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Abstract

Long conserved mechanisms maintain homeostasis in living creatures in response to a variety of 

stresses. However, continuous exposure to stress can result in unabated production of stress 

hormones, especially catecholamines, which can have detrimental health effects. While the long-

term effects of chronic stress have well known physiological consequences, recent discoveries 

have revealed that stress may affect therapeutic efficacy in cancer. Growing epidemiological 

evidence reveals strong correlations between long term survival and cancer progression and β-

blocker usage in patients. In this review, we summarize the current understanding of how the 

catecholamines, epinephrine and norepinephrine, affect cancer cell survival and tumor 

progression. We also highlight new data exploring the potential contributions of stress on 

immunosuppression in the tumor microenvironment and the implications of these findings for the 

efficacy of immunotherapies.
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Introduction

All organisms encounter obstacles or stressful situations which threaten their survival. These 

hazards can range from physical dangers, such as predators or environment dangers to 

psychological trauma, such as isolation or emotional loss. To cope, every creature has 

evolved complex mechanisms to deal with the wide variety of stressors they may encounter. 

In multicellular organisms, these mechanisms often involve the coordinated response of 

several organ systems by the brain resulting in a series of physiological responses.
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Two branches of the nervous system govern an individual’s response to stress: the 

autonomic nervous system and the hypothalamic-pituitary adrenal axis. These two pathways 

produce several neurotransmitters and hormones that facilitate both behavioral and 

biochemical changes, i.e. “The Fight-or-Flight Response” and bolster the odds of survival. 

Catecholamines, including norepinephrine (NE) and epinephrine (EPI), are the primary 

molecules involved in these responses and originate from the sympathetic nerves of the 

autonomic system. Conversely, cortisol (in humans) or corticosterone (in humans and 

rodents) produced in the cortex of the adrenal glands [1, 2], participate in mediating stress 

responses. Depending on the target cells, these molecules can activate multiple intracellular 

signal transduction pathways that influence survival or apoptosis, protein production, and 

cellular replication. Additionally, NE and EPI regulate blood pressure, heart and respiratory 

rate, and body temperature (non-shivering thermogenesis) even during non-stressed states by 

binding to α- and β-adrenergic receptors on tissues [3]. The development of therapeutic 

agents to target these adrenergic receptors has provided valuable medications for use in both 

the clinic and in the laboratory. In this review, we highlight the growing recognition of the 

relationships between stress and immunosuppression in the context of tumor biology and its 

potential impact on therapeutic efficacy.

Adrenergic receptors have emerged as an interest in cancer biology due to novel findings 

linking neurotransmitters and tumor progression. Further, intriguing epidemiological 

evidence has shown that patients taking drugs known as β-adrenergic antagonists (“β-

blockers”), which are commonly prescribed to treat hypertension and anxiety, have 

significantly lower rates of several cancers [4–8]. As will be discussed, the anti-tumor effect 

of β-blockers involves the inhibition of multiple pro-survival pathways within tumor cells. 

In addition, these therapeutic agents may also improve outcomes for cancer patients by 

altering the host immune response.

In this review, we examine how stress activates adrenergic receptors and how the 

downstream pathways may impact both tumor and anti-immune cell activities. We discuss 

the effects of stress hormones on cancer cell survival, metastasis, and immunosuppression 

and detail current work exploring the effect of stress on the efficacy of immune-based 

therapies. Additionally, recent findings from our own lab have revealed that stress induced 

by the physical environment, such as temperature-induced cold stress, can significantly 

impair the efficacy of cytotoxic chemotherapies and the anti-tumor immune response. 

Finally, we present possible consequences of catecholamine activity on the outcome of 

patients being treated with various immunotherapies.

The classical stress pathway - the sympathetic nervous system and the 

adrenergic receptors

A wide variety of signals including fear, depression, anxiety, pain, and temperature can 

activate the stress pathways and elicit a physiological response. The resultant “fight or flight 

responses” require the systematic coordination of different tissues and organs to allow an 

organism to respond to danger. Following a perceived threat, signals relay from the limbic 

system, as well as the hypothalamus and pituitary gland, to nuclei in the medulla such as the 

locus coeruleus, a major hub of autonomic activity. Simultaneously, afferent signals can also 
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project back to and activate the nuclei in the medulla in order to re-establish homeostasis. 

From there, projections travel to the interomediolateral column of the spine (T1-L3) where 

they synapse with preganglionic neurons. Axons from these cells relay signals to 

postganglionic neurons in the paravertebral ganglia of the sympathetic trunk, which then 

innervate distant tissue sites through the production of NE. In response to stress, NE is 

released locally from nerve endings in tissues and systemically into the bloodstream, along 

with EPI, from the adrenal medulla (Figure 1).

Catecholamines are the major mediators of the acute stress response and function by binding 

to a class of seven-transmembrane, G-coupled protein receptors. These receptors are divided 

into two groups, α-adrenergic receptors and β-adrenergic receptors. These receptors share 

significant homology despite the higher affinity of α-adrenergic receptors for NE while the 

β-adrenergic receptors preferentially bind EPI [9]. The adrenergic receptors are expressed on 

many tissue types throughout the body, but the most detailed characterization of these 

receptors has been performed on cells of the cardiovascular system where they play a major 

role in regulating blood flow by modulating heart rate, myocardial contractility, and vascular 

smooth muscle cell constriction [10]. Additionally, the adrenergic receptors also modulate 

the function of hepatocytes, neurons, adipocytes, sweat glands, smooth muscle of the 

respiratory and gastrointestinal tracts, and even cells of the immune system [11]. It is known 

that the α1-adrenergic receptors generally interact with the Gq subunit while α2-adrenergic 

receptors are inhibitory and prevent the release of NE at the presynaptic ganglion by 

downregulating the activity of adenylyl cyclase [12]. Conversely, β1 and β2-adrenergic 

receptors signal through the Gs subunits inducing the activation of targets such as protein 

kinase A (PKA) to initiate gene expression by the transcription factor cAMP response 

element-binding, CREB [12, 13]. In addition, other studies show that adrenergic receptors 

regulate numerous pathways including mitogen activated protein kinase (MAPK), Akt, 

NFκB [14], and Stat3 [15], which are important in the regulation of cellular functions 

related to apoptosis and survival, cellular mobilization, and inflammation.

In addition to the “Flight-or-Fight Response,” the SNS controls the response to stressors 

which interfere with normal homeostasis. These stressors include starvation, in which 

catecholamines regulate the mobilization of stored metabolites such as lipids and glycogen, 

and thermoregulation, in which NE induces heat production largely from brown adipose 

tissue. For example, upon exposure to cold ambient temperatures, afferent nerve fibers from 

the skin signal to pre-optic hypothalamic nuclei [16] and subsequent hypothalamus 

activation results in the signaling to the brown adipose tissue to induce adaptive 

thermogenesis [17]. This process, mediated primarily by NE, facilitates a rapid rise in 

metabolic rate and an elevation in body temperature [18].

While the acute activation of the stress [19] pathways have beneficial effects on the survival, 

continuous chronic activation of these pathways can have detrimental consequences as 

evidenced by the development of cardiovascular diseases, exacerbation of autoimmune 

diseases such as multiple sclerosis [10, 20, 21]. The formation of peptic ulcers in stressed 

humans and animals is an archetypical sign of sympathetic over activation. Thus, the 

activation of the SNS can have both advantageous and harmful effects on organisms 

depending on the duration of the response. Overall, the widespread, systemic nature of the 
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sympathetic response supports the idea that tumor cells, and immune or stromal cells within 

the tumor microenvironment could be influenced by changes in stress hormone levels 

occurring at a distance, or even locally. Some recently published evidence in support of this 

notion is presented below.

Stress and Cancer

Many of the pathways involved in adrenergic receptor signaling regulate apoptosis, 

proliferation, and angiogenesis in normal tissues. Therefore, it should come as little surprise 

that many tumor types have been found to express functional, cell surface adrenergic 

receptors. Early studies in rodent tumor models identified adrenergic receptor expression on 

various cancer cells including those in mammary carcinogen-induced tumors [22, 23], 

melanoma [24], and pituitary tumors [25]. The relevance of these findings was confirmed in 

samples from human patients which showed that cancers including Ewing sarcoma, 

neuroblastoma, rhabdomyosarcoma, lymphoma and other pediatric tumors also expressed 

adrenergic receptors [19, 26]. Furthermore, investigation by later groups revealed that 

human pancreatic [27], lung [28], breast [29], melanoma [30], and prostate cancer cells [31] 

all displayed detectable levels of the receptors.

To determine the effect of adrenergic receptor signaling in tumor cells, many researchers 

have utilized various physiological stress model, e.g., exposing rodents to adverse stimuli 

that promote fear or anxiety. Many of the common stimuli include 1) social isolation where 

laboratory rodents, which are highly social creatures, are housed individually in cages for 

extended periods to elicit loneliness, 2) restraint stress in which the animals are immobilized 

or confined to small spaces, or 3) intimidation induced stress which involves placing rodents 

into another animal’s cage [32]. All of these methods have been confirmed to induce stress 

through measurements of circulating hormones including EPI and NE. In addition, recent 

studies in murine tumor models have correlated elevated levels of stress hormones with 

increased tumor progression [33–35]. Currently, new findings indicate that both 

catecholamines and adrenergic receptors can promote cancer survival and induce metastasis 

(Figure 2).

Stress and Tumorigenesis

Several findings have suggested that catecholamines and adrenergic receptors play a role in 

facilitating tumorigenesis. Work by multiple groups has shown increased expression of β-

adrenergic receptors on high grade patient tumors compared with lower stage disease [27, 

36, 37]. In addition, data has shown that the levels of the β-adrenergic receptors are 

significantly higher in invasive melanoma compared with pre-malignant nevi, suggesting 

that the receptors have a role in driving tumor progression [30].

Current studies demonstrate that activation of adrenergic receptors can promote tumor 

progression. Early studies have indicated that chronic activation of G protein-coupled 

receptors, such as the α1B-adrenergic receptor, can induce malignant transformation in 

normal cell lines including Rat-1 and NIH3T3 cell lines [38]. Similar findings were reported 

by other groups who also showed that prolonged exposure of NIH3T3 cells to NE and EPI 

promoted DNA damage and enhanced tumor formation in vivo [39]. Hara and colleagues 
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later elucidated the mechanism by which stress hormones induce DNA damage. Using β-

Arrestin-1 knockout mice, they determined that β-Arrestin-1induced MDM2-mediated p53 

degradation in both cell lines as well as in the thymus of mice receiving infusions of the β-

adrenergic receptor agonist, isoproterenol [40]. Furthermore, they also determined that 

activation of PKA by β2-adrenergic receptor promoted the development of reactive oxygen 

species resulting in increased DNA damage [40]. This study strongly demonstrated that 

catecholamines could induce DNA damage in normal cells and lead to the development of 

cancer.

Furthermore, work from Al-Wadei and colleagues demonstrated that stimulation of normal 

pancreatic duct epithelial cells by nicotine could induce production of catecholamines [41]. 

Activation of adrenergic receptors by autocrine signaling on non-transformed cells resulted 

in increased cell proliferation and activation of oncogenic proteins including epithelial 

growth factor receptor (EGFR). These findings suggest that continuous activation of β-

adrenergic receptors by external factors can promote healthy cells to undergo 

transformation.

Stress and tumor survival mechanisms

The majority of work linking stress and cancer has centered on the ability of the stress 

molecules to alter tumor survival and growth. In many studies, increased expression of the 

receptors correlated with increased malignancy, implying that these receptors have a role in 

tumor progression. Recent data have demonstrated that stimulation of these receptors can 

have dramatic effects on multiple parameters of cancer cell biology, particularly metastasis. 

Work in pancreatic cancer models has shown that inhibition of adrenergic receptors leads to 

better responses to therapies and simultaneously to decreased activation of pathways 

regulating survival [42]. Notably, authors of these studies observed decreased expression of 

molecules such as Bcl-2 upon blockade of β2-adrenergic receptors in vitro on human 

pancreatic cancer cell lines MIA PaCa-2 and BxPC-3, which correlated with increased 

killing by gemcitabine [42]. In addition to apoptotic pathways, data from Zhang and 

colleagues showed that β-adrenergic receptors regulate cyclin expression as well as NFκB, 

Akt, and Erk1/2 pathways which all play important roles in tumor survival and proliferation 

[27, 43]. Interestingly, the authors further demonstrated that compared to β1-, β2-adrenergic 

receptors contribute disproportionately to the regulation of these pathways. While use of the 

β1- specific antagonist, metoprolol, was able to effectively reduce proliferation and induce 

cell death by inhibiting cyclin D, Erk1/2 activation, and increasing Bax expression, it did not 

affect Bcl-2 or Caspase-3/9 and had only modest effects on the phosphorylation of Akt and 

NFκB in different cells [27]. However, use of a β2-adrenergic receptor antagonist decreased 

the expression of the pro-survival molecules, and reduced the spread of pancreatic tumor 

cells [27]. These findings suggest that β2-adrenergic receptor signaling plays a more 

prominent role in the survival of these cells.

Studies in both transgenic and xenograft models revealed that prostate carcinomas are highly 

enriched with adrenergic receptors. Findings demonstrated that β2-adrenergic receptor 

activation of the classical PKA pathway lead to phosphorylation of the anti-apoptotic 

molecule, Bcl2-associated death promoter (BAD) [44]. BAD functions by sequestering 

Eng et al. Page 5

Cancer Immunol Immunother. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Bcl-2 and Bcl-xL in order to facilitate the translocation of Bak and Bax to the mitochondria. 

However, the pro-apoptotic function of BAD can be abrogated by the phosphorylation of 

several amino acid residues including S112, S136 [45], S155 [46], and S170 [47]. PKA, in 

particular, can modify the S112 and S136 sites leading to inhibition of BAD function [34]. 

Remarkably, the authors also discovered that phosphorylation of BAD alone at S112 

determined the survival of prostate tumor cells in response to β2-adrenergic receptor 

activation. Upon mutation of this phosphorylation site, apoptosis was restored in tumor cells 

in spite of other possible downstream targets of PKA signaling that could also regulate 

survival. Most notably, the classical transcription factor associated with β2-adrenergic 

receptor activation, CREB, which drives transcription of other anti-apoptotic Bcl-2 family 

members, could not compensate for the loss of BAD inhibition [34]. In addition to prostate 

and pancreatic cancers, similar findings have been reported in melanoma, breast, ovarian, 

and leukemia, demonstrating the broad effect that catecholamines have on multiple forms of 

cancer.

Work from our own lab reveals that NE-driven stress responses induced in mice through use 

of mildly cool housing temperatures could similarly influence therapeutic sensitivity (Eng et 

al, Manuscript Submitted). In response to chronic cold stress induced simply by the standard 

housing temperatures (approx. 21–23°C) used in all animal research facilities, mice produce 

increased levels of NE [48, 49], compared with mice housed at 30°C [50, 51]. At this 

warmer temperature, NE levels decline because baseline metabolism generates enough heat 

to maintain core body temperatures at 37°C. We observe that tumors grown in mice housed 

at 30°C have significantly lower levels of pro-survival molecules, including phosphorylated 

BAD, and are significantly more sensitive to apoptosis inducing therapies (Eng et al, 

Manuscript Submitted). Overall, these findings show that signaling through β-adrenergic 

receptor can enhance tumor survival through multiple intracellular pathways.

Stress and changes in metastatic potential

In addition to a role in cell survival, adrenergic receptor signaling has also been widely 

studied for mediating metastasis. The regulation of metastasis by adrenergic receptors 

occurs at multiple levels and involves not only cancer cells, but also cells in the tumor 

microenvironment and in the metastatic niche. Within tumor cells, activation of adrenergic 

receptors drives the production of cytokines that promote angiogenesis and mobilization. 

Work from our lab has shown that mice housed under conditions of chronic cold stress 

(which increases systemic NE levels) have a significantly higher metastatic burden [52]. In 

particular, mice housed at standard 22°C implanted orthotopically with 4T1 murine 

mammary carcinoma cells had greater amounts of metastatic lung nodules compared with 

mice housed at 30°C [52]. Recent work in ovarian cancer shows that catecholamines can 

protect cells from anoikis, apoptosis resulting loss of contact from the extracellular matrix, a 

major checkpoint that metastatic cells must overcome [53]. These molecular changes 

resulted from β-adrenergic receptor signaling and the activation of the downstream kinase, 

Src [53]. Later studies revealed that Src kinase activates a complex network of molecular 

signals which ultimately foster a metastatic phenotype in ovarian cancer [54]. In particular, 

the expression of vascular endothelial growth factor and matrix metalloproteinases in tumors 

significantly increases following treatment with catecholamines or adrenergic agonists. In 
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conjunction with elevated levels of pro-inflammatory factors such as IL-8 and IL-6 [55, 56], 

these molecules are believed to be the major initiators of stress-induced metastasis or the 

“metastatic switch” controlled by adrenergic signaling.

However, the actions of tumor cells alone are not believed to be sufficient to drive 

metastasis. Several groups have discovered that host cells in both the metastatic niche and 

the primary tumor microenvironment are also affected by SNS signaling. For instance, it 

was recently observed that catecholamines induced osteoprotegrin production in the bone 

marrow allowing for the dissemination of breast tumor cells [57]. In addition, findings from 

Magnon et al showed that signals from both the sympathetic and the parasympathetic 

nervous system increased prostate tumor development and metastasis [58]. Specifically, 

these studies demonstrated that sympathetic nerves are essential for the engraftment of 

prostate tumor cells and for the development of spontaneous tumors [58]. In these 

experiments, inhibition of catecholamine production by reserpine, as well as use of β2- and 

β3- knockout animals, prevented tumor formation, demonstrating that β-adrenergic receptors 

were important for establishing the proper “soil” for tumor development [58]. However, the 

authors discovered that metastasis of the tumors was governed by activation of stromal type 

1 cholinergic receptors by acetylcholine from parasympathetic nerve fibers [58].

The authors brought to light a surprising aspect of the autonomic nervous system’s role in 

early tumor formation and metastatic progression. First, the data identified a positive clinical 

correlation between the infiltration of nerve fibers into the tumor microenvironment and the 

poorer prognosis of prostate cancer patients [58]. Additionally, they demonstrated a 

previously unknown role for sympathetic nerves in tumor initiation and development [58]. 

As both injected cell lines and spontaneous tumors failed to grow, this suggests that the SNS 

plays a role in establishing the initial niche for cancer cells to survive. Lastly, they showed a 

remarkable role for parasympathetic nerves in the later stages of tumor growth [58]. While 

much of the work on neurotransmitters and cancer has focused on the interaction of 

hormones directly on tumor cells, this work demonstrated that the parasympathetic nervous 

system’s influence on the surrounding stroma has an equally important effect on the tumor 

progression [58]. Taken together, these findings highlight the complex mechanisms by 

which neurotransmitters and stress molecules exert their effect on tumors to promote the 

growth and spread of tumors.

Stress and immunosuppression

Stress and Immunity

Stress has long been identified as a determinant of immune function [59, 60] and many 

studies have revealed that both lymphoid and myeloid cells possess the receptors necessary 

to respond to stress. During exposure to acute stress, stress hormones stimulate myelopoiesis 

and promote the egress of immune cells from the bone marrow into the blood. Additionally, 

previous studies have demonstrated that activation of adrenergic receptors on CD4+ T cells 

and B cells can facilitate interferon and IgG1 production, respectively [61–64]. The resulting 

increase in circulating immune cells and the enhanced lymphocyte function are believed to 

be a pre-emptive response against potential infections which may result during an encounter 

with a threat.
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On the other hand, chronic, continuous exposure of immune cells to stress hormones 

actually diminishes their activity and induces their apoptosis. Glucocorticoids, such as 

corticosterone and cortisone, have well characterized effects on dampening the immune 

response and have been used as immunosuppressive agents for the treatment of autoimmune 

and inflammatory diseases since the late 1940s [65, 66]. However, the effects of the SNS 

neurotransmitters on immune cells are much less well understood. While some evidence 

suggests that activation of adrenergic receptors may improve immune cell function, other 

observations indicate that long-term stimulation by catecholamines may actually have 

detrimental effects on key immune cells including lymphocytes, macrophages, and natural 

killer cells [67–69]. Reports have suggested that NE can inhibit the expression of MHC class 

II on astrocytes [70]. Activation of the β2-adrenergic receptor impaired interferon-γ induced 

expression of MHC class II molecules and could be reversed with propranolol, but not by 

β1-adrenergic receptor antagonists [70]. Furthermore, spinal cord injury leading to 

autonomic dysreflexia can result in severe immunosuppression as a result of unfettered 

accumulation of NE from the damaged nerves [71].

Moreover, recent studies find that stress can also alter the inflammatory process and enhance 

the development of chronic illness. For instance, the stress of cohabitating with sick mice 

can incite an inflammatory lung disease in previously healthy animals [72]. Mice challenged 

with intranasal ovalbumin developed allergic lung inflammation when housed with mice 

inoculated with tumors but not when housed with healthy animals [72]. In the mice housed 

with sick animals, the development of lung inflammation stemmed from elevated serum NE 

leading to increased production of IL-4, IL-5, and ultimately anti-ovalbumin antibodies in 

the challenged animals [72].

These findings are further supported by work that demonstrated that chronic, intermittent 

stress resulted in elevated levels of circulating leukocytes in individuals exposed to high 

stress situations compared with unstressed individuals, such as medical residents tested pre- 

and post-call from the intensive care unit [73]. Companion murine studies revealed that mice 

exposed to stress, which resulted in elevated NE levels in the bone marrow, had increased 

proliferation of cells, including hematopoietic stem cells, granulocyte progenitors, myeloid 

dendritic cell (DC) and lymphoid progenitors resulting in stress-induced leukocytosis [73]. 

Using ApoE−/− mice which have an increased susceptibility to atherosclerosis, they found 

that increased leukocytosis enhanced the rate of arterial plaque formation, and that blockade 

of the β3-adrenergic receptor on bone marrow abrogated these effects in a CXCL12 

dependent manner [73]. This indicated that adrenergic receptor signaling in the bone marrow 

could facilitate a premature release of immune cells into the circulation. Overall, these 

findings showed that stress has a strong role in promoting the development of various 

illnesses. By enhancing systemic inflammation and suppressing adaptive immunity, 

catecholamines can significantly enhance chronic diseases, as well as infectious and 

neoplastic conditions.

Stress and Immunosuppressive cells

Studying the effects of stress hormones on immunosuppressive cells has produced 

conflicting results. For instance, CD4+CD25+ regulatory T (Treg) cells were discovered to 
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express tyrosine hydroxylase and produce catecholamines. The release of catecholamines by 

these cells actually decreased the production of immunosuppressive cytokines such as TGF-

β through the activation of dopamine receptors [74]. These findings that Treg were inhibited 

by signals from the SNS were later confirmed in studies in which systemic blockade of 

catecholamine released from nerve endings improved Treg function and decreased 

autoimmune encephalomyelitis severity in mouse studies [75].

In contrast, Guereschi and colleagues reported that activation of the β2-adrenergic receptor 

on cells expressing FoxP3+, the major transcription factor driving Treg differentiation, 

enhanced their suppressive properties by decreasing IL-2 transcription and increasing cell 

surface expression of CTLA-4, a molecule which promotes T cell anergy. Even more 

surprising, activation of the β2-adrenergic receptor on CD4+ FoxP3− cells induced 

expression of FoxP3, suggesting that β2- activation could drive immune cell differentiation 

[76]. However, these studies were done either in vitro or in non-tumor systems, making 

these findings difficult to extrapolate to situations involving cancers. Overall, these data 

highlight the complex responses that stress has on regulatory lymphocyte populations.

Another population of suppressive cells in the tumor microenvironment which can also 

affect tumor progression is the myeloid cells. These cells broadly include tumor associated 

DCs, tumor associated macrophages (TAMs), and myeloid derived suppressor cells 

(MDSCs). Our recent review details literature discussing the effects of stress on DCs [77]; 

therefore, these cells will not be covered in depth in this review. Briefly, DCs are also 

extremely responsive to stress hormones. Their polarization and function can be skewed 

depending on the duration of the stress and the environmental context, such as in response to 

mild cold stress as shown in [77].

The most abundant immune cells in the tumor microenvironment are TAMs. These cells 

have been implicated in facilitating tumor progression through multiple mechanisms 

including suppressing tumoricidal immune cells, inducing vascularization, and promoting 

metastasis. While current understanding of the effects of stress on macrophages is poor, 

work has shown that stress can lead to the recruitment of these cells to tumors [58, 78]. 

Although little is known about the direct effects of catecholamines on macrophages in 

cancer, the impact of stress hormones on these cells has been demonstrated in non-tumor 

models. One study demonstrated that catecholamines facilitate the production of arginase 

from macrophages in a murine trauma model [79]. Furthermore, other work reveals that 

macrophages may also be a major source of catecholamines, which may also drive tumor 

progression in response to stress [48, 80]. While further investigation is needed, growing 

evidence implicates macrophages as a major cell type linking the stress and immune 

responses.

In addition to TAMs, another major immunosuppressive myeloid cell population that has 

only recently been identified in tumors is the MDSCs. Work by several groups has 

demonstrated that a plethora of tumor-derived factors can induce the development of these 

cells, including G-CSF, GM-CSF, IL-6, IL-1β, and COX-2 [81–83]. However, new data 

suggests that stress alone can lead to the accumulation of MDSCs, which are broadly 

defined as CD11b+GR1+ cells. Jin et al demonstrated that these cells have the potential to 
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suppress immunity by producing factors such as nitric oxide and arginase [84]. These 

studies are in agreement with others showing a strong correlation between stress and 

immune suppression in breast cancer patients [85]. In this work, MDSCs were increased in 

patients who reported high levels of stress, suggesting that they may be a contributing factor 

to the immune suppression observed in breast cancer cases [85]. Taken together, these new 

studies indicate that stress can lead to significant dysregulation of immune cell function and 

potentially contribute to a pro-tumorigenic environment in patients by suppressing host 

immunity.

Stress and the immunosuppressive tumor microenvironment

The full impact of catecholamines on immune cells in the tumor microenvironment is 

currently unknown. Nevertheless, the idea that chronic, elevated levels of NE and EPI can 

result in immune suppression is supported by information from fields outside of cancer 

biology. Studies which examined physical stress induced by cool ambient temperatures, 

showed that the ensuing increase in body heat production (thermogenesis) was due to both 

an increased production of NE and an increased skewing of macrophages towards an M2 

phenotype [48, 86]. Surprisingly, the authors also found that these cold-induced M2 

macrophages themselves were the major source of catecholamines in the brown fat, and 

subsequent depletion of these cells resulted in the loss of body temperature maintenance 

[48]. Although performed in the absence of a disease, this study also demonstrated that the 

cold stress experienced by laboratory mice alters immune cell phenotypes. If skewing of 

macrophage in response to cold-stress also occurs in M2 TAMs it could potentially promote 

an immunosuppressive environment within the tumor. These findings correlate with recent 

work by our group demonstrating that mice housed at their thermoneutral temperature 

(30°C) are able to control tumor growth better than mice maintained at standard 

temperatures (22°C) [52]. It is clear that although mice at 22°C are able to maintain a 

normal body temperature, this comparatively cool temperature causes adrenergic stress 

which affects basal metabolic rate and various other physiological processes. In our study, 

the improved anti-tumor control was dependent on the immune response; CD8+ T cells 

displayed improved functionality and were present in larger numbers within the tumors of 

mice at 30°C [52]. In addition, immunosuppressive cells were diminished in mice 

maintained at thermoneutrality, indicating decreased immunosuppression [52].

Substantial investigation of stress and cancer in patients has been performed in the context 

of post-surgical immunosuppression. Studies have demonstrated that the release of 

catecholamines following surgery significantly impairs the anti-tumor immune response and 

can greatly increase the chances of recurrence [87]. This major clinical problem was caused 

by increased levels of circulating catecholamines in post-operative patients [87]. 

Experiments performed in rodent models treated with β-blockers and anti-inflammatory, 

cyclo-oxygenase (COX) inhibitors revealed a vast improvement in long-term, tumor-free 

survival in these animals, indicating that a major driver of this relapse was the stress 

hormones [87]. Further investigation revealed that the elevated levels of NE and EPI 

impaired natural killer (NK) cell function during the post-surgical period allowing for 

residual tumor cells to re-establish [88, 89].
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Stress and therapeutic responses

In recent years, immune-based therapies have shown exciting promise in the clinic. The 

growing interest in these novel agents is due not only to their ability to facilitate an effective 

immune response against both the primary tumor and metastases, but also for their potential 

to induce long-term, durable remission in patients. Unfortunately, the number of patients 

who ultimately respond to these treatments is still small and the reasons behind these 

differences are not completely known. As discussed, stress hormones can significantly 

impair the immune response by increasing the levels of immunosuppressive cytokines, 

promoting immune effector cell dysfunction, and enhancing tumor evasion of the immune 

response. These processes can have profound implications for therapeutic efficacy in 

patients and contribute to the eventual loss of response in many tumor types. Despite the 

potential significance, only a few studies have investigated the effects of catecholamines on 

immunogenicity or on the efficacy of immunotherapies and these are summarized in the 

following sections.

Stress and Immuno-editing of Tumors

As recently revised by Hanahan and Weinberg, the “Hallmarks of Cancer” now include 

immune evasion as a major characteristic of malignancies [90]. In order to survive, cancer 

cells employ multiple strategies to escape recognition by the endogenous host immune 

system including downregulating antigen expression, increasing the production of inhibitory 

cytokines, and recruiting immune suppressing cells [90]. The extent to which the nervous 

system and stress may contribute to this immunosuppressive environment is poorly 

understood; however, a recent study demonstrated that NE acting on tumor cells promoted 

immunoediting and altered the phenotype of the cancer cells to promote immune evasion. 

One study observed that pancreatic tumor cells exposed to NE had decreased expression of 

MHC class I molecules as well as the co-stimulatory ligand B7-1, and increased levels of 

immunosuppressive indolamine-2,3-oxygenase (IDO) and B7H-1 (PD-L1), the ligand for 

the programmed cell death receptor (PD-1). While these changes only persisted for a short 

period of time, these phenotypic changes on cancer cells would not only prevent T cell 

recognition, but also impair their function by depleting essential nutrients such as tryptophan 

(by IDO) and inducing exhaustion even in activated lymphocytes [91].

Stress and CpG Adjuvants

Recent breakthroughs have demonstrated that cancer vaccines can have safe and durable 

outcomes in the clinic. These strategies involve the ex vivo activation of a patient’s own 

immune cells, most often DCs, by priming them with tumor antigens such as prostatic 

alkaline phosphatase in prostate cancer or NY-ESO-1 which is found in many tumor types 

[92–94]. These cells are then re-infused back into patients and allowed to stimulate the 

adaptive immune system to mount a response against the tumor.

To further enhance the therapeutic efficacy, adjuvants have been widely explored as a means 

of bolstering the ability of DCs to activate tumor-specific T cells. Nucleic acid based 

adjuvants, such as CpG oligonucleotides, have been especially effective at enhancing the 

production of interferon-γ, interferon-α, IL-12 and IL-6 from innate immune cells in vitro 
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and in vivo. Recent work has shown that the stimulatory effect of CpG adjuvants was 

diminished in mice subjected to stress as demonstrated by decreased IL-12. Further studies 

by this group suggest that the major mediator of this stress-induced suppression of IL-12 

was due to the effects of prostaglandins and glucocorticoids, and not catecholamines. 

However, pharmacological administration of EPI was able to reduce IL-12 levels through a 

glucocorticoid driven mechanism suggesting that that catecholamines may still play a role in 

the decreased efficacy of CpG therapies [95, 96].

Stress and rhIL-2 therapy

Recombinant IL-2 (rhIL-2) is one of the earliest developed immunotherapies for cancer, and 

continues to be used in the treatment of melanoma and renal cell carcinoma. Unfortunately, 

treatment-related toxicities as well as its potential role in enhancing Treg activity have 

limited the use of rhIL-2 in the clinic [97, 98]. However, the development of new 

combination therapies to enhance the anti-tumor effect of rhIL-2 while limiting the adverse 

effects has renewed interest in the therapy. One possible avenue to improve the therapeutic 

efficacy of rhIL-2 may be to combine it with β-blockers, since early studies have 

demonstrated that the cellular effects of IL-2 can be altered by stress. It has been shown that 

increased stress hormones can significantly reduce the production of IL-2 from immune 

cells as well as the expression of IL-2 receptor (IL-2R) on T lymphocytes [99]. In addition 

to impairing the function of immune cells, loss of the IL-2R also indicates that the efficacy 

of rhIL-2 therapy in patients under immense stress will be greatly diminished as these cells 

cannot respond to the treatment either. Clinically, psychological stress of patients with 

metastatic renal cell carcinoma, as assessed by the status of their sexual identity, correlated 

with degree of response to rhIL-2 [100]. Patients were deemed to either have a maintained 

sexual identity or lack a sexual identity based on their response to Rorschach test. Based on 

their findings, it was discovered that patients who lacked sexual identity, and were thus 

under a higher degree of stress, had poorer response to rhIL-2 therapy compared with 

unstressed patients [100]. In addition, patients with no sexual identity had fewer circulating 

lymphocytes following rhIL-2 treatment, suggesting that stress impaired cellular expansion. 

Overall, these studies indicate that the immunotherapy efficacy is altered by stress hormones 

and that these hormones can significantly impair normal immune cell function in response to 

the treatment.

Stress and targeted immunotherapies

Targeted therapies have been extremely successful in treating tumors which previously had 

left patients with few medical options. This class of drugs encompasses a diverse array of 

agents including therapeutic monoclonal antibodies and small molecules. Similarly, they 

also act through diverse mechanisms including inhibiting tumor-specific proteins, such as 

over-active cell surface receptors, or by inducing antibody-dependent cell-mediated 

cytotoxicity (ADCC), as in the case of therapeutic antibodies. While these therapies are 

extremely effective, their efficacy depends on the continued expression of their target 

proteins by tumor cells as well as the ability for immune cells to bind many of these 

antibodies to trigger killing. Recently, studies showed that adrenergic receptor signaling is 

capable of altering the expression and activity of common tumor targets, particularly EGFR, 

and potentially impairing the efficacy of these therapies. In both breast cancer and oral 
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squamous cell carcinoma, stimulation of EGFR led to the activation of key survival 

pathways as well as the upregulation of β-adrenergic receptors. These studies also revealed 

that stimulation of β-adrenergic receptors could induce further expression of EGFR on the 

tumor cell surface. Thus, these two receptors appeared to work in concert via a feedback 

loop to further activate each other and their downstream targets. One major consequence of 

this interconnected regulation was revealed by demonstrating that that activation of the β2-

adrenergic receptor on gastric cancer resulted in decreased responses to trastuzumab, a 

targeted therapy against human epidermal growth factor receptor 2 (Her2) [101]. 

Mechanistically, activation of the β2-adrenergic receptor increased MUC4 by Stat3 and 

ERK leading to impaired binding of trastuzumab to Her2 [101]. As trastuzumab inhibits 

tumor progression through cell cycle arrest and through NK cell mediated ADCC, masking 

of the target epitope enhanced the tumor survival [102]. Ultimately, these findings highlight 

the surprising effect that catecholamines have on impairing the efficacy of certain targeted 

therapies.

Conclusions

The stress response is one of the most highly conserved and fundamental biological 

processes in living creatures. Evolutionarily, this response developed as a means for coping 

with many forms of imminent danger; however, the remarkable features of the stress 

response include the fact that not only are all forms of stress regulated by a small number of 

molecules and pathways, but that the stress response can also coordinate the activities of 

multiple organ systems. In fact, the signals produced in response to stress effectively 

prioritize resources for certain tissues such as the cardiovascular and musculoskeletal 

systems, which can have a direct impact on the outcome for escape and survival. As such, 

the stress response is a prime example of the physiological trade-off in regard to resource 

allocation that organisms must make in order to survive.

Unfortunately, any large, prolonged derivation from normal homeostasis also has 

consequences. The chronic activation of this pathway and the continued production of 

molecular stress mediators, including secretion of the catecholamines, have profound 

ramifications on health and disease. New insights and discoveries have finally brought the 

potential effects of chronic stress to the forefront of cancer research. Recent work has 

highlighted the fundamental role that stress hormones and their receptors play in 

tumorigenesis, tumor growth, and metastasis [103]. In addition, studies have long 

established a negative effect of stress on basic immune cell biology and their function in 

autoimmunity or infection, but very little research has currently been done to explore the 

role of stress on immune cells in cancer. This area of research will become especially 

important as a result of the growing interest in immune-based therapies and vaccines. These 

new immunomodulatory agents aimed not at the tumor cells, but towards the host immune 

cells have shown tremendous clinical promise. In particular, the successes of ipillimumab 

(anti-CTLA4) and nivolimumab (anti- PD-1), which prevent the engagement of molecules 

on T cells that induce anergy and exhaustion, have spurred excitement in the field and 

highlight the enormous potential that the host immune response alone has in controlling 

tumor growth [104]. Furthermore, progress continues to be made in developing strategies to 

optimize well-established immunotherapies such as recombinant human interleukin-2 
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(rhIL-2), interferon, and even adoptive T cell therapy [105, 106]. Yet all of these treatment 

strategies are still greatly dependent on factors in the tumor. Therefore, any means of 

optimizing the host environment to prevent T cell dysfunction or death, and to reduce the 

degree of immunosuppression could have profound effects on the therapeutic response in 

patients.

The growing epidemiological evidence hints towards the possibility that α- and β-blockers 

may be one method of improving therapeutic response by targeting multiple parameters in 

the tumor and the host. Already, studies have begun to emerge indicating that concomitant 

use of β-blockers can potentiate the effects of radiation or chemotherapy in select groups of 

individuals [107]. In several clinical studies examining breast cancer, melanoma, and 

ovarian cancer patients, researchers have found that use of β-blockers improved long-term 

patient survival independent of other medications taken [6, 7, 108, 109]. However, further 

studies are needed to fully confirm the effects of β-blockers on cancer progression and 

patient survival as discordant findings from other studies have made the interpretation of the 

effects of adrenergic blockade in patients difficult. This work reports that no benefits exist 

for patients on β-blockers with the same previously stated cancers [110–112]. The 

discrepancies may ultimately be due to multiple factors including the class of β-blockers 

used by patients, the initial treatment regimens used on the patients and potential biases in 

the studies, such as selection bias. As a result, carefully designed clinical trials to study the 

effects of β-blockers in patients, especially in combination with other therapies, should be 

performed in order to determine their clinical benefits.

In conclusion, studying the interaction between stress and the immune response in cancer is 

a promising new area of research. While catecholamines are known to impair the anti-tumor 

immune response, the exact mechanism of how stress hormones affect immune cells in the 

setting of cancer is not completely understood due to the complex signal transduction 

pathways and responses that can be elicited through adrenergic receptor activation. 

Fortunately, the wide assortment of inhibitors, β-blockers and α-blockers, developed for the 

routine treatment of hypertension and other disorders provides an opportunity for immediate 

translational research. Several outstanding questions remain including pinpointing the 

source of catecholamines in the tumor microenvironment (i.e. vasculature, direct 

innervation, autocrine production by tumor cells). As patients undergoing cancer treatment 

are under considerable emotional stress, the combination of these stress alleviating therapies 

with immunotherapies could have significant benefit. Further research is required, but the 

opportunity for enormous clinical advancement is evident even now at these early stages.
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DC dendritic cell

EGFR epithelial growth factor receptor

EPI epinephrine

IDO indolamine-2,3-oxygenase

MAPK mitogen activated protein kinase

MDSC myeloid derived suppressor cell

NE norepinephrine

NK natural killer

PKA Protein Kinase A

rhIL-2 recombinant IL-2

SNS Sympathetic Nervous System

TAM tumor associated macrophage

Treg regulatory T cell
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Figure 1. 
Physical dangers, such as predators or changes in the surrounding environment, induce 

signaling from the cortex or the hypothalamus to nuclei located in the medulla. These nuclei 

project axons on to cell bodies located between the intermediolateral column of the T1 and 

L3 vertebrae of the spine. From there, cells synapse with postsynaptic ganglia located in the 

sympathetic trunk or in splanchnic ganglia throughout the body. In addition, the adrenal 

glands represent a unique postsynaptic site where axons can directly associate with target 

cells in order to induce hormone production. Signaling from the sympathetic nervous system 

can affect tissues and cells located throughout the body.
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Figure 2. 
Stress induces production of several neurotransmitters and hormones which can enter the 

tumor microenvironment through vasculature, innervation, or even directly through immune 

cell production. Activation of the adrenergic receptors on immune cells results in the 

production of immunosuppressive molecules such as CTLA-4, arginase, and iNOS. 

Simultaneously, the catecholamines can also inhibit the production of important activation 

cytokines such as IFN-γ, IL-2, and IL-12. In addition, increased levels of stress hormones in 

the tumor microenvironment can also enhance the levels of IDO, PD-L1, and COX-2 from 

the tumor which facilitate immune dysfunction, increase pro-survival molecule expression, 

and increase the production of prometastatic molecules.
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