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There is increasing evidence that interactions between
microbes and their hosts not only play a role in determining
health and disease but also in emotions, thought, and
behavior. Built environments greatly influence microbiome
exposures because of their built-in highly specific
microbiomes coproduced with myriad metaorganisms
including humans, pets, plants, rodents, and insects.
Seemingly static built structures host complex ecologies of
microorganisms that are only starting to be mapped. These
microbial ecologies of built environments are directly and
interdependently affected by social, spatial, and technological
norms. Advances in technology have made these organisms
visible and forced the scientific community and architects
to rethink gene-environment and microbe interactions
respectively. Thus, built environment design must consider
the microbiome, and research involving host-microbiome
interaction must consider the built-environment. This
paradigm shift becomes increasingly important as evidence
grows that contemporary built environments are steadily
reducing the microbial diversity essential for human health,
well-being, and resilience while accelerating the symptoms
of human chronic diseases including environmental allergies,
and other more life-altering diseases. New models of design
are required to balance maximizing exposure to microbial
diversity while minimizing exposure to human-associated
diseases. Sustained trans-disciplinary research across time
(evolutionary, historical, and generational) and space (cultural
and geographical) is needed to develop experimental design
protocols that address multigenerational multispecies
health and health equity in built environments.

Anthropocene | evolution | microbiome | metaorganism |
architectural design

Humans evolved in environments that continually exposed
them to animal, water, soil, air, and plant microbes descended
from the more than 3 billion years of microbial life that
preceded the emergence of metaorganisms (1-4). As metaor-
ganisms, humans therefore are nested ecosystems com-
prised of human cells interacting with a similar number of
microbial cells (2, 4). For more than 10,000 y, our human
environment has increasingly consisted of an anthropogenic
“pbuilt” environment (BE) that is most evident in the physical
shelter of buildings but extends through neighborhoods,
cities, and infrastructural systems that cross vast territo-
ries—connecting and transforming diverse ecosystems (5-8).
These trends will continue as two-thirds of the world is
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expected to live in the built urban environment by 2050. Our
current BE isolates us increasingly from the microbes of “nat-
ural” environments, among which there are very few human
pathogens (<0.00001%) (9-14). Buildings are complex organic
systems in their own right, in terms of the countless mutually
interdependent microbial communities they host, that effec-
tively affect the human metaorganism's health. Yet, they also
pose a threat to well-being and survival (11, 13, 15, 16).
Numerous studies have reinforced the contention that
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Fig. 1. Healthy porosity. (A) The human body is constantly exposed to its microbial environment. (B) Traditional lifestyle buildings that are open to nature allow

human exposures to natural microbes and other elements. As humans urbanize, dwellings are placed in settings where natural elements are highly reduced
compared to the environment we have evolved in (e.g., there is less dirt, fewer trees) and architectural design encloses buildings. In these enclosed, almost
impermeable urban buildings humans become the main source of microbes, thus impairing human exposure to nature and its elements. Image credit: Katja

Duwe-Schrinner.

increasing separation from “nature” has had a substantial
impact on physical and mental well-being. If health corre-
lates with increased microbiome diversity (17, 18), then much
of the contemporary built environment (its form, materials,
systems, construction, maintenance, and modes of occupa-
tion) reduces diversity and thus could lead to poorer health.
In this context, therefore, our understanding of health is
primarily about securing human health which includes the
whole interactive ecology (19, 20). The invention of the BE
has increased our life expectancy, but at the same time has
also given rise to conditions for disease by creating new
niches for disease hosts and vectors, concentrating waste
and toxic materials, and decreasing ventilation and sunlight,
thereby changing circuits of microbial exchange within the
communities of humans and newly domesticated animals,
plants, and their larger environments (8, 21-26).

The BE may influence the human microbiome by 1) acting
as an evolutionarily unique reservoir of human-adapted com-
mensal and harmful microbes (e.g., biofilms on plastic sur-
faces that comprise increasing amounts of the BE that could
potentially colonize humans); 2) decreasing the exposure of
individuals to beneficial microbes by increasing disconnec-
tion from the natural biodiversity by acting as a barrier
between humans and the wider environmental microbiome
(e.g., the rich ecosystem of soil microbes); 3) altering human
behavior and interactions thereby affecting microbial expo-
sure and transmission (e.g., by increasing indoor social inter-
actions and promoting the transmission of respiratory
diseases such as Covid-19, TB, or influenza) and 4) reducing
diversity, thereby likely accelerating symptoms of chronic
diseases such as metabolic syndrome, type 2 diabetes, and
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chronic obstructive lung diseases (27). In this paper, we advo-
cate and present an expanded view of the human metaor-
ganism that includes its multiple links to the BE. Exploring
the parallels between the BE and the immune system as
gatekeepers of boundaries between inside and outside may
hold promise for promoting health equity in environments
throughout the world.

Healthy Porosity

BE are interactional spaces shaped by multiple barriers and
filters at different scales from buildings to neighborhoods to
cities to landscapes. BEs allow climate control and enable
humans to live in otherwise inhospitable sites. Architectural
design often reduces natural elements such as soil and trees,
and there is a reduction of environmental microbes from
nature entering the building. It is estimated that 90% of con-
temporary human life in “developed” economies is now spent
“indoors"” (28). Like living organisms, buildings are formed by
folding the exterior world into an interior (29). They become
part of the organisms that inhabit them by acting as a second
skin that modulates environmental conditions such as tem-
perature into a narrow range and fosters internal symbiotic
exchanges among the resident communities. However,
shared pockets of space are partially sealed off from what is
now treated as the “outside.” Increasing building porosity
does not necessarily make for a healthier indoor environ-
ment. There are plenty of toxic microbiomes in the agricul-
tural countryside, and there are pockets of healthy microbial
environments in areas of cities. Here, we are advocating for
arecalibration of porosity to permit desired circulations and
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exposures, with the caveat that we are not yet sure what the
ideal microbiome looks like.

As buildings become increasingly sealed, humans become
the main source of microbes for the BE (9-11). But what kinds
of microbiomes? Nineteenth century sanitary reform called
for buildings to be reopened to fresh air, sunlight, and plants
in response to the ravages of infectious disease (notably
typhus, cholera, and tuberculosis) (30). However, building
design has increasingly responded to energy constraints with
ever more tightly enclosed buildings, often situated in set-
tings that are themselves isolated from natural environ-
ments. Multiple BE systems (impervious materials, seals,
filters, gaskets, layers, chemicals, air conditioning, nonoper-
able windows, etc.) create barriers between inside and out-
side and restrict diversity of environmental conditions and
organisms. However, boundaries in the human metaorgan-
ism are not as strict (31). The human body and its resident
microbes can communicate directly or indirectly—as in the
gut where microbes or their metabolites can cross through
intestinal membranes and communicate with the host
immune and nervous system (Fig. 1A) (32-35). The interfaces
between environment and organism (such as the gut and
skin) are occupied by the microbiome (36). They are not solid
lines but porous zones of communication and exchange
between inner and outer. A more porous BE is likely to be
healthier for all the metaorganisms that inhabit it (pollutants
notwithstanding) for many reasons including that a more
porous BE can increase exposure to outside microbes (which
tend to contain very few human pathogens [<0.00001%;
(9-13)] and dilute exposure to human-adapted microbes
(which includes human pathogens).

Buildings and the Immune Systems

Insights from immunology offer a way to think differently
about the BE. The immune system may be understood as
maintaining specific mixtures of microbes rather than simply
defending inside commensals from outside pathogens
(37-39). Is it possible to think about the built environment as
an extension of the immune system, particularly considering
that the brain and culture, which actively manage human-
microbial interactions, are components of this system? The
BE is somewhat similar to the immune system in terms of its
ability to discriminate between desired and undesired expo-
sures. Perhaps health is not simply microbial diversity but
rather a dynamic maintenance of diversity (40). Does the BE
become unhealthy because of exposure to its unhealthy com-
ponents, or because it leads to the loss of exposure to health-
ier nonbuilt environments? Or both? Buildings may need to
curate microbial diversity better to promote health, requiring
us to rethink what “boundaries” we should be striving for.
Extending the logic of the immune system (37), the BE does
not consist simply of fixed physical limits but interactional
spaces characterized by movement and exchange. These
interactions change as space/place boundaries are crossed
or not, with sociospatial inequities existing across various
time and space scales. For example, children interact with
the BE in ways that adults do not (licking, slobbering, ingest-
ing things from the floor), and differences in exposures likely
differ considerably throughout the world. We must inquire
how we should map/layer microbiome studies along these
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mobility networks, interaction networks, ages/life stages, and
other intersectional demographic variables like “class”,
income-levels, gender, and race/ethnicity.

Architecturally, variation in relationships between outside
and inside is influenced by culture, climate, and available tech-
nological and environmental resources (Fig. 1B). In Japan, for
example, sliding doors in traditional homes can be appreci-
ated in microbiological terms as they allow more diverse
microbial flows. Such nonwestern or indigenous structures
may offer models of healthy BE because they often foster
more fluid sets of relationships between inside and outside
and emphasize transactional spaces that are neither inside
nor outside (e.g., ref. 41). Itis not yet clear how such structures
alter the human microbiome, but we can hypothesize that a
stronger connection to microbiomes outside of BEs results in
greater overall microbial diversity “inside” BEs, which in turn
increases the diversity of human microbiomes in ways asso-
ciated with increased human health. This hypothesis should
be tested across time (evolutionary, generational, and histor-
ical) and space (culturally and geographically).

Rewilding the Interior

To rethink the BE in terms of curated exposure rather than
prophylactic shelter is to argue that, in a deeper sense, gen-
uine shelter to the human species is paradoxically offered
by exposure. Furthermore, to promote health, we may need
to optimize our BE by taking into consideration the existing
microbial communities, treating them as fellow collaborative
inhabitants (42). We may also initiate research on small scales
to explore the conditions and composition of materials that
favor the establishment of BEs that promote human health.
The resolutely antimicrobial philosophy governing the design
and occupation of contemporary spaces might give way to
a probiotic one. We may need to “naturalize” the BE, e.g., by
reintroducing soil and plants, using less toxic building mate-
rials, and less prophylactic assemblages. Is it worth experi-
menting with the idea of rewilding the interior (43, 44)?

There is a huge gap in knowledge about the importance
of the BE for microbiomes. Throughout our evolutionary his-
tory, humans have manipulated, modified, and built their
environments for survival, protection, convenience, social
structure, aesthetics, and other reasons, usually with par-
ticular concepts of health in mind. New thinking about health
is likely to foster new BEs (e.g., ref. 7). Changing microbial
composition and diversity may constitute an emerging threat
to global health, as BEs increasingly move toward less porous
boundaries between interior and exterior. Hospitals provide
important case studies for built environment-microbiome
attention since they are BEs dedicated to the restoration of
health. Recognition of hospitals as ecosystems themselves
has led to the creation of a Hospital Microbiome Consortium
(45). We are still far from an understanding of what an
unhealthy (dysbiotic) microbiome is, apart from reduced
diversity. In addition, completely sterile environments are
not optimal for developmental programs and optimal organ
function to sustain health and longevity (18, 46).

Buildings have had unintended health consequences since
their invention, and while humans keep trying to make them
healthier and safer, they often only induce more (and/or dif-
ferent) disease/health risks. In this sense, the “sick building
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syndrome” (SBS) is as old as buildings (21). There are new
toxicities today, in materials and systems, but the problem
is ancient. Often societal attention on certain causes obscures
others, as in the case of SBS where the focus on labor acci-
dents in the workplace made people blind to potential
building-related causes of illness. The fact that there are
gender-specific differences in SBS prevalence, with a higher
susceptibility in women (47), suggests that to understand
this complex syndrome, understanding historical and social
factors, among others, is necessary (21, 48). Such examples
also challenge culturally and historically specific associations
of inside-outside, home-work, and individual-communal dis-
tinctions. Cross-cultural studies may provide insights into the
fluidity of boundaries and risks of the BE.

Need for Experimental Model Systems

Future research must uncover causal relationships and go
beyond correlative associations. Causality must, however,
be soughtin all directions and cannot be restricted to a sim-
ple separation between BE, BE microbiome, and human
microbiome. To fully understand the interaction between
the BE microbiome and the health of its inhabitants, we
therefore crucially need experimental model systems that
allow us to manipulate this interaction. However, all labora-
tory animal models are also BE models (since they are main-
tained in experimentally tractable BEs), but historically they
have not been recognized as such, and consequently have
been underutilized to address questions about BEs and
metaorganism health and functioning. Such experimental
BE models often exhibit phenomena similar to those of
human BEs; for example, plastics used in laboratory BEs con-
tain many synthetic chemicals, including endocrine disrup-
tors which may impact the development and behavior of
their residents, as well as health outcomes related to the
microbiome (49-51). In addition to experimental models,
there are many “natural models” of BE microbiome-human
interactions. Many animals construct and manage BEs such
as nests (52), burrows, tunnels, honeycombs made of plants,
earth, sand, clay, paper, wood, wax, stones, slime, and silk
(53), which are models of efficient ecological building and
sustainability. Such BEs have long been considered important
components of an animal’s “extended phenotype,” and as
such are both a product and a driver of its evolution (54, 55).
Such an intimate association between humans and their BEs
is seldom considered. Comparative studies of human and
animal interactions with their respective BE microbiomes (56)
could bring an explicitly evolutionary perspective to BE
research that currently is lacking.

Realistic Engineering Considerations for
Rethinking the Built Environment

Previous work has shown that microbial diversity in our bod-
ies is crucial for health (9, 10, 18, 43, 49) and that all aspects
of building design may influence human health outcomes.
The way indoor spaces are conditioned conflict with promot-
ing microbiome diversity. For example, the contemporary
standards in place that define how “air conditioning” systems
operate aim to create thermostasis by setting boundaries on
the conditions inside (57). While many recognize problems
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with thermal monotony of these systems, these mainly
address the perception and psychology of unchanging climate
conditions. New standards and concepts such as WELL stand-
ard, biophilic design, and Living Building Standard are starting
to address these (58). However, the vast majority of our stand-
ard HVAC (heating ventilation and air conditioning) systems
limit the evolution of interior ecosystem diversity and some-
times limit it to pathogens that have also evolved to enjoy
humans' preferred climates (59). Alternative heating and
cooling methods that depend on alternative heat transfer
mechanisms such as radiant heat transfer can enable passive
natural ventilation (60). At the core of this solution is the sim-
ple idea of opening windows, but the real innovation and
challenge is recognizing and accepting that a sensation of hot
or cold can be achieved independent of air temperature, and
thermal comfort can be maintained at temperatures ranging
from 10 to 34 °C(61), way outside standard thermostat con-
trols, which have propagated the myth that indoor air tem-
perature is the factor that determines one's comfort. It does
certainly determine the types of bacteria that will be most
common. By breaking conventional paradigms and expecta-
tions for our built environment to be at a constant tempera-
ture, we can open the door, literally and figuratively to a more
dynamic thermal experience and microbiome. On a concep-
tual level, such considerations make it clear that the question
of microbial diversity and climate change are not rival prior-
ities but deeply interrelated.

The concept of the “healthy house” (both as prevention
and as cure) is ancient. In addition, the idea to avoid sealed
buildings unless there is an evidence-based reason to do so
is old wisdom (from Florence Nightingale and before).
However, although we now have a new perspective on why
a connection to the outside environment is important, we
have not yet understood the role of built environment design
in maintaining a diverse microbiome and preventing disease
simply because we have not addressed the question from a
BE microbiome-human health perspective. Questions to be
addressed in the future include the following: How do we
define a healthy building? A healthy microbiome? How do we
reconcile BE and nature? How can we transform BEs to max-
imize microbial diversity in all its forms—which allows for
flexibility and resilience and, in turn, permits adaptation to
changing forces and challenges? And for whom? How do we
consider all animal and plant-life, and even the microbes
themselves, as the residents of BE equally deserving care?
Answering those questions (see also refs. 62 and 63) requires
a radical rethinking of how buildings (and the expanded BE)
are designed, made, lived, and maintained at the macro- and
microscale. That is, BE microbiome and building material
research are highly warranted and should be applied to con-
sider regional climate variation, ecological variation, and
cultural variation among human beings.

Conclusion

Most of human evolution occurred in contact with nonhu-
man worlds, often through very porous “homes.” Our con-
temporary way of life ignores the fact that over thousands
of years the body has come to terms with its environment
and its microbes in the best possible ways and that itis only
fit and healthy as a metaorganism. Only by embracing this
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multiorganismic complexity will we come to a deep under-
standing of health and thus to an understanding of common
lifestyle diseases. The decisions we make about our BEs
influence how we sustain and support microbial diversity.
Constructing BEs with the microbiome in mind is a grand
challenge for the 21st century, with opportunities for
addressing social and environmental justice from a broad
ecological and One Health perspective (20). Microbiome-
aided design aims to ensure that the specific needs of certain
microbial communities are incorporated into architectural
designs for new buildings and urban spaces. This can only
be reached in inter- and trans-disciplinary projects between
architects, designers, anthropologists, and microbiologists
integrating cross-space (cultural, geographical), cross-time

(historical, evolutionary), cross-scale, and cross-species per-
spectives. The potential of microbe-sensitive BEs is huge and
has been relatively unexplored to date. This article highlights
the need for novel experimental research where biologists
and social scientists work closely with engineers to develop
21st-century buildings that support prolonged human and
environmental health.

Data, Materials, and Software Availability. All study data are included in
the main text.
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