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The author apply concepts and tools from evolutionary medicine to understanding the SARS-CoV-2
pandemic. The pandemic represents a mismatched conflict, with dynamics and pathology apparently
driven by three main factors: (i) bat immune systems that rely on low inflammation but high efficacy
of interferon-based defenses; (ii) viral tactics that differentially target the human interferon system,
leading to substantial asymptomatic and pre-symptomatic transmission; and (i) high mortality caused
by hyper-inflammatory and hyper-coagulatory phenotypes, that represent dysregulated tradeoffs where-
by collateral immune-induced damage becomes systemic and severe. This framework can explain the
association of mortality with age (which involves immune life-history shifts towards higher inflamma-
tion and coagulation and reduced adaptive immunity), and sex (since males senesce faster than
females). Genetic-risk factors for COVID-19 mortality can be shown, from a phenome-wide association
analysis of the relevant SNPs, to be associated with inflammation and coagulation; the phenome-wide
association study also provides evidence, consistent with several previous studies, that the calcium

channel blocking drug amlodipine mediates risk of mortality.

Lay Summary: SARS-CoV-2 is a bat virus that jumped into humans. The virus is adapted to bat immune sys-
tems, where it evolved to suppress the immune defenses (interferons) that mammals use to tell that they are
infected. In humans, the virus can apparently spread effectively in the body with a delay in the production of
symptoms and the initiation of immune responses. This delay may then promote overactive immune
responses, when the virus is detected, that damage the body as a side effect. Older people are more vulner-
able to the virus because they are less adapted to novel infectious agents, and invest less in immune defense,
compared to younger people. Genes that increase risk of mortality from SARS-CoV-2 are functionally associ-

ated with a drug called amlodipine, which may represent a useful treatment.
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INTRODUCTION

undergone a host shift into humans, where it has
The SARS-CoV-2 pandemic is an ongoing evolu- been subject to novel selective pressures. In turn,
tionary process. A bat-adapted virus has humans are being subjected to a novel infectious
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agent to which they are not well adapted. Thus far, responses to
the virus have centered primarily on public-health measures,
searches for treatments based on existing antiviral therapies
and comparable human symptoms, and the development of
vaccines. How can evolutionary-medical approaches help?

The purpose of this Commentary is to apply the fundamen-
tals of evolutionary medicine to understanding the ecology, evo-
lutionary biology and epidemiology of the SARS-CoV-2 virus,
and to treatment or prevention of the associated disease
COVID-19. The main goal is to develop and evaluate a robust
hypothesis for the adaptive significance of the primary pheno-
types of the virus, in relation to its pathological effects on
humans. To reach this goal, | draw on five primary lines of
evidence: (i) bat life histories and behavior, (ii) bat immune sys-
tems, (iii) human immune systems, (iv) coronavirus life histor-
ies and adaptations and (v) COVID-19 symptoms, treatments,
epidemiology and preventatives. The main criterion for robust-
ness of the hypothesis is convergence of evidence from across
these domains. In this context, the role of evolutionary thinking
and approaches is to help direct researchers along novel and
promising paths, by developing potential explanations and pre-
dictions that may not otherwise be discerned.

Bat life histories and behavior

Bats, like humans, represent outstanding hosts for viruses be-
cause they live in large, dense populations (facilitating spread
of pathogens), engage in air travel (that can spread virus be-
tween populations), live in enclosed, protected habitats (that
are amenable to virus survival), exhibit high longevity (that can
favor long-term viral persistence in a given host) and vocalize
(that can propel viruses to new hosts) [1]. Whether or not bats
harbor more viruses than expected for a taxon of their size, the
viruses that they do host are clearly much more virulent, upon
transfer to non-bat species including humans, than are viruses
from other mammals [2]. In contrast, for the bats themselves,
such viruses appear to typically exhibit minimal impacts on
health [1]. A simple explanation for low virulence in bats, but
high virulence following host-shifts to non-bats, is that bats
have been subjected to exceptionally strong selection from
viruses throughout their evolutionary histories, for the ecologic-
al and behavioral reasons just described. Viruses have likewise
exhibited strong selection upon humans [3], but apparently for
much shorter periods of evolutionary time, on the order of tens
of thousands of years at high host densities, compared with
tens of millions for bats.

Strong selection on bats from viruses is evidenced most strik-
ingly by the divergences of bats from other mammals in major
features of their immune systems [4], and by extensive evidence
for strong positive selection on bat immune genes, including at
the origin of the Chiroptera [5]. The specific nature of such
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divergences is key to understanding the strategies and tactics
used by bats to resist viral pathogens, in comparison to those
used by humans.

Bat immune systems

The immune systems of bats differ from those of other mammals
in several fundamental ways. First, bats use inflammation as an
anti-pathogen defense to a much lesser degree [4, 6, 7]. This diver-
gence has been attributed to the unique bat adaptation of flight,
which involves high metabolic rate, elevated body temperature,
and consequent increases in reactive oxygen species production
[6]; these circumstances are surmised to have led to the evolution
of novel anti-inflammatory mechanisms that are also expressed in
the context of immunity, with additional benefits from reduction
in collateral tissue damage from pro-inflammatory immune
responses [8, 9]. This hypothesis can also help to explain the strik-
ingly long lifespans of bats for their body sizes, given the central
roles of inflammation in aging [10, 11].

In addition to these broad differences between the immune
systems of bats and other mammals, it is important to note
that bats are a large and highly diverse group that exhibits con-
siderable variation among species in the details of their im-
mune adaptations.

Reduced inflammatory responses in bats, compared with
other mammals, create a notably different immune environ-
ment for viruses, where they may more easily persist at relative-
ly low and less harmful levels [4, 12]. In this context, bat viruses
are also less subject to selection from inflammatory responses
(than are non-bat viruses), and so evolve their host-related
adaptations in response to selection from alternative bat anti-
viral defenses. Similar considerations probably also apply to
birds, with implications for human avian-derived influenza, but
inflammation in birds has been subject to little study, and main-
ly in a model system that is, unfortunately, nearly unable to fly
(chickens).

The second major immune-system difference between bats
and other mammals is that bats exhibit notable expansions and
specializations in their deployment of anti-viral interferons [13,
14]. Interferons, especially those of so-called Type 1, represent
the primary line of vertebrate immune defense that is specific to
viruses [15]. Most broadly, interferons activate local and system-
ic cytokine responses, trigger acute-phase responses and sick-
ness behavior, and initiate the adaptive immune responses that
can lead to the eventual production of antibodies [16, 17].
Interferon-related adaptations in bats include, e.g. constitutive
and highly inducible expression, and expanded and divergent
ranges of interferon-induced genes [18]. More generally, arms
races of host interferon systems with viral anti-interferon tac-
tics, in bats and other mammals, represent some of most di-

verse and complex molecular—conflictual interactions yet
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described, that lead to diverse outcomes in both bats and
viruses that are expected to be specific to each host-virus inter-
action [19-21]. Highly effective interferon-centered defenses can
help to keep viruses at low levels and tolerated, rather than hav-
ing them be driven by selection to immediately replicate to high
densities, to facilitate transmission to new hosts before being
destroyed by a high-intensity immune response [12, 22, 23].

The upshot of these considerations is that bat immune sys-
tems are characterized by enhanced deployment of interferon-
based defenses, and reduced use of defenses based on inflam-
mation. Both of these immune differences from other mammals
appear to contribute to bat tolerance of viruses, coupled with
low virulence in the natural host, at least until host resistance
declines due to advanced age or stress, when especially rapid
replication may ensue [24, 25]. As a corollary, bat viruses are
expected to have been subject to especially strong selection for
subversion of interferon systems, with important implications
in the event of shifts to non-bat hosts. Understanding how bats
limit pathological effects from coronaviruses in general, and
SARS-CoV-2 in particular, should be a high priority for research
on COVID-19, with special focus on how the immune systems
of horseshoe bats, the apparent natural hosts of SARS-CoV-2,
interact with this virus. An important evolutionary insight in
this situation is the intensity, diversity and species specificity of
antagonism and defense between viruses and bats, and just
how molecular—conflictual interactions are perturbed upon
transfer of a bat virus to a new, non-bat host.

Human immune systems

Bat viruses in a human body represent a ‘double’ evolutionary
mismatch, with both species subject to novel effects and envi-
ronments to which they are not adapted. The specific outcomes
of such mismatches are idiosyncratic and unpredictable a priori,
and depend on the details of the disparities: on one hand, the
virus has escaped the specialized, evolved defenses of its nat-
ural bat host, but on the other hand, it is faced with a divergent
cellular and molecular human host landscape, especially with
regard to receptor distributions and immune responses.
Mismatches subsequent to host shifts from bats to humans,
and perhaps including an intermediate host as well, thus gener-
ate a situation where the clinical effects of a virus in its new
host can be challenging to predict, although they should de-
pend to some extent on its adaptations in the ancestral host.
Unlike bats, humans rely heavily on inflammation as a quickly
acting, non-specific defense against infection or injury; this sys-
tem has been designed by selection to work locally at the
impacted site, via orchestration of short-term cellular responses
that destroy pathogens but can also be subject to tradeoffs:
damage to one’s own tissues, especially if the infection

becomes widespread or prolonged, or anti-inflammatory
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responses are slow to restore equilibrium [8, 26]. Such ‘double-
edged’ inflammatory responses work hand in hand, and syner-
gistically, with the coagulation and complement systems [27,
28], with coagulation serving to help spatially restrict the infec-
tion and seal-damaged blood vessels, but also raising the risk
of damaging localized, or more systemic, thrombosis (clotting
and ischemia). Inflammation and coagulation are thus not
pathological, but are subject to actual or potential costs (espe-
cially if dysregulated or systemic, in some individuals), as well
as providing clear and substantial benefits.

Bat viruses are predicted to not be well adapted to host in-
flammatory responses, which are reduced in their hosts. But
they are, as described above, specialized at subversion of inter-
ferons, and most importantly, interferons are upstream of in-
flammatory cascades: without interferon-based signaling, the
body’s brain (cytokines and the immune system), and the brain
itself (the acute-phase responses and sickness behavior), will
simply be unaware that an infection is taking place. Until, per-
haps, it is too late for this type of response to be appropriate or
effective.

Coronavirus life histories and adaptations

The considerations described earlier regarding bat and human
immune systems motivate the hypothesis that interactions be-
tween humans and bat-derived respiratory viruses are mediated
by mismatches (especially with regard to the interferon and in-
flammation—coagulation systems) that have imbalanced the dy-
namics of conflicts between viruses and hosts. By this
hypothesis, infection is characterized by strong initial suppres-
sion of host defenses and delay of human interferon-based re-
sponse, accompanied by a rapid increase in viral load. In
vulnerable individuals, activation of inflammatory and coagula-
tory responses then occurs too late for local effectiveness, and
too strongly (due to the high, widespread viral load), such that
tissue damage becomes widespread and severe. Such high viru-
lence is expected to be maladaptive for the virus (as well as for
the host), since viral transmission is reduced by host immobil-
ization and death. This hypothesis fits well with coronavirus-
induced pathology in general and COVID-19 pathology in par-
ticular [29-31], and is evaluated in more detail below. Under the
hypothesis, the SARS-CoV-2 virus has evolved especially effect-
ive anti-interferon mechanisms (better than those in other
viruses, many of which also antagonize interferons), that medi-
ate its high virulence under mismatched, human-host
conditions.

For interactions driven by mismatches and conflicts, the dev-
ils are in the details, here represented by the genomes, proteins
and life history strategies of coronaviruses and SARS-CoV-2.
Coronaviruses infect the respiratory or gastrointestinal tracts of

mammals and birds. They are unusual among RNA viruses in
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the large sizes of their genomes (about 25-30kb); most RNA
viruses have poor or absent RNA repair, and so are restricted to
small genome sizes lest they cross the ‘error threshold’ of too
many highly deleterious mutations incurred during replication
[32]. Coronaviruses have, in contrast, evolved their own system of
repair that allows relatively faithful replication [33, 34]. A large gen-
ome, for a virus, means more genes, which means more weapon-
ry for exploiting the host. SARS-CoV-1, e.g. which is very similar
genetically and phenotypically to SARS-CoV-2, harbors at least
eight genes that antagonize interferons, within a larger suite of at
least ten genes that modulate innate immunity [13], and (MERS)
exhibits a comparable suite of anti-interferon genes for immune-
system evasion [35]. Middle East Respiratory Syndrome virus.

Of the seven coronavirus species that infect, or have infected
humans, three are recent zoonotics (SARS-CoV-1 and -2 and
MERS) that cause relatively severe disease in vulnerable hosts,
and four (229E, NL63, HKU1 and OC43) are long-established
zoonotics that cause mild disease (‘common colds’), although
they have the capacity to cause severe or fatal lung disease in
the frail or elderly [36]. SARS-CoV-1 and MERS appear to spread
poorly between humans in non-medical settings, and not pre-
symptomatically [37] at least in part due to their high virulence,
whereas 229E, NL63, HKU1 and OC43 spread quite effectively,
as evidence by high seropositivity in children [38, 39]; these
viruses can also exhibit notable rates of asymptomatic or weakly
symptomatic infection [40]. In the context of phenotypes of
other human coronaviruses, SARS-CoV-2 thus appears to com-
bine the asymptomatic or mildly symptomatic (and, presum-
ably, pre-symptomatic) spread of 229E, NL63, HKU1 and OC43
with the high virulence of SARS-CoV-1 and MERS.

High virulence (morbidity and mortality) is unexpected in dir-
ectly transmitted pathogens, from basic evolutionary-medical
theory, because it normally engenders reduced mobility of the
host [41]. Thus, directly transmitted viruses that are highly viru-
lent are selected against because they reduce the mobility of
their hosts, or kill them, in both cases reducing their own
opportunities to transmit. A key assumption of this paradigm is
that virulence and transmission rates trade off, due to a neces-
sary association of substantial viral load with both high viru-
lence and low mobility. SARS-CoV-2 appears to at least partially
break this tradeoff, because it is commonly transmitted by peo-
ple who are non-symptomatic or pre-symptomatic and thus mo-
bile, and because high virulence develops only later in the
infection process, and only in some individuals.

SARS-CoV-2 virulence, and transmission dynamics, are espe-
cially interesting in the context of how the application of public
health measures and therapeutics are predicted to impact evo-
lution of the virus [42]. First, effective quarantine of symptomat-
ic individuals should select for a longer pre-symptomatic period
(and viral genotypes that produce asymptomatic cases), be-
cause quarantine causes death for the viruses in that host. Such
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selection should, moreover, not favor the evolution of lower or
higher virulence, since all quarantined viruses are dead in any
case. In contrast, if individuals with less virulent strains of the
virus are less likely to be ascertained and quarantined, then se-
lection should favor reduced virulence.

Second, selection always favors viral genotypes with a higher
transmission rate, with a greater strength of such selection in more-
dense populations [42]; this effect may be represented by the 614G
allele in SARS-CoV-2, which has increased very rapidly and shows
functional differences in its spike protein from the ancestral allele
D614 [43, 44]. Social distancing, which reduces effective host dens-
ity, is predicted to weaken the strength of selection for higher trans-
mission rates (though extend the duration of selection overall),
likewise with no expected effect on virulence [42]. The main way that
quarantine, or social distancing, could affect virulence under these
scenarios would be indirectly, via pleiotropic effects of genotypes
that code, presumably, for longer pre-symptomatic periods or more-
effective transmission [42]. Such effects depend upon details of
mechanisms; e.g. does a longer pre-symptomatic period involve bet-
ter host interferon-system suppression, leading later to higher viral
loads and increased virulence? Does enhanced transmission lead to
increased initial doses of virus? The main implication of these pre-
dictions is that this type of virus is not necessarily expected to evolve
reduced virulence as an effect or means of increasing its transmis-
sion. This expectation is reinforced by the observation that virulence
of SARS-CoV-2 appears to be less a function of the direct impacts of
the virus, and more a consequence of innate immune-system hyper-
reactivity, in vulnerable subsets of the population, that follows from
the mismatches between virus attack and host defense.

Third, therapeutic agents are expected to impose strong se-
lection on the virus, leading to the evolution of drug-resistant
genotypes. The degree to which such resistant genotypes will
arise and spread outside of health-care contexts will depend
on how commonly the therapeutic agent is used (with
increased application leading to faster resistance evolution),
the costs of resistance (i.e. relevant tradeoffs for the virus),
and whether the virus can be effectively cleared by the therapy
plus the immune response. ‘Evolution-proof’ therapies can be
developed, in theory, to pre-empt resistance [45]; for coronavi-
ruses, such therapies might target their unique RNA-
replication repair system. If sufficiently effective, this strategy
could drive the virus over the error threshold to mutational
meltdown because every new genome would harbor deadly or
strongly deleterious mutations.

COVID-19 symptoms, treatments, epidemiology and
preventatives

The diversity of COVID-19 symptoms can, in principle, be
broadly interpreted in the context of coronavirus adaptations
and differences between bat and human hosts. Thus, high rates
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of asymptomatic and pre-symptomatic transmission [46, 47] ap-
pear to reflect especially effective interferon-system suppression
by the virus, the widespread multi-organ symptomatology
reflects the human, compared with bat, tissue distribution of
ACE2 receptors, and immune hyper-reactions appear to reflect
the human reliance on inflammatory and anticoagulation de-
fense systems, here in inappropriate and maladaptive contexts
[48]. Bats, in contrast, are typically asymptomatic (like some
humans) and tolerate the virus, normally being able to keep it
at low enough levels to avoid pathological effects. This hypoth-
esis can by no means fully or solely account for all or many of
the clinical features and details of COVID-19 infection, but it
provides a general starting point, and guideline, for interpreting
them in terms of mismatches, conflicts, coronavirus adapta-
tions and immune differences between humans and bats that
can help to guide data collection and clinical interventions.

A primary consequence of these considerations, as regards
the causes and treatment of COVID-19, is that it should, as
noted by some clinical researchers [31], be two-phased: (i) early
treatment with anti-viral agents to suppress viral load, using
agents to target viral replication and reduce or alleviate its sup-
pression of interferon-based defenses, and (ii) later treatment,
if needed, to modulate the pro-inflammatory and coagulation-
defense arms of innate immunity (e.g. with dexamethasone)
[49, 50], to prevent the hyper-reactions that follow from virus-
host mismatches. Whether anti-viral treatments can be given
early enough in the disease course to be very effective remains
unclear, given the relatively long period of time that people are
pre-symptomatic, and treatment with interferons need not be
the best approach, because the virus may block interferon-
related pathways at any number of points. Determining how
horseshoe bats use interferons to control SARS-CoV-2, and how
the virus has evolved to antagonize interferon pathways, be-
come crucially important in this context.

The hypothesis that excessive immune-defense reactions
involving inflammation and coagulation represent a primary
cause of death from COVID-19 can be evaluated further, in a
non-clinical manner, by determining if the main genetic risk fac-
tors for mortality from this disease are associated with these
two immune-system domains. Seven SNPs have been associ-
ated thus far with COVID-19 mortality versus survival after in-
fection [51, 52]. A phenome-wide association study (PheWAS)
conducted by the author using the GWAS Atlas (https://atlas.
ctglab.nl) that identifies phenotypes with which these SNPs
have been associated from previous GWAS work, shows links of
the SNPs with clotting, respiratory capacity, and aspects of in-
nate immune cells, among many other traits (Table 1 and
Supplementary Material).

These results support roles for the associated SNPs with
COVID-19 pathology, and more generally provide insights into
the potential adaptive significance of the SNP variation in the
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immune, respiratory and vascular systems. Comparing PheWAS
hits across the seven SNPs (Supplementary Material), the
phenotype convergently associated with most of the SNPs
(four) was ‘treatment/medication code: amlodipine’, meaning
that these SNPs are associated with use of this drug (before
and during the pandemic). Amlodipine is a calcium channel
blocker, used to treat hypertension that also has anti-
inflammatory and anti-coagulatory properties [55-57]. Two
small, retrospective clinical studies [58, 59] have shown that
use of amlodipine (and the related drug nifedipine, for one
study) was associated with 3- to 4-fold reductions in COVID-19
mortality rates (26.1% vs 6.8%, and 50% vs 14.6%) among indi-
viduals with hypertension.

Amlodipine and several other calcium channel blocking drugs
also substantially inhibit SARS-CoV-2 infectivity in an in vitro
epithelial cell model system [60]. Prospective, double-blind,
case-control studies could usefully test the efficacy of amlodi-
pine more rigorously, and determine whether its apparent thera-
peutic mechanism includes dampening of excessive innate
immune-system activity, among other effects such as interfer-
ence with viral manipulation of calcium homeostasis in the
host [61]. The only other drug associated with two or more
SNPs in the PheWAS was aspirin (Table 1), which has well-
known anti-inflammatory and anti-coagulant effects.

Signs, symptoms and severity of infectious disease can, in
host-pathogen systems at some evolved equilibrium, be inter-
preted in terms of adaptations of the host, the pathogen or nei-
ther [62]. For mismatched systems like humans and SARS-CoV-
2, ‘neither’ becomes a highly viable alternative; indeed, in severe
COVID-19 the main cause of pathology and death is, by the hy-
pothesis addressed here, the immune system rather than the
virus. The question then becomes, what explains the main epi-
demiological correlates of mortality, especially increased age
and male sex [63, 64], and how might this information help to
guide treatment or prevention?

What is notably curious about COVID-19 disease is its wide
spectrum of symptoms and virulence, from a lack or minimum
of symptoms in many or most children, to high death rates in
the elderly and in persons with pre-existing conditions such as
obesity or diabetes. This overall pattern of increasing mortality
with advanced age, and low virulence in children is not unusual
among respiratory diseases [65, 66]. The causes of such low
virulence in children remain unclear, but probably include the
fact that children are adapted for exposure to novel viruses (and
have high numbers of naive T cells), exhibit low rates of inflam-
matory conditions compared with the middle-aged or elderly,
and, if pre-pubertal, are not subject to tradeoffs of reproduction
with immunity and other aspects of maintenance [65, 66].

Age is overwhelmingly the main risk factor for COVID-19
mortality, but male sex also shows strong effects, on the order
of 1.5- to 2-fold for a given age class of older individuals [64].
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” Table 1. Phenome-wide analysis results for the SNPs associated with COVID-19 survival versus

mortality®
SNP Gene(s) PheWAS phenotypes relevant to inflammation, Medication phenotypes that
coagulation and respiratory functions were reported for two or
more SNP associations
rs657152 ABO Clotting time, monocyte count, HB concentra- Amlodipine and aspirin
blood group tion, (PEF) peak expiratory flow, CCL4
rs11385942 LZTFL1, Monocyte, granulocyte, neutrophil, macrophage
CCR9 and and eosinophil traits; lymphocyte count, IL-18;
others IL-4, hypertension, antithrombotic agents,
Type 2 diabetes, agents acting on renin-angio-
tensin system, blood clot, DVT (deep vein
thrombosis), allergic and atopic diseases and
BMI
rs150892504 EVAP2 Platelet count and BMI
rs138763430 BRF2 Lymphocyte count and FEV1/FVC ratio (forced Amlodipine
expiratory volume/forced vital capacity)
rs117665206 TMEM181 FEV1, PEF, monocyte chemotactic protein-1 Amlodipine
(CCL2) and CCL4
rs147149459 ALOXE3 FVC, PEF and FEV1
rs151256885 ALOXE3 Blood clot, DVT, allergic and atopic diseases; Amlodipine and aspirin
(intronic) eosinophil percentage

*These findings suggest that genetic risk of COVID-19 mortality is associated with blood clotting, various aspects of the innate immune system, re-
spiratory capabilities, and effects of the drug amlodipine. The risk allele associated with the SNP rs11385942 was recently shown to have been derived
from introgression of Neanderthal DNA into Homo sapiens sapiens [53]. Medications associated with a single SNP include atorvastatin, bendroflume-
thiazide, lansoprazole, metformin, paracetamol and simvastatin. CCL2 and CCL4 are chemokines implicated in ‘cytokine storms’ [48]. PheWAS pheno-
types with GWAS P-values < 0.05 are included in the analyses. See Supplementary Material for full results. Replicated GWA studies of COVID-19
survival with large samples are needed for more robust determination of the full range of SNPs that mediate risk. The GWAS for use of amlodipine
included 15555 cases and 264 888 controls, and for use of aspirin there were 51136 cases and 229397 controls, with data from the UK Biobank [54].
The presence of multiple PheWAS associations for amlodipine, but not for hypertension, T2D or BMI (known COVID-19 mortality risk factors) for the

same SNPs, suggests that some aspect or correlate of amlodipine treatment itself mediates mortality risk.

The inference that these latter data indicate impacts of sex per
se assumes, however, that males and females of similar chrono-
logical age are of similar biological age, with respect to factors
increasing risk of death from COVID-19. This assumption is un-
warranted. For well-established evolutionary reasons [67], males
senesce and die earlier than females, with a typical difference of
about 8 years overall [68]. At advanced ages relevant to senes-
cence (over about age 60), if death is a function of biological
age, then male mortality rates are expected to approximately
match the mortality rates of females who are about 8 years
older. This is essentially what we see in COVID-19, at least in
the population analyzed here (Fig. 1). The hypothesis that case
fatality rate age distributions of COVID-19 are direct consequen-
ces of biological age is also supported by the close match of the
human all-cause mortality distribution with the distribution gen-
erated by COVID-19 (Fig. 1), and by ability to predict COVID-19
severity from biological markers associated with aging [70].
These considerations do not deny effects of male sex on mortal-
ity risk, but instead point out a single, more parsimonious

explanation (biological age) for a substantial proportion of the
risk currently attributed to differences between the sexes.

What specific aspects, then, of advancing age, are expected
to increase risk of mortality from COVID-19? By the hypothesis
described earlier, older individuals are expected to exhibit
greater reliance on pro-inflammatory immune defense mecha-
nisms, increased coagulatory responses, and reduced effective-
ness of the adaptive immune system, including the generation
of antibodies. Each of these three differences has been reported
in the literature [71, 72], especially in the contexts of ‘inflam-
maging’ and immunosenescence [73, 74]. Obesity and Type 2
diabetes, which are among the two primary COVID-19 mortality
risk factors in addition to age [75, 76], are also characterized by
chronic inflammation [ 69, 76, 77].

Reduced efficiency of the adaptive immune system with age is
expected from first principles of immune life history: antibody-
based immunity represents, in large part, an investment in protec-
tion from future, recurrent pathogens, which become much less a
factor with increasing age [9, 78]. What these considerations also
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Figure 1.  The mortality rate of females from Covid-19 is similar to the mortality rate of males who are about 10 years younger, chronologically, as shown by

the dotted lines (data from lItaly [69].). Given that males senesce and die, from all causes, about 8 years earlier than females, these data suggest that the

higher male than female mortality from Covid-19 may be attributable mainly to the effects of biological age. The purple curve represents all-cause mortality for
males and females combined (data from 2009 US death rates, CDC/NCHS, nchs/products/databriefs/db26.htm. The match in shape of this all-cause mortal-
ity curve to the Covid-19 mortality data suggest that biological factors associated with age are the primary cause of Covid-19 induced death.

mean is that the persons most in need of vaccine-based protection
against SARS-CoV-2 infection will be least able to generate the
required antibodies, as vaccination against nearly all pathogens
becomes much less effective with age [79, 80].

For most individuals, and indirectly for the elderly, the best de-
fense against SARS-CoV-2 will be vaccination. Vaccines, like anti-
biotics, can impose selection upon viruses. In particular, vaccines
that are ‘imperfect’, in that they reduce morbidity and mortality
but also allow for some degree of transmission, can allow the evo-
lution and maintenance of higher virulence, because in such cir-
cumstances viruses are protected from the immobilizing or killing
of (vaccinated) hosts that would otherwise reduce their transmis-
sion [81]. Under these conditions, unvaccinated hosts are then
subject to more-virulent viruses that cause higher rates of mortal-
ity. Such effects have been shown experimentally in Marek’s dis-
ease virus of poultry [81], and may also apply to pertussis in
humans [82]. These considerations should motivate studies of
evolutionary changes in SARS-CoV-2 that could be attributable to
selection by imperfect vaccines, especially given the current speed
of development for diverse vaccines that will vary in their effects.

CONCLUSIONS

Evolutionary medicine provides a large suite of empirical and
conceptual tools that greatly enhance our ability to study and
fight human disease. These tools are especially important when
the disease agent evolves, and where human public health inter-
ventions impose selection that, intentionally or not, drives evolu-
tionary changes in pathogen traits. Mismatches, conflicts and
tradeoffs and evolutionary theory much more broadly, are highly

relevant to understanding the SARS-CoV-2 pandemic, and to
developing hypotheses for how to study and treat COVID-19. The
hypothesis that COVID-19 symptom profile and severity are
mediated by interferon-based arms races and mismatches,
coupled with hyper-activation of innate immune defenses, is con-
cordant with a diverse set of evidence, and further tests of the hy-
pothesis can lead to novel insights including possible therapies.
However, it is important to note that the variability among
humans in immune system responses to COVID-19, and in its
clinical symptoms, can be accounted for only partially, and in
general ways, by predictions of the hypothesis addressed here.
Combining hypotheses derived from evolutionary biology with
tests and insights from studies of proximate mechanisms and
therapies, especially through the use of placebo-controlled pro-
spective clinical trials, should best accelerate progress in under-
standing and alleviating the pandemic caused by SARS-CoV-2.

Supplementary data

Supplementary data is available at EMPH online.

ACKNOWLEDGEMENTS

The author was grateful to Joe Alcock, Vanessa Guerra, Mike Hart, Arne Mooers,
Sally Otto, Jamie Scott, two anonymous reviewers, the editor of EMPH and mem-

bers of the ClubEvMed and Fab-Lab discussion groups for helpful comments.

FUNDING

Supported by Natural Sciences and Engineering Research Council of
Canada Discovery Grant 2019-04208.


https://academic.oup.com/emph/article-lookup/doi/10.1093/emph/eoaa036#supplementary-data

Evolutionary medicine of COVID-19

Conflict of interest: None declared.

REFERENCES

1.

~N

10.

11.

12.

13.

14.

15.

16

17.

18.

19.

20.

Calisher C, Childs ], Field H et al. Acoustic ecology of European bats:
species identification, study of their habitats and foraging behavior.
Mem Inst Oswaldo Cruz 2016;110:1-22.

. Guth S, Visher E, Boots M et al. Host phylogenetic distance drives

trends in virus virulence and transmissibility across the animal-human
interface. Philos Trans R Soc Lond B Biol Sci 2019;374:20190296.

. Worobey M, Bjork A, Wertheim JO. Point, counterpoint: the evolution

of pathogenic viruses and their human hosts. Annu Rev Ecol Evol Syst
2007;38:515-40.

. Banerjee A, Baker ML, Kulcsar K et al. Novel insights into immune sys-

tems of bats. Front Immunol 2020;11:26.

. Hawkins JA, Kaczmarek ME, Miiller MA et al. A metaanalysis of bat phy-

logenetics and positive selection based on genomes and transcrip-
tomes from 18 species. Proc Natl Acad Sci USA 2019;116:11351-60.

. Ahn M, Cui J, Irving AT et al. Unique loss of the PYHIN gene family in

bats amongst mammals: implications for inflammasome sensing. Sci
Rep 2016;6:1-7.

. Banerjee A, Rapin N, Bollinger T et al. Lack of inflammatory gene expres-

sion in bats: a unique role for a transcription repressor. Sci Rep 2017,;7:1-5.

. Okin D, Medzhitov R. Evolution of inflammatory diseases. Curr Biol

2012;22:R733-40.

. McDade TW, Georgiev AV, Kuzawa CW. Trade-offs between acquired

and innate immune defenses in humans. Evol Med Public Health 2016;
2016:1-6.

Huang Z, Whelan CV, Foley NM et al. Longitudinal comparative tran-
scriptomics reveals unique mechanisms underlying extended health-
span in bats. Nat Ecol Evol 2019;3:1110-20.

Kacprzyk ), Hughes GM, Palsson-McDermott EM et al. A potent anti-
inflammatory response in bat macrophages may be linked to extended
longevity and viral tolerance. Acta Chiropt 2017;19:219-28.

Pavlovich SS, Lovett SP, Koroleva G et al. The Egyptian Rousette gen-
ome reveals unexpected features of bat antiviral immunity. Cell 2018;
173:1098-110.

Totura AL, Baric RS. SARS coronavirus pathogenesis: host innate im-
mune responses and viral antagonism of interferon. Curr Opin Virol
2012;2:264-75.

Banerjee A, Zhang X, Yip A et al. Positive selection of a serine residue in
bat IRF3 confers enhanced antiviral protection. Iscience 2020;23:100958.
Sen GC. Viruses and interferons. Annu Rev Microbiol 2001;55:255-81.

. Wong LY, Lui PY, Jin DY. A molecular arms race between host innate

antiviral response and emerging human coronaviruses. Virol Sin 2016;
31:12-23.

Herz |, Kipnis J. Bugs and brain: how infection makes you feel blue.
Immunity 2016;44:718-20.

Banerjee A, Budylowski P, Richard D et al. Early temporal dynamics of
cellular responses to SARS-CoV-2. bioRxiv 2020; preprint. DOI:
10.1101/2020.06.18.158154.

Hoffmann HH, Schneider WM, Rice CM. Interferons and viruses: an
evolutionary arms race of molecular interactions. Trends Immunol
2015;36:124-38.

Garcia-Sastre A. Ten strategies of interferon evasion by viruses. Cell
Host Microbe 2017;22:176-84.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Crespi | 321
Daugherty MD, Malik HS. Rules of engagement: molecular insights
from host-virus arms races. Annu Rev Genet 2012;46:677—700.
Randolph HE, Barreiro LB. Holy immune tolerance, Batman! Immunity
2018;48:1074-6.

Weitz JS, Li G, Gulbudak H et al. Viral invasion fitness across a con-
tinuum from lysis to latency. Virus Evol 2019;5:vez006.

. Subudhi S, Rapin N, Misra V. Immune system modulation and viral

persistence in bats: understanding viral spillover. Viruses 2019;11:192.
Brook CE, Boots M, Chandran K et al. Accelerated viral dynamics in bat
cell lines, with implications for zoonotic emergence. Elife 2020;9:e48401.
Straub RH, Schradin C. Chronic inflammatory systemic diseases: an
evolutionary trade-off between acutely beneficial but chronically harm-
ful programs. Evol Med Public Health 2016;2016:37-51.

Levi M, Keller TT, van Gorp E et al. Infection and inflammation and the
coagulation system. Cardiovasc Res 2003;60:26-39.

Esmon CT, Xu ), Lupu F. Innate immunity and coagulation. J
Thrombosis Haemostasis 2011;9:182-8.

Schountz T, Baker ML, Butler | et al. Immunological control of viral
infections in bats and the emergence of viruses highly pathogenic to
humans. Front Immunol 2017;8:1098.

Leisman DE, Deutschman CS, Legrand M. Facing COVID-19 in the
ICU: vascular dysfunction, thrombosis, and dysregulated inflammation.
Intensive Care Med 2020;46:1105-8.

Siddiqi HK, Mehra MR. COVID-19 illness in native and immunosup-
pressed states: a clinical-therapeutic staging proposal. ] Heart Lung
Transplant 2020;39:405-7.

Holmes EC. Error thresholds and the constraints to RNA virus evolu-
tion. Trends Microbiol 2003;11:543—6.

Denison MR, Graham RL, Donaldson EF et al. Coronaviruses: an RNA
proofreading machine regulates replication fidelity and diversity. RNA
Biol 2011;8:270-9.

Ferron F, Subissi L, De Morais AT et al. Structural and molecular basis
of mismatch correction and ribavirin excision from coronavirus RNA.
Proc Natl Acad Sci USA 2018;115:E162-71.

Shokri S, Mahmoudvand S, Taherkhani R et al. Modulation of the im-
mune response by Middle East Respiratory Syndrome coronavirus. J
Cell Physiol 2019;234:2143-51.

Su S, Wong G, Shi W et al. Epidemiology, genetic recombination, and
pathogenesis of coronaviruses. Trends Microbiol 2016;24:490-502.

Bell DM; World Health Organization Working Group on Prevention of
International and Community Transmission of SARS. Public health
interventions and SARS spread, 2003. Emerg Infect Dis 2004;10:1900-6.
Dijkman R, Jebbink MF, El Idrissi NB et al. Human coronavirus NL63
and 229E seroconversion in children. J Clin Microbiol 2008;46:
2368-73.

Zhou W, Wang W, Wang H et al. First infection by all four non-severe
acute respiratory syndrome human coronaviruses takes place during
childhood. BMC Infect Dis 2013;13:433.

Walsh EE, Shin JH, Falsey AR. Clinical impact of human coronaviruses 229E
and OC43 infection in diverse adult populations. J Infect Dis 2013;208:
1634-42.

Ewald PW. Evolution of virulence, environmental change, and the
threat posed by emerging and chronic diseases. Ecol Res 2011;26:
1017-26.

Day T, Gandon S, Lion S et al. On the evolutionary epidemiology of
SARS-CoV-2. Curr Biol 2020. DOI: 10.1016/j.cub.2020.06.031.



322 |

43

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Crespi

. Korber B, Fischer WM, Gnanakaran S et al. Tracking changes in SARS-
CoV-2 spike: evidence that D614G increases infectivity of the COVID-19
virus. Cell 2020;182:812-27.e19.

Yurkovetskiy L, Pascal KE, Tompkins-Tinch C et al. SARS-CoV-2 spike
protein variant D614G increases infectivity and retains sensitivity to
antibodies that target the receptor binding domain. bioRxiv 2020; DOI:
10.1101/2020.07.04.187757.

Bell G, MacLean C. The search for ‘evolution-proof’ antibiotics. Trends
Microbiol 2018;26:471-83.

Moghadas SM, Fitzpatrick MC, Sah P et al. The implications of silent
transmission for the control of COVID-19 outbreaks. Proc Natl Acad Sci
USA 2020;117:17513-5.

Poletti P, Tirani M, Cereda D et al. Probability of symptoms and critical
disease after SARS-CoV-2 infection. arXiv 2020; 2006.08471:

Merad M, Martin JC. Pathological inflammation in patients with
COVID-19: a key role for monocytes and macrophages. Nat Rev
Immunol 2020;20:448.

Ledford H. How does COVID-19 kill? Uncertainty is hampering doctors’
ability to choose treatments. Nature 2020;580:311-12.

Jamilloux Y, Henry T, Belot A et al. Should we stimulate or suppress im-
mune responses in COVID-19? Cytokine and anti-cytokine interven-
tions. Autoimmun Rey 2020;19:102567.

Ellinghaus D, Degenhardt F, Bujanda L et al. Genomewide association
study of severe COVID-19 with respiratory failure. N Engl | Med 2020
Jun 17; preprint. DOI: 10.1056/NEJM0a2020283.

Lu C, Gam R, Pandurangan AP et al. Genetic risk factors for death with
SARS-CoV-2 from the UK Biobank. medRxiv 2020 Jan 1; preprint. DOI:
10.1101/2020.07.01.20144592.

Zeberg H, Paabo S. The major genetic risk factor for severe COVID-19
is inherited from neandertals. bioRxiv 2020 Jan 1; preprint. DOI:
10.1101/2020.07.03.186296.

Watanabe K, Stringer S, Frei O et al. A global overview of pleiotropy and
genetic architecture in complex traits. Nat Genet 2019; 51:1339-48.
Hernandez R, Carvajal AR, Armas-de Hernandez M) et al. Effects of
amlodipine on platelet aggregation and blood pressure in patients with
essential hypertension. Clin Ther 1993;15:304-313.

Kataoka C, Egashira K, Ishibashi M et al. Novel anti-inflammatory
actions of amlodipine in a rat model of arteriosclerosis induced by
long-term inhibition of nitric oxide synthesis. Am J Physiol Heart Circ
Physiol 2004;286:H768-74.

Oh M, Lee CW, Ahn JM et al. Comparison of fimasartan and amlodipine ther-
apy on carotid atherosclerotic plaque inflammation. Clin Cardiol 2019;42:
241-6.

Zhang L, Sun Y, Zeng HL et al. 2020 Jan 1. Calcium channel blocker
amlodipine besylate is associated with reduced case fatality rate of
COVID-19 patients with hypertension. DOl
10.1101/2020.04.08.20047134.

Solaimanzadeh 1. Nifedipine and amlodipine are associated with

medRxiv  preprint.

improved mortality and decreased risk for intubation and mechanical
ventilation in elderly patients hospitalized for COVID-19. Cureus 2020;
12:e8069.

Straus MR, Bidon M, Tang T et al. FDA approved calcium channel
blockers inhibit SARS CoV 2 infectivity in epithelial lung cells. BioRxiv
2020. https://www.biorxiv.org/content/10.1101/2020.07.21.214577v1

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Evolution, Medicine, and Public Health

Chen X, Cao R, Zhong W. Host calcium channels and pumps in viral
infections. Cells 2019;9:94.

Williams GC, Nesse RM. The dawn of Darwinian medicine. Q Rev Biol
1991;66:1-22.

Jin JM, Bai P, He W et al. Gender differences in patients with COVID-
19: focus on severity and mortality. Front Public Health 2020;8:152.
Sinclair DA, McNamara MS, Mueller AL. Why does COVID-19 dispro-
portionately affect older people? Aging 2020; 12:9959-81.

Joachim RB, Altschuler GM, Hutchinson |N et al. The relative resist-
ance of children to sepsis mortality: from pathways to drug candidates.
Mol Syst Biol 2018;14:€7998.

Joachim RB, Kobzik L. Why are children more resistant to mortality
from severe infections? Future Microbiol 2018;13:1549-52.

Regan JC, Partridge L. Gender and longevity: why do men die earlier
than women? Comparative and experimental evidence. Best Pract Res
Clin Endocrinol Metab 2013;27:467-79.

Lenart P, Kuruczova D, Joshi PK et al. Male mortality rates mirror mor-
tality rates of older females. Sci Rep 2019; 9:1-9.

Ciminelli G, Garcia-Mandicé S. COVID-19 in Italy: an analysis of death
registry data. VOXEU Centre Econ Policy Res London 2020;20.

Kuo CL, Pilling LC, Atkins JC et al. COVID-19 severity is predicted by
earlier evidence of accelerated 2020. DOI:
10.1101/2020.07.10.20147777.

Opal SM, Girard TD, Ely EW. The immunopathogenesis of sepsis in
elderly patients. Clin Infect Dis 2005;41:5S504-12.

Montenont E, Rondina MT, Campbell RA. Altered functions of platelets
during aging. Curr Opin Hematol 2019; 26:336-42.

Franceschi C, Garagnani P, Parini P et al. Inflammaging: a new im-

aging. medRxiv.

mune—metabolic viewpoint for age-related diseases. Nat Rev Endocrinol
2018;14:576-90.

Stromberg SP, Carlson . Robustness and fragility in immunosenes-
cence. PLoS Comput Biol 2006;2:e160.

Rottoli M, Bernante P, Belvedere A et al. Obesity is one of the stron-
gest risk factor for respiratory failure and death in COVID-19 patients:
a retrospective multicentric cohort study. Lancet 2020 May 12;
preprint.

Zhu L, She ZG, Cheng X et al. Association of blood glucose control and
outcomes in patients with COVID-19 and pre-existing type 2 diabetes.
Cell Metab 2020;31:1068-77.

Shoelson SE, Herrero L, Naaz A. Obesity, inflammation, and insulin re-
sistance. Gastroenterology 2007;132:2169-80.

McDade TW. Life history theory and the immune system: steps toward
a human ecological immunology. Am J Phys Anthropol 2003;122:
100-25.

Goodwin K, Viboud C, Simonsen L. Antibody response to influenza vac-
cination in the elderly: a quantitative review. Vaccine 2006,24:1159-69.
Weinberger B. Vaccines for the elderly: current use and future chal-
lenges. Immun Ageing 2018;15:3.

Read AF, Baigent S|, Powers C et al. Imperfect vaccination can enhance
the transmission of highly virulent pathogens. PLoS Biol 2015;13:
€1002198.

Miller IF, Metcalf CJ. Vaccine-driven virulence evolution: consequences
of unbalanced reductions in mortality and transmission and implica-

tions for pertussis vaccines. J Royal Soc Interface 2019;16:20190642.


https://www.biorxiv.org/content/10.1101/2020.07.21.214577v1

	tblfn1

