFN—f is maintained between 24-
72 hours after viral infection ['86]. Contrasting with this, DCs are considered to produce more type | IFNs (IFN—), within

24-48 hours after viral infection [186],
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The tolerogenic profile of DCs together with the development of weakened T lymphocyte—mediated adaptive immune
responses requires IFN stimulation to stimulate type Il IFN [169]. Dendritic cells require other TFs and cellular activation
factors like Runt—related transcription factor 2 (RUNX3) as well as IRFs to determine activation and cellular lineage of

CD8*T cells outside the lymphoid tissue and in tumours!7181]

Shortly after 2012, employing cellular in vitro stimulation, more detail arose of monocyte—derived phenotypes secreting
variable type l/lll IFN subtypes. It was then observed that differential phenotypes arose into the other APCs (DCs or
M1¢/M2¢), that type | IFN—B and type Ill IFN-A1 were synthesised by divergent phenotypes; but also this was described
as followed by type I1l IFN-A2/A3 secretion in both monocyte/myeloid derived lineages [2'°l. In 2013, transcriptional reports
began to emerge on the role of TNF—a stimulation of monocytes and type | IFN- synthesis. Specifically, these inferred
that FOXP3/IFNAR2 expression were independent, both of which are required for IFN signalling; but also, that
CD38/CD83 upregulation could be induced on monocytes also by type | IFN—f independent of T cells through differentially
expressed genes (DEGs) [83]. In other laboratory analyses, observations in peripheral blood, in comparison to healthy
individuals, suggestive of type IFN—[ temporarily downregulated during COVID—-19 with the measurement of two
chemokines. Specifically, CCL2 along with a type Il IFN—inducing protein (CXCL10), were significantly upregulated during
COVID-19 (P .01), but the receptor CCR2 was not [?20]. Further comparisons (n=17) observed that classical monocytes
exhibited a type | IFN gene signature during disease severity. In relation to other respiratory viruses, like Influenza, it
could be seen that T cells express more gene transcripts (granzyme B*/IFN—y+) than during COVID-19 alluding that there
may be an imbalance in regulatory IFN production with IFITM1, ISG15, and JAK3 gene transcripts observed during

severity [221],

As above, DCs can upregulate the expression of two predominant type Il IFNs, IFN-A2 and IFN-A33"]. Type I1l IFN-A1
was evidenced in pig epithelial cells to induce gene transcripts (ISG15/0ASL) in intestinal cells up to 24 hours, historically

[222] 'Much remains unknown about the effects of

considered to be the typical timepoint of type | IFN—x synthesis by DCs
type Il IFN on CD16" monocytes or macrophages. More recently in 2021, PM profiling showed that type | IFN—o2 effects
a greater than five—fold change in CD14* monocytes of CD38/ISG15 protein expression with minimal change in CD86/Fas
expression, with both immune cell cycle regulation proteins controlling immune cell apoptosis [223]. Notable observations
in this study suggest maintenance of monocyte cell regulation with ISG15 as the type | IFN—inducing protein; but also a
fifth, CD244, recognised as activating M during RA, Crohns disease (CD) and COVID—-19 [223], Therefore, as CD244 was
observed during lung inflammation and is a marker expressed by Treg (CD8*CD28~CD57+) cells during myelomas, it has
also been suggested as a potential cancer therapeutic target 2241225, Concurrently, T cells significantly upregulated
expression of endothelin converting enzyme—1 (ECE1), as well as the IL—1 receptor antagonist (IL—1RA), with the latter as

s [2231226] "|n yet to be reviewed pre—prints type I/Ill IFN synthesis and signalling rates were

known as a risk factor in arthriti
decreased in primary human airway epithelial (o0HAE) cells infected with SARS—CoV-2 [#27] In addition, it is suggested
that type | IFNs (IFN—o/IFN—B/IFN-w), and type Il IFNs (IFN-A1, IFN-A3) synthesis may remain when stimulated by
SARS-CoV-2 with stimulated pDCs expressing chemokines (CXCL10, CXCL11, and CCL2) that contribute to effectively

clear viral antigens by stimulating T cells [227],
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6.4. Other Factors in IFN Signalling

Above, many of the relevant protein factors that can be stimulated by IFN have been outlined. However, other proteins
transcribed and translated also play a role. These include IFI27, encoding IFI27 proteins (122 amino—acid hydrophobic
protein, MW 12kDa), next to IFI6, both present within the mitochondrial membrane. These may contribute towards cellular
IFN sensitization and organelle permeability through modulation of RIG—I. For example, IFI27 was observed elevated in
peripheral serum (Influenza, SARS—-CoV-2 and RSV) during infection 22812291 The proposed mechanism is that IFI27
can impair RIG—I before binding to MAVS [?2°]. Remarkably, the same research group showed an RNA analogue, poly
(I:C), bound to IFI6 localising with RIG—I protein. In this case, it was shown in cell line deficiency in vitro that two type IlI
IFN gene transcripts (IFN-A2, IFN-A3) were upregulated with STAT gene transcripts and ISGs (IFIT/IFITM and OAS).
Each of these gene classes is required to be transcribed and translated for IFN synthesis and secretion to occur 228, Cell
lines infected by either SARS—CoV—2/Influenza in cells without IFI6, in comparison to controls, could be observed to
reduce viral replication with other type | IFN gene transcripts (ISG15/IFIT1) silenced 28], The role of ISG15 protein
remains unclear. In ISG15 deficiency some individuals show enhanced anti—viral immune responses or similarities with
other disorders. It can be considered that ISG15 is a regulatory protein [°¢l. As an ubiquitin-like protein (Ubl), ISG15 can
be covalently linked to substrates either intracellularly, via a cascade of E1, E2, and E3 enzymes, or secreted, so termed
“ISGylation”. However, another endogenously produced metabolite, retinoic acid A metabolised from Vitamin A, and found
at high levels in the gastrointestinal (Gl) tract may play an as yet unknown role in IFN subtypes regulation. Retinoic acid
was seen to induce IL-10 from Trgg cells in the gastrointestinal (Gl) tract where it is present at higher

concentrations (2391, Research in vivoin 2014, indicated that stimulation of naive T cells () can produce IL—10; but also

in vivo, retinoic acid primes DCs in the lamina propria (LP) to express CD103 and synthesise retinoic acid?>?..

OAS Regulates p53, type Il IFN and STAT3
GBP2 Regulates p53, type Il IFN and STAT3
IFI6
L'}ﬁ,‘i'{ﬁ,’;’ ninduced DETX{;EX(‘E'.'&\Q\MW’ OAS Nucleic Acid Sensors
MX Anti-Viral State Proteins
IFI35 Interferon Induced MS
Proteins 1SG15 Interferon Stimulated Gene
Interferon Induced RNASEL RNase L producing part of OAS system
IFI144 Proteins
EGR1 Early Growth Factor
Interferon Induced
IFIT1 Protein With XAF X-linked IAP-associated factor
IFIT2 Tetratricopeptide
IFIT3 Repeats 1
IFITS
IFITM1 Interferon-
IFITM2 induced HCV, IAV, Dengue,
IFITM3 transmembrane and OPXV

protein

Table 2. Genetic Regulation during Interferon Signalling
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6.5. Interferon from Early Clinical Trials to Licensing as a Therapeutic

Early research, during and published towards the end of the 1969 Influenza (H2N2) pandemic investigated the efficacy of
a nasal spray (n=14,000), based on a small concentration of human leukocyte—produced IFN, with a calculated efficacy
rate range (56.3%—69.2%), with age—group variations, in prevention of symptomatic disease (see Supplementary
Materials). In the 20th century, other clinical trials evaluating the administration of PEG IFN— therapies (n=168) indicate a

restriction of HIV replication in individuals (n=168) with PEG thought to increase serum availability of IFN 2311,

Currently, synthetic type | IFN-[B derivatives (IFN—1B, IFNB—1a, peg—IFN—B1a) are approved and licensed by the FDA and
some also the EMA. These are used, and monitored, as therapeutics for relapsing—remitting multiple sclerosis (MS),
considered to reduce inflammation and promote the repair of damaged neurons [232]. Type Il IFN—y is approved for the
treatment of chronic granulomatous disease (CGD) [233]. Below are the current synthetic IFN therapeutics licensed for

therapeutic use (see Table 3).
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agent brand name Indication
Roferon A Chronic HCV, hailt':y cell leukaemia and
ML
IFNa2a
Pegasysa* Chronic HBV and HCV
Chronic HBV and HCV, hairy cell
leukaemia, malignant melanoma, follicular
Intron A lymphoma, Kaposi’s ?tarcoma and genital
warts
IFNa2b
Pegintron/Sylatron* Chronic HCV, melanoma
Besremia* Polycythaemia vera
IFN mix Multiferon Malignant melanoma
Avonex/Rebif/Cinnovex/ MS
IFNB1a Soluferon
Plegridya* MS
IFNB1b Betaseron/Extavia MS
IFNy1b Actimmune CGD

*pegylated form of interferon

Table 3. Current FDA licensed Interferon Therapeutics, adapted from, Deckers et al. [131 Accessed on 16t August

2023

Fifty years later, during the 2009 Influenza (swine flu, HIN1) pandemic, the effects of type I IFN lozenges were examined
(n=200) appearing to reduce severity and fever [234]. It was assessed then that IFN-based therapeutics may reduce
Influenza severity significantly. Furthermore, prior Influenza (H2N2) exhibited different strains that could be equally divided
into IFN—positive and IFN—negative evoking strains (see Supplementary Materials). Therefore, SARS—-CoV-2 variants

may also differentially affect type | IFN (IFN-o/IFN—B) expression [2351(236],

The scientific rationale could plausibly be IFN subtype specificity, with as yet unknown effects of type Il IFN subtypes or
others. Some results recommended synthetic IFN—o2b therapy for the treatment of COVID-19 disease [237], Type | IFN—

ab was also observed to result in an early reduction of viral load in the upper respiratory tract 237112381 Whilst a clinical

Qeios ID: PBXUF5 - https://doi.org/10.32388/PBXUF5 31/55



Q Qeios, CC-BY 4.0 - Article, October 12, 2023

trial in Iran indicated IFN—o treatment had encouraging results reducing COVID—19 mortality rate by more than 50% with
early intervention reducing mortality [°3°]. In 2020, the University of Western Australia signified low—dose oral type | IFN
(nose drops/mouth spray/ lozenges) may prevent severe COVID-19 (see Supplementary Materials). Furthermore, a
clinical trial (n=2944) in China examined prophylactic administration of low—dose recombinant IFN-o2b also
demonstrating similar protection of individuals during COVID—19 outbreaks 249241l with regards to type Ill IFN, an
experiment in NHP involving a dosage of IFN-A2 in vivo has so far denoted positive results in mitigating viral-induced

disease 2421,

Discussion

Since Influenza pandemics of the 20th century, ongoing IFN research and receptor cloning has clarified the complexities
of interferon thus far. Type | IFN—a synthesis can affect viral replication, whilst type Il IFN is historically considered to be
beneficially secreted from adaptive immune cells training the immune system response to pathologies including cancer.
Overall, future examination of effects of IFN subtypes could be explored further. Malignant tumours and
neurodegenerative disorders can be affected through type Il IFN cellular regulation. The effects of a naturally produced
human chemical remains a target for development subject to in vitro/in vivo methodology with toxicological profiling useful
with recent developments of other cancer immunotherapeutics including cytokine modulators. lllustrated for type Il IFN
function could be considered to additionally vary depending on dosage. Type Il IFN plays a key role and can be cytostatic,
as well as apoptotic and may prevent cellular proliferation within the TME. Type Il IFN is considered to be predominantly
produced by CD4+ TH1 cells. In 3 cancer types (metastatic melanoma, head and neck squamous cell carcinoma, and
gastric cancer patients), IFN gene signatures may also correlate with checkpoint inhibitor activity through M1¢ selectively

activated to overcome tumour progression within the TME 1431,

However, in 2022, other longitudinal studies of non—related acute/chronic inflammatory conditions observed gradual
reduction of type | IFN—q, from a clear horizontal homeostatic line that may induce metabolic reprogramming changes
through RIG—1/TLR7 in RA patients (n=19,1) independently of type II/lll IFNs. In this cohort, the relevant IFN gene
signatures show semblance of matching those discussed above relevant (ISG15, IFI44L, OAS1, IF16, MxA) ['8%]. Type |
IFN synthesis and exocytosis from tumour cells also represent an essential step in the adequate signalling of tumour cells

to immune cell components implicated in both angiogenesis and oncological diseases 24311244,

Furthermore, the rate of type | IFN synthesis can be affected during a number of other acute or chronic

diseases [1851[2451[246] _Questions arise as to when and how synthetic type I/l IFN proteins can be better utilised to mimic
naturally synthesised proteins that can cause complete cancer remission. Type Il IFN (encoded by IFNL1, IFNL2 and
IFNL3), alongside polymorphic type Il (IFNL4) gene transcripts may potentially be associated with less anti—viral

activity [247]. This has been observed during rotavirus and other infections[20112021[203][204][205] ' Opservations were made
that a type Il IFN gene and sera transcript (IFNG/IL1A) were upregulated, together with key chemokines
(CCL2/CCL3/CCL8) with type Il IFN (IFNG) unchanged in lungs [2%]. This is further indicative that T cell production of type

[l IFN could be independent of type /11l interferon. Strikingly, type I/1ll IFN variation across lung cell types, and variable
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gene expression between myeloid cells (monocytes/M¢s/neutrophils/cDC), could be affected by temporal reduction of
specific immune cell lymphoid cells (B/T cells or pDCs) as well as other immune cell phenotypes ['811248]. One cytokine,
TNF-a, can be reduced with variable other T cell phenotypes observed affected (Tn/Tgw/TH17/Treg cells), as well NK
cells and cytotoxic T cells. Interferon pathways can affect STAT1/STAT3 signalling and immune cell differentiation through

type | IFN regulation but the other IFN signalling pathway STAT5 was not [29].

Interestingly, it would thus appear that if IFN gene transcripts are present that unidentified T cell phenotypes could affect
this balance and rate of IFN/TNF synthesis [11249125011251] ' However, research shows that specific type | IFN (02/04/B) as
well as type Il IFN (A2/3) gene transcripts can be upregulated in the respiratory tract during COVID-19, but not IL1B or
IL-6 (in nasopharyngeal swabs) [°']. These results would therefore imply that neutrophils may not be causal during
chronic COVID—19 remaining unknown [2'1. Therefore, the type Il IFN receptors that are expressed could be researched
further. Albeit, the gene transcripts of type Il IFN (A1, A2, A3) may correlate with viral load, type | IFN (IFN-3, IFN—02,
IFN—04) gene transcripts correlated with COVID—-19 individual human immune responses described above. This is
reflective that nuclear IFN subtype transcription occurs with viral pathogens affecting metabolic, cytosolic pathways or

nuclear pathways protein translocation.

Such other factors are becoming evident with the investigations into MIS—C, another pathology not yet understood.
Although various theories circulate regarding the origins of SARS—CoV-2, it is important to note that there is a semblance
of superantigen—like—properties. Notable other studies indicate that a combined diagnostic approach could be utilised
exemplified by a combined CD64/CD169 diagnostic to differentiate between bacterial/viral infections where both
neutrophils and monocytes are affected [252] The role of cellular membrane Fc receptors requires further clarity that bind

Abs to effector cell function [177],

Prior to the pandemic, CD64 was suggested as a diagnostic marker of sepsis whilst CD169 could be considered an
activation marker in other viral pathologies [2%1254], Yet the IFN gene signatures evoked during type | IFN homeostatic
responses in the early onset of arthritis appear to be similar and mirror human type | IFN gene signatures and are
observed to inhibit lyssaviruses ['801[255], Further details on other Al conditions and therapeutic development as above are

detailed and in development [256112571[258][259]1260][261]

Characterised this century, bat gene transcripts evoked by a type | IFN responsein vivo appear to be Mx1, ISG15, IFIT3,
and /SG56 that could be individually unique to type | IFN-w as well as unknown so faf?3l. Type | IFN-w was described
as antigenically distinct, understandably as different species genetic regulation is metabolically different. Yet, type | IFN-w
along with both IFN—08 and IFN-(, were the most potent inhibitors of SARS—-CoV-2 viral load in vitro according to
published research last year using human alveolar type Il epithelial cells (A549) transduced with the ACE2 receptor [236].
Few studies document which species specific pDC produce IFN subtypes [7%). Type IIl IFN-A is likely a potential major
player in DC—mediated immune responses downstream of the STING, also known as transmembrane protein 173
(TMEM173) activation. It would be interesting to see the mechanisms of how type Il IFN regulates and induces STING in

DCs alongside DC apoptosis [70I[721[2101[262]
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Limitations

Assay scales vary measuring host type I/lll IFN with regards to the early stage of research concerning potential further
prophylactic/early therapeutic effects highlighted in 2019 [263]. A common problem of clinical trial completion is a lack of
funding with insufficient participants. Likewise, the bioavailability of natural or recombinant IFNs has an impact upon the
severity of multiple diseases. Adverse effects of recombinant IFN were noted in some pharmacokinetic studies (see
Supplementary Materials) [254]; however other studies are indicative that the production vectors used could be effective in

delivering the appropriate pharmacokinetic profile further using other synthetic IFN derivatives.

Conclusion

In conclusion, pathogenic microbes and human organisms have co—existed and will evolve regardless of first-line human
immunity. While SARS-CoV-2 and other viral pathogens as well as protein mutations discovered during development
affect the homeostatic immune system balance. Some disorders may impair the IFN system through subsequent
recognition by host cell pattern recognition receptors. Given the above, and the results from NCT data, type l/lll IFN
therapeutic research is worthy of further investigation as a potential prophylactic treatment. It can be seen in small cohort
studies that type | IFN was seen to be reduced during severe COVID-19. Developments in single—cell RNA (scRNA)
sequencing gene transcripts have occurred and above is discussed where type Il IFN could be a factor during the host
immune response. Therefore, though the prophylactic uses of IFN small MW proteins continue to be investigated, the
outline above should serve as a complete analysis of IFN subtypes in health and disease. The IFN gene regulatory

pathways have been detailed.

Type | IFN was researched heavily before the SARS-CoV-2 pandemic, and also during oncogenic pathologies. It can be
considered that SARS—-CoV-2 viral proteins affect complexities of type I/1l/Ill IFN subtype regulation. Therefore, this added
layer of immune cell regulation remains subject to further research. Furthermore, studies appearing since 2022, although
small cohorts, do consistently show type | IFN reduction in patients during the COVID—19 pandemic. While vaccines have
prevented severe COVID—-19, cellular factors require detail. Examining further administration of type | IFN from NCTs
clarifies that other type | IFNs like IFNo—2b, IFN—-w, as well as type Il IFN (A1/2/3) in hosts may counteract act cellular
infection to stimulate a robust and natural immune response against viral/neoplastic or other pathologies. Likewise, this
intervention fits the definition of a traditional immunogen. However, because this requires further research, the potential

immunisation process can be considered a long—term process.

Above is discussed the variability in IFN synthesis in both immunodeficiency as well as current knowledge of IFN subtypes
that may yet have unknown biological roles. The complexities of STAT proteins have been compared throughout

pathologies, some of which were only considered in the 215! century during information technology (IT) development. This
report should therefore serve academics, clinicians and researchers as a holistic overview of interferon roles in health and

disease.
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