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The “exposome” is the cumulative exposures (diet, exercise, environmental exposure, vaccination, genetics, etc.) an

individual has experienced and provides a mechanism for the establishment of immune training or immunotolerance. It is

becoming increasingly clear that trained immunity constitutes a delicate balance between the dose, duration, and order of

exposures. Upon innate stimuli, trained immunity or tolerance is shaped by epigenetic and metabolic changes that alter

hematopoietic stem cell lineage commitment and responses to infection. Due to the immunomodulatory role of the

exposome, understanding innate immune training is critical for understanding why some individuals exhibit protective

phenotypes while closely related individuals may experience immunotolerant effects (e.g., the order of exposure can

result in completely divergent immune responses). Research on the exposome and trained immunity may be leveraged to

identify key factors for improving vaccination development, altering inflammatory disease development, and introducing

potential new prophylactic treatments, especially for diseases such as COVID-19, which is currently a major health issue

for the world. Furthermore, continued exposome research may prevent many deleterious effects caused by

immunotolerance that frequently result in host morbidity or mortality. 
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1. Introduction

Innate immunity is the first line of host defense against external exposures. While traditionally viewed as primitive and

nonspecific, a growing body of clinical and experimental evidence argues the innate immune system develops memory as

a result of previous exposures, allowing the innate system to respond with enhanced and broad immunological protection

upon exposure to a secondary stimulus . This biological process of enhanced innate immunity response on secondary

pathogen exposure has been termed “trained immunity” . Trained immunity shares many phenotypic and epigenetic

characteristics with adaptive immune memory; however, one of the starkest distinctions is the propensity for trained

immunity to develop against heterologous stimuli (Figure 1). Innate memory is not antigen specific and is often protective

against unrelated organisms, such as when vaccination for tuberculosis with Bacillus Calmette–Guerin (BCG) also affords

protection against fungal or even viral infections such as SARS-CoV-2 .

Figure 1. Innate immunity can result in broad immunological protection, whereas adaptive immunity provides antigen-

specific protection. (A) For innate immunity, trained immunity can provide protection against heterologous stimuli, whereas

with adaptive immunity (B), memory is elicited with primary exposure to a specific antigen, and then, a secondary

exposure and subsequent protection requires exposure with the same antigen.

The exposome is the compilation of everything an individual has encountered throughout their life . Research into the

exposome examines the combination of all exposures an individual has encountered during a set period of their life and

the subsequent effects on that individual (Figure 2A) . The exposome varies spatiotemporally, is highly dynamic and

diverse, and provides a mechanism by which trained immunity or immunotolerance is established . This occurs via

distinct changes in leukocyte epigenetics and metabolism (Figure 2B) that initiate changes in leukocyte lineage

commitment and the strength of the immune response (Figure 2C), eventually resulting in divergent levels of infection

survival, inflammation, and disease (Figure 2D). Studies of the exposome are relatively sparse, yet the effects on human
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health are dramatic. Two major projects aimed at unraveling the exposome are The Human Early Life Exposome (HELIX)

project and the EXPOsOMICS project. The HELIX project is a study aimed at measuring and correlating the effects of

early-life exposures on human health . The EXPOsOMICS project utilizes high-throughput sequencing and “omics”

experiments to build models of lifetime exposures and their effects on human health .

Figure 2. The effect of the exposome on innate immunity. (A) The order of exposure to external stimuli can have an

important effect on innate immunity. (B) These stimuli elicit various epigenetic and metabolic changes that in turn dictate

(C) lineage commitment and the strength of the innate immune response, which ultimately determine (D) the health

outcome of the affected individual. The blue and orange lines in (C) denote innate immunity activation (blue line) versus

tolerization (orange line).

Before an individual is born, they show evidence of epigenetic reprogramming because they are exposed to many stimuli

encountered by their mother while also inheriting maternal epigenetic marks. Following their birth, individuals encounter

environmental pollutants, pathogens, and allergens unique to them . Even fluctuations in diet can cause long-term

variations in health outcomes, variations that even exist between family members in the same household .

Furthermore, cohabiting individuals maintain uniquely identifiable external microbial clouds and internal microbiomes 

. The combination of lifetime exposures establishes serious consequences in the development of inflammatory

diseases .

Exposure to many airborne antigens can induce inflammatory airway diseases such as asthma. Individuals who walk

along high-traffic streets experience airway acidification and immune cell infiltration, similar to that induced by intense

exercise . Unexpectedly, other airborne antigens such as dog-associated house dust can provide protection of the

airways. While some of this protection is attributable to changes in the gut microbiome, the mechanism by which one

person develops allergies to dog-associated dust while their sibling is protected remains unclear . Because the training

stimulus may be potentiated or abrogated by a secondary stimulus, it is reasonable to conclude that the order of

exposures may actually be more important than the combination of exposures. This has been demonstrated in childhood

vaccination as well as in animal models, many of which demonstrate significantly altered inflammatory profiles based

solely upon the order of exposures received .

Monocytes/macrophages, dendritic cells (DCs), and natural killer (NK) cells are innate immune cells that all exhibit the

ability to recollect a previous foreign encounter and subsequently mount an altered immunological memory response .

Exposure to high levels of bacterial lipopolysaccharide (LPS) and other toll-like receptor (TLR) agonists can induce a

tolerogenic or “paralyzed” immune response, whereas BCG and many other pathogens induce a proinflammatory milieu

of gene expression. This enhanced immune response is predicated upon extensive metabolic shifts in energy utilization

and epigenetic regulation at the level of histone modification and differential DNA methylation. The metabolic and

epigenetic effects of immune training can improve immune function, but they are also often maladaptive and result in

arthritis, atherosclerosis, or allergies .

The metabolic and epigenetic changes observed are the result of the specific “training” the innate cells received upon the

primary exposure. This, in conjunction with the various secondary stimuli encountered, results in the production of distinct

cytokine profiles that are dependent on the order of pathogen exposure. Many studies have been conducted to

understand the effects of environmental exposures on human health and immune function, emphasizing the total

combination of exposures. However, they do not normally take exposure order into consideration, yet it is becoming clear

that trained immunity is significantly influenced by exposure order.

2. Exposome and Immunity Training
Trained immunity is a well-established phenomenon found in organisms ranging from plants to humans. Much of the

research performed has focused solely on either the primary or the secondary stimulus, illustrating the extent to which the

combination of exposures determines epigenetic reprogramming; however, in many cases, the order of exposures is likely

more significant than the combination of stimuli can adequately explain. The most dramatic example is when primary LPS
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and secondary LPS + IFN-γ are inverted (Figure 3A). A similar effect is observed when primary LPS and secondary β-

glucan are likewise inverted (Figure 3B). These examples demonstrate a proclivity for the secondary exposure to induce a

stronger influence than the primary exposure.

Figure 3. Inverting the order of primary and secondary stimuli can result in vastly different innate immunity outcomes. (A)

Changing the order of stimulus with INF-γ + lipopolysaccharide (LPS) versus stimulus with LPS alone can result in innate

immunity activation (blue line) versus tolerization (orange line). (B) Similar results can be seen by inverting the order of

stimulation by LPS versus β-glucan resulting in activation (red line) versus perpetuation of the homeostatic state (brown

line).

Further research conducted on the exposome should take order into consideration, as an emphasis on solely one

stimulus paints an incomplete picture of immune training. This may be particularly substantial in airway diseases, such as

asthma or allergies, wherein some individuals develop allergies to pollen while others do not . This may be partially

attributable to whether the individual’s immune system was primed prior to exposure to said allergen. Understanding

exposure order could significantly benefit atopic individuals.

It is worth reiterating that vaccine order can dramatically affect mortality rates in newborns . Accordingly, vaccination

schedules should be reevaluated, as specific vaccines can induce either heterologous immune protection or innate

immune tolerance. By reordering vaccine administration, physicians can potentially reduce childhood sepsis and airway

infections without necessitating additional vaccine development. Animal studies and, eventually, human trials may be

beneficial in reducing childhood mortality, thus reducing global healthcare costs through the non-specific prevention of

infections.

Further vaccine development must also take into consideration heterologous innate immune effects. While trained

immunity presents a compelling avenue for novel vaccine development, care must be taken to prevent detrimental

immune tolerance. Further research should be conducted to better understand exposure order. Inverting BCG vaccination

with its various secondary exposures would be an important first step, as it represents an existing vaccine currently in

deployment with potential implications for infectious agents such as SARS-CoV-2 . In fact, extensive research is

currently underway examining the potential protective effects that previous BCG vaccination and its subsequent innate

immune memory may have on preventing COVID-19 or at least in decreasing the severity of the disease . It is

hypothesized that since BCG vaccination can induce trained immunity against heterologous infections, including

respiratory viral infections, it could offer a measure of protection against SARS-CoV-2, effecting a quicker innate immune

response to initial infection, which would decrease the viral load until the adaptive immune response can kick in. Since

immune tolerance is a possible outcome of the innate training, controlled clinical studies need to be conducted to make

sure that the initial exposure does not inhibit the innate response, increase early viral levels, and then cause an over-

stimulation of the adaptive immune response, which is common in serious COVID-19 cases. While innate training

represents a powerful option for combating multiple pathogenic threats, these hypotheses need further rigorous clinical

study before therapeutic conclusions and recommendations can be made. By altering the administration of primary and

secondary exposures, researchers will better explain the extent to which exposure order can reprogram the innate

immune system. Ultimately, it is not the individual components that dictate the outcome of the innate immune response,

but the combination, order, and potency of the stimuli decide the fate of the system and even the survival of the host

organism.
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