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Abstract

Gene expression profiling studies of people exposed to chronic threat have identified a Conserved 

Transcriptional Response to Adversity (CTRA) in circulating immune cells. This physiological 

pattern is characterized by up-regulated expression of genes involved in inflammation and down-

regulated expression of genes involved in Type I interferon responses. The CTRA is mediated by 

beta-adrenergic signaling pathways that transduce sympathetic nervous system activity into 

changes in transcription factor activity and hematopoietic output of myeloid lineage immune cells 

(monocytes, neutrophils, and dendritic cells). Recent research has begun to identify the CNS 

processes that regulate peripheral CTRA activity, define its implications for disease, and explore 

the role of positive psychosocial factors in buffering such effects. The CTRA provides a genomic 

framework for understanding PNI relationships and connecting macro-level psychosocial 

processes to the micro-level biology of health and disease.

Introduction

Beginning in 2007 [1], a series of RNA profiling studies found that human beings who were 

exposed to various adverse environmental conditions for extended periods of time showed a 

recurrent pattern of differences in immune cell gene expression profiles [2]. This pattern was 

characterized by increased expression of genes involved in inflammation (e.g., IL1B, IL6, 

IL8/CXCL8, COX2/PTGS2, and TNF) and decreased expression of genes involved in Type I 

interferon-mediated innate antiviral responses (e.g., IFI-, MX-, and OAS- family genes). 

This same broad pattern was observed across a diverse array of adverse conditions (e.g., 

loneliness, poverty, bereavement, chronic stress) and in subsequent experimental animal 

models [3–9]. The broad consistency of these effects across species and across different 

forms of adversity led to its description as a Conserved Transcriptional Response to 

Adversity (CTRA). This article reviews the CTRA’s discovery and theoretical 

conceptualization, early laboratory analyses mapping its biological mechanisms, and more 

recent studies assessing its implications for disease and the development of interventions to 
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block its detrimental impact on health. It also surveys some key issues in CTRA 

measurement and research questions currently under analysis.

A Conserved Transcriptional Response to Adversity

Epidemiologic studies have long documented social gradients in disease, but the molecular 

mechanisms of these effects have only recently become a topic of significant scientific 

attention. In the late 1990s and early 2000s, the MacArthur Foundation convened a network 

of behavioral and biological scientists to analyze the pathways by which social 

environmental risk factors influenced host resistance to disease. Research on human genome 

function was surging in parallel with the completion of the human genome sequence and the 

development of massively parallel microarray assays that could quantify variations in the 

activity of all ~20,000 human genes simultaneously. Previous research in simple genomic 

systems such as viruses and in animal models had also shown that the RNA expression of 

some genes could vary as a function of environmental conditions. These two strands of 

research intersected in the MacArthur network meetings, with behavioral scientists 

reasoning that there must be a molecular manifestation of the social gradients in disease they 

had observed, and biological scientists recognizing that recent advances in genomics had 

greatly enhanced the feasibility of identifying such mechanisms. These considerations 

motivated a small pilot study examining the genome-wide RNA correlates in immune cells 

of one of the best established psychosocial risk factors for disease – perceived social 

isolation, or loneliness [1]. Despite the limited statistical power available in this proof-of-

concept study, a clear pattern of biological differences emerged: immune cells from 

chronically lonely people showed relative up-regulation of multiple genes involved in 

inflammation, and relative down-regulation of multiple genes involved in Type I interferon 

responses and antibody synthesis. These results paralleled earlier observations in mouse 

models of repeated social defeat (RSD), which showed a similar pro-inflammatory bias, and 

monkey models of social stress, which showed a similar decrement in innate antiviral gene 

expression. These molecular differences also provided a clear explanation for the profile of 

disease risks associated with loneliness in epidemiological studies, with increased 

inflammation plausibly contributing to the elevated risk of cardiovascular and neoplastic 

diseases, and decreased antiviral response contributing to increased risk of viral infections 

and impaired cellular immune responses. Bioinformatic analyses inferred alterations in 

transcription factor activity that could account for those molecular patterns through 

increased signaling from the sympathetic nervous system (SNS) and reduced signaling from 

glucocorticoid hormones that would normally inhibit inflammatory gene expression 

(paralleling observations of acquired glucocorticoid insensitivity in the RSD mouse model)

Biobehavioral health researchers quickly applied the analytic framework of the “lonely 

genes” study to other socio-environmental risk factors ranging from chronic stress [10,11] 

and poverty [12,13] to bereavement [14] and post-traumatic stress disorder [15,16]. As is 

typical in genomics studies, only a small fraction of the specific individual genes that were 

differentially expressed in the loneliness study showed similar differential expression in 

analyses of other types of adversity. However, higher-order bioinformatics analyses 

identified two recurrent functional themes across studies: genes that were empirically up-

regulated in the context of adversity tended to be enriched for transcripts involved in 
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inflammation, and genes that were empirically down-regulated tended to be enriched for 

transcripts involved in Type I interferon responses. Bioinformatic analyses of transcription 

factor activity repeatedly indicated up-regulated activity of SNS-responsive signaling 

pathways (e.g., the CREB family of transcription factors) and pro-inflammatory factors 

(e.g., NF-κB and AP-1), and down-regulated activity of interferon response factors (IRFs) 

and, more variably, the glucocorticoid receptor (GR). In light of these common functional 

characteristics of gene expression differences observed across distinct types of adversity and 

across species ranging from fish to primates, this pattern was characterized as a conserved 

transcriptional response to adversity (CTRA). Individual studies also identified varying 

patterns of unique transcriptomic effects. However, uniqueness is the norm in genomics 

findings, and so it was remarkable to observe the recurrence a few consistent biological 

themes regarding gene function and upstream transcriptional control pathways across 

different species and risk factors.

The conservation of the CTRA molecular profile motivated a series of studies to identify the 

biological mechanisms involved and define their adaptive value in the context of 

evolutionary theory. Mechanistic studies in experimental cellular and animal models 

confirmed bioinformatic indications that β-adrenergic signaling played a key role in 

generating the CTRA, both by altering gene transcription profiles in existing cells and by 

altering bone marrow production of monocytes and dendritic cells. Transient changes in the 

prevalence of these short-lived “myeloid lineage” immune cells resulted in a pro-

inflammatory / interferon-impaired bias in the population structure of the circulating white 

blood cell pool (Figure 1). Teleologic analyses suggested that the CTRA’s adaptive 

significance lay in its ability to pivot the basal anti-microbial stance of the immune system 

away from its default bias toward resisting viral infections and other intracellular pathogens 

(mediated by Type I interferons and cellular immune responses) and toward a more pro-

inflammatory stance that would provide an optimal defense against bacterial infections and 

tissue damage associated with wounding injury [2]. Under ancestral conditions, when threat 

experiences were acute but transient, the induction of such a molecular defense program by 

SNS responses to perceived or potential threats provided a mechanism for anticipating 

changing microbial exposures and preempting their impact. Under contemporary conditions 

of more chronic low-grade threat or anxiety, this physiological programming instead 

promotes chronic low-grade inflammation and would thus contribute to the development of 

inflammation-related cardiovascular, neurodegenerative, and neoplastic (cancer) diseases, 

while chronically undermining cellular immune responses and antiviral defenses.

Health implications

The CTRA pattern was initially recognized due to the well-defined role of inflammation in 

the pathogenesis of multiple chronic diseases and the key role of cellular immune responses 

in viral infections. During the basic definition of CTRA mechanisms, experimental animal 

models confirmed the relevance of the pro-inflammatory / anti-interferon pattern for disease 

pathogenesis in the context of cancer [17], cardiovascular disease [6], and viral infections 

[8]. More recent epidemiologic studies have empirically confirmed that the CTRA is 

associated with increased risk or severity of multiple cardiovascular, metabolic, and 

neoplastic diseases [13] and clinical studies have linked the CTRA molecular profile to 
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increased risk of cancer relapse [18,19] and poorer response to hematopoietic cell transplant 

in the context of cancer [19]. Several studies have also linked symptoms of chronic fatigue 

and depression to the pro-inflammatory and/or anti-interferon components of the CTRA 

[20–23]. Transcriptome profiling assays were recently introduced into several large 

population health cohort studies and will provide a basis for assessing the CTRA’s 

predictive relationship to other disease outcomes as they accumulate over follow-up.

Interventions

The strong public policy interest in reducing social gradients in disease has motivated the 

search for effective interventions to block CTRA development and its health consequences. 

One approach involves deploying pharmacologic β-adrenergic antagonists to block SNS 

transmission of CTRA-inducing β-adrenergic signals to cells of the immune system [24] and 

diseased tissues [24,25]. Ben-Eliyahu recently reported the first of these studies and 

documented favorable changes in intra-tumoral gene expression (e.g., reduced expression of 

pro-metastatic genes and related reductions in mesenchymal and macrophage-related genes) 

and circulating leukocyte profiles (e.g., reduced expression of inflammatory genes and 

increased expression of genes supporting cellular immune response) in 38 patients with 

early-stage breast cancer. Other studies of colorectal, breast, and prostate cancer and 

multiple myeloma have just been completed and are currently under analysis in the US, 

Israel, and Australia. Several other larger Phase II studies are examining the impact of beta-

adrenergic antagonists in the context of malignant melanoma and other cancers. Pre-clinical 

studies indicate that CTRA transcriptional alterations are mediated in large part by β2-

adrenergic receptors, so it will be important to interpret results from these trials in light of 

the distinction between selective β-antagonists (which predominately target β1 receptors and 

may therefore not appreciably impact the CTRA) and non-selective β-antagonists (which are 

more likely to impact the CTRA due to their coverage of β2-adrenergic receptors).

There is also great interest in blocking CTRA effects upstream of the SNS at the level of 

CNS processes involved in driving autonomic activity and its downstream impact on gene 

regulation. Several studies have shown that wellness practices such as meditation [26,27], 

yoga [28], tai chi [29], and cognitive-behavioral stress management [18,30] can down-

regulate CTRA gene expression profiles under basal conditions and in highly threatening 

conditions such as exposure to warfare or diagnosis with cancer. Recent results also suggest 

that lifestyle modifications that extend beyond stress reduction to promote positive 

psychological processes such as value-engagement and prosocial behavior (eudaimonic 

well-being) may also favorably impact CTRA profiles [31].

A wide variety of different lifestyle modifications could potentially inhibit the CTRA, and 

which are the most impactful may vary across individuals depending on their specific 

genetic background, life history, psychological make-up, and socio-environmental 

conditions. It is unlikely that we will be able to catalogue all of those modifying factors and 

assess them comprehensively enough to make specific personalized recommendations 

regarding their relative impact. However, it may be possible to reduce CTRA gene 

expression empirically, using machine learning analyses of intra-individual variations in 

gene expression assessed repeatedly over time. Development of highly automated RNA 
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sequencing and analysis platforms that permit near-real-time assessment of targeted gene 

sets raises the potential for a kind of “genomic biofeedback” in which an array of lifestyle 

parameters can be sifted for spontaneous association with CTRA activity in a given 

individual, and the most promising parameters can then be intentionally varied in 

personalized quasi-experiments to drive further feedback optimization [2]. This type of 

molecular biofeedback has the potential help motivate preventive changes in lifestyle, 

behavior, and social conditions decades before they manifest in the form of overt (and often 

irreversible) disease. Providing individuals with timely insight into their own molecular 

well-being represents one of the most striking implications of our growing ability to map the 

functional genomic pathways by which psychological and social processes impact human 

physiology and health.

Measurement

Given the scientific and health relevance of the CTRA, there is growing interest in 

measuring this pattern in research and clinical settings. As shown in Figure 2, the CTRA can 

be measured at multiple levels of analysis including: “Gene Ontology” functional tagging of 

empirical differences in gene expression (i.e., testing for up-regulation of inflammation-

related gene annotations and down-regulation of interferon-relate gene annotations) [1]; 

assessment of transcription factors driving empirical differences in gene expression (i.e., 

testing for up-regulation of pro-inflammatory mediators such as NF-κB and AP-1 and down-

regulation of interferon-responsive IRFs) [1]; quantifying myeloid cell population dynamics 

(i.e., testing for up-regulation of classical monocyte-related gene transcripts and down-

regulation of non-classical monocyte-related transcripts [5,32], or DNA methylation profiles 

characteristic of myeloid cell up-regulation [13]); and assessing a priori-defined sets of 

canonical inflammatory and interferon-related genes (e.g., the 53-gene CTRA “contrast 

score” used in several high-profile biobehavioral studies [31,33–37]). The CTRA could also 

be assessed at the level of its downstream impact on immune function (e.g., antimicrobial 

responses to a controlled bacterial or viral challenge, or a relevant molecular mimetic) 

[6,8,9] or protein-based assessments of cell prevalence (e.g., flow cytometric enumeration of 

classical and non-classical monocytes) [5,6,8]. None of these approaches is perfect, and each 

comes with advantages and disadvantages in terms of cost, sensitivity, measurement 

reliability, and interpretive relevance for health. Most tap only some aspects of the CTRA. 

For example, analyses of myeloid cell prevalence miss the impact of β-adrenergic signaling 

on existing cells; analyses of a priori-defined gene sets miss effects on genes outside the pre-

specified set; analyses of RNA or methylation profiles do not guarantee an impact on protein 

profiles or cellular function; functional assays do not capture the transcriptomic 

phenomenon originally identified and are often noisy and insensitive relative to molecular 

assays; functional bioassays and protein biomarkers do not enjoy the statistical advantages 

of RNA and methylation profiling that can efficiently assess 100s or 1000s of parameters 

and thus benefit from “law of large numbers” statistical smoothing; etc. The optimal 

approach for any given study depends on research objectives and technical feasibility, and 

each of the approaches listed above could be considered a valid indicator of the CTRA 

concept.
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It is important to note that the CTRA is a physiological pattern and is not equivalent to any 

specific method of measuring that pattern. Each of the approaches mentioned above 

represents one way of measuring the CTRA, but the CTRA is not equivalent to (or defined 

by) any one of those metrics. It has sometimes been assumed that the CTRA is defined by 

the 53-gene contrast used in several high-visibility studies [33,34]. However, that contrast 

represents only one way of measuring the CTRA, and analytic and empirical analyses 

suggest that it may not be the most sensitive or reliable one. (That prize generally goes to 

bioinformatic inferences of transcription factor activity derived from genome-wide 

transcriptome differences.) However, the 53-gene contrast score has the advantage of being 

easy to specify and compute, and so is often used due to its simplicity.

Pragmatic constraints on tissue sampling also influence CTRA measurement. Laboratory 

studies have verified that CTRA gene expression dynamics are mediated predominately in 

myeloid lineage immune cells (i.e., blood monocytes, tissue macrophages, and dendritic 

cells in both compartments) [5,8,10,11,32], which comprise ~2%−10% of circulating 

leukocytes. CTRA-diagnostic genes are only weakly expressed in non-myeloid blood cells, 

which makes it feasible to assess the CTRA in samples of whole blood (e.g., as captured by 

PAXgene or Tempus tubes, or in dried blood spots) and peripheral blood mononuclear cells 

(e.g., derived from Ficoll density gradient centrifugation) despite the presence of numerous 

other “contaminating” cell types (which simply lack any appreciable expression of the target 

mRNAs). It is also important to note that the CTRA is fundamentally a property of 

circulating myeloid lineage leukocytes, and would not be expected to appear in its canonical 

form in other types of tissue. However, myeloid cells regulate a wide variety of immunologic 

and inflammatory processes in other tissues, and so it is not uncommon to find distinct 

molecular profiles in other tissues that reflect the downstream impact of CTRA activation in 

circulating myeloid cells [6,17,38,39].

Prospects

The first decade of research on the CTRA yielded rapid progress in characterizing its scope 

and nature, the cellular and molecular mechanisms involved, its adaptive value under 

ancestral conditions, and its implications for health and disease under contemporary 

conditions. Translational studies have begun to identify behavioral and pharmacologic 

strategies for mitigating the CTRA. Entering its second decade, some major themes of 

ongoing CTRA research involve the role of positive psychological processes and socio-

environmental resources in conferring resistance to CTRA development [16,31,33,34,36]; 

neuroimaging analyses of the CNS pathways involved in CTRA production (particularly the 

interplay between threat response circuits involving the amygdala and reward circuits 

involving the ventral striatum and ventral tegmental area) [40,41]; behavioral metrics to help 

monitor the activity of CTRA-regulating threat-response systems [37]; and the CTRA’s 

potential use as a prospective biomarker of risk for a broad range of diseases involving 

inflammation and interferon responses. In combination with new technical and analytic 

approaches for measuring CTRA activity, these developments will help deliver on PNI’s 

conceptual promise of a more integrated understanding of the mind-body information flow 

that connects macro-level socioenvironmental processes to the micro-level molecular 

mechanisms of human physiology, development, and health.
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Highlights:

• Chronic stress activates a conserved transcriptional response to adversity 

(CTRA)

• The CTRA involves increased inflammation and decreased antiviral activity

• The CTRA can be assessed at the level of mRNA, transcription factors, and 

cells

• Positive psychological processes can inhibit the CTRA

• The CTRA is associated with cancer and cardiovascular disease

Cole Page 10

Curr Opin Behav Sci. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1 –. CTRA signal transduction.
The “social signal transduction” pathway that drives CTRA gene expression involves 

extended exposure to adverse environmental conditions, which results in activation of 

evolutionarily conserved threat response systems in the central nervous system (CNS), 

resulting in activation of fight-or-flight stress responses from the sympathetic nervous 

system (SNS) and release of the nerurotransmitter, norepinephrine, from sympathetic nerve 

terminals. These signals are transduced by leukocyte beta-adrenergic receptors into 

activation of intracellular second messenger systems such as the cyclic-3’−5’-

adenosinemonophosphate / protein kinase A (cAMP/PKA) pathway, which exert diverse 

effects on multiple transcription control pathways such as increased activity of the cAMP 

response element binding factor (CREB) family, increased activity of the pro-inflammatory 

NF-κB/Rel and activator protein 1 (AP-1) transcription factor families, and decreased 

activity of interferon response factors (IRF). Differential activation of these transcription 

factor families results in up-regulated transcription of pro-inflammatory genes and down-

regulated transcription of Type I interferon antiviral genes, resulting in downstream 

alterations in inflammatory and antiviral immune responses (including cytotoxic T 

lymphocytes; CTL) and consequent alterations in the risk of inflammation-related diseases 

such as coronary heart disease (CHD), Alzheimer’s Disease (AD), tumor development and 

metastasis, and viral infection. In addition to direct regulation of gene transcription in 

existing cells, SNS nerve fiber activation in the bone marrow also results in increased 

production of myeloid lineage immune cells (particularly classical monocytes), resulting in a 

pro-inflammatory bias in the circulating leukocyte pool.
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Figure 2 –. Multi-level assessment of the CTRA.
The CTRA immunoregulatory pattern can be assessed at multiple levels of the “social signal 

transduction” cascade outlined in Figure 1, including up-regulated activity of pro-

inflammatory transcription factors and down-regulated activity of antiviral transcription 

factors (e.g., through bioinformatic analyses of gene regulation, electrophoretic mobility-

shift assays/EMSA, or chromatin immunoprecipitation/ChIP assays); up-regulated 

expression of pro-inflammatory effector genes (e.g., IL1B, IL6, IL8, TNF) and down-

regulated expression of interferon response genes (e.g., IFI-, MX-, and OAS-family genes) 

as assessed by RNA sequencing (RNAseq) and Gene Ontology (GO) analyses; up-regulated 

production of classical monocytes and down-regulated prevalence of non-classical 

monocytes (e.g., as assessed by flow cytometry, bioinformatic analysis of leukocyte 

transcriptome profiles by Transcript Origin Analysis/TOA or Transcriptome Representation 

Analysis/TRA, or cell type-specific DNA methylation signatures); up-regulated functional 

bioassays of inflammation and/or down-regulated antiviral or cytotoxic T lymphocyte (CTL) 

responses; or epidemiologic increases in CTRA-related diseases such as coronary heart 

disease (CHD), Alzheimer’s Disease (AD), metastatic cancer, and viral infections.
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