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Influenza viruses are a persistent threat to global human health. Increased susceptibility to
infection and the risk factors associated with progression to severe influenza-related disease
are determined by a multitude of viral, host, and environmental conditions. Decades of
epidemiologic research have broadly defined high-risk groups, while new genomic associ-
ation studies have identified specific host factors impacting an individual’s response to influ-
enza. Here, we review and highlight both human susceptibility to influenza infection and the
conditions that lead to severe influenza disease.

Influenza viruses are segmented, negative-sense
RNA viruses that readily infect the respiratory

tracts of humans and animals (Bouvier and Pal-
ese 2008). In humans, seasonal infections arising
from influenza A and B viruses are widespread
and cause upward of 650,000 annual deaths,
whereas pandemic events occur sporadically
with wide-ranging impact (Iuliano et al. 2018).
Among healthy adults, infections by influenza A
viruses (IAVs) are acute, self-limiting, and com-
monly resolved without the onset of serious ill-
ness. However, numerous viral and host factors
can significantly impact disease severity leading
to numerous short- and long-term complica-
tions and death (Beigel 2008). For example, dur-
ing the 1918–1919 Spanish flu, the most severe
influenza outbreak ever recorded, an estimated
25%–30% of the global population became in-
fected, resulting in a 2.5%mortality rate or more
than 40 million deaths (Taubenberger et al.
2001). Conversely, severe influenza disease asso-

ciated with seasonal influenza arises in <1% of
cases (Taubenberger and Morens 2006; CDC
2018). This discrepancy leads to many interest-
ing and important questions related to human
susceptibility to IAV. What factors increase the
risk of influenza infection in otherwise healthy
individuals? What are the high-risk groups as-
sociated with progression to severe influenza
disease?Answering these questions and defining
the underlying conditions that cause susceptibil-
ity to infection and significant disease variability
between individuals have been an ongoing re-
search agenda for the past century. Here, we re-
view the dual aspects of human susceptibility to
influenza considering both the conditions that
lead to enhanced infection of healthy adults and
the risk factors associated with severe influenza
disease. Having a clear idea of vulnerable popu-
lations during a virus outbreak and the ability to
predict the severity of infection early on are crit-
ical measures necessary for mitigating disease
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and transmission as well as modeling the impact
of influenza across the globe.

SUSCEPTIBILITY TO INFLUENZA INFECTION
IN HEALTHY ADULTS

Initial Exposure and Virus-Intrinsic
Considerations

IAVs are transmitted within large, mucus-laden
droplets or smaller particles, called “aerosols,”
that are expelled from the airways of an infected
human or animal during normal respiration as
well as fits of coughing or sneezing (Tellier 2006;
Yan et al. 2018). These infectious materials must
come into contact with the mucous membrane
of a susceptible human to establish infection.
The nature of disease arising from this infection
is dependent on the size of the virus inoculum,
the site of infection, strain-associated virulence,
and other virus-intrinsic factors concomitant
with the transmitting IAV.

Factors affecting initial virus exposure are
often the first considerations made when
determining susceptibility among healthy indi-
viduals. Aerosol particle size, virus inoculum
concentration, the relative distance an expelled
aerosol can travel, and the environmental stabil-
ity of infectious droplets are all affected by sea-
sonal fluctuations in temperature and humidity.
Indeed, all of these IAV exposure risks increase
during the cooler, drier months in temperate
climates and broadly result in higher probability
of infection (Shaman and Kohn 2009; McDevitt
et al. 2010; Shaman et al. 2010; Deyle et al. 2016;
Marr et al. 2019). In contrast, tropical and sub-
tropical regions experience higher rates of influ-
enza infection during seasonal periods of
humid–rainy conditions, which are associated
with sustained high levels of specific humidity
and temperature (Moura et al. 2009; Mahamat
et al. 2013; Tamerius et al. 2013; Chadsuthi et al.
2015). Although the individual climate factors
that contribute to increased influenza cases are
complex and vary by region, it is important to
note that under either environmental condition,
cold–dry or humid–rainy, the proportion of sus-
ceptible individuals is increased during these
aptly termed “flu seasons.”

Subtle genetic changes across IAV popula-
tions, which can accumulate at the individual
infection level or regionally during an outbreak,
can also impact human susceptibility. Influenza
viruses have a high degree of strain-to-stain var-
iation stemming from potential reassortment
between the segmented RNA genomes, and
the lack of proofreading mechanisms associated
with the viral RNA-dependent RNApolymerase
(Burnet and Lind 1951; Steinhauer et al. 1992;
Downie 2004). During the course of infection,
influenza viruses replicate as genetically diverse
“quasispecies,” which arise from point muta-
tions that sample the functional genetic range
of each viral component (Domingo et al. 1998).
Subtle variation in hemagglutinin (HA) pH sen-
sitivity, thermal stability of the polymerase, and
relative activity of IAV virulence factors such as
NS1 have all been shown to affect IAV virulence
and transmission (Mehle and Doudna 2009;
Clark et al. 2017; Russell et al. 2018). Therefore,
exposure to a larger virus inoculum allows for a
more diverse sampling of the influenza quasi-
species, which may contain viruses with infec-
tion- or susceptibility-enhancing mutations.

Virus-intrinsic changes in influenza anti-
genic novelty also impact susceptibility to in-
fection in healthy individuals, through both
stochastic mutation of viral proteins and selec-
tive pressures imposed by host immunity. Point
mutations often arise in the HA and neuramin-
idase (NA), two major influenza surface anti-
gens (Fitch et al. 1991; Koelle et al. 2006).
Termed “antigenic drift,” these mutations can
alter the surface landscape of invading viruses
such that they are no longer recognized by
preexisting immunity (Both et al. 1983; Kim et
al. 2018). Large-scale changes in HA and NA
pairings can also affect human susceptibility.
Antigenic shift results from HA and NA gene
segment reassortment events, which can occur
during co-infection of dually infected cells by
IAVs encoding different HA or NA subtypes
(Burnet and Lind 1951; Webster et al. 1982;
Downie 2004). Antigenic shift events are largely
responsible for zoonotic emergence of pandem-
ic IAVstrains, suchas the2009A/H1N1pandem-
ic virus outbreak that percolated throughout
the global population in 2009 (Webby and
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Webster 2001; CDC 2009a,b; Kim et al. 2018).
Increased susceptibility to these viruses is large-
ly due to population-wide immune naïveté to a
particular HA, but can also be attributed to
more specific receptor engagement or strain-
specific virulence. Receptor-binding specificity
of influenza HA proteins has also been shown to
impact human susceptibility, virus pathogenic-
ity, and transmissibility of IAV (Imai and Ka-
waoka 2012; Neumann andKawaoka 2015). The
natural ligand for influenza HA is sialic acids
that decorate the terminal ends of host surface
proteins (Couceiro et al. 1993; Bouvier and Pal-
ese 2008). The susceptibility of an individual cell
to an influenza virion is determined by the en-
gagement of HA with sialic acid with α2,3- or
α2,6-linkage to the penultimate galactose, as
well as the pH of the surrounding lumen (Skehel
andWiley 2000; Stevens et al. 2006). Within the
human respiratory tract, α2,6-linked sialic acids
are found in the upper airways, whereas α2,3-
linked sialic acids are detected on some cells of
the lower respiratory tract, including the lung.
Influenza strains that bind α2,6-linked sialic ac-
ids, such as pandemic and seasonal H1N1 virus-
es, replicate in the upper airways, resulting in
mild disease and high rates of transmission
(Maines et al. 2009). Conversely, influenza virus
strains that bind α2,3-linked sialic acids in the
lung tend to cause more severe disease, at the
cost of transmission efficiency (Murphy et al.
1982; Beare and Webster 1991; Matrosovich
et al. 2004). The highly pathogenic avian influ-
enza strains A/H5N1 and A/H7N9, which cause
severe pneumonia, are prime examples of this
trade-off between virulence and transmission
(Zitzow et al. 2002; Nicholls et al. 2007; Gam-
bottoet al. 2008;Ramoset al. 2013).Thus,human
susceptibility to infection or severe disease can be
directly affected by initial virus exposure, strain-
to-strain variations in IAV genetics and patho-
genicity, and the site of influenza replication.

Vaccine History and Preexisting Immunity

Seasonal vaccinations aimed at priming the
adaptive immune response against three to
four circulating strains of influenza are the pre-
ferred approach to reducing individual suscep-

tibility and local transmission as well as limiting
severe influenza disease (Rajão and Pérez 2018).
The adaptive immune response is divided into
a humoral component, which can be highly
strain-specific, and a cellular component, which
has greater inherent cross-reactivity due to tar-
geting linear epitopes in relatively conserved
viral proteins. Both arms protect against subse-
quent exposures to homologous viruses (Boon
et al. 2004). In a similar way to vaccination, nat-
ural infection also confers protection and in-
creases the number of IAV antigenic variants
an individual may respond to. Humoral and
cell-mediated immune memory responses are
generated against diverse IAV strains during
an active infection and, through memory recall
of particular antigens, increase the barrier to
disease during a secondary exposure through
the activity of antibodies and antigen-specific
T cells (Grant et al. 2016; Chen et al. 2018).
Amazingly, older individuals, normally a highly
susceptible group, experienced lower rates of
IAV infection during the 2009 A/H1N1 pan-
demic likely because of prior exposure to A/
H1N1 antigens in 1918–1919 and the produc-
tion of cross-neutralizing anti-HA antibodies
(Krause et al. 2010). This observation highlights
the “critical” importance of preexisting immu-
nity in determining susceptibility to infection.
Childhood is a particularly crucial time in de-
veloping immunity to influenza. Several lines of
inquiry suggest that our first exposure to IAV
antigen, by natural infection or vaccination,
determines the specificity and scale of lifelong
antiviral immunity. Evidence for this “original
antigenic sin” indicates that immunologic
imprinting may bias humoral and cellular re-
sponses toward strains encountered early in
life, thereby limiting efficacy against infection
by heterotypic influenza strains encountered lat-
er (Davenport et al. 1953, 1955; Francis 1960).
This may be a major contributing factor to the
observed decline in efficacy of seasonal IAV vac-
cination, which was reported to be as low as 50%
against A/H3N2 in recent seasons (Ohmit
et al. 2014; McLean et al. 2015; Zimmerman et
al. 2016; Flannery et al. 2017, 2018; Jackson et al.
2017). Thus, it is becoming increasingly impor-
tant that a high percentage of people receive the
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annual influenza vaccine to establish effective
herd immunity and reduce the pool of suscep-
tible individuals.

Additional Considerations

Many other factors contribute to increased risk
of IAV infection among healthy adults. Occupa-
tional hazards are a good example. Health-care
personnel are at increased risk of exposure to
IAV as was shown during the 2009 A/H1N1
pandemic (Lietz et al. 2016). Individuals who
work in close contact with animals, such as birds
and swine, may also have an increased risk of
zoonotic transmission (Harris et al. 2017; Root
et al. 2017). Although rare, the zoonotic emer-
gence of novel IAV strains has resulted in some
of the most widespread influenza virus out-
breaks in history (Webster and Laver 1972;
Taubenberger and Kash 2010). Age is another
hallmark risk factor. Children younger than 5
are at increased risk of infection, likely because
of immature immune development, discussed in
detail below. As a result, healthy adults that work
with children, such as day-care providers or ear-
ly educators, or those who have young children
at home are >1.5 times more likely to come into
contact with influenza viruses (Root et al. 2017;
Huang et al. 2019). A final consideration for
increased susceptibility to IAV infection is pop-
ulation density. Because of the nature of aerosol
and direct-contact transmission of IAV, individ-
uals who live or work in areas with a high pop-
ulation density, such as large cities, are much
more likely to come into contact with the virus
(Loth et al. 2011; Gilbert and Pfeiffer 2012).
Outbreaks within localized, dense populations
such as summer camps were also prevalent dur-
ing the 2009 A/H1N1 outbreak (Doyle and
Hopkins 2011).

Together, these viral, host, and environmen-
tal factors, summarized in Figure 1A, affect the
susceptibility of otherwise healthy individuals to
IAV infection irrespective of disease severity.
Following the successful establishment of IAV
infection within a host, a multitude of condi-
tions define an individual’s susceptibility to
severe influenza-associated disease and are dis-
cussed in detail in the following section.

SUSCEPTIBILITY TO SEVERE INFLUENZA
DISEASE

Currently, the Centers for Disease Control and
Prevention (CDC) prioritizes several high-risk
groups for influenza vaccination including indi-
viduals older than 65, young children, pregnant
women, patients with underlying illnesses such
as asthma, diabetes, and heart disease, HIV/
AIDS and cancer patients with immunocom-
promised status, and children with neurological
conditions (Grohskopf et al. 2019). These de-
mographic groups are traditionally the most
susceptible to severe influenza diseases includ-
ing acute respiratory illness (ARI) with fever,
termed influenza-like illness (ILI), and ARI
that requires hospitalization, often termed se-
vere acute respiratory illness (SARI) (WHO
2013). In the wake of the 2009 A/H1N1 pan-
demic, growing numbers of large-scale genome
analyses have uncovered dozens of gene variants
and host factors that may predispose individuals
to poor outcomes. In addition, numerous cohort
studies have also helped define correlates of
protection against influenza disease and predict
correlates of severity following infection. A
sampling of these studies will be discussed
within the context of human susceptibility to
severe influenza disease and is summarized in
Figure 1B.

Host Demographics

Age

Advanced age is one of the most prominent
risk factors for developing severe influenza dis-
ease. Individuals older than 65 account for
∼90% of influenza-related deaths and are four
timesmore likely to suffer disease complications
(Thompson et al. 2003; Mertz et al. 2013). Much
of this risk is due to progressive immune dete-
rioration, termed “immune senescence,” experi-
enced during aging, which results in increased
susceptibility to viral and bacterial infections
and muted vaccine responses (McElhaney and
Effros 2009). Immune senescence affects both
innate and adaptive responses (Shaw et al.
2013; Carr et al. 2016). Critical innate antiviral
responses such as type I interferon signaling are
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subdued and do not readily establish the antivi-
ral state required to effectively promote virus
clearance (Canaday et al. 2010; Sridharan et al.
2011; Prakash et al. 2013; Pillai et al. 2016). Fur-
ther, pro-inflammatory cytokine production be-
comes dysregulated. In some cases, individuals
develop a senescence-associated secretory phe-
notype, often referred to as “inflammaging,”
which causes increased pro-inflammatory cyto-
kine production and low-grade chronic inflam-
mation (Franceschi et al. 2000; Brüünsgaard and
Pedersen 2003; McElhaney and Effros 2009).
During influenza infection, this inappropriate
inflammatory response leads to excessive im-
mune pathology, damage to lung tissue, persis-
tence of symptoms, and an increased probability
of progressing to acute respiratory distress syn-
drome (ARDS) (Ginaldi et al. 2001; Toapanta
and Ross 2009; Cavanagh et al. 2012; Le Saux
et al. 2012; Solana et al. 2012). Immune senes-
cence also affects the adaptive immune response

in older individuals. Degradation of T-cell re-
sponses is attributed to “thymic involution,” or
the gradual reduction in naive T-cell output
from the thymus and the amount of time newly
minted T cells spend in peripheral circulation
(Franceschi et al. 2000; Meyer 2001; Palmer
2013). Thymic involution has profound effects
on the development of CD4+ T helper cell re-
sponses following vaccination as well as cytotox-
ic CD8+ T-cell response to infection by novel
influenza strains (Meyer 2001). The total diver-
sity of the influenza-specific T-cell receptor
(TCR) narrows during aging, further decreasing
the ability to recognize and respond to diverse
IAV antigens (Gil et al. 2015). Importantly, the
potential for T- and B-cell clonal expansion in
response to novel antigens is also reduced in
aging individuals. One contributor to this effect
may be the large clone sizes generated by re-
sponses to persistent viral infections, such as
cytomegalovirus (CMV) (Khan et al. 2002).
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Figure 1. Factors impacting human susceptibility to influenza infection and disease severity. (A) Viral, host, and
environmental conditions that affect susceptibility to influenza A infection. (B) Several demographic, immune,
and genetic factors on a relative scale of associated susceptibility to influenza disease severity.
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Chronic insults with CMV further impair aging
immune function and elicit robust CD8+ T-cell
clonal expansion, thus reducing the ability to
respond to new infections (Lindau et al. 2019).
Interestingly, the opposite is true in young indi-
viduals, further highlighting the age-dependent
effects of immune development on IAV respons-
es (Furman et al. 2015). Finally, the number of
B cells, responsible for humoral responses, also
decreases with age as does the efficacy of circu-
lating antibodies against specific pathogens (Fer-
guson et al. 1995; Frasca et al. 2005). Taken
together, the effects of advanced age significantly
impact IAV disease susceptibility by increasing
the potential for immune pathology, limiting
vaccine efficacy, and curtailing memory re-
sponses to newly encountered influenza strains.

Infants are also at high risk of developing
severe influenza disease. Compared with healthy
adults, childrenyounger than2 yr shoulder high-
er rates of hospitalization, severe complications,
and mortality following IAV infection (Munoz
2003; Bhat et al. 2005; Louie et al. 2010). Indeed,
pediatric mortality rates were 10 times higher
during the 2009A/H1N1pandemic than for sea-
sonal influenza in the preceding years (Libster
et al. 2010). In a large cohort study of more
than 900 unvaccinated individuals in New Zea-
land, children aged 0–4 yr experienced the high-
est attack rate for ILI at 14% (Huang et al. 2019).
This increased susceptibility is due in large part
to the functional immaturity of the immune sys-
tem and a failure to recognize influenza antigens.
Further age-dependent differences may also be
attributed to the exaggerated type 2 immune re-
sponses characteristic of the infant immune sys-
tem, which favor tissue repair over CD8+ T-cell
responses leading to ineffective virus clearance
(Garcia et al. 2000; Adkins et al. 2004; Dowling
and Levy 2014; de Kleer et al. 2016).

Immunocompromised Status

Many factors other than age can affect the func-
tionality of the immune system and predispose
individuals to serious influenza-related compli-
cations. These include both chronic (HIV/
AIDS, organ transplant, and hemodialysis) and
transient (stem cell transplant, cancers, and cor-

ticosteroid use) immunosuppressive conditions
(Kunisaki and Janoff 2009). For example, mor-
tality rates among people in the United States
living with HIV/AIDS in the pre-HAART era
were 150–208 times higher than the general
population and fourfold greater among the el-
derly (Cohen et al. 2012). Following the intro-
duction of HAART, influenza-related mortality
rates dropped fourfold in adults with AIDS
(Cohen et al. 2012), although the effects of
AIDS-related comorbidities underscore con-
cerns of enhanced virus shedding and disease
severity (Sheth et al. 2011). Patients with certain
types of cancers, including lymphoma and
leukemia, or patients receiving treatment for
cancer including chemotherapy and bone mar-
row transplantation are at increased risk for
SARI (Kunisaki and Janoff 2009). Much of this
disease susceptibility stems from suppressed, or
in some cases ablated, adaptive immune re-
sponses and an inability to effectively clear the
influenza infection.

Sex and Pregnancy

Although the underlying mechanisms are not
fully understood, it is widely appreciated that
immunity differs between the sexes, with fe-
males exhibitingmore robust responses to infec-
tion and vaccination compared with men (Klein
and Flanagan 2016; Gubbels Bupp et al. 2018).
Several groups have investigated how these dif-
ferences in sex impact influenza disease out-
comes and vaccine efficacy. When comparing
immune responses in men and women given a
trivalent inactivated influenza vaccine (TIV),
one group found that differential expression of
sex hormones correlated with differences in im-
mune development (Furman et al. 2014). As
expected, women had increased levels of inflam-
matory cytokines and higher antibody titers to
TIV than men. Further, increased levels of en-
dogenous testosterone were negatively correlat-
ed with IAV vaccine efficacy. However, possibly
because of this increased pro-inflammatory re-
sponse to IAV, survey and epidemiologic evi-
dence obtained from seasonal and pandemic
IAV outbreaks suggest that females of reproduc-
tive age experience higher overall rates of severe
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IAV disease during outbreaks of A/H1N1,
A/H5N1, and A/H7N9 (WHO 2010; Robinson
et al. 2011; Klein et al. 2012; Hoffmann et al.
2015). Interestingly, when age and sex are con-
sidered as covariates, IAV incidence changes as a
function of age. From birth through age 15,
males are disproportionally infected, whereas
IAV incidence increases in females after puberty
(Hackett et al. 2009; Eshima et al. 2011; Rhim
et al. 2012; Krementsov et al. 2017). As sex hor-
mones steadily decrease following puberty, it is
possible that a degree of age-related susceptibil-
ity can be attributed to decreased estrogen and
testosterone levels, resulting in increased in-
flammation.

Pregnancy is themost prominent sex-related
risk of developing severe IAV disease (Gabriel
and Arck 2014). In fact, during the 2009 A/
H1N1 pandemic, pregnant women were seven
times more likely to experience severe disease
than nonpregnant women, and two times
more likely to succumb to complications related
to infection (Siston et al. 2010). At present, preg-
nant women comprise 5% of total IAV-related
deaths in the United States (Siston et al. 2010).
The exact factors that underpin the increased
susceptibility of pregnant women to IAV-related
diseases remain unknown; however, it is likely
that the dysregulated inflammation and reduced
innate responses observed during pregnancy
play major roles. It should also be noted that
fever associated with influenza infection during
pregnancy is a significant risk to the developing
child, with complications associated with de-
fects in the neural tube and other adverse events.

Obesity

Obesity was first recognized as a risk factor for
IAV-related death during the 2009 A/H1N1
pandemic (Vaillant et al. 2009; Louie et al.
2009, 2011) and subsequently during A/H7N9
outbreaks (Liu et al. 2014). Obese individuals
experienced significantly higher rates of influen-
za-related hospitalizations and more often re-
quired ventilator support and intensive care
(Mertz et al. 2014). Mounting evidence suggests
that obesity affects the efficacy of adaptive im-
mune generation in response to influenza vacci-

nation or infection. Indeed, T cells obtained
from obese subjects expressed lower levels of
surface activation markers and effector mole-
cules including type II interferon and granzyme
B and were less activated following stimulation
with IAV vaccine strains (Sheridan et al. 2012;
Paich et al. 2013; Painter et al. 2015; Maier et al.
2018; Yan et al. 2018). Bodymass index (BMI) is
correlated with waning antibody titers in re-
sponse to IAV vaccination after 12 mo, suggest-
ing an inability to properly establish substantial
immune memory (Sheridan et al. 2012). These
findings were further confirmed in a study,
which found that vaccinated obese individuals
were two times more likely to suffer influenza-
related illness than vaccinated healthy-weight
counterparts (Neidich et al. 2017). Finally,
BMI has been found to correlate with increased
duration of virus shedding even without clini-
cal disease (Maier et al. 2018). Thus, increased
BMI can be considered a significant risk factor
for susceptibility to severe influenza disease and
may increase rates of transmission. The connec-
tion between obesity and severe influenza-
related illness, however, is complex. Although
identified as an independent risk factor, obesity
is often associated with other comorbidities
including diabetes, cardiovascular, and pulmo-
nary diseases, which also independently corre-
late with severe influenza disease (Koenig 2001;
Louie et al. 2009; Poirier et al. 2009).

Comorbidities

Underlying medical conditions play a large role
in susceptibility of individuals to severe influen-
za disease. During the 2009 A/H1N1 pandemic,
individuals with diabetes (and no other under-
lying condition) suffered more severe influenza
disease and experienced triple the rate of hospi-
talizations compared with the general popula-
tion (Allard et al. 2010; Wilking et al. 2010).
Diabetic fluctuations in blood glucose levels,
called “glycemic variability,” have broad-rang-
ing effects on immune function and can be fur-
ther perturbed by influenza infection resulting
in enhanced disease (Hulme et al. 2017). Other
preexisting medical conditions that impair lung
and airway function result in significant risk for
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developing SARI. Chronic respiratory diseases
such as chronic obstructive pulmonary disease
(COPD) and pulmonary fibrosis are linked to an
inability to effectively clear influenza from the
airways (Glezen et al. 2000; Papi et al. 2006).
Asthma is of particular concern in children,
who are already at increased risk of influenza
disease (Libster et al. 2010; O’Riordan et al.
2010; Plessa et al. 2010).

Microbiome Disruption and Bacterial
Coinfection

The resident bacterial microbiome outnumbers
cells in the human body 10 to 1 and has wide-
reaching impacts on immune development,
metabolism, allergy, and regulation of inflam-
mation. It is no surprise then that perturbations
in the healthymicrobiome can impact responses
to respiratory infections such as influenza. A
recent study integratedmulti-omics data collect-
ed from antibiotic-treated patients given influ-
enza vaccination to determine howdisruption of
the gut microbiota impacted vaccine responses
(Hagan et al. 2019). Amongst subjects with little
preexisting immunity, antibiotic treatment di-
minished antigen-specific IgG and IgA respons-
es. Loss of the gastrointestinal microbiota was
also linked to an increased inflammatory profile,
reminiscent of elderly individuals, suggesting
that dysbiosis may be a risk factor for both sus-
ceptibility to infection as well as severe disease.
The microbial composition within the human
respiratory tract is also impacted by influenza
infection in both children and adults. Indeed,
administration of the live attenuated influenza
vaccine (LAIV) has been shown to increase bac-
terial colonization density in children (Thors
et al. 2016) and perturb the nasopharyngeal mi-
crobiome in adults (de Steenhuijsen Piters et al.
2019). In the latter, the disrupted microbiome
and inflammatory profile associated with LAIV
allowed more significant colonization by pneu-
mococcal bacteria and thus may increase the
potential to transmit these harmful bacteria to
susceptible individuals (de Steenhuijsen Piters
et al. 2019).

Secondary bacterial infections, particularly
those that lead to pneumonia, are common fol-

lowing influenza. These superinfections are
strongly associated with enhanced mortality
rates observed during several early influenza
pandemics, in particular the 1918–1919 Spanish
flu during which a majority of deaths were at-
tributed to bacterial pneumonia (Morens et al.
2008). Although these bacterial infections are
opportunistic and piggyback virus-mediated
immune depletion, enhanced IAV replication
is also observed, albeit by an as-yet unknown
mechanism (McCullers 2014). The relationship
between virus infection, bacterial colonization,
and enhanced disease is broadly understood: (1)
Secondary bacterial infections are established
following depletion of alveolar macrophages
and suppression of innate immunity by primary
IAV infection; (2) factors produced by the bac-
teria maintain immune suppression and impair
bacterial clearance; and (3) a bump in IAV titers
paired with unchecked bacterial replication
results in persistent pneumonia and severe
outcomes (McCullers 2014). Most secondary
pneumonia following IAV infection is attributed
to one of three common upper-respiratory bac-
teria strains, Staphylococcus aureus, Streptococ-
cus pneumoniae, and Haemophilus influenzae
(Smith and McCullers 2014; Mulcahy and
McLoughlin 2016; Morris et al. 2017). Several
groups have suggested that bacterial proteases
produced by these strains may enhance or facil-
itate influenza virus infection through cleavage
of the viral HA, although no additional links
have been made (Tashiro et al. 1987). Rather
than any individual factor, it is likely that syner-
gistic disruption of innate immunity and dys-
regulated inflammation by superinfecting IAV
and bacteria lead to significantly impaired lung
function and severe, often fatal, pneumonia.

Host Factors and Gene Variants

The connection between host genetics and sus-
ceptibility to IAV disease is a long-standing idea
that was first suggested in the earliest human
genetic association studies performed following
the 1957 A/H2N2 pandemic (Potter and Schild
1967; Watkin et al. 1975). Decades after these
seminal studies, new investigations of large-
scale human cohorts have bolstered the idea
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that certain individuals have genetic predisposi-
tion to IAV disease. Preexisting immunity has
largely masked the contribution of host genetics
to IAV susceptibility in adults, thus many of
these associations were first made in naive chil-
dren following the A/H1N1 pandemic in 2009.
Although an incomplete list, variations in at
least 25 different host genes have been associated
with poor outcomes after IAV infection, and
have been extensively reviewed (Horby et al.
2013; Ciancanelli et al. 2016; Clohisey and Bail-
lie 2019; Gounder and Boon 2019). Many of
these studies report data based on single nucle-
otide polymorphisms (SNPs)—positional mu-
tations that may vary between individuals and
across populations. Pairing disease outcome ob-
servations with genetic SNP data obtained in
large cohort genome-wide association studies
(GWAS) can help identify genes critical to pro-
tection from influenza, but also factors that may
predispose an individual to severe disease. Con-
tinuing to identify these genetic factors and at-
risk individuals may further influence vaccine
priority during future outbreaks. Below, we con-
sider several of these factors, which impact in-
nate signaling and antiviral response following
influenza infection.

Innate Signaling

Sensing the presence of virus replication and
modulating an appropriate response are the
two primary tenants of the innate immune
system. With respect to viral infection, these
responses center around numerous pattern-
recognition receptors (PRR), which recognize
specific molecular signatures present on viral
components and trigger the production of the
antiviral signaling molecule interferon (IFN).
Toll-like receptor (TLR) 3 is one such PRR
and is activated by virus-produced double-
strand RNA (dsRNA) species in the cell cyto-
plasm (Iwasaki and Pillai 2014). Two studies
have identified SNPs in the human TLR3 gene
that correspond to increased IAV disease se-
verity. The first study, performed in Italy in
the wake of the 2009 A/H1N1 pandemic, in-
volved 272 children admitted to the emergency
room for influenza-related SARI and 164

healthy controls (Esposito et al. 2012). From
this cohort, researchers identified the TLR3
polymorphism rs5743313-CT, which was asso-
ciated with increased risk of pneumonia in chil-
dren infected with 2009 A/H1N1 pandemic
virus. Importantly, the group found that viral
loads were comparable across groups, suggest-
ing that polymorphisms in TLR3 do not neces-
sarily impact “occurrence” of infection, but
rather predisposed these children tomore severe
disease. A second study, conducted on a large
cohort of 275 adults with avian A/H7N9 or 2009
A/H1N1 pandemic virus infections in China,
examined associations between SNPs of several
innate immune signaling components, includ-
ing IFITM3,CD55, and the previously identified
TLR3 SNP rs5743313 (Chan et al. 2017). In this
cohort, the TLR3-C allele frequency was com-
parable to the 1000 Genomes Han Chinese data,
yet it was overrepresented among fatal cases.

Downstream from PRR sensing, signal cas-
cades converge to promote expression of type I
(αβ) and type III (λ) IFNs—the major antiviral
signaling molecules that establish the so-called
“antiviral state.”Among these signaling compo-
nents are two key IFN transcription factors,
interferon regulatory factor (IRF) 7 and 9. The
case study of a patient with an autosomal-reces-
sive, complete IRF7 deficiency was first reported
in 2015 and represents the first genetic etiology
of a single-gene inborn error conferring suscep-
tibility to IAV disease (Ciancanelli et al. 2015).
The patient, a 2.5-yr-old experiencing severe
ARDS, inherited two independent loss-of-
function alleles from parents who were both
heterozygous carriers. Evaluation of purified
plasmacytoid dendritic cells and peripheral
blood mononuclear cells (PBMCs) obtained
from the patient showed significantly lower ex-
pression of type I and III IFN following infection
by A/H1N1, providing functional support of the
disease severity observations. Nonfunctional
mutation in IRF9 has also been identified as a
risk factor for severe pulmonary influenza
(Hernandez et al. 2018). In a 2018 study, inves-
tigators reported the case of a 2-yr-old with
life-threatening influenza disease arising from
loss-of-function mutation of IRF9. The particu-
lar IRF9 SNP identified in the study leads to
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expression of a truncated protein with only par-
tial activity. As a result, the patient’s cells were
unable to activate IFN-stimulated gene factor 3
(ISGF3) in response to type I IFN and did not
control replication of three respiratory viruses
including IAV, parainfluenza, and respiratory
syncytial virus in vitro. Interestingly, the child
was able to control other respiratory infections
other than IAV in vivo, suggesting a particularly
important role for IRF9 in controlling influenza.
Last, several SNPs have also been identified in
the type III IFN (IL28) gene, with divergent ef-
fects depending on the exact polymorphism.
One IL28B SNP (rs8099917-GG/TG) was asso-
ciated with increased seroconversion and im-
proved responses to IAV vaccination, whereas
another (s8099917-TT) correlated with in-
creased risk of IAV-related illness (Rogo et al.
2016). Thus, defects in the ability to sense virus
replication and signal for IFN transcription as
well as the function of IFN can all significantly
impact individual susceptibility to IAV disease.

Antiviral Response

The end result of type I and III IFN signaling is
the expression of hundreds of interferon-stimu-
lated genes (ISGs)—a constellation of antiviral
effector proteins, pro-inflammatory molecules,
and chemotactic factors that promote virus
clearance and development of adaptive immu-
nity. One such ISG, IFN-induced transmem-
brane protein 3 (IFITM3), acts as a potent viral
restriction factor by blocking virus–host mem-
brane fusion events at the endosomal surface
thereby preventing delivery of viral RNA into
the cytoplasm (Feeley et al. 2011; Amini-Bavil-
Olyaee et al. 2013; Desai et al. 2014). Several
groups have reported polymorphisms in
IFITM3 that correlate with severe outcomes fol-
lowing influenza infection. The IFITM3 SNP
rs12252-C allele was first identified following
the 2009 A/H1N1 pandemic, in which it was
found to associate with fatal IAV disease, espe-
cially amongst Han Chinese who have a higher
frequency of the rs12252-C allele compared
with Caucasian populations (Everitt et al.
2012; Zhang et al. 2013). The risk of progressing
to severe IAV disease was further confirmed

amongst Chinese patients who became infected
with emergent A/H7N9 virus (Zhang et al.
2013). The effect of the rs12252-C allele on the
expression or function of IFITM3 remains un-
known. Although initially thought to affect
splicing, thereby producing a truncated protein,
a follow-up study found that full-length IFITM3
mRNAs were present in all rs12252 genotypes,
further complicating the story (Makvandi-Ne-
jad et al. 2018). Arising from population-level
analysis of three independent influenza-infected
cohorts, a second IFITM3 polymorphism
(rs34481144-A) was identified in largely non-
Chinese populations (Allen et al. 2017). This
polymorphism was associated with a 2.6-fold
increase in risk of developing severe IAV disease.
SNP rs34481144 is located within the IFITM3
promoter region (50 UTR) and impacts expres-
sion and protein levels of IFITM3, CpG meth-
ylation, as well as CTCF binding—a protein
involved in chromatin remodeling. As a result,
the risk allele negatively impacts transcription of
IFITM3 and IFITM3-neighboring genes in re-
sponse to IAV infection. This was found to be
particularly detrimental in CD8+ T cells, with
reduced numbers of these critical cytotoxic
leukocytes in the airways of patients harboring
the risk allele.

The complement system of serum proteins
is another important innate immune compo-
nent, which can play a protective role during
IAV infection (O’Brien et al. 2011). Under nor-
mal conditions, complement promotes inflam-
mation and can direct opsonization or lysis of
virus-infected cells. However, prolonged com-
plement activation can significantly damage
host cells and cause systemic tissue destruction
during influenza infection because of immune
complex formation (Monsalvo et al. 2011).
CD55, also termed “decay accelerating factor”
(DAF), is a key negative regulator of comple-
ment activation that facilitates the removal of
C3 and C5 convertases from the plasma (Medof
et al. 1984;Kim and Song 2006). Polymorphisms
in CD55, particularly rs2564978-T/T, decrease
the surface expression of this protein onmyeloid
cells and are associated with severe disease
among pandemic A/H1N1-infected patients
(Zhou et al. 2012). These findings were con-
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firmed in a second study of 275 adults infected
with avian A/H7N9 or 2009 A/H1N1 pandemic
viruses in China. As discussed above, research-
ers examined associations between SNPs in sev-
eral genes including TLR3, IFITM3, and CD55
and noted significant associations between the
rs2564978-T/T risk allele and severe pneumonia
and death (Chan et al. 2017).

It should also be noted that genetic variation
can also impact adaptive immune responses to
influenza. Indeed, a 2002 study investigated the
relationship between human lymphocyte anti-
gen (HLA) type and control of influenza infec-
tions (Boon et al. 2002). Researchers found that
PBMCs obtained from individuals with HLA-
A2+ had the highest rates cytotoxic T-lympho-
cyte (CTL) activity in response to influenza,
compared with other donors with different
HLA-A or HLA-B alleles. These findings indi-
cate individual genetic variations in adaptive
immunity impact the recognition of specific
IAVepitopes as well as determine themagnitude
of virus-specific CTL responses.

Immune Correlates of Protection and Severity

Apart from individual host and genetic factors,
which may impact disease outcome following
influenza infection, high-resolution immune
profiling can be used to determine whether the
outcome of infection is protection or disease.
These measurable signs of immune protection
are collectively referred to as “correlates of pro-
tection” and can differ significantly between
pathogens. In some cases, it is possible to deter-
mine “correlates of severity” of a particular dis-
ease. These immune responses can predict (or
themselves determine) the “severity” of disease.
In influenza research, understanding both the
correlates of protection and severity is critically
important in vaccine design as well as for early
diagnosis of individuals with predisposition to
severe IAV disease. As a result, many groups
have studied the immune features associated
with protection following IAV infection. In
one study, researchers tested the immunologic
basis of severe influenza at the site of infection
and were able to define unique immune profiles
predictive of either hospitalization or progres-

sion to severe disease (Oshansky et al. 2014).
Children with increased levels of IL10, IL6,
and MCP3 in plasma were more likely to be
hospitalized following IAV infection, whereas
those with increased MCP3 and IFNα2 in nasal
lavage paired with elevated serum IL10, were
more likely to progress to severe IAV disease.
Interestingly, these immune profiles were irre-
spective of both age and viral load, highlighting
that individual-level variation in immune re-
sponses can have a significant impact on sus-
ceptibility to IAV disease. Another study
followed a cohort of 342 healthy individuals
over a single A/H1N1 influenza season in the
United Kingdom to identify cellular correlates
of protection (Sridhar et al. 2013). In this case,
researches correlated low IAV symptom scores
with increased levels of so-called “late effector”
T cells with a CD8+/IFN-γ+/CD45RA+/IL2−/
CCR7− profile. These IAV epitope-specific
CD8+ T cells homed to the lungs and, in the
absence of cross-reactive neutralizing antibod-
ies, correlated with cross protection against
symptomatic influenza. Humoral responses
specific to the HA and NA are well-known cor-
relates of protection against influenza (McElha-
ney et al. 2013;Monto et al. 2015; Ng et al. 2019).
Interestingly, a follow-up study by the same
group determined that humoral immunity was
maintained for longer following infection (>15
mo) compared with vaccination, which waned
after 3–4 mo (Sridhar et al. 2015). This high-
lights that both antibody and cellular responses
determine the disease outcome of influenza in-
fection and are important, independent factors
to consider when determining susceptibility to
infection and severe disease. A subsection of a
larger cohort study enrolled 54 participants
across the peak influenza season in 2013 in
New Zealand (Wong et al. 2018). Investigators
aimed to identify the immunologic factors un-
derlying patient progression to SARI compared
with those who developed nonlife-threatening
ILI. Comparable to other cases, dysregulated
inflammation played a key role with disease se-
verity. A delay in peripheral immune activation
characterized by reduced levels of immune-
regulatory cytokines, virus-specific CD4+ and
CD8+ T cells, and certainmonocyte populations
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likely lead to prolonged inflammation. This pro-
inflammatory correlate of severity is yet another
example of how the landscape of immune re-
sponse to influenza can determine individual
susceptibility to influenza disease.

CONCLUDING REMARKS

The burden of human infection and disease
caused by influenza viruses is a continuing glob-
al challenge, whichmust bemetwith acombined
effort of research, surveillance, and medicine.
Numerous factors can lead to susceptibility to
infection by healthy adults—many of whom
can prevent transmission of the virus by simple
vaccination. As research continues, more groups
of individuals at high risk of influenza-related
disease are being identified. It is imperative
that these individuals are prioritized for vacci-
nation and antiviral treatment during pandemic
and even seasonal outbreaks.
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