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ABSTRACT

The role of host genetics in influenza infection is unclear despite decades of interest.
Confounding factors such as age, sex, ethnicity and environmental factors have made it
difficult to assess the role of genetics without influence. In recent years a single nucleotide
polymorphism, interferon-induced transmembrane protein 3 (IFITM3) rs12252, has been
shown to alter the severity of influenza infection in Asian populations. In this review we
investigate this polymorphism as well as several others suggested to alter the host's
defence against influenza infection. In addition, we highlight the open questions sur-
rounding the viral restriction protein IFITM3 with the hope that by answering some of
these questions we can elucidate the mechanism of IFITM3 viral restriction and therefore
how this restriction is altered due to the rs12252 polymorphism.

Viral control

On the hundredth anniversary of the worst influenza
pandemic ever recorded, influenza infection remains one of
the most common viral infections worldwide despite exten-
sive research and vaccination strategies. Annually the

worldwide burden of infection is predicted to be ~1 billion . . ) )
individuals infected, with ~3—5 million of these having severe Age has been described as an important risk factor for influ-

disease leading to 290,000 to 650,000 deaths [1]. External fac- enza infection severity and morbidity [2]. People over 65 years
of age are at particular risk [3,4], most likely due to immuno-

senescence and the associated poor response to vaccination
[5-9]. Infants less than 5 years old are also considered to be at
a high-risk of infection but the reasons behind this are still
unknown [10]. However, a meta-analysis from 2013 showed

Demographics of influenza infection

Age

tors such as age, gender and ethnicity have all been predicted
to play a role in determining the severity of infection. In this
review, we will focus on an example of significant genetic
variation on the severity of influenza infection in an ethnicity-
specific manner.
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that this group were actually at lower risk of death and hos-
pitalisation, but higher risk of developing pneumonia [2].

Interestingly, there seems to be a difference in mortality
rate depending on whether the infection is an epidemic (one
or more communities) or pandemic (worldwide) with a shift
towards younger age groups during pandemics while the
elderly are at risk during epidemics [4,11]. In both age groups,
the risk of complications or mortality associated with influ-
enza infection are confounded by existing medical conditions
in the individuals, making it more difficult to clearly ascertain
the contribution of age.

Ethnicity

Susceptibility to influenza infection generally shows no as-
sociation with ethnicity, as this data is confounded by socio-
economic factors, but some research has been done to iden-
tify at risk groups [2]. In particular, indigenous ethnicity has
been described as a risk factor with an elevated mortality rate
or hospitalisation rate compared to European descendants in
a study conducted in Canada [12—16]. Additionally, an inter-
esting feature of the 1918 pandemic was that the mortality
rate was relatively low in Chinese populations [17]. While this
may be a result of poor record keeping, it is an interesting idea
to bear in mind that some populations may respond better or
worse to different influenza strains.

Gender

The sex of the individual has also been hypothesised to play a
role in severity of influenza infection [18—20]. Higher
morbidity associated with influenza infection in males
compared to females has previously been demonstrated in
one study [21], but generally there is little evidence for a
contribution of sex in influenza infection. However, it is likely
that this is due to the data not being separated into age groups
as there is some evidence in certain age categories that sex
may an important determinant of disease severity [18].

In the 2009 H1IN1 pandemic, overall, more women than
men were hospitalised. This may be indicative of the fact that
women generally mount higher immune responses to viruses
compared to men [18]. However, it is more likely a result of
immunocompromise during pregnancy, as many of the hos-
pitalised female patients were pregnant [22].

Genetic association with influenza virus
infection

In recent years there has been an increase in evidence of a
genetic association between the host and the severity of
influenza infection, with a significant heritable contribution to
fatal outcome clear [23,24]. It has been known for several de-
cades that different mouse strains respond to the same
influenza infection in varying levels of severity, supporting
the idea that genetic variance can affect influenza infection
[25—29].

In humans, there is evidence that homozygosity for the
CCR5-A32 allele, a naturally occurring variant of the chemokine
receptor CCR5, is associated with increased susceptibility to
West Nile Virus and Influenza virus infection [30]. A patient with
homozygous null mutations in the Interferon Regulatory Factor
7 (IRF7) gene displayed a severely impaired antiviral response
with reduced expression of type I and III interferons [31].

The anti-viral factor MXA (Mx1 in mice) also shows some
natural genetic variance and investigations into the role of
this variance in influenza susceptibility are on-going [32].
However, it has been shown that MXA restricts influenza A
virus (IAV) infection in a strain-specific manner suggesting
that this interaction may be more dependent on viral variance
rather than host genetics [33—35]. Many common inbred lab-
oratory mouse stains which are susceptible to influenza
infection have an inactive Mx1 gene due to exon deletion or
nonsense mutation which causes termination of translation
to protein [26—28|.

Single nucleotide polymorphisms (SNP) in several genes
have been found to be associated with influenza infection
severity including TLR2 rs5743708, TLR3 rs5743313 & rs5743315,
TLR4 rs4986790 & rs4986791 and CD55 rs22564978 [36—40].
These SNPs have been demonstrated to induce weakened
host responses to influenza infection and impaired signalling
function.

The most prevalent genetic association with influenza
infection is the association between the C variant of the SNP
rs12252 within interferon-induced transmembrane protein 3
(IFITM3) and severe influenza [41,42], which is discussed in
more detail below. Interestingly, presence of the CC genotype
of both IFITM3 rs12252 and TLR3 rs5743313 cumulatively led to
an increased death risk with influenza infection [43].

The previous examples highlight how disruption of anti-
viral immunological responses can increase disease patho-
genesis. SNPs affecting genes with direct
interactions have also been identified as risk variants for
influenza virus infection. For example, SNPs in the antimi-
crobial genes Surfactant Protein A2 (SFTPA2) and Galectin-1
have been implicated as risk factors for severe influenza
[44,45]. These proteins are found in the airways, and can
directly interact with influenza virus, limiting its replication. A
SNP affecting the expression of Transmembrane Protease
Serine 2 (TMPRSS2), a host protease involved in haemag-
glutinin cleavage, has also been associated with severe influ-
enza infection [46].

A genome wide association study (GWAS) performed on a
small cohort of 156 Spanish patients stratified into mild and
severely infected individuals found only one risk variant [47].
This SNP, rs28454025, is located inside an intron of the PEAK1-
Related Kinase-Activating Pseudokinase 1 (PRAGI1) gene.
Given this gene's role in neural development, the authors
concluded that this was a false positive.

For all of the SNPs previously mentioned the confounding
factor seems to be ethnicity, with most SNPs showing variable
distribution across ethnic groups [48|. This and the lack of
clinical samples for influenza infection have made it difficult
to draw any firm conclusions about the association between
genetic variants and influenza infection. Additional large-
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scale cohort studies will be required to investigate the role of
genetics in influenza infection in the future.

IFITM3

As mentioned above, genetic variation within IFITM3 has been
associated with influenza infection severity. The interferon
(IFN) induced trans-membrane protein IFITM3 is an important
anti-viral factor shown to restrict replication of around
seventeen, mostly enveloped RNA viruses including influenza
A virus (IAV), human immunodeficiency virus 1 (HIV-1), Ebola
and Dengue virus [42,49—52]. Presence of IFITM3 impairs viral
propagation, effects severity of infection and improves the
cellular defence against viruses [42,49,52]. In addition to this
role in virus restriction, IFITM3 has been shown to restrict
cytomegalovirus [53] and Sendai virus [54] through restriction
of cytokine production, mechanisms independent of direct
viral restriction. This is interesting due to the finding
that hypercytokinemia in influenza infection can lead to
more rapid progression of disease in both humans [55] and
mice [42].

IFITM3 rs34481144

The minor allele (A) of the rs34481144 SNP, found within the
promoter of IFITM3, has recently been found to be associated
with increased severity of IAV infection [56]. This SNP was
shown to associate strongly with expression levels of IFITM3
mRNA, making it an Expression Quantitative Trait Locus
(eQTL).

Further work implicated the A allele of this SNP in
enhanced binding of CTCF to the IFITM3 promoter, which has
a repressive effect on IFITM3 expression. Finally, this study
associated the A allele with enhanced methylation on the
IFITM3 promoter of CD8* T cells in nasal washes, and general
transcriptional repression of the IFITM3 genomic neigh-
bourhood. The latter phenomenon was attributed to the fact

that CTCF has been found to associate with broad changes in
regional expression via alteration of chromosome topology.

1534481144 shows relatively even allele frequencies in Eu-
ropean populations [Minor Allele Frequency (MAF) = 0.462]
compared to the low frequency seen in East Asian populations
(MAF = 0.006) [Fig. 1] [57].

IFITM3 rs12252

The rs12252 SNP is a synonymous SNP within the first exon of
IFITM3 and has been associated with increased severity in
influenza infection, as well as faster progression to AIDS with
HIV-1 infection [41,42,58]. In opposition with rs34481144, this
SNP is common in Asian populations (MAF = 0.528) but rare in
European populations (MAF = 0.041) [Fig. 2] [S9]. This makes
combinatorial analyses between these two SNPs difficult,
although it is potentially feasible in populations with inter-
mediate allele frequencies for both alleles. Interestingly,
Randolph et al reported that every instance of the CC rs12252
genotype (minor) was associated with the GG genotype
(major) of rs34481144, indicating that, in European pop-
ulations, the risk variants for each allele are on opposite
haplotypes [60].

There are some studies where this association between
IFITM3 rs12252 and influenza severity has not been found
[60—62]. However, this lack of association is likely due to the
very low number of rs12252-CC patients included and the fact
those most patients were from Caucasian, European pop-
ulations. Especially as a recent meta-analysis confirmed the
association between rs12252-CC and influenza severity [63].

When this SNP was first reported it was suggested that the
C allele might create an alternative splicing site, generating a
protein with a 21 amino acid deletion at the N-terminus [42].
Model experiments using A21-IFITM3 showed that this trun-
cated version of the protein was mostly translocated to the
plasma membrane and therefore it did not restrict viral
infection by influenza or HIV-1 as well as it’s full length
counterpart [64—67]. Recently, however, it has been shown

Allele Frequencies of rs34481144

Fig. 1 Worldwide distribution of IFITM3 rs34481144. The distribution of the major (G) and minor (A) alleles of IFITM3 rs34481144
is shown according to their distribution worldwide. Abbreviations: EUR: European; SAS: South Asian; EAS: East Asian;
AFR: African; AMR: American. Data taken from the 1000 genomes project.
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Allele Frequencies of rs12252

Fig. 2 Worldwide distribution of IFITM3 rs12252. The distribution of the major (T) and minor (C) alleles of IFITM3 rs34481144 is
shown according to their distribution worldwide. Abbreviations: EUR: European; SAS: South Asian; EAS: East Asian;
AFR: African; AMR: American. Data taken from the 1000 genomes project.

that the C-variant of rs12252 is capable of generating full-
length IFITM3 protein, with the truncated version only pre-
sent in negligible levels, if at all [60,68]. This suggests that a
truncated version of IFITM3 is unlikely to lead to the differ-
ences in viral restriction previously seen.

The mechanism behind why this SNP is so important in
viral restriction is still unclear and a question that we feel will
remain open until the mechanism of action of IFITM3 and
indeed more information in general about this important
protein is available. As such, for the remainder of this article
we will focus on what is known about IFITM3 and present the
remaining open questions that may be integral for deter-
mining the role of rs12252.

IFITM3 function

The mechanism of how IFITM3 restricts viruses has yet to be
fully elucidated, however, it is likely that IFITM3 forms part of
the membrane composition of endosomal compartments
where it prevents viral entry into the cytosol [50,64,69]. Evi-
dence for this comes from the fact that the early stages of
influenza infection such as binding to the sialic acid receptor,
endocytosis and trafficking to the late endosome are
conserved in the presence of IFITM3 [50,64,70]. It was thought
that IFITM proteins might reduce membrane fluidity through
an increase of endosomal cholesterol altering the curvature of
the membrane to impede hemifusion [69,71]. However, a more
recent study suggests that IFITM3 only functions to block
release of viral particles post-hemifusion but prior to pore
formation [72].

While it is clear that IFITM3 restricts viral infection by
preventing release of viral particles into the cytoplasm, the
mechanism by which it achieves this is still unclear. SNPs
within IFITM3, rs12252 and rs34481144, have been demon-
strated to alter severity of influenza infection [41,42,56].
Elucidation of the mechanism of action of IFITM3 is of high
priority in order to help establish how these SNPs contribute
to variability of influenza infection.

IFITM3 protein characteristics

IFITM3 structure

IFITM3 is one of five IFITM genes found in humans. While
IFITM5 and IFITM10 have diverse functions and structures
that are beyond the scope of this review, IFITM1, IFITM2 and
IFITM3 are highly homologous and share similar functions
suggesting that they have diverged from a single gene. IFITM2
and IFITM3 have very high homology, only differing by 16
amino acids, presumably, creating a very similar structure for
each. IFITM1 however, has a shorter N-terminus and a longer
C-terminus [73,74].

The IFITM3 protein is only 133 amino acids in length with
two transmembrane domains, meaning that the majority of
the protein structure is found within the membrane [75]. Due
to this highly hydrophobic nature of the protein no crystal
structures are available. Instead three membrane topology
models for IFITM3 have been generated based on the data
available [Fig. 3], suggesting that IFITM3 is either:

(i) An intramembrane helix with a C-terminal trans-
membrane helix [79,80];
(ii) An intramembrane protein with both termini cyto-
plasmic [64,78];
(iii) A dual-pass protein with the C- and N-termini on the
extracellular side of the membrane [40,76,77].

Recent evidence from NMR studies suggests that the most
likely conformation is most similar to model (i), with the hy-
drophobic region of IFITM3 adopting a topology containing
two short intramembrane a-helices followed by a long trans-
membrane a-helix [81]. These short helices are predicted to
induce membrane curvature, potentially maintaining endo-
somal compartments and preventing viral release.

Post-translational modifications of IFITM3

Several post-translational modifications of the IFITM3 protein
have been described including S-Palmitoylation (S-PALM),
phosphorylation and ubiquitination [64,78,82,83].
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Extracellular

Intracellular

Fig. 3 Topology models of IFITM3. The exact topology of IFITM3 is unknown due to its highly hydrophobic nature. However,
there are three models that are currently considered: (i) An intramembrane helix with a C-terminal transmembrane helix; (ii)
An intramembrane protein with both termini cytoplasmic; (iii) A dual-pass protein with the C- and N-termini on the

extracellular side of the membrane. Adapted from Ref. [81].

S-PALM on membrane neighbouring cysteines was indi-
cated to play an important role in the membrane association
of IFITM3, with S-PALM-deficient mutants showing lower
antiviral activity and less membrane association [78,84].
Furthermore, S-PALM seems to be necessary for correct traf-
ficking of the IFITM proteins, with John et al hypothesising that
IFITM gets its S-PALM modification in the Golgi compartment,
then traffics to the cell surface prior to endocytosis and
incorporation into late endosomes and lysosomes [85].

Poly-ubiquitination on lysine amino acids (K24, K48 and
K63) led to a reduction in antiviral activity of IFITM3, most
likely due to an increase in protein degradation [64,78].
Chesarino et al proposed NEDD4 as the main ligase for IFITM3
poly-ubiquitination and therefore as a potential target for
drugs aiming to increase IAV resistance [82].

The phosphorylation of the tyrosine at position 20 of
IFITM3 (Y20) was described as necessary for the co-
localisation of IFITM3 with late endosomes and lysosomes
and its antiviral function [64,67,85]. Interestingly, IFITM1,
which lacks Y20, is located at the cell membrane rather than
the acidic compartments [85]. Phosphorylation of Y20 de-
creases the ubiquitination of IFITM3 [83]. Taken together this
suggests that post-translational modifications may help to
control the level of IFITM3 expression within a cell as well as
its locality.

IFITMS3 localisation
It is widely agreed that IFITM3 must be located within the
endosomal pathway of cells in order to restrict the range of
viruses it does, however the exact compartment of this
pathway or whether IFITM3 is present in all compartments is
still under debate, despite several previous studies. Generally,
this lack of a conclusive answer is due to a lack of suitable re-
agents for studying IFITM3 expression, with most commercial
antibodies being cross-reactive for IFITM2. Researchers have
thus used these cross-reactive antibodies, murine systems or
overexpression tagged protein systems for any localisation
experiments, all of which have their downfalls.

Using cross-reactive antibodies, it was shown that IFITM2/
3 co-localised with the late endosomal marker Rab7 and the
lysosomal markers LAMP1, LAMP2 and CD63 [50,67,85]. Mouse
embryonic fibroblasts also exhibited co-localisation between
IFITM3 and LAMP1 [82]. Using a haemagglutinin tag (HA) to
IFITM3, Yount et al showed co-localisation with the

endoplasmic reticulum (Calreticulin) and early endosomes
(Rab5) [78]. Another study using FLAG-IFITM3 showed co-
localisation between IFITM3 and the early endosome (EEA1)
and lysosome (CD63) compartments [64].

Although some of this data is in agreement, the breadth of
IFITM3 co-localisation in the various compartments serves to
highlight the limitations of these investigations. Potentially,
IFITM3 is expressed in all compartments, however, it is also
possible that IFITM3 is expressed in one compartment and
IFITM2 another and tagged systems may alter localisation.
The latter was beautifully shown by Williams et al, who
showed IFITM3 to co-localise with LAMP2 in the presence of a
cross-reactive antibody and in a C-myc-tagged system but not
in a FLAG-tagged system [67]. Determining the localisation of
IFITM3 confidently will help to establish its mechanism in
viral control.

Constitutive expression of IFITM3
It has recently been shown that stem cells highly express
certain interferon stimulated genes (ISGs), including IFITM3,
as an innate anti-viral mechanism [86]. Stem cells are refrac-
tive to IFN stimulation and so these ISGs are expressed
constitutively as a protection mechanism that is lost with
differentiation. This suggests that in differentiated cells
expression of ISGs such as IFITM3 is low or non-existent
constitutively but strongly induced by IFN stimulation.
However, it seems that in the case of IFITM3 it is not as
simple as this, with data from multiple sources, including our
own laboratory, showing that the constitutive expression of
IFITM3 can vary by cell type. In mice, constitutive expression
of IFITM3 has been demonstrated in the lung upper and lower
airways, visceral pleura and tissue-resident leukocytes [87].
Additionally, following IAV infection in mice, IAV-specific
tissue-resident memory T cells in the lung mucosa can with-
stand viral infection during a second challenge by maintain-
ing expression of IFITM3 [88]. For humans, the protein atlas
database shows data suggesting that both protein and RNA
levels of IFITM3 are variable across cell types [89,90].
Determining how the constitutive expression of IFITM3
varies on different cell types may potentially have implica-
tions for the mechanism of IFITM3 anti-viral protection with
regards to viral tropism. It may be that viruses favour cells or
organs with low intrinsic IFITM3 expression in order to give
themselves an advantage at the early stages of infection.
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Studies focussing on the expression pattern of IFITM3 without
the confounding effect of IFITM2 expression are an important
area of IFITM3 research in the future.

Interferon induction of IFITM3

In humans, there are three types of IFN: Type I (IFN-a, IFN-B,
IFN-¢, IFN-k and IFN-w), Type II (IFN-y) and Type III (IFN-})
[91—94] with each type signaling through a different receptor
[95—99]. IFITM3 is induced by cytokines such as IL-6 [87] but
predominantly by interferons through the two IFN stimulated
response elements (ISRE) and one gamma-interferon activa-
tion site (GAS) directly upstream of the promoter and
enhancer regions. Previously, it has been shown that Type I
and II IFNs highly induce IFITM3 expression [100]. The effect of
Type III IFN stimulation has not been widely studied, although
one mouse study stated that type III IFN did not induce IFITM3
expression while types I and II did [87].

The differential response of the IFITM3 gene to IFN stimu-
lation may be a reflection of differences in IFN receptor
expression on these cells. The IFNAR and IFNGR receptors are
known to be ubiquitously expressed on all cell types
compared to the limited expression of the type III IFN
receptors.

Conclusions

With the apparent role of host genetics in susceptibility to
influenza infection becoming clearer over recent years, the
role of proteins like IFITM3 in viral restriction will become
even more important. Despite knowledge of a genetic link
between influenza infection severity and IFITM3 genotype, the
mechanism for this link is still unknown. A better under-
standing of how rs12252 leads to such a differential outcome
in infection is needed.
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