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Abstract
Two prominent models emerged as a result of intense interdisciplinary discussions on the environmental health paradigm, 
called the “exposome” concept and the “adverse outcome pathway” (AOP) concept that links a molecular initiating event to 
the adverse outcome via key events. Here, evidence is discussed, suggesting that environmental stress/injury-induced damage-
associated molecular patterns (DAMPs) may operate as an essential integrating element of both environmental health research 
paradigms. DAMP-promoted controlled/uncontrolled innate/adaptive immune responses reflect the key events of the AOP 
concept. The whole process starting from exposure to a distinct environmental stress/injury—associated with the presence/
emission of DAMPs—up to the manifestation of a disease may be regarded as an exposome. Clinical examples of such a 
scenario are briefly sketched, in particular, a model in relation to the emerging COVID-19 pandemic, where the interaction 
of noninfectious environmental factors (e.g., particulate matter) and infectious factors (SARS CoV-2) may promote SARS 
case fatality via superimposition of both exogenous and endogenous DAMPs.

Article Highlights

• This review is devoted to the first scientific attempt to integrate DAMP-controlled innate immune inflammatory and 
adaptive immune defense responses as well as DAMP-uncontrolled dysregulated pathological responses (acute and 
chronic human diseases) in the environmental health paradigm, called the “exposome” concept and the “adverse 
outcome pathway” (AOP) concept.

• Evidence is discussed that DAMP-promoted controlled/uncontrolled innate immune/adaptive immune responses 
reflect the key events of the AOP concept.

• The whole process starting from exposure to a distinct environmental stress/injury—associated with the presence/
emission of DAMPs—up to the manifestation of a disease may be regarded as an exposome.

• Some exemplifying models of such a scenario are briefly sketched, including respiratory infections, autoimmune/
allergic diseases, organ fibrosis, and cancer.

• In particular, a model in relation to the emerging COVID-19 pandemic is presented, where the interaction of 
noninfectious environmental factors (e.g., particulate matter) and infectious factors (SARS CoV-2) may promote 
SARS case fatality via superimposition of both exogenous and endogenous DAMPs.
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Introduction

The most common diseases result from the combined effect 
of genes and environmental factors and the interactions 
between them. The study of the whole genome (genomics) 
has tremendously evolved into a multidisciplinary area of 
science with highly diverse applications in medical genetics 
(National Human Genome 2018). Considerable improvement 

 * Walter Gottlieb Land 
 Gottliebland@gmail.com
 https://www.akademie-fuer-transplantationsmedizin.de/

1 German Academy for Transplantation Medicine, Munich, 
Germany

2 Molecular ImmunoRheumatology, Laboratory of Excellence 
Transplantex, Faculty of Medicine, INSERM UMR_S1109, 
University of Strasbourg, Strasbourg, France

http://orcid.org/0000-0002-0090-0629
http://crossmark.crossref.org/dialog/?doi=10.1007/s41742-020-00276-z&domain=pdf


584 International Journal of Environmental Research (2020) 14:583–604

1 3

emerged for genome sequencing since the next-generation 
sequencing (NGS) approaches developed in the 2000s, 
thereby allowing genomic assessments in large study popu-
lations (Johansen Taber et al. 2014; Goldfeder et al. 2017. 
The newer technologies enable large-scale whole-genome 
sequencing (WGS) accessible and practical for researchers. 
Today, WGS is increasingly prevalent in detecting the genet-
ics of human diseases, thereby guiding disease prevention, 
clinical diagnoses, and therapeutic intervention (Green and 
Guyer 2011). Thousands of genome-wide association studies 
(GWAS) have tracked relationships between base pair/gene 
patterns in genomic loci and hundreds of human diseases 
(National Human Genome 2018; Goodwin et al. 2016).

However, although enormous costs have been dedicated 
to discovering relevant disease-related genetic variants, 
especially in GWASs, only a small fraction of estimated 
heritability can be explained by these results, called the 
missing heritability problem (Otani et al. 2018). Also, it has 
become apparent that genes alone account for the minority 
of disease etiology for many critical disorders and that most 
chronic diseases are attributable to both genetic and envi-
ronmental influences (Theodoratou et al. 2017). Even more 
striking, the environment has now been recognized to be 
the major contributor to the global disease burden (Rappa-
port and Smith 2010; Manrai et al. 2017). Notably, 80–85% 
of human diseases are reportedly linked to environmental 
exposures (Uppal et al. 2016). Even the current outbreak of 
novel coronavirus COVID-19 (HCoV-19 or SARS-CoV-2) 
has been linked to environmental factors (Qu et al. 2020). 
The authors claim: “In addition to expertise in the fields of 
medicine, public health, and computer science, the contri-
bution of environmental scientists in collaborative research 
is urgently warranted for combating the infectious disease 
threat at a global scale.” However, quantifying and specify-
ing the myriad of environmental and lifestyle risk factors 
such as smoking, exposure to hazardous chemicals, and 
pathogenic microorganisms turned out to be very complex 
and challenging to manage (Rappaport and Smith 2010; 
Willett 2002). For example, persons can be exposed to a 
complex mixture of chemical and biological contaminants, 
with multiple sources, for varying durations across their life 
course.

As a result of finding a way out of this dilemma, the 
continuous endeavor of environmental research was inten-
sified and culminated in the development of the “environ-
mental health paradigm” (Wilson and Schwartz 2006). This 
approach tries to integrate the knowledge of exposures 
and environmental health sciences by exploring the causal 
links between environmental exposure and adverse disease 
effects. Two prominent models emerged as a result of intense 
interdisciplinary discussions on the environmental health 
paradigm, called the “exposome” concept and the “adverse 
outcome pathway” (AOP) concept. Under the exposome 

paradigm, all non-genetic factors contributing to disease are 
considered to be “environmental factors”. Of note, during 
the last decade, the exposome approach has mainly been 
considered in epidemiology, while the other complemen-
tary concept of AOP has predominantly emerged in (eco)
toxicology. The concept of the environmental health para-
digm—academically covered by the new field of exposure 
science (Lioy and Smith 2013)—has worldwide intensified 
efforts of modern environmental research to study adverse 
effects of environmental agents on humans and animals. The 
main subject of such cross-disciplinary studies is the search 
for new tools to assess the risk of adverse health outcomes 
caused by harmful environmental factors. Indeed, the field 
of environmental research is flourishing, as reflected by the 
establishment of an interdisciplinary area of environmental 
health sciences and public health.

Excitingly, there is accumulating evidence in support 
of the notion that damage-associated molecular patterns 
(DAMPs)—defined as any molecule sensed or recognized 
by a cognate pattern recognition molecule (PRM) on/in cells 
of the innate immune defense system—are an essential inte-
grating element of both concepts. This recognition appears 
to be reason enough to address the three models in a special 
review article, here, in light of the danger/injury model in 
Immunology (Matzinger 1994, 2012; Land et al. 1994; Land 
2003, 2018; Seong and Matzinger 2004; Land and Messmer 
2012, 2013).

DAMPs in Host Defense and Diseases 
at a Glance

DAMPs: The Protagonists of Host Innate Immune 
Defense

DAMPs are molecules that are generated and emitted upon 
any cell stress and/or tissue injury, even the slightest intra-
and extracellular molecular perturbations. The DAMPs, a 
term introduced in 2003/2004 (Land 2003; Seong and Matz-
inger 2004), can be regarded as the core of the danger/injury 
theory in Immunology proposed in 1994 (Matzinger 1994; 
Land et al. 1994). In perspective from and addressed in our 
book “DAMPs in Human Diseases” (see Land (2018), Chpt. 
2, p.13), the model claims that any form of cell stress and 
tissue injury, including pathogen-mediated infectious stress/
injury,—via generation and emission of DAMPs—elicit a 
robust host defense response. DAMPs have gained particu-
lar attention in the context of our increasing understanding 
that dying cells actively regulate not only inflammatory but 
also adaptive immune responses (Yatim et al. 2017; Nagata 
and Tanaka 2017). Moreover, current notions even hold that 
all organisms on our planet use DAMPs for their defense 
against any cell stress/tissue injury (Heil and Land 2014). 
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Hence, the evolutionarily determined function of DAMPs is 
to promote injury-induced defense responses, the aim always 
being to eliminate the injurious agent and repair damaged 
tissue, that is, to restore homeostasis: “DAMPs across the 
tree of life”.

In mammals, four categories of DAMPs can be defined, 
termed as (I) endogenous constitutively expressed native 
DAMPs such as high mobility group box 1 (HMGB1), S100 
proteins, cell-free endogenous nucleic acids (NAs), and 
histones; (II) endogenous constitutively expressed, injury-
modified DAMPs, including cell-extrinsic modified DAMPs 
such as oxidation-specific epitopes (OSEs), and cell-intrinsic 
modified DAMPs such as dyshomeostasis-associated molec-
ular patterns [also called homeostatic danger signals (Gallo 
and Gallucci 2013)]; (III) endogenous inducible DAMPs 
produced by previously DAMP-activated stressed or dying 
cells such as interleukin-1beta (IL-1β), tumor necrosis factor 
(TNF), and type I interferons (IFNs); and (IV) exogenous 
DAMPs such as airborne particulate matter (PM) [for details 
of their definitions and functions, see Land (2018), Chpts. 
11–16, pp. 191–370].

The DAMPs accomplish their function in promoting 
injury-induced defense responses by activating various 
PRM-bearing mobile and sessile cells of the innate immune 
system, including leukocytes, macrophages, dendritic cells 
(DCs), innate lymphoid cells, epithelial and endothelial 
cells, and fibroblasts. Together with soluble humoral rec-
ognition receptors such as complement fragment C1q and 
pentraxins, all these cellular PRMs impressively identify the 
innate immune defense system as a highly efficient organ of 
perception [described in detail in Land (2018), Chpt. 4, p. 
33 and Chpt. 5, p. 43].

The work of DAMPs is complex and consists of inflam-
mation-promoting and inflammation-resolving capabili-
ties, the aim always is to restore and maintain homeostasis 
upon any injury. In brief: initial cell stress/tissue damage 
induces molecular perturbation reflecting the first line of 
DAMPs (usually dyshomeostatic DAMPs), which elicit 
cell-autonomous stress responses such as autophagy, oxi-
dative stress response, heat shock response (HSR), DNA 
damage response (DDR), and the endoplasmic reticulum 
(ER)-induced unfolded protein response (UPR) [described 
in Land (2018). Chpt. 18, p. 377]. When these responses 
fail to restore cellular homeostasis, they can result in the 
development of subroutines of regulated cell death (RCD) 
that are associated with passive release of large amounts of 
constitutive DAMPs (Land et al. 2016; Sarhan et al. 2018) 
[for details of RCD, also see Land (2018), Chp. 19, p. 427]. 
These DAMPs—via activation of PRM-bearing cells—pro-
mote context-dependently proinflammatory and—in their 
function as suppressing DAMPs (SAMPs)—inflammation-
resolving responses; additionally, they drive profibrotic 
tissue-repairing processes. Also, in order to enrich the 

defensively oriented arsenal of DAMPs, DAMP-activated 
PRM-expressing cells (or cells succumbing from RCD) 
secret cytokines such as TNF and type I IFNs, which may act 
as inducible DAMPs (for TNF and type I IFNs denoted as 
inducible DAMPs, see Land (2018), Sect. 14.3.2, p. 322, and 
Sect. 14.2.3, p. 312]. Moreover, in the presence of altered-
self or nonself antigens, the DAMPs—via activation of 
antigen-presenting DCs—shape adaptive immune responses, 
which have the same homeostasis-restoring aim [for details 
and more information on DAMP-promoted innate and adap-
tive immune responses as well as profibrotic/repairing pro-
cesses, see Land (2018), Chpts. 21–25, pp. 473–659, Chpts. 
30–32, pp. 717–790, and Chpt. 36, p. 845].

The Dark Side of DAMPs: Promotion of Pathologies 
and Inflammatory Diseases

The powerful defense responses elicited by DAMPs is 
good news; however, there is also bad news. Under uncon-
trolled and dysregulated conditions, the DAMP-triggered, 
PRM-mediated responses can result in pathologies such as 
the development of chronic inflammatory, autoimmune, 
or neurodegenerative diseases. But even worse: when 
DAMPs are emitted uncontrolled in excess and released 
locally and/or systemically in large amounts, for example, 
in severe local or systemic tissue injury, an acute exagger-
ated, local and/or systemic hyperinflammatory response 
may develop. Mechanistically, the involvement of five 
lines of DAMPs can be sketched and discussed in this sce-
nario (Fig. 1) [reviewed in Land (2018), Chpt. 20. p. 467]: 
Initial tissue injury, via generation of the first line of dys-
homeostatic DAMPs, elicits cell-intrinsic stress responses 
that, when unsuccessful in restoring homeostasis, result in 
RCD (associated with release of a third line of constitu-
tive DAMPs), the emission of a second line of DAMPs 
serving as the medium. Such a second line of DAMPs, for 
example, refers to thioredoxin-interacting protein (TXNIP) 
that is rapidly generated in the ER stress → UPR path-
way and represents a critical node in the terminal UPR. In 
turn, it can activate the NLRP3 inflammasome resulting 
in pyroptosis (Lerner et al. 2012; Sano and Reed 2013; 
Heo et al. 2019) (NLRP3 stands for nucleotide-binding 
and oligomerization domain-like receptor [NLR] family 
pyrin domain-containing 3). There is another second line 
of DAMPs that can also be discussed: During ER stress, 
calcium homeostasis in the ER is imbalanced, and  Ca2+ 
is released from the ER into the cytoplasm via several 
channels, in particular ryanodine receptors and inositol 
1,4,5-trisphosphate receptors (Sharp et al. 1993). Sub-
sequently, increased calcium concentration in the cyto-
plasm then has been shown to activate the NLRP3 inflam-
masome [reviewed in Chen et al. (2019a) and Swanson 
et al. (2019)]. The disturbed  Ca2+-mediated intracellular 
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molecular perturbation again reflects dyshomeostatic 
DAMPs, which are also sensed by NLRP3 to activate the 
inflammasome. The fourth line of DAMPs refers to induc-
ible DAMPs such as TNF, which are secreted by DAMP-
activated or dying cells. Both constitutive and inducible 
DAMPs can overlap and result in an overshooting, hyper-
inflammatory process that may drive a secondary round of 
RCD associated with the release of a fifth line of DAMPs, 
a phenomenon called “propagation of RCD” (Kaczmarek 
et al. 2013; Newton 2015) [for more information about 
RCD, see Sarhan et al. (2018), Land (2018), Chpts. 18–20, 
pp. 377–470].

Clinically, local and/or systemic DAMP-promoted 
hyperinflammatory responses are diagnosed as acute solid 
organ failure, for example, as acute lung injury (ALI) and 
acute respiratory distress syndrome (ARDS) [reviewed, 
e.g., in Tolle and Standiford (2013) and Englert et  al. 
(2019)], or as sepsis in terms of a systemic inflammatory 
response syndrome (SIRS) that can lead to multiple organ 
dysfunction syndrome (MODS), often associated with 
patient’s death [reviewed, e.g., in Relja and Land (2019), 
Eppensteiner et al. (2019)]. Importantly, there is accumu-
lating evidence indicating that DAMPs such as HMGB1, 
cell-free DNA, and histones contribute to the develop-
ment of sepsis-associated MODS not only via promotion 
of hyperinflammatory but also procoagulant pathways. 
Therefore, these molecules are also essentially involved 

in the pathogenesis of disseminated intravascular coagula-
tion (DIC) (Liaw et al. 2016; Toh et al. 2016).

The Exposome Concept

Introductory Remarks

The introduction of the term “exposome” is an emerging 
attempt to conceptualize and characterize the whole spec-
trum of exposures humans encounter from birth to death. 
Accordingly, the term “exposome” describes the totality 
of environmental exposures to which an individual is sub-
jected from conception to death. It includes both external 
and internal factors, as well as the human body’s response 
to these factors (Rappaport and Smith 2010; Wild 2012). 
Hence, under the exposome paradigm, all non-genetic fac-
tors contributing to disease are considered to be “environ-
mental” including chemicals, drugs, infectious agents such 
as viruses, and psychosocial stress [for reviews and com-
petent articles on the exposome, see Rappaport and Smith 
(2010), Wild (2012, 2005), Rappaport (2011), National 
Research Council (NRC) (2011), Miller and Jones (2014), 
Smith et al. (2015), Siroux et al. (2016), Johnson et al. 
(2017), Patel (2017), Rattray et al. (2018), US (2019), 
Escher et al. (2017), Vineis et al. (2020), Vermeulen et al. 
(2020) and Santos et al. (2020)].

Fig. 1  Conceptual scenario model of excessive DAMPs emission 
that may avalanche-like develop into a chain of five lines of differ-
ent DAMPs, promoting and expanding acute local/systemic hyperin-
flammatory responses. Clinically, these processes manifest as acute 
solid organ failure and/or systemic inflammatory response syndrome, 
which may lead to multiple organ dysfunction syndrome. aiic acti-
vated innate immune cells, cDAMPs constitutive DAMPs, HMGB1 

high mobility group box  1, iDAMPs inducible DAMPs, IFN inter-
feron, MODS multiple organ dysfunction syndrome, mtDNA mito-
chondrial DNA, RN regulated necrosis, stress resp stress responses, 
SIRS systemic inflammatory response syndrome, TNF tumor necrosis 
factor, TXNIP thioredoxin-interacting protein. Source: The figure was 
published in Land (2018)



587International Journal of Environmental Research (2020) 14:583–604 

1 3

Historically, the term “exposome” was coined by Wild 
(2005) to describe the totality of environmental expo-
sures to which an individual is subjected from concep-
tion throughout the life course to final death. The author 
understood the exposome as a complement to the genome 
that may be helpful in understanding environmental fac-
tors to contribute to the etiopathogenesis of chronic dis-
eases. Wild (2005) concluded, “… The concept of an 
exposome may serve to highlight this requirement and to 
balance the effort going towards characterization of the 
genome. An extension of the current generation of bio-
markers, together with an evaluation of the new genera-
tion of ‘‘omics’’ technologies, has a crucial role to play in 
this regard …. However, advances will require increasing 
collaboration between epidemiologists, biostatisticians, 
experts in bioinformatics, and laboratory and environ-
mental scientists. In addition, funding agencies must take 
a medium- to long-term view and encourage research that 
focuses on improved measures of environmental risk fac-
tors, an area that currently seems to be less of a priority for 
support than many others in the broad domain of medical 
research.”

The approach of Wild was modified by Rappaport 
and Smith (2010) and Rappaport (2011), who stressed 
that exposures are not only comprised of toxic chemicals 
entering the body from the environment, such as pollut-
ants, reactive electrophiles, and metal. In fact, the authors 
extended the term exposome by including human expo-
sures from all exogenous and endogenous sources in the 
body’s “internal chemical environment”. In their 2011 
paper (Rappaport 2011), they wrote: “Thus, it would be 
reasonable to consider the “environment” as the body’s 
internal chemical environment and “exposures” as the 
amounts of biologically active chemicals in this internal 
environment. Under this view, exposures are not restricted 
to chemicals (toxicants) entering the body from air, water, 
or food, for example, but also include chemicals produced 
by inflammation, oxidative stress, lipid peroxidation, 
infections, gut flora, and other natural processes…. This 
internal chemical environment continually fluctuates dur-
ing life due to changes in external and internal sources, 
aging, infections, life-style, stress, psychosocial factors, 
and preexisting diseases”.

In the meantime, the exposome has moved from a con-
cept to a reality and was recently redefined as “the cumula-
tive measure of environmental influences and associated 
biological responses throughout the lifespan, includ-
ing exposures from the environment, behavior, diet, and 
endogenous processes” (Miller and Jones 2014).

Today, the progress in the characterization of the expo-
some allows a better understanding of the complex inter-
play of environmental factors with genetic susceptibility. 
Indeed, the gained knowledge is helpful in elucidating the 

epidemiological phenomenon that the majority of genetic 
alterations will contribute to population disease burden 
only in the presence of specific environmental exposures.

The Exposome and Exposomics

Research on the exposome has been further refined by 
introducing the new field of “exposomics” that is under-
stood as the comprehensive analysis of exposure to all 
environmental chemical and non-chemical stress factors 
(= stressors). As outlined by Smith et al. (2015), the goal 
of exposomics research is to measure, in human bodily 
fluids, all “small signaling molecules” (in terms of biologi-
cally active chemicals) which are involved in mediating 
the effects of stressors on the body by altering cellular 
activity and physiological processes. Further, exposom-
ics science should attempt to link the presence of these 
small molecules with functional changes in biology, lead-
ing to chronic illnesses. The authors (Smith et al. 2015) 
discuss further:… “The internal measurements made in 
exposomics could be of individual chemicals, groups of 
chemicals or the totality of chemicals acting on a particu-
lar receptor or biological pathway in a functional assay. 
Hence, exposomics can be operationalized by studying 
all the small molecules in the body and their influence 
on biological pathways that lead to impaired health.” 
The authors continue with an epidemiological discourse 
by arguing that the health of a given community, and the 
individuals within it, is dependent on a variety of environ-
mental and social factors (Smith et al. 2015). In this con-
text, the issue of cumulative risk assessment is addressed 
as defined by the United States Environmental Protection 
Agency (US EPA) (US 2019): “Combined risks from 
aggregate exposures to multiple agents or stressors, where 
agents or stressors may include chemical and nonchemical 
stressors.” Indeed, this statement refers essentially to the 
exposome paradigm where all non-genetic environmental 
stressors are considered. Hence, cumulative risk assess-
ment, where the impact of all stressors on a population 
is assessed, appears to be a burning topic to be standard-
ized and specified by exposomics. In other words: The 
exposome has been advocated as a key to cumulative risk 
assessment (Smith et al. 2015). Recently, the concept has 
been redefined by Rappaport (2018): “The blood expo-
some consists of chemicals derived from both endogenous 
and exogenous sources. Endogenous chemicals are repre-
sented by the human proteome and metabolome, which 
establish homeostatic networks of functional molecules. 
Exogenous chemicals arise from diet, vitamins, drugs, 
pathogens, microbiota, pollution, and lifestyle factors, 
and can be measured in blood as subsets of the proteome, 
metabolome, metals, macromolecular adducts, and for-
eign DNA and RNA.” According to this definition, the 
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exposome is specific for individuals and integrates life-
time exposure while the AOP is conceptually focused on 
biological mechanisms and pathways—as will be further 
alluded to in the following sections.

Some Examples of Exposomes as Reported 
in the Literature

General Remarks

Though research on exposomes is probably still in its 
infancy, some reports have already been published regard-
ing the description of some subroutines. Indeed, mixtures of 
various exposures, or combinations and interactions between 
multiple environmental exposures, are supposed to be caus-
ally linked with disease and health-related phenotypes (Patel 
2017).

The Eco‑Exposome

The external contribution to the human exposome is deter-
mined by environmental exposure, also termed the “eco-
exposome”, including exposure via air, food, water, dust, 
and use of consumer products [reviewed in Escher et al. 
(2017)]. In 2012, the term was defined by the National 
Research Council (NRC) of the US National Academy of 
Sciences. In this report, the committee decided to use a 
focused definition of exposure science [National Research 
Council (NRC) 2012]: “Exposure science is defined by this 
committee as the collection and analysis of quantitative and 
qualitative information needed to understand the nature of 
contact between receptors (such as people or ecosystems) 
and physical, chemical, or biologic stressors. Exposure sci-
ence strives to create a narrative that captures the spatial 
and temporal dimensions of exposure events with respect 
to acute and long-term effects on human populations and 
ecosystems.” The eco-exposome was first discussed by 
Lioy and Smith (2013), who stressed that “Exposure sci-
ence includes the core elements of the field and provides a 
conceptual framework that identifies and links sources of 
stressors, environmental intensity, time-activity and behav-
ior, stressors and receptors, and outcome of contact.” The 
authors conclude in their 2013 paper: “Concurrently, the 
next generation of exposure scientists needs to be trained to 
implement the vision and embrace and quantitatively elabo-
rate on the concept of the eco-exposome. Such an approach 
can be used to examine and solve human and environmental 
health problems around the world.”

As a variant of the eco-exposome, the concept of the 
“infectome” was introduced, referring to the collection of an 
individual’s exposures to infectious agents (Bogdanos et al. 
2013a, b). The authors describe this part of the exposome 
as a collection of an individual’s exposures to infectious 

agents participating in the pathogenesis of autoimmune dis-
ease (ADs). In this context, infectious agents such as viruses 
and bacteria can be regarded as environmental triggers that 
contribute to diseases (Bogdanos et al. 2013b). The infec-
tome is also discussed as a part of the microbiome (that 
may be regarded as an endogenous exposome) (Bogdanos 
and Sakkas 2017). Notably, the discussion of the microbi-
ome as part of the exposome was extended by addressing 
the gastrointestinal exposome representing the integration 
of all xenobiotic components and host-derived endogenous 
components affecting the host health, disease progression, 
and ultimately clinical outcomes during the lifespan (Moon 
2016). In this discourse, the microbiomes are considered 
to reciprocally altering the bioavailability and activities of 
the chemical exposome in the mucosa, whereas the chemi-
cal exposome derived from nutrients and other xenobiot-
ics can influence the dynamics of microbiome community 
(the stability, diversity, or resilience). The integration of this 
mucosal crosstalk in the exposome is being discussed as to 
determining the fate of the microbiome community and host 
response to the etiologic factors of disease.

Moreover, the eco-exposome has been specified as part 
of the “blood exposome,” which is defined to include all 
biologically active endogenous and exogenous chemicals 
circulating in the blood (Rappaport et al. 2014). This inter-
esting approach recognizes that “meaningful exposures are 
mediated in the internal chemical environment by endog-
enous signaling molecules, exogenous chemicals, and reac-
tive electrophiles that communicate with cells, tissues, 
and organs via mutations, posttranslational modifications, 
enzymes, transcription factors, and receptors (G-factors).”

The authors conclude: “Perhaps the most compelling rea-
son for embracing the blood exposome is the potential to dis-
cover all chemicals that cause disease and then to intervene 
in order to modify exposures and the concomitant burden 
of disease.”

The Endogenous Exposome

The endogenous exposome refers to internal environmental 
exposure causing chronic pathologies. As a prominent exam-
ple of an endogenous exposome, endogenous DNA dam-
age arising from intracellular oxidative stress was recently 
competently described [for more details (see Nakamura et al. 
2014)]. This example was explicitly chosen by the authors 
because it provides quantitative data on endogenous DNA 
damage and its relationship to mutagenesis resulting in 
cancer.

A variant of an endogenous exposome based on oxida-
tive stress can be seen in the radical-free theory of aging 
[for review, see Go and Jones (2017)]. As concluded in this 
review by the authors, “the redox theory of aging reveals a 
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need to elucidate the central principles of exposure mem-
ory, i.e., the central guidelines for lifelong exposures to 
optimize an individual exposome for healthy longevity…. 
Simple principles of the redox code are followed in redox 
organization and function, and the resulting redox networks 
and exposure memory systems effectively account for the 
hallmarks of aging.”

As recently proposed (Colomina et al. 2018), the “psy-
choexposome” may be included in endogenous exposomes, 
at least in a broader sense. However, as discussed in the 
article, the terms psychology, psychiatry, and neurological 
diseases are scarce in the exposome approach. Nevertheless, 
the authors concluded that “psychology may take advantage 
from both exposome and “omic” sciences to create an inte-
grated psychoexposome approach that may help in decipher-
ing the etiology of psychological disorders and improving 
people’s mental health.”

Résumé

There is much hope that research on the exposome will con-
siderably contribute to the understanding of chronic disease 
development. Indeed, it is believed that exposomics could 
have a broad impact on personalized preventative medicine, 
policy changes, and revealing disease mechanisms since it 
can be performed at the individual as well as the population 
level. In particular, exposomics is expected to be used in the 
context of cumulative risk assessment. Thus, as argued by 
Smith et al. (2015), “… Exposomics allows us to study inter-
actions between chronic stress and environmental chemicals 
and to discover environmental chemicals that may disrupt 
stress response pathways. We have named such chemicals 
‘stressogens’ as they have the ability to influence how our 
bodies respond to stress.”

As will be outlined below, this statement of experts strik-
ingly reflects a considerable interconnectedness between 
research on exposomics and DAMP-induced innate immune 
pathways.

The Adverse Outcome Pathway (AOP) 
Concept

Introductory Remarks

The AOP concept has recently been accurately formulated 
by Leist et al. (2017): “Adverse outcome pathways (AOPs) 
are a recent toxicological construct that connects, in a for-
malized, transparent and quality-controlled way, mechanistic 
information to apical endpoints for regulatory purposes … in 
toxicology and ecotoxicology. AOP links a molecular initiat-
ing event (MIE) to the adverse outcome (AO) via key events 
(KE), in a way specified by key event relationships (KER)”. 

The model is now regarded as a supportive paradigm shift 
in regulatory toxicology testing and risk assessment. In fact, 
it is believed that AOPs based on available information on 
the sequence of events (MIE → KEs/KERs → AO) allow 
the development of relevant predictive animal-free in vitro 
test methods, as well as the contextualization of the results 
obtained across a diverse range of biological mechanisms 
and toxicity endpoints. The relationship of such an AOP 
concept to the exposure concept can be seen in the narrative 
level linking exposure to the triggering of an MIE.

According to the Organization for Economic Coopera-
tion and Development (OECD) guidance (OECD 2018), 
each AOP should have one MIE and one AO, but there is 
no limitation in the number of KEs. Notably, the OECD 
represents an international hub for constructing, reviewing, 
and using AOPs with the help of a suite of tools comprising 
the AOP knowledge base, including the AOP Wiki (Aopwiki 
2020). This AOP Wiki provides a collaborative platform for 
constructing AOPs and can be used by groups that have a 
proposal for an AOP (OECD 2018).

Historically, the concept was developed by Ankley et al. 
(2010), aiming to serve as a reliable parameter in assessing 
the risk of distinct chemicals, as based on an understanding 
of the responsible mechanisms in question. Today, the AOP 
concept is considered as a model that links the exposure of 
chemicals to their cellular concentrations and MIEs, through 
KEs to responses at many levels of biological organization, 
that is, at the subcellular/cellular, organ, organism and, 
finally, population and even ecosystem level. Of note, with 
this interpretation in mind, an AOP does not necessarily 
claim to provide a comprehensive and detailed description 
of the exact molecular mechanism of action of each chemi-
cal concerned.

During the past 10 years, the concept has attracted a large 
amount of attention, as documented by an increasing number 
of competent review articles [also see Leist et al. (2017), 
Villeneuve et al. (2014), Becker et al. (2015), Burden et al. 
(2015), Perkins et al. (2015), Edwards et al. (2016), OECD 
(2014) Vinken et al. (2017), Spinu et al. (2020) and Sasaki 
et al. (2020)]. A few important aspects are described in the 
following section.

Outline of the Adverse Outcome Pathway Concept

As mentioned partially above, an AOP alludes to a sequela 
of measurable events linking a stressor-induced MIE to a 
final measurable AO with relevance to risk assessment–via 
a cascade of KEs while establishing causal links between 
adjacent KEs, the KERs. The AOPs are chemical-agnostic 
in that they describe a toxicological process from a purely 
dynamic, biological perspective. Thus, an AOP can be ulti-
mately associated with any chemical that is bioavailable at 
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the relevant site of action and which has the specific features 
to activate the associated MIE.

Accordingly, in the MIEs, a chemical interacts with a bio-
logical target; the following intermediate KEs on the various 
levels of biological organization are then defined as changes 
in biological state, which have to be both measurable and 
essential for the specific AO. Such KEs are believed, for 
example, to be alterations of a metabolic pathway, signaling 
events as well as modifications of organelles or cell func-
tions. The scientifically based relationship of KEs refers to 
the KERs, which define the connection between two adjacent 
KEs by identifying one as an upstream and the other one as a 
downstream event. In other words: AOPs span many levels 
of biological organization, from molecular over subcellular/
cellular to organ and organism or, especially in the case of 
ecotoxicology, even to the population level. While the MIE 
always is a molecular-level interaction, the final anchoring 
point is the AO that is relevant for the entire organism (for 
example, clinical symptoms defining a typical disease) and 
represents a classical apical endpoint as used traditionally 
for hazard evaluation and risk assessment.

Plausibly, this scenario is independent of any specific 
chemical. However, a chemical may trigger a specific AOP 
by eliciting the MIE; alternatively, it may be applied to pro-
vide empirical evidence for the existence of an AOP. Again, 
in this sense, AOPs are simplified pragmatic conceptual con-
structs, defined as linear, non-branching, and directed seque-
lae of KEs, connecting a single MIE to an AO [for reviews 
and competent articles, see Leist et al. (2017), Villeneuve 
et al. (2014), Becker et al. (2015), Burden et al. (2015), Per-
kins et al. (2015), Edwards et al. (2016), OECD (2014) and 
Vinken et al. (2017)].

An impressive example of an AOP has been described by 
Horvat et al. (2017), who chose an AOP development from 
protein alkylation to liver fibrosis. In the authors’ study, MIE 
refers to protein alkylation. Alkylated proteins can disturb 
the cellular redox balance in exposed cells by interacting 
with glutathione, which leads to a disruption of a plethora of 
biochemical pathways and intracellular stress that, depend-
ing on the extent of mitochondrial involvement, can lead 
to apoptotic or necrotic cell death. As the first KE, hepato-
cyte death is chosen, the KER between protein alkylation 
(= MIE) and hepatocyte death (= KE1) being discussed as 
the result of several pathways, including stress responses and 
lipid peroxidation. Other KEs proposed on the cellular level 
include Kupffer cell activation, transforming growth factor- 
beta1 (TGF-β1) expression, stellate cell activation, as well 
as collagen accumulation and changes in extracellular matrix 
(ECM) composition on the tissue level. Finally, liver fibrosis 
affecting the whole liver was chosen to serve as the AO.

Résumé

As stressed by Leist et al. (2017), the AOP concept rep-
resents a crucial research opportunity and has assisted in 
integrating molecular mechanisms into the field of regula-
tory toxicology. For the future, AOP application is expected 
to serve as an AOP-based hazard assessment based on 
in vitro MIE and KE testing, an approach that is supposed 
to replace the current toxicological methodologies. To 
quote the authors (Leist et al. 2017): “A dedicated research 
program to specifically confirm and validate AOPs and to 
add quantitative information on KERs is required. There 
is however an expectation that the AOP conceptual frame-
work would help in pushing through a mechanistic shift in 
risk assessment by making use of all available information 
in a weight of evidence approach and/or forming the basis 
for a mechanistically driven testing strategy. In the short 
term, it is also expected that the framework will be used 
as a scaffold for developing guidance for complex hazard 
characterization, providing a mechanistic contextualization 
of apical end points of concern. And the authors state: … 
What is required is individual KEs with a high plausibility 
value (with respect to a link to an AO) that can be studied 
in vitro in a concentration-dependent manner. Examples are 
compromised migration of neuronal precursors or compro-
mised mitochondrial functions.”

However, hard data to realize this ambitious goal still 
lack in this field of research. Perhaps, part of this gap can 
be filled by the introduction of DAMPs as an integral part 
of this concept—a proposal that will be further discussed in 
the following sections.

DAMPs as Major Integral Part 
of the Exposome and AOP Concepts

Introductory Remarks

In light of the danger/injury model in Immunology, it is 
tempting to integrate DAMP-promoted innate and adaptive 
immune responses—in terms of uncontrolled, dysregulated 
responses—in both the exposome and the AOP concept. 
Accordingly, the goal of “DAMPomics” research would be 
to measure all exogenous and endogenous DAMPs [as sum-
marized in Land (2018), Chpts. 11–16], which are involved 
in promoting innate immune effector responses and adaptive 
immune processes. Taking into account the definition of the 
exposome and the AOP concept as briefly mentioned above, 
a tentative scenario of four major events may be sketched 
(Fig. 2):
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• Any stress/injury, even the slightest molecular perturba-
tion,—in terms of external and internal environmental 
stressors—either is mediated by injurious molecules that 
intrinsically function as exogenous DAMPs or leads to 
the emission of endogenous DAMPs, both categories of 
DAMPs interacting with (being sensed or recognized by) 
PRMs on or in cells of the host’s innate immune system 
(= MIE). In the case of infectious stress/injury, these 
PRMs also sense/recognize microbe-associated molecu-
lar patterns (MAMPs), also called pathogen-associated 
molecular patterns (PAMPs).

• Following recognition of DAMPs, PRM-bearing cells 
of the innate immune system get activated (= KE1) and 
promote further events  (KE1 → n).

• As mentioned above, MAMP/DAMP-activated, PRM-
bearing innate mobile cells and/or sessile cells promote 
cellular/humoral innate immune effector responses such 
as inflammation and phagocytosis; in the presence of 
bacterial/viral antigens, altered-self antigens, allergens, 
or alloantigens, MAMP/DAMP-activated, PRM-bearing 
innate antigen-presenting-cells (APCs) such as DCs initi-
ate and elicit adaptive immune responses.

• As also touched above, DAMP-promoted cellular/
humoral innate immune effector responses primarily 
serve maintenance and restoration of homeostasis; how-
ever, when uncontrolled and dysregulated, they result in 
pathologies such as hyperacute, acute, or chronic (auto)
inflammatory diseases (= AO). DAMP-shaped, antigen-
specific adaptive immune responses—when uncontrolled 
and dysregulated—lead to immune pathologies such as 
autoimmune or allergic diseases (= AO). Both uncon-
trolled processes can mutually aggravate the clinical 
symptoms of the disorders.

The whole process starting from exposure to a distinct 
environmental (infectious/noninfectious) stress/injury 
(stressor), associated with the presence/emission of DAMPs, 
up to the manifestation of a disease may be regarded as an 
exposome. In the following, a few details of such a scenario 
are more closely looked at.

Fig. 2  Schematic representation of a simplified narrative scenario 
model of integrating DAMP-promoted innate and adaptive immune 
responses (in terms of uncontrolled, dysregulated responses) in 
both the exposome and the AOP concept. Any infectious or sterile 
stress/injury (i.e., environmental stressors) are mediated (1) directly 
by exogenous DAMPs, or (2) indirectly by stress/injury-induced 
endogenous DAMPs, which interact with PRMs on or in cells of the 
innate immune system (in the case of infectious injury, together with 
MAMPs). Following recognition of DAMPs (plus MAMPs, respec-
tively), PRM-bearing cells get activated to trigger innate immune 
inflammatory responses or, in the presence of nonself or altered-self 
antigens, to promote antigen-specific adaptive immune responses. 
DAMP-triggered innate immune effector responses, when uncon-
trolled and dysregulated, result in pathologies such as acute/chronic 

(auto)inflammatory diseases, DAMP-shaped, antigen-specific adap-
tive immune responses, when uncontrolled and dysregulated, can 
lead to immune pathologies such as autoimmune or allergic diseases. 
Totality: all environmental chemicals acting as stressors (“stresso-
gens”) on a particular receptor or biological pathway in a functional 
assay [according to Smith et al. (2015)]. AO adverse outcome, AOP 
adverse outcome pathway, APCs antigen-presenting cells, CTLs 
cytotoxic T lymphocytes, DAMPs damage-associated molecular pat-
terns, DCs dendritic cells, KE key event, MAMPs microbe-associated 
molecular patterns, MIE molecular initiating event, MØ macrophages, 
PMNs polymorphonuclear neutrophils, PRMs pattern recognition 
molecules. Sources: Smith et  al. (2015), Escher et  al. (2017), Leist 
et al. (2017) and Vinken et al. (2017)
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DAMPs as an Integral Part of the Exposome Concept

From the Exposome to the “DAMPome”

Stress/injury-induced, DAMP-triggered, PRM-meditated 
efferent innate immune and DAMP-shaped antigen-specific 
adaptive immune events are processes that may be regarded 
as part of the exposome concept and represent another 
effort to advance exposome research. A first approach to 
this notion may be the tentative translation of some pas-
sages from the article of Smith et al. (2015) into the “DAMP 
language”:

Original text: “Under the exposome paradigm all non-
genetic factors contributing to disease are considered 
to be ‘environmental’ including chemicals, drugs, 
infectious agents and psycho-social stress. We can 
consider these collectively as environmental stressors.
Exposomics is the comprehensive analysis of exposure 
to all environmental stressors and should yield a more 
thorough understanding of chronic disease develop-
ment. We can operationalize exposomics by studying 
all the small molecules in the body and their influence 
on biological pathways that lead to impaired health.
Here, we describe methods by which this may be 
achieved and discuss the application of exposomics 
to cumulative risk assessment in vulnerable popula-
tions. Since the goal of cumulative risk assessment is 
to analyze, characterize, and quantify the combined 
risks to health from exposures to multiple agents or 
stressors, it seems that exposomics is perfectly poised 
to advance this important area of environmental health 
science. ….. Thus, through linking exposures to spe-
cific biological responses, exposomics could serve as 
an approach to gain insight into the mechanistic con-
nections between a culmination of exposures and risk 
of adverse health outcomes that occur over a lifetime.”

Tentative Translation into the “DAMP language” Under 
the “DAMPome” paradigm, all non-genetic factors contrib-
uting to disease are considered to be environmental factors 
including chemicals, drugs, infectious agents, and psychoso-
cial stress. We can consider these collectively as “DAMPs”. 
They are denoted as exogenous DAMPs if the stress/injury-
mediating molecules intrinsically function as DAMPs; they 
are called endogenous DAMPs if they are emitted upon 
sterile, allergic, or infectious stress/injury in the host’s body.

“DAMPomics” is the comprehensive analysis of exposure 
to all exogenous and endogenous DAMPs and should yield 
a more thorough understanding of both acute and chronic 
disease development. We can operationalize “DAMPomics” 
by studying all the MAMP and/or DAMP-induced, PRM-
triggered signaling molecules in the body and their influ-
ence on eliciting efferent (cellular/humoral) innate immune 

and adaptive immune pathways → responses that—when 
controlled—lead to homeostasis,—when uncontrolled and 
dysregulated—to pathologies and diseases.

Here, we describe methods (to measure in vitro and 
in vivo MAMP and/or DAMP-induced PTM-triggered innate 
or DAMP-shaped adaptive immune responses) by which this 
may be achieved and discuss the application of “DAMPom-
ics” to cumulative risk assessment in vulnerable populations. 
Since the goal of cumulative risk assessment is to analyze, 
characterize, and quantify the combined risks to health 
from exposures to multiple (distinct patterns of) DAMPs, 
it seems that “DAMPomics” is perfectly poised to advance 
this important area of environmental health science. …… 
Thus, through linking exposures to specific DAMP-pro-
moted innate/adaptive immune responses, “DAMPomics” 
could serve as an approach to gain insight into the mecha-
nistic connections between a culmination of exposures to 
exogenous and endogenous DAMPs and risk of pathologies 
and diseases that occur over a lifetime. Such a mechanistic 
connection between culmination of exposures and risk of 
diseases that occur over a lifetime may be implicated by 
the phenomena of innate immune memory (“trained immu-
nity”) (Netea et al. 2016) and adaptive immune memory [for 
immune memory, see also Land (2018) Chpt. 24, p. 635 and 
Chpt. 32, p. 749].

The Puzzle of Environmental Factors in Relation 
to Exogenous and Endogenous DAMPs

As mentioned above, the exposome paradigm includes 
exposure to external environmental factors [eco-exposome 
(Lioy and Smith 2013)] and internal environmental fac-
tors (endogenous exposome (Nakamura et al. 2014)). This 
differentiation also needs a tentative translation. In fact, in 
principle, external environmental factors may directly act as 
exogenous DAMPs or indirectly—as internal environmental 
factors derived from exogenous sources—induce emission of 
constitutive/inducible endogenous DAMPs in the host. On 
the other hand, internal environmental factors derived from 
endogenous sources (such as the generation of ROS) induce 
notoriously emission of constitutive/inducible endogenous 
DAMPs. Examples of such a translation procedure are:

• Some reactive electrophilic compounds such as alde-
hydes, alkenals, and tear gases are exogenous DAMPs 
which—in the sense of external environmental factors—
induce nociceptor-triggered inflammatory pain pathways 
[see Land (2018), Chpt. 15, p. 353];

• UV radiation is an external environmental factor that 
induces endogenous DAMPs which activate PRM-bear-
ing skin cells such as keratinocytes (e.g., see Hudson 
et al. 2020);
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• Aluminum salts, asbestos fibers, silica particles, and 
quartz dust are exogenous DAMPs, which—in the sense 
of internal environmental factors derived from exoge-
nous sources—induce PRM-triggered, NLRP3 inflam-
masome-mediated innate immune responses [see Land 
(2018), Chpt. 15, p. 353 and Chpt. 22, p. 475, as well as 
Hedbrant et al. (2020) and Dai et al. (2020)].

• Allergens—in the sense of external environmental fac-
tors—may directly act as exogenous DAMPs such as 
some metal allergens (e.g., nickel) (see Land (2018), 
Chpt. 15, p. 353) or, for examples, as proteases—in the 
sense of internal environmental factors derived from 
exogenous sources—may induce constitutive and induc-
ible endogenous DAMPs such as ATP, uric acid, and 
IL-1 family members (Land 2018; Willart et al. 2013; 
Ramu et al. 2018).

• Oxidative stress, for example, induced by postischemic 
tissue reperfusion (IRI) is an internal environmental fac-
tor derived from endogenous sources that induces endog-
enous DAMPs [see Land (2018), Chpt. 13, p. 269 and 
Chpt. 19, p. 427];

• Psychological stress is an internal environmental factor 
derived from endogenous sources that induces endog-
enous DAMPs such as HSP72 (Fleshner et al. 2004).

These few examples should provide sufficient evidence 
in support of the notion that definitions and criteria of 
the exposome paradigm match well with the concept of a 
“DAMPome”. In fact, in line with such an argumentation, 
DAMPs may operate as true signatures of (external/internal) 
environmental exposure.

DAMPs as an Integral Part of the AOP Concept

General Remarks

Given the current state-of-the-art in AOP research as briefly 
summarized above, it appears to be attractive to include the 
DAMPs in in vivo and in vitro approaches to optimize AOP-
based hazard assessment. Interestingly, a first such attempt 
has already been reported by van Bilsen et al. (2017), who 
discussed the application of the AOP concept aiming “to 
structure the available in vivo and in vitro mechanistic data 
for allergic sensitization to food proteins.” More generalized 
speaking, in vitro measurement of DAMPs together with 
their cognate PRMs, and subsequently triggered activation 
of cells of the innate immune system would make sense 
as an amendment of in vitro MIE and KE testing. How-
ever, an important note has to be made: the double role of 
DAMP-induced immune pathways. Thus, when controlled 
and adequately regulated, DAMP-induced pathways serve 

Fig. 3  Schematic representation of a narrative scenario model of con-
trolled homeostatic DAMP-promoted pathways in light of the expo-
some and AOP concepts. The figure shows the first part of key events 
(KEs). The initiating event expressed by DAMPs↔PRMs interac-
tion (MIE) leads to a sequential cascade of cellular, tissue, and organ 
responses (key events = KEs), linked to each other by key event 
relationship (KER). DAMP-promoted, failing (!) stress responses 
 (KE1–n) result in subroutines of regulated cell death  (KE2–n) that are 
associated with release of DAMPs. DAMPs (together with MAMPs 
in case of infectious injury) are sensed by PRMs to trigger activation 
of innate immune cells  (KE3–n), which trigger the fourth key event 

in terms of innate immune inflammatory responses. AO adverse out-
come, AOP adverse outcome pathway, DAMPs damage-associated 
molecular patterns, DCs dendritic cells, DDR DNA damage response, 
ECs endothelial cells, EpCs epithelial cells, HSR heat shock response, 
KE key event, KER key event relationship, MAMPs microbe-associ-
ated molecular patterns, MIE molecular initiating event, MØ mac-
rophages, PMNs polymorphonuclear neutrophils, PRMs pattern rec-
ognition molecules, RCD regulated cell death, UPR unfolded protein 
response. Sources: Smith et  al. (2015), Escher et  al. (2017), Leist 
et al. (2017) and Vinken et al. (2017)
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to maintain and restore homeostasis; however, when uncon-
trolled and dysregulated, DAMP-promoted processes result 
in pathologies and diseases, that is, adverse health outcome. 
Accordingly, when trying to apply the exposome and AOP 

concepts to this scenario, one has to differentiate between 
controlled homeostatic pathways (Figs. 3, 4) and uncon-
trolled dysregulated pathways = AOPs (Figs. 5, 6, 7, 8).     

Fig. 4  This figure is the continuation of Fig. 3 and shows the second 
part of key events resulting in homeostasis, whereby two phases of 
events (MIE and  KE4→n) are depicted again. Thus, the fourth inflam-
matory event proceeds to SAMP-driven resolution of inflammation 
 (KE5–n), associated with MAMP/DAMP-promoted induction of an 
innate immune memory  (KE6–n), finally resulting in homeostasis. 

DAMPs damage-associated molecular patterns, HO homeostasis, KE 
key event, KER key event relationship, MAMPs microbe-associated 
molecular patterns, MIE molecular initiating event, PMNs polymor-
phonuclear neutrophils, PRMs pattern recognition molecules, SAMPs 
suppressing DAMPs. Sources: Smith et  al. (2015), Escher et  al. 
(2017), Leist et al. (2017) and Vinken et al. (2017)

Fig. 5  Schematic representation of a simplified narrative scenario 
model of uncontrolled dysregulated, DAMP-promoted pathways 
in light of the exposome and AOP concepts. The figure illustrates 
the sequelae of key events proposed to leading to ARDS and SIRS, 
reflecting the adverse outcome in COVID-19. The promoted dys-
regulated pathways leading to COVID-19 starts with the sequelae 
of events (MIE →  KE4→n) as described for the controlled pathway 
(Fig.  3). However, instead of proceeding to homeostatic events, the 
DAMP-induced pathways now provoke “pathogenic” KEs key events 
resulting in ARDS and/or SIRS/sepsis. The triggering “aberrant” 

event is the fifth KE that refers to pulmonary hyperinflammation, as 
characterized by intrapulmonary emission of DAMPs in excessive, 
which may spread out systemically. The adverse outcomes refer to 
ARDS and/or SIRS/sepsis. AO adverse outcome, ARDS acute respira-
tory distress syndrome, DAMPs damage-associated molecular pat-
terns, KE key event, KER key event relationship, MAMPs microbe-
associated molecular patterns, MIE molecular initiating event, PRMs 
pattern recognition molecules, SIRS systemic inflammatory response 
syndrome. Source: Land (2018)
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Fig. 6  Schematic representation of a simplified narrative scenario 
model of uncontrolled dysregulated, DAMP-promoted pathways 
in light of the exposome and AOP concepts. The figure illustrates 
the sequelae of key events proposed to leading to immune disor-
ders, reflecting the adverse outcome. The stress/injury → DAMP-
promoted, dysregulated pathways leading to immune diseases start 
with the sequelae of events (MIE →  KE3→n) as described for the 
controlled pathway (Fig.  3). However, instead of proceeding to 
homeostatic events, the DAMP-induced pathways now provoke 

“pathogenic” KEs key events resulting in an AO in terms of immune 
disorders such as autoimmune or allergic diseases. Ag antigen, AO 
adverse outcome, CTLs cytotoxic T cell lymphocytes, DAMPs dam-
age-associated molecular patterns, DCs dendritic cells, KE key event, 
KER key event relationship, MAMPs microbe-associated molecular 
patterns, MIE molecular initiating event, PRMs pattern recognition 
molecules. Sources: Land (2018), Smith et  al. (2015), Escher et  al. 
(2017), Leist et al. (2017) and Vinken et al. (2017)

Fig. 7  Schematic representation of a simplified narrative scenario 
model of uncontrolled dysregulated DAMP-promoted pathways 
in light of the exposome and AOP concepts. The figure illustrates 
the sequelae of key events proposed to leading to fibrotic disorders 
(organ fibrosis), reflecting the adverse outcome. The stress/injury 
→ DAMP-promoted dysregulated pathways leading to immune dis-
eases start with the sequelae of events (MIE →  KE3→n) as described 
for the controlled pathway (Fig.  3). However, instead of proceeding 
to homeostatic events, the DAMP-induced pathways now provoke 
“pathogenic” KEs key events resulting in an AO in terms of fibrotic 
disorders. The triggering “aberrant” event is the fifth KE that refers 

to (uncontrolled) chronic inflammation as characterized by the failure 
of an inflammation-resolution response (= “nonresolving inflamma-
tion”), proceeding to fibrogenic responses (fibrogenesis). The adverse 
outcome refers to complete organ fibrosis associated with typical 
organ-specific clinical symptoms. AO adverse outcome, DAMPs dam-
age-associated molecular patterns, ECM extracellular matrix, HSCs 
hepatic stellate cells, KE key event, KER key event relationship, 
MAMPs microbe-associated molecular patterns, MIE molecular ini-
tiating event, PRMs pattern recognition molecules, SAMPs suppress-
ing DAMPs, TGF-β transforming growth factor-beta. Source: Land 
(2018)
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Consequently, extrapolation of data from current AOP 
research and their interpretation in light of the danger/injury 
model in Immunology refer to DAMP-promoted uncon-
trolled dysregulated pathways. Nevertheless, for a better 
understanding, the homeostatic pathways are also included 
in the scenarios tentatively sketched in the following.

Controlled DAMP‑Promoted Pathways in Light 
of the Exposome and AOP Concepts

External or internal exposure of target cells to sterile, aller-
gic, or infectious insults provokes contact with exogenous 
DAMPs or emission of endogenous DAMPs, which are 
sensed/recognized by their cognate PRMs, that is, an inter-
action presenting the MIE (Fig. 4).

The first major KE then would refer to the four DAMP/
(MAMP)-induced, PRM-triggered stress responses, men-
tioned above (symbolized by  KE1→n). As a first KER serve 
the DAMP/(MAMP)-induced, PRM-triggered signaling 
pathways such as the “dyshomeostatic” DAMP (reflect-
ing ER stress)/PERK-triggered pathway that initiates a 
UPR [compare Land (2018), Sect. 18.5, p. 401] or cell-
intrinsic modified DAMP (DNA breaks)/ATM-triggered 
signaling that proceeds to instigate a DDR [compare Land 
(2018), Sect. 18.6, p. 408]. (PERK stands for protein kinase 

RNA-like endoplasmic reticulum kinase; ATM for Ataxia-
telangiectasia mutated kinase).

The second major KE reflects the incidence of DAMP/
(MAMP)-induced, PRM-triggered RCD occurring in case 
of stress response failure due to too severe stress/injury 
[compare Land (2018), Chpt. 19, p. 427]. Typically, several 
subroutines of RCD, in particular, necroptosis, ferroptosis, 
pyroptosis, and NETosis  (KE2→n), are associated with pas-
sive release of large amounts of DAMPs. PRM-triggered 
pro-death signaling pathways serve as a second KER, result-
ing, instead of cell survival, in cell death.

The third major KE may point to DAMP/MAMP-induced 
activation of PRM-bearing innate immune cells such as 
mobile phagocytic and sessile cells, that is, the process of 
the sterile/allergic/infectious stress/injury-induced activa-
tion of the innate immune system. Since many families of 
innate immune cells with different functions are involved 
(including neutrophils, macrophages, DCs, vascular cells, 
fibroblasts, and epithelial cells), many KEs may be included 
in this major KE  (KE3→n). As a critical example of several 
potential KERs involved in this transition point, the passive 
release of DAMPs may be used here  (KER3→n).

The fourth KE refers to DAMP/MAMP-induced, PRM- 
triggered, cell-mediated and humoral efferent innate immune 

Fig. 8  Schematic representation of a simplified narrative scenario 
model of uncontrolled dysregulated DAMP-promoted pathways in 
light of the exposome and AOP concepts. The figure illustrates the 
sequelae of key events proposed to leading to cancer, reflecting the 
adverse outcome. The stress/injury → DAMP-promoted, dysregu-
lated pathways leading to immune diseases start with the sequelae 
of events (MIE →  KE3→n) as described for the controlled pathway 
(Fig.  3). However, instead of proceeding to homeostatic events, the 
DAMP-induced pathways now provoke “pathogenic” KEs key events 
resulting in an adverse outcome in terms of cancer. The triggering 
“aberrant” event is the fifth KE that refers to (uncontrolled) chronic 

inflammation as characterized by the failure of an inflammation-res-
olution response. However, the exact mechanisms underlying chronic 
inflammatory microenvironment-promoted carcinogenesis are not 
fully understood. AO adverse outcome, cell./hum. cellular/humoral, 
DAMPs damage-associated molecular patterns, KE key event, KER 
key event relationship, MAMPs microbe-associated molecular pat-
terns, MIE molecular initiating event, PRMs pattern recognition mol-
ecules, SAMPs suppressing DAMPs. Sources: Balkwill and Manto-
vani (2001), Hecht (2002), Grivennikov et al. (2010), Ben-Neriah and 
Karin (2011), Wang et al. (2016) and Zhang and Xu (2017)
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responses, that is mainly and typically, inflammation and 
inflammation-associated events such as phagocytosis and 
complement activation [see Land (2018), Chpt. 22, p. 475 
and Chpt. 23, p. 591]. The many facets of those DAMP-pro-
moted innate immune effector processes can be divided into 
various KEs  (KE4→n). As KERs, pharmacological media-
tor substances produced by activated innate immune cells 
such as cytokines, chemokines, and adhesion molecules, as 
well as complement fragments were chosen, known to cre-
ate and orchestrate inflammatory and inflammation-related 
processes  (KER4→n) (also compare Fig. 3).

The fifth major KE considers the process of SAMP-driven 
resolution of inflammation that reflects the homeostatic aim 
and final result of inflammation (Fig. 4) [see Land (2018), 
Chpt. 22, p. 475]. It is an active process of restoration of 
affected/damaged tissues to their normal structural and func-
tional state (“restitutio ad integrum”). This unique, highly 
coordinated program, as hauntingly reflected by the phe-
nomenon of wound healing, is governed by innate immune 
cells and specific mediators produced by them  (KE5→n). As 
KERs serve anti-inflammatory cytokines and SAMPS, e.g., 
pro-resolving mediators [see Land (2018), Chpt.14, p. 307], 
conveying anti-inflammatory, inflammation-resolving, and 
immunosuppressive effects  (KER5→n). The process of reso-
lution of inflammation finally leads to homeostasis (HO) in 
terms of the survival outcome of the individual.

The six major KE refers to the phenomenon of “trained 
immunity,” reflecting the memory of innate immune 
responses (Netea and van der Meer 2017). The recent dis-
covery of this phenomenon may allow the application of 
cumulatively experienced MAMP/DAMP-induced innate 
immune responses (“DAMPomics”), occurring during whole 
lifetime to cumulative risk assessment in vulnerable popula-
tions. As KERs serve MAMP/DAMP-promoted epigenetic 
modifications  (KER6→n). The event of “trained immunity” 
can be considered as an integral part of host defense contrib-
uting to lifetime maintenance of homeostasis.

Uncontrolled DAMP‑Promoted Pathways in Light 
of the Exposome and AOP Concepts: a Few Examples

General Remarks Uncontrolled dysregulated DAMP-pro-
moted pathways resulting in an AO that is, a human disease, 
pass through the initial events (MIE to  KE4→n) as shown 
for controlled pathways (Fig.  4). At this point, however, 
the pathway can turn into an AOP instead of proceeding to 
homeostatic events. Such a scenario, for example, can be 
caused by an uncontrolled aggravation of inflammation to 
a state of hyperinflammation, promoted by overshooting 
dysregulated emission of DAMPs. Clinically, this event is 
presented as a SIRS. A further accident can be caused by 
the presence of harmful foreign antigens such as allergens 
or stress/injury-induced altered-self antigens (autoantigens) 

that act together with DAMPs to shape a specific adaptive 
immune response. Another disturbance at this point is the 
perpetuation of inflammation leading to chronic inflamma-
tion. Notably, chronic inflammation can be caused by either 
(1) a failure of the inflammation-resolution response caused 
by insufficient generation of SAMPs (non-resolving inflam-
mation regarded as a major driver of diseases), or by (2) 
persistent/acutely repetitive emission of DAMPs, or even 
by (3) both processes [see Land (2018), Chpt. 22, p. 475]. 
Here, four typical exemplary models related to these acci-
dents should be briefly touched.

Superimposition of Noninfectious Environmental and Infec‑
tious Factors Promote SARS case Fatality: Sketching 
a  Model In general, epidemics caused by viruses such as 
SARS-CoV and the newly emerging SARS-CoV-2 occur 
during the winter months. Indeed, as recently reviewed 
(Moriyama et  al. 2020), the major contributing factor 
(besides human behavior) to respiratory virus outbreaks 
are the changes in environmental parameters. On the other 
hand, however, thermal stress/injury, either cold or heat, has 
been experimentally shown to be associated with emission 
of endogenous DAMPs (Cai et al. 2019; Liu et al. 2019).

Likewise, other environmental factors may operate 
directly as exogenous DAMPs in respiratory tract inflamma-
tion such as inhaled airborne PM, pathogenic air pollutants, 
including asbestos and crystalline silica [reviewed in Land 
(2018), Chpt. 15, p. 353]. This category of DAMPs was 
shown to trigger activation of the NLRP3 inflammasome 
associated with inflammasome-dependent proinflammatory 
processes (Moloudizargari et al. 2019; Dai et al. 2020) as 
well as, even more important, RCD in form of pyroptosis 
known to be associated with release of endogenous DAMPs 
[reviewed in Sarhan et al. (2018)].

In this context of considerable interest are observations 
from a study on adult New York State residents revealing 
that increased concentrations of fine PM air pollution of 
2.5 mm or less in diameter are associated with increased 
rates of respiratory infections, including influenza (Croft 
et al. 2019). Even of intriguing interest are earlier reports of 
Chinese groups on a possible link between environmental 
factors and SARS case fatality (Kan et al. 2005; Cui et al. 
2003; Sun et al. 2020). Of special importance are two stud-
ies, which had already demonstrated a positive association 
between pollutants and SARS case fatality in Chinese popu-
lations (Kan et al. 2005; Cui et al. 2003). With this back-
ground, Qu et al. (2020) recently argued: “The high levels of 
PM pollution in China may increase the susceptibility of the 
population to more serious symptoms and respiratory com-
plications of the disease. … The simultaneous inhalation of 
chemical pollutants in PM alongside COVID-19 virus may 
also exacerbate the level of COVID-19 infection. Pro-inflam-
mation, injury, and fibrosis from inhaled PM combined with 
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an immune response or cytokine storm induced by COVID-
19 infection could enhance the infection severity.” Remark-
ably, this suggestion has quite recently been confirmed: A 
Harvard University environmental research study could 
demonstrate that a small increase in long-term exposure to 
fine particulate matter  (PM2.5) results in a large increase in 
COVID-19 death rate, with the magnitude of increase 20 
times that observed for  PM2.5 and all-cause mortality (Wu 
et al. 2020). According to the investigators’ conclusion, the 
study data underline the importance of continuing to enforce 
existing air pollution regulations to protect human health 
both during and after the COVID-19 (Wu et al. 2020). Of 
note, results of a recent Chinese study could confirm these 
observations showing that there is a significant relationship 
between air pollution and COVID-19 infection (Zhu et al. 
2020). The authors concluded that this data “could partially 
explain the effect of national lockdown and provide implica-
tions for the control and prevention of this novel disease.” 
Similarly, a Northern Italy environmental study provided 
evidence suggesting that people living in an area with high 
levels of pollutants are more prone to develop chronic res-
piratory conditions (Conticini et al. 2020). Moreover, in 
this analysis, prolonged exposure to air pollution was found 
to lead to a chronic inflammatory stimulus, even in young 
and healthy subjects. The authors concluded that the high 
level of pollution in Northern Italy (as a lowland) should 
be considered an additional co-factor of the high level of 
SARS-CoV-2 lethality recorded in that area (Conticini et al. 
2020). In support of such a concept would also be epidemio-
logical data suggesting that, in turn, living in high-altitude 
may protect from severe impact of acute SARS-CoV-2 virus 
infection (Arias-Reyes et al. 2020).

On the other hand, in respiratory virus infections, emis-
sion of endogenous DAMPs, for example, released via 
virus-induced RCD (e.g., pyroptosis, necroptosis), has 
been demonstrated to promote a robust antiviral inflamma-
tory response (Patel et al. 2018) (Nailwal and Chan 2019). 
In fact, SARS-CoV has already been shown—and SARS 
CoV-2 is suggested—to induce pyroptotic and necroptotic 
cell death (Chen et al. 2019b; Yang et al. 2020; Yue et al. 
2018), known, as mentioned, to release large amounts of 
endogenous DAMPs (Sarhan et al. 2018). Consequently, 
available pharmaceutical agents that target a critical compo-
nent of the inflammasome-pyroptotic pathway have already 
recently been discussed as a promising target for the treat-
ment of severe COVID-19-associated diseases (Yap et al. 
2020).

Hence, when DAMPs are emitted in a controlled fash-
ion, they trigger innate immune pathways leading to suc-
cessful host defense against those viral infections, up to full 
patient’s recovery (compare Fig. 4). However, when emitted 
in an uncontrolled and excessive way, DAMPs have been 
shown to drive hyperinflammatory responses, clinically 

manifested as life-threatening acute respiratory distress 
syndrome (ARDS) and sepsis/SIRS (Nakahira et al. 2013; 
Tseng et al. 2014; Ma et al. 2018) [reviewed in Kang et al. 
(2015) and Denning et al. (2019)]. Together, according to 
current notions, life-threatening courses of viral infections 
depend on uncontrolled and excessive emission of DAMPs. 
And one may hypothesize that superimposition of environ-
mental factors (e.g., air PM, pollutants) acting as exogenous 
DAMPs with virus-induced endogenous DAMPs may pro-
mote a fatal course of COVID-19. In fact, this model may 
serve as a blueprint for other non-viral conditions proposed 
to (1) contribute to the development of SARS case fatality, 
and (2) to be associated with emission of DAMPs such as 
aging (Zhou et al. 2020; Huang et al. 2015; Feldman et al. 
2015), smoking (Vardavas and Nikitara 2020; Pouwels et al. 
2016; Pouwels et al. 2016; Berlin et al. 2020), and diabetes 
(Kim and Lee 2020; Wang et al. 2020). Hence, one may 
insinuate: The DAMPs, emitted in excess as a result of two 
superimposing processes, and not the virus itself might be 
ultimately deadly.

In light of the exposome and AOP concepts, the follow-
ing simplified scenario model can be sketched (Fig. 5): The 
catastrophic event of a SARS case fatality is promoted by 
superimposition of noninfectious environmental (e.g., air 
pollutants) and infectious (i.e., Coronaviruses as part of the 
“infectome”) factors. The process starts with the sequelae 
of events (MIE → KE4→n) as described for the controlled 
pathway (Fig. 4). However, instead of proceeding to homeo-
static events, dysregulated excessive intrapulmonary emis-
sion of DAMPs, released from environmental noninfectious/
infectious factor-induced RCD, drive pathways, which now 
provoke “pathogenic” key events (KEs). In this example, 
the triggering “aberrant” event is the fifth KE that refers to 
pulmonary hyperinflammation, as characterized by DAMP 
(in excess)-activated, PRM-bearing inflammatory cells of 
the innate immune system (e.g., monocytes, macrophages, 
and neutrophils), executing various hyperinflammatory 
effector responses [see Land (2018) Chpt. 21, p. 473, Chpt. 
22, p. 475, Chpt. 23, p. 591]. These events denoted as 
 KE5→n, result in an AO in terms of ARDS. In this model, 
as KERs, massive/excessive secretion by DAMP↔PRM-
activated cells of proinflammatory mediator substances 
(cytokines, chemokines, adhesion molecules, others) is 
chosen  (KER5→n).

The sixth KE refers to systemic spreading of DAMPs 
in excess via the circulation, followed by DAMP↔PRM-
mediated activation of innate immune cells, mediating 
hyperinflammation in various other organs  (KE6→n). As 
KERs, systemic secretion by DAMP↔PRM-activated cells 
of proinflammatory mediator substances is chosen again 
 (KER6→n). These processes may proceed to SIRS/sepsis, 
associated with MODS, representing another AO. As KERs, 
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secondary DAMP-promoted necroinflammatory pathways 
are chosen to act in this model  (KERn).

Finally, given the SARS CoV-2 outbreak considered a 
global pandemic, ARDS and SIRS/sepsis as typical AOs 
may be translated from an individual level to the population 
level (Fig. 5).

The Model of  Environmental Factor‑Induced Immune Dis‑
eases (Autoimmune, Allergic Diseases) In this model of 
immune disorders, the triggering “aberrant” event is  KE4 
that reflects migration of activated antigen (allergen/altered-
self antigen)—presenting DCs from the peripheral inflam-
matory tissue to secondary lymphoid organs such as lymph 
nodes and spleen (Fig.  6). Thus, the fifth KE refers to a 
MAMP and/or DAMP-promoted, DC-triggered, antigen-
driven, specific adaptive T cell-/B cell-mediated immune 
response, characterized by proliferation, differentiation, 
and polarization of T cells as well as differentiation of B 
cells into plasma cells including isotope switching [com-
pare Land (2018), Chpt. 31, p. 723 and Chpt. 32, 749]. The 
event sequence of  KE5→n indicates the various antigen-
specific adaptive responses, for example, allergen-specific 
or altered-self antigen (autoantigen)-specific responses 
that originate from the secondary lymphoid tissue/organs. 
Also, the various cellular T helper (Th) cell/humoral B cell-
mediated immune responses can be regarded as different 
KEs  (KE5→n). As  KER5→n, DAMP-activated, PRM-bearing 
antigen-presenting DCs are elected, which lead to T cell 
priming.

The AO refers to manifest clinical symptoms of MAMP 
and/or DAMP-promoted, DC-triggered, antigen-driven 
human immune disorders such as autoimmune or allergic 
diseases. The various effector functions of activated T and 
B cells can be regarded as  KERn, mediated, for example, 
by cytotoxic T lymphocytes (CTLs) and cytotoxic (auto)
antibodies.

The Model of  Environmental Factor‑Promoted Develop‑
ment of Organ Fibrosis A tentative translation of the expo-
some and AOP concepts into stress/injury → DAMP-pro-
moted dysregulated pathways leading to fibrotic diseases 
again starts with the sequelae of events (MIE → KE4→n) 
as described for the controlled pathway (Fig. 4). However, 
instead of proceeding to homeostatic events, the DAMP-
induced pathways now provoke “pathogenic” KEs key 
events resulting in an AO in terms of organ fibrosis (Fig. 7). 
In this example, the triggering “aberrant” event is the fifth 
KE that refers to (uncontrolled) chronic inflammation as 
characterized by the failure of an inflammation-resolution 
response (= “nonresolving inflammation”). The process 
may depend on poor generation of SAMPs in parallel to 
persistent or acutely repetitive emission of DAMPs, which 

proceed to activate inflammatory PRM-bearing monocytes, 
macrophages, and neutrophils, that is, events denoted as 
 KE5→n [compare Land (2018), Chpt. 22. p. 475]. As KERs, 
secretion by DAMP↔PRM-activated macrophages and 
neutrophils of TGF-β and other profibrotic cytokines is cho-
sen  (KER5→n).

The sixth KE refers to DAMP↔PRM-mediated acti-
vation of innate immune cells, in particular, macrophages 
that now produce TGF-β and other profibrotic cytokines, 
thereby directly promoting fibroblast proliferation and dif-
ferentiation, indicating the beginning of fibrogenesis. As 
KERs, secretion by macrophages and neutrophils of TGF-β, 
as well as other profibrotic cytokines are chosen  (KER6→n) 
[see Land (2018), Chpt. 36, p. 845].

The AO refers to the final stage of DAMP↔PRM-
mediated tissue remodeling resulting in complete organ 
fibrosis associated with typical organ-specific clinical 
symptoms. As KERs, secretion by DAMP-activated fibro-
genic cells (such as fibroblasts or hepatic stellate cells) 
of ECM compounds such as collagen are chosen to act 
 (KERn) [see Land (2018), Chpt. 36, p. 845].

Environmental Factor‑Promoted Carcinogenesis: Sketch‑
ing a  Model for  Cancer A tentative translation of the 
exposome and AOP concepts into stress/injury → DAMP-
promoted dysregulated pathways eventually leading to 
carcinogenesis again starts with the sequelae of events 
(MIE → KE4→n) as described for the controlled pathway 
(Fig.  4). However, instead of proceeding to homeostatic 
events, the DAMP-induced pathways now provoke “path-
ogenic” KEs key events resulting in an AO in terms of 
cancer (Fig. 8). In this example, the triggering “aberrant” 
event is again the fifth KE that refers to (uncontrolled) 
chronic inflammation as characterized by the failure of 
an inflammation-resolution response (= “nonresolving 
inflammation”).

Indeed, epidemiological studies have shown that chronic 
inflammation can lead to a significant increase in the inci-
dence of cancer, particularly tumors of epithelial origin. On 
the other hand, chronic inflammation is known to be caused 
and sustained by infectious/sterile injurious processes; in 
particular, when associated with regulated necrosis (RN), a 
phenomenon called necroinflammation (Sarhan et al. 2018). 
Typical examples are chronic Helicobacter pylori and Hepa-
titis C Virus infections and exposure to toxic agents such as 
cigarette smoke, asbestos, and metal [for reviews, see Balk-
will and Mantovani (2001), Hecht (2002), Grivennikov et al. 
(2010), Ben-Neriah and Karin (2011), Wang et al. (2016) 
and Zhang and Xu (2017)].

The exact mechanisms underlying chronic inflammatory 
microenvironment-promoted carcinogenesis are not fully 
understood. Nevertheless, it is a complex molecular process. 
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Most convincing evidence, however, stems from studies sug-
gesting that chronic infective/sterile injurious processes are 
not only associated with chronic inflammation but also can 
cause genetic changes (e.g., ROS-induced mutagenesis) 
and epigenetic alterations in normal but especially dormant 
malignant cells (Wang et al. 2016; Zhang and Xu 2017; 
Feinberg et al. 2016; Maiuri and O’Hagan 2016; Hattori and 
Ushijima 2016; Manjili 2017). Interestingly, as competently 
argued by Feinberg et al. (2016), there are certain cancer 
genes, the so-called epigenetic modulators, which serve as 
the mechanism by which environmental infectious or sterile 
stress/injury (e.g., oxidative stress/injury) transform tissues 
towards a neoplastic propensity and/or increase the likeli-
hood that an accidental key mutation may lead to carcino-
genesis. The authors suggest “that changes in the structure 
of chromatin are induced very early in the cancer process by 
epigenetic modulators and even in the non-mutated normal 
tissues from which tumors arise. Epigenetic modulator genes 
include many genes with prominent roles in conventional 
oncogenic signaling; these are increasingly appreciated to 
influence the epigenome as part of their function” (Feinberg 
et al. 2016).

Since DAMPs are known to promote and sustain chronic 
inflammation on the one hand, and since first evidence sug-
gests that these molecules promote epigenetic modifications 
(Crisan et al. 2016), on the other hand, it is plausible to 
assume that they are also involved in chronic stress/injury-
induced carcinogenesis. Indeed, one may imagine that a 
series of genetic and epigenetic alterations associated with 
subsequent dysregulation of transcriptional, translational, 
and metabolic events may occur based on aberrant signaling 
pathways induced by chronically emitted constitutive and 
inducible DAMPs [for constitutive and inducible DAMPs, 
see Land (2018), Chpts. 11–16, pp. 191–370]. Such a sug-
gestion is supported by evidence reviewed by Hernandez 
et al. (2016) arguing that “not only is there a strong cor-
relation between DAMP expression and carcinogenesis in 
multiple tumors, but a plethora of DAMPs have been impli-
cated in promoting inflammation and tumor development 
both in early stages of carcinogenesis as well as in estab-
lished tumors.”

Résumé

Certainly, this scenario model approach to combine the 
exposome and AOP concepts with the DAMPs narrative is 
incomplete and not perfect but should represent a first step 
to integrate these unique molecules and their pathology-
mediating functions into these two prominent environmen-
tal health research paradigms. It is hoped that this endeavor 
may contribute to the broad, multidisciplinary, fast-growing, 
and extremely active areas of environmental science and 
environmental (bio)technology. The final future aim of this 

approach certainly is to develop innovative DAMP-based 
in vitro tests for cumulative risk assessment, thereby allow-
ing avoidance of the use of costly and (potentially) ethically-
flawed animal experiments. Since—as stressed by Smith 
et al. (2015)—“the goal of cumulative risk assessment is to 
analyze, characterize, and quantify the combined risks to 
health or the environment from exposures to multiple agents 
or stressors,” … the junction of DAMPs with exposomics 
would be … “perfectly poised to advance this important 
area of environmental health science.”

Conclusion and Outlook

The scenario models described here suggest that the 
“DAMPome” may not only be the third concept in environ-
mental science but may even unify the two other concepts. 
Even more so, the model gives rise to an interesting tauto-
logical discussion on the question: “Is research on (exog-
enous/endogenous) DAMP-induced innate immune path-
ways and DAMP—shaped adaptive immune processes just 
a particular part of environmental health research or even the 
same topic.” Such an idea of tautology cannot be plausibly 
and rigorously excluded at present. Future interdisciplinary 
research has to be initiated and performed between the pro-
tagonists of all three research disciplines. Common interdis-
ciplinary exchange of knowledge, as well as the organization 
of common scientific meetings, should be helpful in finally 
answering this question.
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