
Active immune responses that kill 
pathogens dominate our thinking 
about defense against infection. 
However, tolerance of low-grade 
infection is equally important and, in 
many cases, provides the path to the 
greatest health. Strategies or 
interventions to increase tolerance 
could be instrumental in promoting 
public health, but our current 
understanding of the mechanisms and 
consequences of tolerance is 
insu cient for the development of 
e ective strategies.

The concept of tolerance originates in 
agriculture, describing crop strains that 
are able to deliver high yields while 
sustaining pathogen burdens that 
would decimate standard cultivars. 
This is di erentiated from resistance, 
which is the ability to suppress 

evaluate tolerance across individuals 
experiencing a range of infection 
intensities. We measure tolerance as 
the magnitude of retained health, 
scaled against pathogen burden. In the 
illustrative gure, individuals with 
Genotype A are said to have a higher 
tolerance of infection than individuals 
with Genotype B because they retain 
more health at each burden, even 
though health declines with increasing 
pathogen load for both host genotypes. 
In experimental settings, we can 
longitudinally measure health before 
and after experimental infections while 
carefully controlling host genotype and 
environmental conditions. However, 
generating and interpreting data 
becomes more di cult when the 
measurements are performed on 
humans or other organisms living in 
natural populations, as infection 

infection through immune responses 
that kill pathogens. From a grower’s 
perspective, strains that produce high 
yields even while infected are just as 
valuable as those that are resistant to 
infection. Analogously, sustaining 
health by tolerating minor infections is 
just as good as – and in some cases, 
better than – trying to eradicate the 
infection with an intense immune 
response or aggressive therapeutics.

How do we measure 
tolerance? 
The concept of tolerance may be 
intuitive, but measuring it can be a 
challenge. In principle, we want to 
measure the extent to which health is 
sustained despite infection. We 
naturally expect the severity of health 
consequences to scale with the 
severity of the infection, so we need to 
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Drawing on his research in understanding factors impacting infection tolerance, Brian P. Lazzaro, 
Liberty Hyde Bailey Professor at Cornell University, discusses the importance of tolerance to 
minor infections, highlighting that while active immune responses are crucial for pathogen 
defense, tolerance can often lead to better health outcomes

THE CRITICAL ROLE OF  
INFECTION TOLERANCE
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Mechanisms of tolerance
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Legend: Host genotype A has higher tolerance of infection.



systems will reveal commonalities and 
di erences in tolerance determinin  
mechanisms, which can then enable the 
develo ment o  strate ies to romote 
tolerance in mana ed settin s

How separate are resistance 
and tolerance?
While they are conceptually distinct, 
resistance and tolerance are often 
interwoven in reality  ur enetic 
mappin  study found that tolerance 
was stron ly positively correlated with 
resistance  While this is a common 
pattern, other studies have also found 
resistance and tolerance to be 
ne atively correlated, or even 
unrelated to each other

There are plausible reasons to expect 
resistance and tolerance to be 
correlated  While tolerance mechanisms 
that repair dama e or neutrali e toxins 
may have no direct e ect on the 
patho en, there may be indirect 
consequences if virulence promotes 
patho en success  When a patho en 
uses a toxin to exploit a host resource, 
neutrali ation of that toxin prevents 
the patho en from accessin  the 
resource, thereby indirectly inhibitin  
the patho en  Thus, what would 
appear to be a tolerance mechanism 
simultaneously increases resistance  
The same is true for ener etic reserves 
that support the immune system while 
also maintainin  eneral body 
functions  ny de ciency in those 

were iven a bacterial infection, the 
combined demand of yolk production 
and immune system activity 
overwhelmed the fat body  The tissue s 
capacity to synthesi e new proteins 
declined, impairin  the immune response 
and decreasin  resistance while also 
underminin  infection tolerance  The 
simultaneous failure of resistance and 
tolerance resulted in dramatically 
hi her probability of host death  

The resistance versus tolerance 
dichotomy has been valuable for 
expandin  our conception of defense 
a ainst infection, but inte ratin  the 
two will become essential movin  
forward  orts to increase health by 
promotin  tolerance will need to account 
for tissues and mechanisms that are 
shared between resistance and tolerance 
and for feedback between them  

How does tolerance impact 
host-pathogen co-evolution?
There is a well developed body of 
scienti c literature on how 
immunolo ical resistance drives 
patho en evolution, includin  escalatin  
co evolutionary arms races  in 
patho en virulence and host immunity  
n contrast, scienti c theory on how 

patho ens are expected to evolve in 
response to host tolerance is 
considerably less well developed

Foundational mathematical models 
describin  host tolerance have 

reserves constrains the immune 
system, reducin  resistance to infection, 
and, in parallel, impairs homeostasis 
and decreases infection tolerance  

lternatively, resistance and tolerance 
can be ne atively correlated when the 
immune response is itself dama in  

veractive immune responses may be 
extremely e ective at eliminatin  
infections, but the collateral 
autoimmune dama e manifests as 
reduced tolerance  

The physiolo ical demands of 
resistance can lead to a collapse in 
tolerance, particularly in individuals 
who are already stressed  We examined 
defense a ainst bacterial infection in  
melano aster females who were 
reproductively active in comparison to 
those who were not  We found that the 
reproductively invested females were 
much more likely to die from their 
infections, and that the sensitivity arose 
from a joint failure of resistance and 
tolerance  n this example, the 
consequence emer es from the shared 
use of a polyfunctional tissue for 
reproductive provisionin , the immune 
system, and metabolic control   
In insects, the fat body is the primary 
systemic immune or an and is also the 
tissue that produces e  yolk proteins  
Furthermore, as the name su ests, 
and in analo y to the mammalian liver, 
the fat body stores lipids and re ulates 
metabolism  We found that when 
reproductively active  melano aster 
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suggested that host-evolved tolerance 
should dampen pathogen evolution of 
virulence. This prediction is based on 
the core assumptions that virulence 
mechanisms are costly for the 
pathogen to produce and unnecessary 
in a tolerant host. In these models, the 
evolution of increased tolerance by the 
host enables pathogens to dispense 
with costly virulence mechanisms, 
de-escalating host-pathogen 
antagonism to bene t both parties. 
Taken to a logical extreme, evolved 
host tolerance could facilitate the 
evolution from pathogenic relationships 
into benign commensalisms or even 
bene cial mutualisms. Indeed, host 
tolerance is a prerequisite for host-
microbe mutualism. Evidence for 
coevolutionary de-escalation can be 
found in the observation that many 
mutualistic bacterial symbionts are 
evolutionarily derived from pathogens. 
However, there are also reasons to be 
sceptical of tolerance-based de-
escalation models.

There are multiple reasons why host 
tolerance might not universally 
promote de-escalation of virulence. 
For one, pathogen virulence is not 
always directed against the host. 
Virulence can sometimes be a side 
e ect of competition between 
pathogen strains co-infecting a single 
host. For example, faster-growing 
parasites may have a competitive 
advantage over slower-growing strains 
in a co-infected host, with pathogenic 
consequences to the host emerging as 
a collateral side e ect. In this case, host 
tolerance of the parasite does not a ect 
the competition between parasite 
strains and may even create space for 
enhanced competition, leading to 
increased virulence. Additionally, 
virulence is sometimes an obligatory 
component of pathogen transmission. 
Natural selection will never drive the 

evolution of reduced virulence if it 
comes at the cost of reduced 
transmission.  

The host may also be constrained in the 
degree of tolerance that it can evolve. 
Classical genetic models of tolerance 
evolution suggest that alleles that 
increase tolerance are adaptively 
favorable because they alleviate costs 
in both host and pathogen. Clearly, 
though, there must be limits. The host 
cannot be in nitely tolerant of infection  
at some point, the metabolic cost of 
sustaining a large pathogen population 
would prohibit the evolution of further 
increases in tolerance. For this reason, 
we don’t see plants and animals 
dispensing with their immune systems 
entirely and investing fully in strategies 
of peaceful accommodation. Even 
organisms with strong mutualistic 
relationships with bacteria or fungi use 
their immune systems to regulate 
symbiont number, lest the symbiont 
become a pathogen through 
overproliferation. 

Our research team and others have 
observed considerable genetic variation 
among individuals in natural 
populations in their capacity for 
infection tolerance. These observations 
are inconsistent with the hypothesis 
that tolerance is always adaptively 
favorable. Instead, we have suggested 
that genetic variation for tolerance is 
likely to be maintained in natural 
populations through the correlation 
between resistance and tolerance, 
environmental heterogeneity, and 
evolutionary costs of tolerance that are 
dependent on overall host condition. 
New theory that integrates these 
empirical observations must be 
developed to create a more realistic 
understanding of how resistance and 
tolerance are balanced in maintaining 
health during infection.

Conclusion and outlook
All plants and animals – including 
ourselves – are constantly exposed to 
the environment’s microbes, parasites, 
and pathogens. While we rely on our 
immune systems to protect us, it would 
be impossible (and undesirable) to 
immunologically or therapeutically 
eliminate every foreign organism we 
encounter. Instead, we depend on 
tolerance mechanisms for maintaining 
health despite minor infections. 
Enhancing tolerance presents a 
promising strategy for increasing public 
health and agricultural productivity, 
but our fundamental understanding of 
the mechanisms and consequences of 
tolerance is currently insu cient. 
Ongoing comparative studies by our 
research team and others are de ning 
these mechanisms and building the 
mathematical theory for an optimized 
balance between resistance and 
tolerance of infection.
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