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As the coronavirus disease 2019 (COVID-19) pandemic
swept the globe, clinicians, researchers, and the pub-
lic wondered: who has the highest risk to become most
severely ill? Early findings that the elderly and individuals
with comorbidities were the most vulnerable fit the pre-
dominant conceptual model: severe disease results from
pathogen-induced damage that is exacerbated by dys-
functional pathogen clearance or by immune overreac-
tion underlying immunopathology and further facilitated
by pre-existing organ dysfunction unable to withstand
new threats.

This conceptual model is the basis for medical interven-
tions that directly target pathogens, such as vaccinations,
treatment with antimicrobials, and steps to minimize
immunopathology. Indeed, these approaches successfully
improved the outcome in many subsets of COVID-19
patients. However, severe disease frequently continued
to progress among individuals with no known risk fac-
tors, while some comorbid elders survived unscathed. So,
what are the biologic mechanisms that spared individu-
als expected to fare poorly and failed in those expected
to do well? Perhaps the assumption that non-immune
cells are passive to infection-mediated stress should be
re-considered?

Here, we discuss evidence that severe disease after
infection is perhaps best understood when incorporating
a critical, regulated feature of host defense against infec-
tions known as disease tolerance. [1]
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Disease tolerance

Disease tolerance was first defined more than a century
ago as a defense strategy of plants that limits fitness costs
of infection without an apparent reduction of pathogen
burden. [2] Importantly, disease tolerance is distinct from
immune tolerance, a term used broadly to define core
properties of the immune system, underlying self-non-
self discrimination and hyporesponsiveness. It is also dis-
tinct from resistance, another immune system function
that limits the severity of infectious diseases via mecha-
nisms that decrease pathogen burden.

Functionally, disease tolerance is a product of tissue
damage control mechanisms [1, 3]. These rewire immune
and parenchymal metabolism promoting adaptive home-
ostasis [4], to allow vital organs to withstand functional
constraints associated with severe infections [3].

Protection from severe disease was shown for infec-
tions with viruses [5], bacteria [6—8] and protozoa [9].
Whether the involved regulatory pathways are com-
mon at the tissue and cell level remains to be elucidated.
In humans, disease tolerance is best documented for
malaria in which the clinical outcomes cannot be readily
explained by variations in pathogen burden [10]. Moreo-
ver, sickle hemoglobin mutations, arguably the strongest
protective trait against human malaria, induce disease
tolerance in experimental models of Plasmodium infec-
tion [9]. These and other studies [11, 12] support the
notion that disease tolerance is a central evolutionarily
conserved defense strategy against infectious diseases.
However, in human sepsis, the protection afforded by
tissue damage control mechanisms, the biological regu-
latory mechanisms of adaptive responses involved in dis-
ease tolerance are unknown.

During intensive care, a conceptual model that encom-
passes disease tolerance could considerably expand the
horizon for future therapeutic targets. Novel strategies
could target pathophysiologic mechanisms employed
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Fig. 1 A Early conceptual model of sepsis progression from infection to systemic inflammatory response to sepsis and death. Popularized in early
sepsis definitions, criteria, and clinical practice guidelines, this model assisted clinical care but was agnostic to underlying biology [15]. B Model
proposed for translational and clinical research that includes awareness of both the hyper- and hypo-inflammatory host responses in sepsis, as well
as the modifying factors of host fitness and pathogens themselves. [16]. € Conceptual model of infection and host response that includes both dys-
function/damage, imposed by pathogens and/or by immune-driven resistance mechanisms as well as disease tolerance as a key regulator of sepsis
progression [1, 3]. In brief, pathogenic microorganisms directly inflict damage to the host (“Virulence”) and induce the activation of the immune
systems, ("lmmune-driven inflammation”) that in the early phase after infection aims at pathogens elimination ("Resistance"). As a trade-off, resist-
ence mechanisms can inflict damage to non-immune cells of the host (“lmmunopathology”). “Damage Control” mechanisms counter infection-
associated stress, promote maintenance of “Homeostasis”and as such establish “Disease Tolerance”and limit disease severity
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by tissues and organs to limit damage and dysfunc-
tion rather than focus only on immune modulation and
pathogen clearance. To target disease tolerance mecha-
nisms therapeutically, we might not need completely
new pharmaceuticals. Even re-purposed drugs were
shown to promote disease tolerance. For example, low
doses of antineoplastic anthracyclines activate cellular
damage responses and improve sepsis survival with-
out affecting bacterial loads in mice [7]. This approach
to modify disease tolerance is the basis of an ongoing
phase II dose-escalation trial (EPOS-1; ClinicalTrials.gov:
NCT05033808), randomizing sepsis patients to low dose
epirubicin vs. placebo.

Challenges

Quantifying pathogen load

A direct assessment of disease tolerance requires, by defi-
nition, a quantified measurement of the hosts’ pathogen
load. While feasible in experimental models of infec-
tion, quantifying pathogen load in patients (e.g. via cul-
tures or polymerase chain reaction), is challenging and
semi-quantitative at best, failing to provide an accurate
pathogen count in the bloodstream and less so in the
entire organism. An alternative to measuring patho-
gen load in the blood is to assess tissue damage control
directly. However, access to most parenchymal tissue is
not practical in humans, and may require more invasive

biospecimens or the identification of surrogate measures.
An ideal surrogate would be (1) rapidly quantifiable, (2)
reflective of real-time changes in tolerance, (3) minimally
invasive, (4) not directly affected by treatments, and (5)
preferably cost-effective. For single or multi-scale toler-
ance read-outs, the blood and pulmonary compartments
may be the most readily accessible and reflective of these
conserved mechanisms on the whole-host level.

Disease tolerance is dynamic

Clearly, some static baseline patients’ characteristics such
as age or comorbidities, contribute to the underlying
rather static capacity to tolerate infections. Potentially,
the mortality differences in frail and obese sepsis patients
represent different capacities of metabolic adaptation, a
key feature of disease tolerance as described earlier. Some
disease tolerance features, however, are dynamically reg-
ulated, and act most likely in a tissue type-specific man-
ner to sustain organ function [4]. These include regulated
variables such plasma glucose [6] or lactate [8]. In con-
junction with damage control mechanisms [3], their regu-
lation provides optimal adaptation to infection-mediated
stress [2]. Another example for dynamic features of
disease tolerance may be the systemic hypometabolic
state imposed by sepsis that shares features with physi-
ological hibernation [13] which is thought to contribute
critically to multiorgan dysfunction [6]. In early sepsis, a
hypometabolic response may be protective to optimize
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energy expenditure, but if sustained in late sepsis it may
be detrimental. Such a dynamic nature emphasizes the
importance of having real-time and measurable disease
tolerance signatures. These could be used to build disease
trajectories that reflect and predict sepsis phases and are
modifiable by precision treatment [14] (Fig. 1).

Take-home messages

Disease tolerance is a protective strategy that -if func-
tional- prevents severe disease after infection. Perhaps
due to the success of microbiological and immunological
approaches and their dominance in our clinical routine to
explain and treat infections, most clinicians and research-
ers do not yet include disease tolerance in their percep-
tion of critical illness or sepsis. Undoubtedly, pathogen
elimination will remain unconditional in treating infec-
tions. Yet, most severe disease and death nowadays are
a direct consequence of organ dysfunction rather than
uncontrolled pathogen growth. Understanding disease
tolerance will lead to fundamental insights into recovery
and open yet hidden paths to precision medicine.
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