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As we have seen vividly in 2020–2021, infectious diseases pose 
perennial challenges to human health around the globe. 
Preclinical animal models, usually starting with experiments 

on ‘the laboratory mouse’, enable researchers to reveal extraordinary 
details of how the immune systems of mammals respond to such 
challenges. Many immune mechanisms elucidated in lab mice also 
hold in people and inform the design of clinical therapies. Indeed, 
lab mice can arguably serve as models for both mammalian immune 
function in general and specific human diseases1. Mouse models 
have thus generated some triumphs in translational medicine, such 
as immune checkpoint inhibitors that translated to several success-
ful cancer treatments following modest optimization2.

Yet many treatments conferring health to mice in the lab fail to 
translate to people in the real world. For example, would-be treat-
ments for septic shock and lymphoma have proven problematic in 
their translation to people (for example, see refs. 3,4). This differ-
ence in responsiveness to treatment may arise from the fact that the 
immune profiles of lab mice, especially the low density of mature 
T cells, the paucity of neutrophils and the low lipopolysaccharide 
(LPS) sensitivity, are a poor match for human immune profiles5–7. 
If the immune cell distributions of lab mice are highly unusual for 
adult mammals, it is perhaps no surprise that lab mice often do not 
exhibit humanlike immune responses or predict which vaccines or 
clinical interventions will work in people.

The immune phenotype and functional capacity of an animal to 
respond to infection emerge from some combination of genetics, 
epigenetics and environment. The wide immunological divergence 
between lab and field populations of Mus musculus is thus only partly 
due to their genetic divergence8,9. I note that lab mice represent a rel-
atively narrow and idiosyncratic slice of murine genetic diversity10,11. 
Taking that as a given, I will focus the remainder of this Perspective 
on environmental rather than genetic drivers of immune phenotype 
in lab mice. Recent studies have taken the approach of working with 
genetically uniform inbred mice but varying their environmental 
experiences. Such work has the potential to dissect the contribu-
tions of environment to immune phenotype and thereby improve 
mice as model mammals as well as models for human diseases. In 
this Perspective, I provide a field immunologist’s view of what can 
be gleaned from this body of work. I also advocate that, as infec-
tious diseases such as COVID-19 continue to plague us and demand 
development of new vaccines and treatments, we urgently need more 
immunological research to go where the wild things are, that is, to 
reveal how immune systems function in more natural environments.

In a sense, this Perspective is a mouse-centric update on a 2013 
Commentary from Maizels and Nussey12. In these pages, I draw 
upon the logic of their figure and text advocating for research 
across a spectrum of wildness to understand the causes of immu-
nological variation within and among populations. I fully agree 
that research on a wide variety of species in a wide variety of envi-
ronments—for example, domesticated and wild animals, as well as 
diverse human populations—is essential to explaining immuno-
logical variation12, as recently reinforced by Flies and colleagues13. 
Indeed, I myself work on immune systems in species well beyond 
M. musculus. But for this piece, I explicitly focus on a primary 
research tool of biomedical immunology: the lab mouse. I begin by 
considering wildness as a multidimensional environmental state, 
before analyzing the pros and cons of a series of experimental stud-
ies putting lab mice into more realistic environments, to naturalize 
their immune systems.

What does it mean, environmentally and immunologically, 
to be wild?
Animals, including human beings, navigate complex environments 
that modify their physiology in myriad ways. The accrued antigenic 
experience of wild animals probably leaps first to mind as a modi-
fier of immune function. Indeed, in comparison to the lab, natural 
environments will increase the likelihood of exposure to microbes, 
whether pathogenic or not, as well as parasites, allergens and diverse 
foods. These exposures activate immune cells, accelerate their 
developmental programs and diversify their specificities14,15. Wild 
animals are therefore likely to have more mature leukocytes and 
more diverse immune repertoires than lab animals, even beyond 
any genetic effects.

But there are other axes of wildness that might alter immune 
function, too. Many of these environment–immunity connections 
have recently been dissected mechanistically in lab animals. For 
example, seasonal and circadian rhythms interact to determine 
the magnitude of delayed-type hypersensitivity and endotoxin 
responses in lab-reared hamsters16, and exercise catalyzes systemic 
immunological and metabolic shifts driven by the type 2 cytokine 
interleukin (IL)-13 in lab mice17; a variety of additional examples are 
outlined below. Furthermore, emerging evidence of tight immuno-
neuroendocrine connections across the entire body (for example, 
see ref. 18), including in lab mice19 and wild mice20, suggests that 
the complex behavioral requirements of living wild (for example, 
to navigate or maintain vigilance for predators) may synergize  
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systemically to alter the immune function of mammals. Because 
wild animals experience seasonal variation in the environment and 
exert their muscles and brains in search of food, protection and 
mates, we must therefore expect immunological impacts of wildness 
that go well beyond the accrual of antigenic experience.

The impacts of these combined, interacting environmental expe-
riences are likely to be profound and to generate wide immuno-
phenotypic divergence among wild animals. Even identical human 
twins exhibit wide differences in immune phenotype21, and, more 
generally, much of the immunological divergence among individual 
people is driven by environmental experience rather than heritable 
factors22,23. Environmental drivers of phenotypic diversification 
are relevant across biology: heterogeneity emerging via accumu-
lated environmental experience underlies plasticity of behavior 
and brain structure among genetically identical mice24 and is 
arguably prime among the causes of individuality of organisms in  
ecological systems25.

So where does that leave us, if we aim to develop lab mouse mod-
els of mammalian immunology in general or of particular human 
infectious or inflammatory diseases? An array of recent approaches 
strike differing balances between realism and reductionism as 
we naturalize the lab mouse. Reductionism is arguably the best 
approach for specifying the mechanisms of changed immune func-
tion under controlled manipulation of one environmental variable 
at a time, whereas realism is the best approach for studying addi-
tive and interactive effects of disparate environmental variables on 
immune function and for testing whether discoveries made dur-
ing reductionist experiments are robust to greater environmental 
complexity. Examples and pros and cons of each type of approach 
are discussed in the following sections, with reductionist dissection 
of abiotic and biotic environmental factors treated separately. This 
body of work is beginning to reveal multiple, nuanced environmen-
tal drivers of immunological wildness.

Bringing the wild indoors: abiotic factors
A common reductionist approach to dissecting complex environ-
mental drivers of immune phenotype entails experimental manipu-
lation of abiotic aspects of the real world that affect the immune 
system. Lab rodents of inbred, select genotypes and standardized 
prior environmental experience can be separated into groups that 
experience abiotic environmental conditions that match (in the 
control, conventional group) or diverge from (in the experimen-
tal, naturalized group) the usual conditions of research animal 
husbandry.

For example, most mouse houses are maintained at a tem-
perature that is comfortable for clothed human experimenters 
but below the thermal optimum for such small animals as mice, 
especially those weighing less than 25 g (ref. 26). For mice of the 
C57BL/6 strain, a workhorse of immunology research, the ther-
moneutral zone has been estimated to begin at temperatures as 
high as 29–31 °C (ref. 27). Mice under standard husbandry condi-
tions of ~21 °C therefore display energy expenditure greater than 
three times their basal metabolism28. Experiments in which control 
groups at 21 °C are compared to groups maintained at 30 °C show 
profound effects of thermal environment on physiology29, including 
immune function: for example, thermoneutral mice mount fever 
(rather than hypothermic) responses to LPS injection and exhibit 
enhanced antitumor activity of CD8+ T cells30. More recent work 
using a range of temperatures has suggested that 25.5–27.6 °C may 
be where lab mice best approximate the physiology of thermally 
comfortable human hosts; the authors advocate study of lab mice at 
a variety of temperatures to best match the diversity of human ther-
mal regimes31. Impacts of environmental temperature on immune 
function are arguably unsurprising, given that thermogenesis and 
thus both fever32 and the maintenance of body temperature33 entail 
interleukins. Potential feedbacks between organismal and cellular 

immunometabolism34,35 would likely compound the effects of envi-
ronmental temperature on the immune system.

Another important impact of abiotic environment on immune 
function is via the photoperiod. Independently of temperature, 
light–dark cycles alter the type and magnitude of immune responses 
in lab mice, because trafficking36 and function37 of lymphocytes and 
dendritic cells vary rhythmically across the circadian cycle. These 
cycles presumably alter the frequency of cell–cell interactions and, 
thereby, the speed and efficiency of induced responses38. Recent 
evidence that the interaction of circadian and seasonal rhythms 
shapes peripheral blood leucocyte concentrations and endotoxin 
responses16 suggests that it may not model human immunology well 
to keep all laboratory mice in constant 12-h light/12-h dark cycles.

Indeed, these results raise important questions for animal hus-
bandry. Are mice in lab facilities thermally stressed and thus immu-
nologically biased, and, if so, should we ‘warm the mouse’ to improve 
models (for example, for tumor immunology30)? Should light–dark 
cycles and temperatures in the lab really be for the comfort and con-
venience of the researchers, if we want to improve mouse models 
for mammalian immunology in general, as well as models of human 
diseases? What aspects of mammalian life are we modeling if mice 
only experience light cycles of the equator, yet at temperatures of 
summer in the high temperate zones?

Reductionist experiments to measure the impact of abiotic 
environmental factors on immune function in mammals therefore 
inform both basic science and the prospects of translational impact. 
More of these studies are needed. And for all studies of lab mice, 
intentionality in experimental design—not just standardizing the 
abiotic environment, but also tailoring it to maximize relevance to 
real-world mammals—seems valuable.

Bringing the wild indoors: biotic factors, especially the 
littlest ones
Another reductionist approach to dissecting environmental drivers 
of immune phenotype entails experimental manipulation of biotic 
modifiers of the immune system. Here control groups of mice expe-
rience the usual conditions of research animal husbandry, while 
experimental groups diverge from those norms, but only in biotic 
environmental conditions.

For example, such experiments recently revealed impacts of 
the provision of exercise wheels (considering exercise here as 
an endogenous biotic factor) on the development of hemato-
poietic stem and progenitor cells (HSPCs)39 and type 2 immune 
responses17 in mice. Laboratory mice run avidly when given the 
opportunity40,41, putting even ultramarathoners to shame, when 
considering distance covered in relation to leg length! Such exercise 
arguably mimics wild foraging, fleeing and migratory behaviors, 
although the amount of exercise and the duress under which it is 
taken are likely very different in the lab and field. Might baseline 
and inducible immune activity in lab mice better model human 
immune activity if mice had regular access to exercise17? Similarly, 
given the well-understood impacts of diet on immune function (for 
example, see ref. 42), might a varied or seasonal diet for lab-reared 
mice make them more faithfully model human immune systems? 
Reductionist experiments to investigate how such aspects of the 
biotic environment alter the composition and responsiveness of the 
immune system remain crucial to informing whether, when and/or 
how we must naturalize lab mice.

However, as understanding of the potent effects of the micro-
biota on mammalian phenotypes has grown43, and with evidence 
that microbiota associated with different mouse breeders can 
chart divergent courses for otherwise-controlled experiments 
(for example, see ref. 44), many new insights into the immuno-
logical impact of the (micro)biotic environment are emerging. 
Specific-pathogen-free (SPF) conditions (for example, autoclaved 
cages and irradiated chow) remain the norm in animal husbandry, 
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yet exposure to microbes appears to have tremendous potential to 
naturalize mouse models for immunology. Important recent work 
on ‘dirty mice’ has taken a number of creative directions (compre-
hensively and critically reviewed in ref. 45).

For example, co-housing lab mice with pet store mice46, pro-
viding lab mice with a history of infections47, giving lab mice fecal 
transplants from wild mice48 or even giving lab mice wild surro-
gate mothers49 can at least partly naturalize their immune systems. 
Mature CD8+ T cell fractions in the blood of lab-bred mice were 
especially naturalized by such antigenic experiences, and, accord-
ingly, the mice became more resistant to microbial challenges46–48. In 
the case of the fascinating ‘wildling’ approach, exposure to the com-
mensals and pathogens of a wild surrogate mother conferred per-
sistent shifts to immune cell distributions and improved the match 
between mouse and human responses to anti-tumor necrosis factor 
(TNF) and CD28 superagonist treatments49. Specifically, wildlings 
were as impervious to treatment with anti-TNF monoclonal anti-
bodies or TNF receptor–Fc fusion proteins during septic shock as 
people (for example, see ref. 3); they were also as susceptible to vio-
lent cytokine storms and failed regulatory T (Treg) cell expansion as 
human volunteers in an infamous clinical trial of a CD28 superago-
nist4. Lab mice in each case had failed to mimic the phenotype of the 
people, whereas the wildlings succeeded49.

These manipulations of antigenic experience suggest new 
approaches to experiments in immunology. The manipulations dif-
fer in their logistical difficulty as well as in their effects and effect 
sizes. Future work to unravel the route, dose and identity of microbes 
required to make murine and human immune systems best match 
(for example, for a given pathway of interest) is urgently needed45.

Yet what if a very complex cocktail of microbes and other anti-
gens is required to induce the full array of interacting immune cells 
and functions of a wild animal? What if the effect size for antigenic 
experience on immune function is moderated by thermal condi-
tions? Given that microbial colonizers often require dietary factors 
to exert their effect on the immune system (for example, to induce a 
circuit between tuft cells and innate lymphoid type 2 cells (ILC2s)50), 
what if a complex and varied diet expands the influence of environ-
mentally acquired microbes? Finally, what if a broad suite of expo-
sures is essential to cultivate the full array of helper T subsets (TH1, 
TH2, TH17, Treg and more) with which a wild animal is equipped? 
A complex world of concomitant abiotic and biotic environmen-
tal exposures may be essential for fully ‘natural’ immune responses 
(Fig. 1). Complementary, realistically complex approaches therefore 
also have a role to play in naturalization of mouse models.

Bringing lab mice outdoors: greater realism, at the risk of 
greater complexity
Wild animals inhabit environments that clearly differ from lab 
conditions on multiple axes at once. Wild temperatures are more 
extreme and more variable than lab temperatures, wild microbes 
and parasite exposures are unpredictable in timing and dose and 
are hugely diverse as compared to lab exposures, and wild animals 
must forage, find shelter and otherwise look after themselves. What 
are the immunological consequences for lab mice that experience 
multivariate wild environments? A number of studies have taken 
lab mice into more natural environments, and even outdoors, to 
address this question.

For example, several studies in behavioral genetics have revealed 
insights into naturalized physiological systems of wild-derived, 
lab-bred mice maintained at high densities in barns, in ‘organismal 
performance assays’ (for example, see refs. 51,52). Such environments 
provide complex natural social conditions, including intense com-
petitive interactions that reveal the profound metabolic impacts of 
vying for resources and mates51. How such competition relates to 
the stresses of life in a cage (especially when dominant individuals 
pick on subordinates) and whether it naturalizes immune function 

is an important area for further research. With the recent discovery 
that IL-6 acts as both inflammatory agent and stress hormone53, it 
seems likely that natural social stresses may directly modify immune 
phenotype.

Another vivid example is provided by Marilyn Scott’s work on 
inbred lab mice released into natural helminth transmission arenas. 
Scott found that the well-documented susceptibility of C57BL/6 
mice to the helminth Heligmosomoides polygyrus disappeared when 
the mice were maintained in large peat-filled indoor arenas seeded 
with nematode larvae54. Extensive further work revealed that the 
peat substrate, low doses of larvae and ingesting larvae by eating 
(versus via gavage) had not caused the loss of susceptibility; instead, 
the slow natural rate of exposure allowed susceptible mice to become 
resistant55. Scott’s measurements focused on parasitology rather 
than immunology, but a recent paper comparing TH1-inducing 
large-dose ‘bolus’ infections to TH2-inducing repetitive small-dose 
‘trickle’ infections with the helminth Trichuris muris56 suggests a 
role for differential immune response induction in explaining diver-
gence between lab-dwellers and arena-dwellers. Doses, routes and 
rates of exposure that mimic realistic exposures of wild hosts may 
dramatically alter the induced immune response in lab mice (for 
example, low-dose intradermal infection is essential for the induc-
tion of CD8+ T cells by Leishmania major infection57). A natural 
epidemiological setting may thereby qualitatively change immune 
responses. Might rates of microbial exposure in the wild likewise 
make mice naturalized outdoors an important model to compare 
with mice given intense infection regimens (for example, see ref. 47) 
or a bolus of fecal transplant material (for example, see ref. 48)?

Our own work in this area entails ‘rewilding’ inbred mice, by 
maintaining them outdoors for several months, in a predator-free 
enclosure system (Fig. 2) originally built for studies of circadian 
rhythms58. This approach naturalizes the antigenic experience of the 
mice by allowing them to acquire microbes from the environment 
itself (for example, those present in soil, on plants and in rainwater), 
rather than from conspecifics (whether directly or via fecal trans-
plant, as in the studies outlined in the previous section). Rewilded 
mice also experience otherwise-natural conditions such as opportu-
nities to exercise (for example, digging burrows59 and moving about 
the pens at night35), varied photoperiod and circadian rhythms in 
temperature. We do, however, protect them from predation with 
tall enclosure walls, electric fencing, suspended aluminum plates, 
vegetation and small barns, and we provide them with feeding and 
watering stations. We developed live-trapping procedures to sample 
the mice at regular intervals and at experimental endpoints. In these 
replicate populations, we can control variables such as host geno-
type, age and exposure to conspecifics, to discover how exposure to 
the environment generates divergent immune phenotypes.

We find that, in comparison to littermates maintained in con-
ventional SPF conditions, rewilded mice rapidly acquire diverse  
gut microbes60 and become more susceptible to gastrointestinal 
nematodes59 while maintaining body weight and overall condi-
tion35. These effects of rewilding are associated with profound 
changes to immune cell distributions59,61. For example, the propor-
tion of mature, antigen-experienced T cells (CD62LloCD44hi CD8+ 
T cells) in rewilded mice parallels what is observed via the other 
microbial naturalization approaches outlined above (for example, 
CD44hi fractions in the ~75% of lab mice that survived co-housing  
with heavily infected pet store mice46). Comprehensive testing 
showed that rewilded mice had not been exposed to pathogens59,61, 
suggesting that their accrued antigenic experiences were instead 
driven by exposure to environmental microbes, in the context of 
other aspects of environmental realism, both abiotic and biotic 
(tabulated in ref. 35).

A chief disadvantage of rewilding is complexity that may imperil 
the reductionist understanding of immune responses that many 
immunologists seek, yet rewilding also brings several advantages. 
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The first advantage is that control of genotype in a multivariate 
environment allows us to quantify the relative and interacting 
contributions of genes and environment to immune phenotype. 
In parallel, we can statistically dissect the contributions of geno-
type and environmental exposure to the acquisition of microbiota 
(as in ref. 62, but for mice kept outdoors). We can thereby assess 
whether pathways of large effect size in the lab are robust to the 
field. Although we have thus far only compared closely related indi-
viduals (that is, C57BL/6 mice and congenic knockouts at various 
immunogenetic loci), we find that environment swamps genetics, 
such that gene knockouts (including Stat6–/– and Nod2–/–) no longer 
have profound phenotypic effects (for example, see refs. 59,61); relat-
edly, it would be fascinating to discover the extent to which natural 
environments buffer the effects of human loss-of-function muta-
tions63. More widely divergent murine genotypes (for example, in 
founder strains of the Collaborative Cross) are a priority for future 
study. In comparison to studies of fully wild animals (for example, 
mice with genetic and environmental contributors to immune vari-
ation8,9,64), the control of genetics by using inbred mice strength-
ens the ability to study how a multivariate environment moderates 
immune phenotype.

A second advantage of rewilding is that unexpected environmen-
tal factors can emerge as crucial drivers of immune phenotype. For 
example, although bacterial components are major contributors to 
gut microbiota diversity outdoors59,60, we also discovered that fungi 

are the most important microbial drivers of granulocyte expansion 
in rewilded mice65. Such discoveries in turn suggest new hypo
theses that can be tested in subsequent reductionist experiments. 
Furthermore, the systemic effects of rewilding invite investigation 
of organs beyond the immune system that may nonetheless impact 
immune function: for example, neuronal growth in the hippocampus 
associated with learning behaviors and astrocyte activity outdoors66.

A third major advantage of rewilding is that it enables explicit 
study of immunological divergence among genetically related indi-
viduals that differ incrementally in environmental experiences. 
Crucially, mice outdoors have behavioral freedom that causes the 
microbial and other experiences of genetically matched individuals 
to diverge; immune phenotypes thus also diverge (analogously to 
what happens to human twins21). Time outdoors therefore expands 
variation among individuals, and this accrued environmental expe-
rience may leave idiosyncratic impacts on immune cells, as it does 
on neurons24. Still, rewilding generates repeatable and scientifi-
cally robust immunological findings. Indeed, across years, we find 
that rewilding repeatably expands mature T cells59,61 and granu-
locytes (ref. 65 and Y. H. Chen, F. Yeung, A. E. Downie, J. D. Lin,  
C. McCauley et al., manuscript in preparation).

It is important to note that, although t tests and other simple 
statistical approaches have their place in analysis of conventional 
experiments in immunology67, they are insufficient for analysis of 
complex drivers of immune phenotype in a realistic environment. 
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Fig. 1 | Maze depicting the ‘Snakes and Ladders’ of environmental experience that may hinder and help, respectively, naturalization of inbred mice. 
Conceptually, we might think of the accrued environmental experience required to naturalize an inbred lab mouse as a game of Snakes and Ladders (also 
known as Chutes and Ladders). Every environmental experience that approximates that of wild animals (for example, antigenic experience or a seasonally 
varying photoperiod) functions like a ladder, taking the mouse closer to the environmentally naturalized immune state at the top right. Every artificial 
experience functions like a snake, taking the mouse back to its lab origins; it would be interesting to learn how long the effects of a natural environment 
might last upon return to controlled conditions. Examples of snakes and ladders here are of arbitrary placement and length and are for purposes of 
illustration only. Antigenic experience could include exposure to any infectious agents (from viruses to helminths) and symbionts, as well as allergens, and 
so son. A formal tabulation of abiotic and biotic factors affecting the immune system, and how those factors differ for wild and rewilded mice as compared 
to lab mice, is provided in ref. 35.
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Instead, rewilding and organismal performance arenas require 
more robust statistical tools to dissect complexity. For example, 
generalized linear mixed statistical models lend insight by quanti-
fying the immunological variance independently or interactively 
associated with genotype and multiple environmental variables as 
well as sex, age and individual identity. Such statistical approaches 
are routinely used in wild immunology (for example, to reveal 
differential survival among Soay sheep exhibiting autoantibod-
ies68 or immunosenescence69). When such statistics are combined 
with experimental designs that control for genotype, and even for 
aspects of environment, the power of the approach to dissect causes 
of immunophenotypic divergence is enhanced. For example, in our 
rewilding work, we can match the temperature, humidity and light–
dark cycles in the lab to what mice are experiencing in the field, to 
control for abiotic factors that are not of central interest to our work. 
We can therefore exclude thermogenesis and account for initial 
body mass (using generalized linear mixed models) as causes of the 
altered T cell populations in the lamina propria of mice outdoors59.

Taking lab mice outdoors will never replace reductionist, highly 
controlled experiments, but holistic approaches still bring their own 
advantages. Given the potential for reductionist follow-up experi-
ments after outdoor experiments, one need not choose between 
reductionism and holism. Besides, there are strong arguments for 
providing ‘a good life’ for lab rodents70 and for using studies on 
naturalized lab mice as an immunological bridge of understanding 
between fully caged and fully wild animals12,13,45.

Improving translational potential
Naturalizing lab-reared mice, whether by bringing elements of the 
natural world to them or by taking them outside, is expected to 
enable them to more closely resemble the structure (for example, 
in terms of relative abundances of different cell types) and therefore 
better model the function of human immune systems. As outlined 
above, for instance, we already know that providing wild surrogate 
mothers for lab mice renders the mice better models of inflamma-
tory diseases and their treatments49. If this proves true more broadly, 
then naturalizing mouse models should make the immunology that 
they reveal translate better into improving human health45.

An emerging example centers on neutrophils, a classic ‘double- 
edged sword’ cell type, with powerful roles in killing microbes 
(for example, see refs. 71,72) and causing inflammatory damage  

(for example, see ref. 73). In the delicate tissue of the lung, neutro-
phils also promote tissue repair following injury, such that they 
have been targeted in clinical interventions—but to no avail thus 
far74, perhaps owing to poor modeling of the interactions between 
neutrophils and endothelial cells in conventional lab mice75. Indeed, 
neutropenia is a stark difference between conventional lab mice and 
the human immune system5–7. We were therefore struck by the dra-
matic increase in myeloid cells (especially neutrophils) in the blood 
and lymph nodes of rewilded mice that could be recreated under 
controlled lab conditions by inoculation with a wild fungus consor-
tium, albeit with a smaller effect size than for rewilding per se65. It is 
exciting to speculate that the translational potential of mouse mod-
els of neutrophil-mediated immunity may be enhanced by logisti-
cally tractable fungal exposures back in conventional vivaria.

Naturalized mice suggest many other possibilities for improved 
translation, and it is sensible to encourage researchers to pursue the 
logistically easiest method that sufficiently naturalizes the aspect of 
immunity of interest45. The logistical challenges of taking lab mice 
outdoors59 or to another complex environment such as a barn51 may 
become essential when multiple physiological systems (from brain 
to liver) or multiple environmental axes (from housing temperature 
to microbial exposures) are of known importance to the immune 
phenotype of interest.

Mimicking natural variation in environmental experience could 
eventually become a routine step in the translational pipeline, as 
drugs or vaccines would need to pass muster outdoors (that is, 
be robust to environmental ‘noise’) in mice before proceeding to 
experiments in nonhuman primates and onward to clinical trials. 
A naturalized mouse step in the pipeline might save primate lives 
as well as time and money. For example, it is possible that immune 
pathways revealed by reductionist experiments will not predict phe-
notypes in a natural context. Drugs targeting those pathways may 
thus not prove effective in wild animals or people, even if all con-
trolled lab experiments suggest that they ought to. It is important 
to note that a wild environment may either swamp or accentuate 
signals. If swamped, treatments might not work anymore. If accen-
tuated, treatments might end up being dangerous. Field testing is 
routine in other industries (for example, in engineering) and is 
now advocated in toxicology (for example, see ref. 52); why not in 
immunology? Again, a literal field test may not be needed if a more 
tractable approach (for example, fecal transplants from wild mice) 
sufficiently naturalizes the target pathway45.

Further questions are raised by this line of thinking. For exam-
ple, for what translational applications is it sufficient to nudge lab 
mice in the right direction toward wildness (for example, using 
selected environmental exposures to naturalize just one cell type 
or one anatomical location)? For what applications must lab mice 
more comprehensively mimic the phenotype of wild animals? 
Should naturalization be sought in species beyond mice (for exam-
ple, colonies of nonhuman primates)? What can be translated from 
domesticated animals and even from fully wild ones, especially as 
we increasingly appreciate that our health is bound up with that of 
countless other animal species and now that comparative genomics 
tools open new vistas for discovery13? Finally, human populations 
live in a wide variety of environments12—for example, across a spec-
trum of exposures to worms and germs76—so might different types 
or extents of naturalization be needed to understand human immu-
nology across that range? No matter the insights gleaned from other 
species, naturalized lab mice seem a promising part of the bridge 
from reductionist experiments in cellular and molecular immunol-
ogy to the complex realities of human physiology.

Expanding evolutionary insights
Maizels and Nussey12 argued that research on a wide range of  
species across a spectrum of environments (from the lab bubble to 
the jungle) will be essential to understanding evolutionary causes 

Fig. 2 | View of our mouse enclosures for rewilding. In total, the eight 
wedge-shaped pens cover nearly 1,500 m2. Each contains a hut and 
vegetation. We have used the system for our rewilding experiments in 
immunology since 2014. Map data: Google Earth.
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of immunological variation. Flies13 proposed a research agenda that 
cycles iteratively from phylogenetic comparative analysis across ver-
tebrates through pathway discovery and testing in dirty mice to field 
observations of wild animals and people, to broaden and deepen 
understanding of vertebrate immunology (akin to the productive 
iterations between phenomenological and mechanistic research in 
vaccinology that teach new immunology77). I second these calls. 
Much can be learned from comparative immunology across both 
environmental and taxonomic distances.

Questions arise for evolutionary biology as we contemplate 
environmental naturalization of lab mice. Two approaches immedi-
ately stand out. First, naturalized lab mice might elucidate selection 
pressures that have driven the evolution of mammalian immune 
defenses. For example, if certain branches of the immune system 
evolved to defend against opportunistic environmental microbes 
(for example, the inflammasome78,79), might exposing mice of diver-
gent (including outbred) strains to a natural microbial environment 
facilitate the discovery of such mechanisms? Might environmental 
naturalization of lab mice also allow tests of the resilience of adult 
mammals raised in the lab bubble—for example, enabling experi-
mental tests of phenotypic plasticity?

Second, wild immunology can suggest new hypotheses80 that 
might be usefully dissected in naturalized lab mice. For exam-
ple, research in Cape buffalo has shown distinct immunological 
sequelae of natural versus drug-induced clearance of nematodes, 
with only the naturally resistant animals exhibiting potent type 2 
immune effectors in lung tissue and therefore catastrophic sus-
ceptibility to tuberculosis81. This observation suggests distinct  
effects of genetic resistance and current helminth infection  
on the potency and location of cytokine cross-regulation dur-
ing co-infection81. Mice have not yet been used to test this idea.  
Does TH1–TH2 cytokine cross-talk operate idiosyncratically in  
the buffalo or might a natural environment draw out variation 
among murine genotypes to make differential and tissue-specific 
immune feedbacks observable? No matter the answer, new insights 
into the evolution of cytokine signaling systems in mammals  
would emerge.

Conclusions
Multivariate environmental features, abiotic and biotic, likely shape 
the cellular composition and function of the immune system in lab 
mice—just as environment explains the bulk of human immune 
phenotype21–23. The experimental approaches to naturalize lab mice 
reviewed here offer new ways of honing understanding of mam-
malian immune function and applying that understanding to the 
development of vaccines and treatments. These approaches will 
never (and should never) totally replace experiments on controlled 
lab mouse genotypes in conventional, controlled environments. 
But neither should the current wave of interest in dirty45 and other 
naturalized mice be forced underground by fears that complex 
environments hamper mechanistic discovery. Arguably, research 
using conventional mouse husbandry prioritizes precision, which 
is of course valuable for discovery of immune mechanisms. But if 
environmental effects swamp or alter immune pathways, mecha-
nisms understood only in the lab would not accurately reflect how 
immune systems really work. To avoid sacrificing accuracy in the 
name of precision, immunology research would be wise to keep 
going where the wild things are.
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