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The evolution of powerful yet perilous

mmune systems
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The mammalian immune system packs serious punch against infection but can
also cause harm: for example, coronavirus disease 2019 (COVID-19) made head-
line news of the simultaneous power and peril of human immune responses. In
principle, natural selection leads to exquisite adaptation and therefore cytokine
responsiveness that optimally balances the benefits of defense against its
costs (e.g., immunopathology suffered and resources expended). Here, we illus-
trate how evolutionary biology can predict such optima and also help to explain
when/why individuals exhibit apparently maladaptive immunopathological re-
sponses. Ultimately, we argue that the evolutionary legacies of multicellularity
and life-history strategy, in addition to our coevolution with symbionts and our
demographic history, together explain human susceptibility to overzealous,
pathology-inducing cytokine responses. Evolutionary insight thereby comple-
ments molecular/cellular mechanistic insights into immunopathology.

Mammalian cytokine responses confer power but pose peril

The simultaneous power and peril of the cells and molecules of the mammalian immune system
are well documented in biomedical immunology. No sooner is an enthralling cytokine or effector
discovered and its role in defense elucidated than its dangers are revealed: for example, interleukin
(ID)-33 was first described in 2005 when its superpower in gut defense against nematodes was ap-
parent [1], but by 2010 the perils of IL-33 dysregulation had been discovered, including potential
roles in inflammatory bowel disease [2].

Indeed, for every unit of power to kill invaders, the mammalian immune system also possesses
power to kill our own cells, or even to Kill us outright, such as during septic or anaphylactic
shock. This pairing of power with peril helps to explain why phrases about the need to balance
protection and pathology (e.g., a recent 'Cytokines in the balance' special issue [3]) and stories
such as that of Goldilocks (e.g., the perfect immune response is not too hot, not too cold, but
'just right' [4]) permeate the immunological literature. Likewise, images of see-saws or Yin-
Yang symbols often appear. For example, both were used on the cover of Trends in Immunology
in 2017 to visualize the balancing acts surrounding IL-17 (e.g., [5]). The implication is that an op-
timal response is of sufficient magnitude to slay the pathogens, but not so great as to risk immu-
nopathological damage to cells, tissues, or even the life of the host. Such logic arguably best
applies to the cytokines and chemokines that chart the magnitude, type, and location of the effec-
tor response. Cytokines and chemokines, after all, are the signaling molecules that make the
'system' of the immune system.

How does natural selection (see Glossary) actually operate on cytokine responsiveness, and
why do so many individuals mount apparently maladaptive responses that lead to immunopa-
thology? To answer such questions it is essential to move beyond intuition about individual-scale
optimality to evolutionary explanations for not only the mean but also the variance in cytokine
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responses among hosts. We offer such explanations in this article. We contend that application of
evolutionary biology to immunology is fruitful, although rare. In particular, mechanistic insights
from molecular and cellular studies of cytokine biology and immunopathology are enriched by
placement into an evolutionary context, and our understanding of the evolution of immune sys-
tems is enhanced by probing with tools from evolutionary biology, as follows.

Optimality analysis provides an evolutionary lens

Optimality analysis is foundational to evolutionary biology. The theory of natural selection hinges
on the idea that competition among individuals exhibiting differential survival and reproduction fa-
vors phenotypes that best match the current environment [6]. Those who survive and reproduce
best in that environment attain the highest fitness, in other words, the greatest genetic representa-
tion in subsequent generations. The mean phenotype is expected to approximate the optimum, al-
though complexities of biology lead individual phenotypes to vary around the mean and potentially
generate maladaptation to that environment, resulting in poor survival or reproduction.

Evolutionary biologists draw upon economic cost-benefit analysis to make quantitative predic-
tions about optimal phenotypes, to test those predictions, and to explain why the realized pheno-
types of individuals deviate from the optimal ideal [7—9]. Such frameworks enable rigorous
investigation of maladaptation and the persistence of suboptimal phenotypes in a population
(e.g., [10]). Causes of maladaptation include mismatch between an organism and its environ-
ment, or excessive variance of a trait [10]. Both are arguably of particular concern in mammalian
cytokine biology, given that cytokines are such powerful tuners of the systemic response [11] and
are also the most variably expressed genes in mammals [12].

We examine apparently maladaptive immunopathologies and autoimmune and inflammatory dis-
eases (hereafter shorthanded as 'immunopathology') in light of such evolutionary analysis. To
frame our arguments, we begin by dissecting the fundamentals of quantitative cost—benefit anal-
ysis and its predictions for optimal cytokine responses. We then consider several categories of
evolutionary legacy that keep hosts from achieving such optima, especially coevolution
with parasites, multicellularity, and life history. Throughout, we draw on recent advances and
add to arguments offered in past reviews of the evolutionary biology of immunopathology
(e.g., [13-18]). Ultimately, we argue that discovering the causes of individual, population, and
species divergence in susceptibility to immunopathology requires an evolutionary approach.

Cost-benefit analysis of cytokine responses

What makes a host able to fend off infection (e.g., a cytokine response that rapidly mobilizes a
potent effector response) can be exactly what makes the host risk immunopathology. The
power of the immune system thus poses tradeoffs. The optimal immune response is hypothe-
sized to be the response that best balances such a tradeoff, given the challenge at hand
[14,15,17]. For example, optimal rates of IL-13-driven epithelial cell turnover might purge gastro-
intestinal nematodes such as whipworms (Trichuris spp.) [19] down to a tolerable burden, below
which the costs of further clearance might outweigh the benefits [20]. Costs of complete
clearance of gastrointestinal nematodes by this mechanism might include the nutritionally dan-
gerous rapidity of gut transit — for example, if the 50% acceleration in movement of digesta
through the small intestine associated with self-cure of Ascaris suum in piglets [21] caused suffi-
cient malnutrition to impair growth or survival. Another potential cost could arise if sustained, rapid
stem cell division is oncologically dangerous — for example, if the doubled rate of movement of ep-
ithelial cells out of the colonic crypts of Trichuris muris-resistant BALB/c mice [19] were associ-
ated with sufficient additional stem cell division to put the hosts at elevated risk of colon cancer
(paralleling the observation that the number of stem cell divisions predicts variation among
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Glossary

Bet-hedging: a multi-pronged strategy
to mitigate risk in a variable environment;
the opposite of putting all your eggs in
one basket.

Biological scales: units of organization
in biology, ranging from molecules and
cells at smaller spatial scales through
organismal to the population scale and
beyond.

Collective decision-making: process
of deciding among options (e.g., fight or
flight; T helper cells 1 or 2) that involves
multiple organisms or multiple cells
rather than individual decision-makers.
Constraint: an obstacle to achieving an
end; for example genetic, resource, or
engineering constraints can preclude
achieving an optimal cytokine response.
Familial Mediterranean fever: an
inflammatory syndrome characterized
by recurrent fever and pain that
especially affects people of
Mediterranean ancestry.

Interspecific variation: differences
among species; contrasts with
intraspecific variation which describes
differences among individuals within a
species.

Introgression from other hominins:
DNA hybridization that brought allelic
variants from Neanderthals and
Denisovans into the genomes of modern
humans as a result of interbreeding.
Life-history strategy: the reproductive
and survival schedule by which
organisms of a species complete the life
cycle; this is distinct from the exposure
history or experience of individuals.
Maladaptation: an apparent mismatch
between the phenotype of an organism
and its environment that is associated
with reduced survival, reproduction, or
both (i.e., reduced fitness).
Mathematical modeling: the use of
equations to capture the mechanisms,
dynamics, and assumptions of complex
biological systems. Modeling is used to
test immunological hypotheses in silico
that are too complex to test easily in vitro
or in vivo in most empirical systems
(including mammals).

Natural selection: the evolutionary
process by which organisms best
adapted to their environment survive
and reproduce best; contrasts with
other mechanisms of evolution

(i.e., gene frequency change) such as
genetic drift, mutation, or organismal
migration.

Optimality analysis: formal,
quantitative identification of the
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human tissues in risk of cancer [22]). Such logic suggests that type 2 cytokine responses against
helminth infections must be balanced so that the costs do not outweigh the benefits. Similar logic
arguably applies to type 1 cytokine responses [17]; for example, a tightly regulated tumor necrosis
factor (TNF)-a response by neutrophils in wounded rats controls Pseudomonas aeruginosa infec-
tion without incurring intolerable inflammatory damage [23]. Other aspects of immune responses
pose tradeoffs and are in principle optimized (e.g., specificity or accuracy versus the speed of a re-
sponse [24-26]), but we focus here on optimization of cytokine response magnitude.

A 'Goldilocks' intermediate optimum [4] that balances the costs and benefits of cytokines can in prin-
ciple be quantified: formal cost—-benefit analyses can be used to predict the magnitude that maximizes
the benefit while minimizing the cost of a cytokine response (Figure 1A). Individual hosts mounting re-
sponses that deviate from such targets are predicted to exacerbate either parasitemia (at the low-
magnitude end of the spectrum) or immunopathology (at the high-magnitude end) [14].

However, the health/fitness risks posed by infection and immunopathology are not necessarily
symmetrical. For example, if the health/fitness cost of infection is higher than the cost of immuno-
pathology, rigorous mathematical analysis — the calculus that identifies the optimum — reveals that
natural selection will favor strong defenses, even if such responses verge on catastrophic
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Figure 1. Dissecting the Goldilocks optimum. (A) The graphs depict the optimality analysis of cytokine response
magnitude under different conditions. The relative risks posed by infection and immunopathology differ across the range of
variation in cytokine responses. Specifically, as the cytokine response (x axis) varies from weaker (‘cold') to stronger (‘hot’),
the risk of mortality associated with immunopathology increases (increasing curve) while the risk of mortality associated with
infectious disease declines (declining curve). At the scale of the population, fitness (y axis, thick line) is low where either
source of mortality is high. The optimum corresponding to the highest fitness (red point) corresponds to the balance of
cytokines that minimizes both sources of mortality. The optimal cytokine response for a given environment (e.g., the intermedi-
ate optimum of Goldilocks) thus minimizes the joint risks and maximizes host health/fitness. (B) If the risk of mortality due to im-
munopathology is steeper than the risk of death due to infection, then the evolutionarily optimal cytokine responsiveness will
tend toward 'hot' but risks overshooting. (C) Uncertainty in genetic or environmental context that causes uncertainty in the
risk of immunopathology or infection will lead to uncertainty in the optimal cytokine responsiveness. (D) Even when the optimal
cytokine responsiveness is relatively certain, it may not be precisely attained.
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phenotype that maximizes the benefits
while minimizing costs (of immune
defense) in a given environment.
Quorum sensing: a collective behavior
in which groups of organisms (e.g., fish)
or cells (e.g., bacteria or T cells) make
decisions and express phenotypes if
their density is sufficient; requires
signaling mechanisms such as cytokine
production.

Reproductive effort: the energy, time,
or other resources invested in generating
and/or caring for offspring.

Symbionts: multiple species that 'live
together' closely; the ecological
definition includes the full spectrum of
relationships including parasites,
commensals, mutualists, and more.
X-chromosome inactivation: a
mechanism whereby female mammals
shut down one X chromosome in all cells
except eggs, leading to equal
expression of X chromosome gene
products in XY males and XX females.
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overshooting and possibly lead to host death [27] (Figure 1B). In general, homeostatic circuits, in-
cluding those governing inflammation, are vulnerable to such dysregulation [28]. The benefits of
speedy upregulation of cytokine responses upon infection [29] and the propensity of parasites
to evolve negative regulators [25] [e.g., the capacity of the protozoan Leishmania donovani
to suppress IL-12p40 production by human monocytes despite Toll-like receptor (TLR)-2 or
TLR-4 stimulation [30]] may help to explain the evolution of immune systems that are prone to
overshooting.

Empirical evidence is consistent with a Goldilocks optimum that is intermediate between the ex-
tremes of cytokine response magnitude. For example, knockout and monoclonal antibody-
treated mice routinely show that hosts fare poorly against infections when deficient in proinflam-
matory cytokine signaling [e.g., IL-17 receptor a knockout (I/1 7ra™~) mice are acutely susceptible
to oral Candida albicans [31] and Porphyromonas gingivalis [32] infections], but suffer severe im-
munopathology when the mice are instead deficient in anti-inflammatory cytokines [e.g., IL-10
knockout (/707") mice suffer extreme periodontal bone loss during P. gingivalis infections follow-
ing excessive production of IL-17 [33]]. Indeed, such studies provide the empirical basis for infer-
ring that protection—pathology balancing acts are required for optimal deployment of cytokines
such as IL-17 [5]. Such inferences are supported by more formal quantitative investigation of
the optimal mix of pro- and anti-inflammatory cytokines that maximizes host survival. For exam-
ple, in wild-type SWISS mice responding to lipopolysaccharide (LPS) challenge, mice mounting
strong systemic IL-6 responses (measured in plasma) only survived if they also mounted a potent
systemic IL-10 response [34]; the authors infer that natural selection must therefore operate si-
multaneously on IL-6 and IL-10 production [34]. Nonetheless, evolutionary analysis also supports
the idea that evolved expression of cytokines will err on the side of overshooting: meta-analysis of
dozens of studies of cytokine knockout mice suggests that infection is more likely to kill the host
than is immunopathology [35]. On average, the benefits of powerful cytokine responses are thus
likely to outweigh immunopathological costs over evolutionary time [14,35].

Irrespective of the precise shape of the tradeoff between risks of infection and immunopathology,
realized cytokine responses of hosts often differ from the optimum for a variety of reasons that are
interesting and important to dissect — for example, one might consider whether altered environ-
ments modulate the optimal response [17], or whether genetic constraint keeps hosts from
attaining optimal cytokine signaling [36]. In general, environmental and genetic contexts combine
to determine the optimal cytokine response that would maximize host health/fitness. However,
because populations face a range of environmental conditions — even over short periods of evo-
lutionary time — and contain substantial genetic variation, an individual organism cannot 'know'
the exact context it will face. This uncertainty prevents evolution from achieving the optimal cyto-
kine responsiveness in every individual organism (Figure 1C) (indeed, uncertainty can promote
qualitatively different cytokine signaling networks in addition to simply tuning the balance [36].)
Moreover, even if the optimal cytokine responsiveness were to be relatively certain, it may not al-
ways be physiologically or evolutionarily achievable [36] (Figure 1D). In the following sections we
therefore argue that susceptibility to immunopathology, including the propensity to mount exces-
sive proinflammatory cytokine responses, is the result of uncertainty and constraints arising from
such evolutionary legacies as coevolution with symbionts, the evolution of multicellularity, and
divergent life-history strategies.

Coevolutionary legacies that confer susceptibility to immunopathology

Coevolution with immunomodulatory symbionts has left a lasting imprint on mammalian immune
function. Since Strachan's initial proposal that lack of exposure to microbes might promote the
development of allergies [37], abundant evidence has emerged to suggest that lack of exposure
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to such symbionts can unmask immunopathology by altering the strength and type of realized cy-
tokine responses. Influential symbionts include gastrointestinal bacteria, with which mammalian
immune systems coevolved [38] and on which our immune systems depend for balance
among T helper cell subsets [39] — for example to avoid inflammatory bowel disease [40].

Parasitic helminths, or worms, soon joined the germs in colonizing vertebrate bodies: first flat-
worms in the phylum Platyhelminthes [41,42], and then roundworms in the phylum Nematoda
[43,44], evolved parasitism of vertebrate hosts 400-500 million years ago. Exactly as for
germs, the legacy of vertebrate coevolution with these 'old friends' is that the cytokine respon-
siveness of mammals is attuned to the immunomodulatory prowess of helminths [45]. A vivid ex-
ample of that prowess is the functional molecular mimetic of transforming growth factor (TGF)-(3
that is produced by the murine gastrointestinal nematode Heligmosomoides polygyrus [46]. In-
deed, excretory/secretory and other products of helminths that promote chronic infection, and
thus parasite fitness, are among the most promising immunomodulatory agents in the pharma-
ceutical pipeline [47].

In the presence of helminths, natural selection is thought to have favored hosts with powerful pro-
inflammatory cytokine responses (to protect the host against microbial coinfections), while
helminth-derived modulators such as the TGF-[3 mimetic [46] take off the inflammatory edge
and protect against immunopathology (Figure 2A); in the absence of helminths, such protection

(A) (B) No worms

X
* * * *
x X
x
x x [ »
x *
* x
*
* * X . * *
x
x o *
X = 0 x ¥ * -
S 28 4 xS x *
0 o
=3

0 WX X x
% ogx
on eﬁa

Key

Key
[:] Gut epithelium — With worms (C)

rrrrrrrrrrrrr Without worms
Parasitic worm i T Worms increase
risk of infection, ﬁ
| I decrease risk of S
mmune ce immunopathology &
. . ]
< . [ ) Optimum with 3
0 =  Gut microbes worms Ts’
. , 3
* * Inflammatory Optimum without £
* cytokines worms
x . — Overshooting
Anti-inflammatory when worms are
XX secretions fl ki :
removed In ammatory cytokine responsiveness

Trends In Immunology

Figure 2. Optimality analysis of proinflammatory cytokine responsiveness in the presence versus absence of
immunomodulatory symbionts such as parasitic helminths. (A) In the presence of parasitic helminths
(e.g., gastrointestinal nematodes), large releases of proinflammatory cytokines are partially offset by potent anti-inflammatory
molecules secreted by the worms; this is expected to decrease the risk of immunopathology but may increase the risk of mi-
crobial infection. (B) In the absence of parasitic worms, large releases of proinflammatory cytokines are not offset, thus in-
creasing the risk of immunopathology but likely decreasing the risk of microbial infection. (C) Together, these risks
determine differing optimal cytokine responsiveness in differing environments. Because hygiene and other factors reduce
worm burden in some areas, the new optimal cytokine response may be overshot as a result of a coevolutionary legacy.
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is lost [45] (Figure 2B). Although it is difficult to test hypotheses about historical natural selection
directly, these ideas are supported by experimental, epidemiological, and population genetic ev-
idence. For example, in modern human populations, the frequency of alleles conferring suscep-
tibility to dysregulated cytokine responses (e.g., the risk allele of the IL-18 receptor accessory
protein gene, lIT8RAP, that is associated with inflammatory bowel disease, among other
conditions [48]) is positively associated with the diversity and abundance of parasites, including
helminths, circulating in the population [49,50].

Given these coevolutionary legacies, hygiene that precludes exposure to particularly influential
worm and germ species in some populations constitutes an environmental shift that arguably
makes human hosts more prone to cytokine overshooting because of the loss of anti-
inflamsmatory activity [17,45] (Figure 2B). By this same logic, evolved dependence on immuno-
modulatory symbionts might help to explain seemingly maladaptive exacerbation of immunopa-
thology when the presence of those symbionts becomes less certain under hygiene (Figure 2C).

For a different set of reasons, malaria parasites have likewise been highly influential in the history of
hominins [51]. This is not only because malaria has driven the evolution of the sickle-cell trait and
other red blood cell polymorphisms [52], but selection for malaria resistance may also have
enhanced susceptibility to cytokine-driven immunopathology. For example, resistance
against malaria is observed when an immune inhibitory receptor, Fcy receptor b, is deficient in
mice or impaired in humans (owing to enhanced TNF-a and phagocytic effector activity against
Plasmodium chabaudi and P. falciparum by murine and human monocyte-derived macrophages,
respectively), but this phenotype is also associated with systemic lupus erythematosus (SLE;
lupus) susceptibility [53]. By controlling the magnitude of proinflammatory cytokine responses,
this receptor therefore appears to mediate a tradeoff between susceptibility to infection and to im-
munopathology. We might thus understand lupus partly as a legacy of our coevolutionary history
with malaria.

Many other infectious agents are likely to have left legacies of strong cytokine responses and thus
of immunopathology. For example, natural selection by Yersinia pestis infection (the agent of
plague) may have left a legacy of familial Mediterranean fever in modern populations [54]. Fur-
thermore, as discussed above, any rapidly replicating [29] or sabotaging [25] parasite might favor
the evolution of overshooting cytokine responses. Risk of sabotage by parasites may even be a
primary reason for the structural redundancies of the cytokine network, despite the overshooting
risks that redundancies may generate [13,36].

These coevolutionary legacies with old friends as well as with old and pernicious enemies offer a
rich vein for further research. However, several other fundamental evolutionary legacies affect the
odds of immunopathology.

Legacies of multicellularity that confer susceptibility to immunopathology

In all organisms, unicellular or multicellular, natural selection is expected to favor defenses that
maximize the benefit while minimizing the cost in a given environment. Indeed, optimality models
accurately predict resource- and dose-dependent deployment of inducible defenses (such as
CRISPR-Cas) of unicellular organisms such as Pseudomonas aeruginosa against bacterio-
phages [55] as well as the CRISPR repertoire size that maximizes anti-phage defense but mini-
mizes dangerous self-reactivity across prokaryotes [56].

Multicellular organisms face an additional obstacle because their defenses arise from a multitude
of cells, each of which has both limited information and limited agency [4,57,58], but which
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together form the powerful, perilous collective. TLR signaling and induced cytokine secretion, for
example, occur at a cellular scale [e.g., TLR-2, -3, or -4 agonists induce interferon (IFN)-y produc-
tion by human M1-like inflammatory macrophages in vitro [59]], but affect fitness at the organis-
mal scale (e.g., strong IFN-y responsiveness is essential for controlling chronic pulmonary
aspergillosis and extending the life of human patients [60]). Similarly, sensitive cellular detection
of LPS by a wide array of host species [61] may translate into disastrously potent cytokine re-
sponses and life-threatening septic shock at the organismal scale (e.g., in C57BL/6 mice injected
with LPS [62]). 'Negative regulators' might rein in such danger — for example as seen for soluble
receptors such as slL-6R from dendritic cells that bind plasma IL-6 and thereby reduce its con-
centration and persistence in mouse blood [63], or various inhibitory receptors encoded by the
human genome that are hypothesized to dampen the rates of cell activation [64]; however,
these regulators are often too slow to prevent immunopathology at the organismal scale [25].

Why has more precise cross-scale control not evolved? Might imprecision actually have benefits
for hosts — for example if it accelerates the speed [65] or agility [57] of immune decision-making?
Might discordant activity of different immune cells within a host be a form of bet-hedging to en-
sure that at least some cells are well-matched to combat uncertain threats? [66]. In addition, to
what extent is imprecise control of cytokine response magnitude an inevitable consequence of
a decentralized system that depends upon signaling feedbacks among autonomous cells?
[568]. To answer such questions and explore the opportunities and engineering constraints
posed by mammalian immune systems, mathematical modeling tools have proved to be in-
valuable in recent years.

Indeed, mathematical analysis of collective decision-making [4] and quorum sensing [G7] by
immune cells may be especially relevant for understanding immunopathology. For example, data-
driven mathematical models reveal how a T helper cytokine bias at the organismal level arises
from cellular- and molecular-scale signaling feedback loops if cell density is sufficiently high
[66], as well as how regulatory T cells (Tregs) can jointly compute a receptor repertoire to optimize
responsiveness and avoid autoimmune disease [68]. In each of these studies the authors draw
upon previous empirical studies in which T cell phenotypes of inbred mice are characterized by
conventional methods in cellular immunology, such as flow cytometry or immunofluorescence
staining (e.g., [69,70]). The authors of mathematical studies then capture details of the relevant
T helper (Th) cell population biology (Whether Th1/Th2 differentiation [66] or Treg receptor reper-
toire development [68]) in a system of differential equations that enable rigorous analysis of the
organismal-scale behavior of the system.

Of relevance to cytokine-driven immunopathology, a key emerging insight from such work is that
reciprocal feedback loops among Th cell populations within the host ultimately generate 'alterna-
tive stable states' such that tiny stochastic differences in early induced responses [4] lead, via cy-
tokine feedback, to huge differences at the organismal scale (Figure 3A). This bifurcation behavior
is commonly observed in complex systems, and is arguably to be expected from all systems
driven by feedback loops, including homeostatic circuits [11,28]; nevertheless, detailed examples
obtained from host defense datasets are only beginning to emerge. For example, in fruit flies [71]
and flour beetles [72], subtly divergent early dynamics ultimately determine whether the host will
survive or die; in the fruit flies (Drosophila melanogaster) the relative rates of bacterial proliferation
versus /md-driven antimicrobial peptide production [73] immediately following Providencia
rettgeri injection determined whether or not the fly would survive [71]. Mathematical modeling
of mammalian immune dynamics suggests that such bifurcations also determine organism-
scale Th cell phenotype [66], type | IFN responsiveness [74], and ultimately the chronicity of infec-
tion [75,76]. We eagerly look forward to experimental tests of these predictions in mammals.
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Figure 3. Cytokine signaling feedback loops can generate a system of alternative stable states. (A) Phase diagrams of cytokine-driven feedbacks show that,
through time (increasingly dark arrows), initial responses are amplified toward stable attractors (thick dots) guided by the overall system structure (captured in the signaling
diagram and broken line). In such a system, small stochastic variations in the initial response can propagate to enormous differences in the proinflammatory versus anti-
inflammatory nature of the fully engaged immune response. (B,C) Genetic variants (such as mutations that affect promoter efficiency, the DNA-binding domains of
transcription factors, etc.) can strengthen or weaken different cytokine-driven feedbacks. In turn, this alters the structure of the alternative stable states that favor
proinflammatory (B) or anti-inflammatory (C) responses, thus potentiating even greater variation among individuals in their response to similar stimuli.

We expect that the evolutionary legacy of multicellularity will affect susceptibility to immunopathol-
ogy due to such system dynamics. In particular, genetics and environmental conditions, although
important, are insufficient predictors of immunopathology: perfect matching to the optimum
(striking the perfect balance between protection and immunopathology) for every individual be-
comes impossible because small stochastic fluctuations propagated through feedback loops
in the cellular communication circuits generate variation in the realized cytokine response
[66,74]. Furthermore, genetic variants that even subtly modulate feedback strengths (such as
the Imd-deficient and other fruit fly variants in a seminal study [71]) can also drastically alter the
probabilistic cytokine output in response to similar stimuli (Figure 3B,C) [77]. Thus, cellular collec-
tives form a powerful defense system but can become locked into non-optimal behavior in the
face of uncertainty, and when coupled with stochasticity.

How human immunopathology depends upon such dynamics remains to be revealed, although
the COVID-19 pandemic might provide a timely example: it is plausible that the divergent severity
of COVID-19 disease arises due to quantifiable alternative stable states in induced cytokine dy-
namics because of the cellular stochasticity and emergent feedback loops outlined above [78].
Indeed, recent data suggest that such feedback loops are a feature of COVID-19-associated al-
veolar inflammation and immunopathology: chemokine and cytokine gene expression by T cells
and macrophages in bronchoalveolar lavage from COVID-19 patients with differing disease se-
verity revealed that escalating cycles of inflammation within alveoli may cause the most severe
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pneumonia [79]. Therefore, further pairing of theory and data to dissect the contributions of cel-
lular swarms to the ensuing immunopathology of multicellular organisms, including human
hosts, are needed and are keenly awaited.

Legacies of life-history strategy that confer susceptibility to immunopathology
To an evolutionary biologist, the term life-history strategy encompasses the rules by which organ-
isms regulate their growth, somatic maintenance, and reproduction, and thereby achieve evolu-
tionary fitness (i.e., genetic representation in future generations [80]). Resource limitation is
expected to impose tradeoffs such that no organism can grow large, live long, and reproduce
rapidly — and must instead prioritize a subset of these traits. Indeed, different species have strik-
ingly different life-history strategies: for example, contrast the body sizes, lifespans, and repro-
ductive rates of blue whales versus mice (among mammals) or albatrosses versus sparrows
(@among birds); the world is rich with such diverse strategies.

Diversity in immune defense strategy, and therefore susceptibility to immunopathology, is pre-
dicted to mirror and even mediate this life-history diversity. This is because the immune system
is a primary contributor to somatic maintenance (fighting infections, repairing wounds, etc.), but
immune responses deplete the amount of resources available for growth and reproduction
[81]. Theory therefore suggests that the evolutionarily optimal immune response arises from the
epidemiological setting, life history, and demography of the whole organism — for example,
whether a host is at greater risk of infectious or inflammatory disease, and how those risks vary
with age, sex, and reproductive effort [32-84] (Figure 4A). Optimal immune responses are ex-
pected to be further shaped by parasite life-history strategy (e.g., the characteristic virulence or
chronicity of infection [85,86]), as well as by the associated immunomodulatory factors consid-
ered in the coevolution section above.

(A) (B)

Humans

Accelerating

Male
Female

Mortality risk with age

Decelerating

Small . Large
investment  Care versus reproductive effort iestment

in many in few
offspring offspring

‘col’ Optimal cytokine response magnitude  ‘Hot’

Trends inlmmunology

Figure 4. Life history can modify optimal cytokine responsiveness. (A) The heat map depicts hypothesized optimal
investments in cytokine-driven immunity that depend on the timing and magnitude of other investments such as reproduction
and/or parental care (x axis) or survival more broadly (y axis). Species with different life-history strategies might
therefore have different optima in terms of cytokine-responsiveness. (B) Even within a single species, there is life-history
variation (e.g., between males and females) that could drive variation in cytokine-responsiveness.
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The evolutionary vantage point thus adds further challenges to the protection-immunopathology
balancing act (e.g., [5]). Risking immunopathology by investing in a powerful cytokine response
carries an additional cost if the response depletes resources that could otherwise be put into
fighting for mates or gestating a fetus. Hosts with life-history strategies geared for rapid reproduc-
tion are therefore predicted to exhibit immunosuppression [81,87] and, arguably, a low risk of
immunopathology.

Empirical evidence of interspecific variation in propensity to suffer immunopathology is only
slowly emerging. Veterinarians have reported that captive polar bears can exhibit human-like im-
munopathology of the brain [88], and that stranded northern elephant seals exhibit shock-like re-
actions [89], suggesting that wild animal species do suffer immmunopathology and/or overzealous
cytokine responses. In some species the causes may be genetic (e.g., via TLR5 polymorphisms
that confer greater IBD susceptibility in maned wolves and red wolves than in domesticated dogs
[90]). However, environmental factors are also likely to be important [91]. It has even been sug-
gested that only individuals in captivity experience immunopathology as a result of dysbiosis as-
sociated with the artificial environment (e.g., in marmosets [92], red wolves [93], and cheetahs
[94]). This idea in turn suggests that a wide variety of mammals might be prone to immunopathol-
ogy in certain environments, due to their own legacies of coevolution with symbionts (as outlined
above). Nonetheless, the incidence and causes of immunopathology in wild animals remain an
important area for further research [14].

In the meantime, reported associations between immune phenotypes (e.g., white blood cell dif-
ferential counts or cytokine gene expression data) and divergent life-history strategies are emerg-
ing. For example, neutrophil densities in the blood increase more rapidly with body size than do
lymphocyte densities across terrestrial mammals, such that elephants have ~13 million-fold
more neutrophils than a mouse, even though their body masses differ by only a factor of ~250
000 [95]. This s intriguing because body size is an important correlate of survival and reproductive
strategies, in that larger organisms generally live longer and reproduce more slowly [80]. It will be
fascinating to discover whether body size, or perhaps defensible surface area, is a strong general
predictor of neutrophilia, and how body size or surface area (as proxies for parasite exposure
risks [95]) and slow reproductive rate might interact [84] to shape the susceptibility of species
such as elephants to cytokine storms or other immunopathologies. Likewise, variation among
nonhuman primate species in cytokine responses to TLR stimulation [96] is intriguing but awaits
evolutionary explanation.

Zoonoses offer 'natural experiments' in this type of comparative immunology. For example,
deer mice are better at avoiding hantavirus-induced pulmonary immunopathology than
humans are [97], and they also exhibit remarkable endotoxin tolerance [98]. As another exam-
ple, researchers have hypothesized that bats may be especially tolerant of viruses because of
their life history-strategies that are characterized by long lifespans despite small body sizes
[99]. Indeed, bats have unusual immune systems that offer them constitutive IFN production
[100] and avoidance of cytokine storms, even during Marburg virus infections [101]. We look
forward to further research to explain these patterns.

Even within a species, individuals diverge markedly in their life-history strategy, and much of that
heterogeneity is thought to be mediated by the immune system. A key axis to consider here is bi-
ological sex [102] (Figure 4B) because women are more prone to many immunopathologies than
are men [103]. For example, at least 90% of patients treated for lupus are women [104], and
Crohn's disease also disproportionately affects women, although incidence and severity of ulcer-
ative colitis is greatest in men — an exception to the general rule of female-biased susceptibility to
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autoimmune disease [105]. Infection-induced immunopathology presents a more complex
pattern of sex-dependence. This is partly because immunopathology can arise during persistent
infections, and males are, in general, more susceptible to persistent infections [103]. For example,
visceral leishmaniasis is found primarily in men [106], but experimental work in hamsters suggests
that the inflammatory syndrome may ultimately be due to the failure of males to control parasite
replication [107]. COVID-19 is another infectious disease that affects men more severely than
women [108], though differences in the induced immune response rather than persistent viral
load appear to be associated with differential susceptibility of the sexes to lung
hyperinflammation [109]. Several mechanisms, including hormones and genetics, have been pro-
posed to explain the differential susceptibility of the sexes to infections and immunopathology.
For example, many immune genes are found on the X chromosome [103], and escape from
X-chromosome inactivation necessary for dosage compensation has been implicated in
lupus [110], although why immune genes should be concentrated on the X chromosome
remains unclear.

Whatever the manifestations in contemporary populations, differences in immune function be-
tween sexes across the tree of life are likely to reflect different selection pressures associated
with competing versus caring [111]. Mathematical analysis of sex-specific immunological optima
in light of these life-history differences suggests that risk of infection during reproductive years and
transfer of maternal antibodies are key explanations for sex differences in the sensitivity and spec-
ificity of immune responses in mammals [83]. Much work remains to be done, however, to dis-
cover the mechanistic causes of the divergence — for example, to better understand the sex
differences in the acute and chronic immunopathologies of COVID-19 [109]. Furthermore, it is
possible that the shapes of the trade-off curves between parasite clearance and immunopathol-
ogy (e.g., as depicted in Figure 1) are not only sex-dependent but are also age- or lifestage-
dependent. We look forward to the elucidation of these possibilities. Indeed, to obtain deeper
evolutionary understanding of human susceptibility to immunopathology, it will be important to
dissect the relative contributions of life-history strategies to the cytokine responsiveness of
great apes in general [96], of humans in particular, and of males versus females across the
lifespan.

Concluding remarks

Synthesis: simultaneous evolutionary legacies to explain human immunopathology

Evolutionary biology aims, above all, to explain variation, such as the origins and maintenance of
biodiversity, including the causes of heterogeneity among species, populations, and individuals in
crucial fitness-determining traits such as immune function. We have argued that legacies of mul-
ticellularity, history of coevolution with parasites, and life history may explain much of mammalian
susceptibility to immunopathology.

In human history, natural selection for pathogen resistance is thought to have profound effects on
modern human immune function [18,112], but the role of contingencies (e.g., population
bottlenecks), chance, and other non-selective processes in the evolution of human immune
function cannot be ignored. Especially compelling examples relevant to immunopathology in-
clude introgression from other hominins, small effective population sizes leading to persis-
tence of deleterious mutations, and recent population expansions that amplify the frequency of
previously rare variants; the impact of such demographic legacies on our susceptibility to immu-
nopathology has been reviewed recently [51].

Indeed, adaptation by natural selection, chance, and history are fundamental drivers of biological
variation, and robust analysis requires consideration of all three. We therefore posit that

¢? CellPress

Outstanding questions

Are human hosts special in our
predisposition to immunopathology,
and are bats special in their avoidance
of immunopathology? If so, why? Full
evaluation and explanation of both
inter- and intra-specific variation in
mammalian susceptibility to immuno-
pathology will not only elucidate basic
biology but also inform management
of zoonotic infections.

How has simultaneous selection by
multiple parasite species (e.g., helminths
and malaria parasites) shaped suscepti-
bility to immunopathology? This could
shed light on the net coevolutionary effect
of opposing infectious pressures on the
cytokine responsiveness of mammals.

To what extent might tissue-specific
deployment of immune cells
(e.g., resident macrophages) mitigate
the peril posed by potent cytokine re-
sponses via spatial containment?
Spatial compartmentalization within
multicellular organisms may be an im-
portant check on the risk of overzealous
cytokine responses.

Given that cell lifespans are nested
within the lifespans and life-history
strategies of the organisms that harbor
those cells, what are the conse-
quences of this nesting for cytokine re-
sponsiveness? Do the attributes of
cytokine-producing cells scale consis-
tently with size or age across mamma-
lian species? Scaling laws have
explanatory power in ecology and evo-
lution in general, and thus may also in-
form evolutionary immunology.

What insights into the development of
successful medical interventions arise
from consideration of our long-lived,
sexually dimorphic life history and our
multicellularity?
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heterogeneity among organisms in susceptibility to immunopathology can best be explained
in light of adaptation (e.g., to minimize the cost—benefit ratio for cytokine responses across
different epidemiological settings), chance (e.g., the demographic history of hominins that af-
fects the genes governing cytokine responsiveness), and history (e.g., the legacies of coevo-
lution, multicellularity and life history that constrain optimization of cytokine response
magnitude to maximize organismal survival). Evolutionary biology is arguably as central as
molecular and cellular immunology to explaining the occurrence of human immunopathol-
ogies. We therefore propose a research vision that encompasses multiple biological scales
of multiple species (Figure 5, Key figure) to maximize insight into the evolutionary origins and
thus the varied occurrence of immunopathology across mammals. Solving the types of mys-
teries captured in the Outstanding questions might elucidate our fundamental understanding
of evolutionary immunology in this context, and may ultimately inform medical interventions
to maximize the power and minimize the peril of cytokine responses.

Key figure

A vision for the value of investigating multiple biological scales across
multiple species to elucidate the power and peril of mammalian immune
systems

Trends inImmunology

Figure 5. Studying the cells of the mammalian immune system (e.g., neutrophils, dendritic cells, and B cells, from top left to
bottom left) in model species such as mice (top middle) is essential for understanding the proximate causes of cytokine
storms and other immunopathologies. However, we advocate several additions to this paradigm. Cross-scale analysis
across host species to address not only organismal (middle column) but also population-scale (right column) factors will
deepen insight considerably by revealing how history and chance as well as adaptation by natural selection have shaped
the propensity of mammals to immunopathology. Watercolor interpretation provided by Matilda Luk.
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