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Stress-induced immune dysregulation results in significant health consequences for immune related dis-
orders including viral infections, chronic autoimmune disease, and tumor growth and metastasis. In this
mini-review we discuss the sympathetic, neuroendocrine and immunologic mechanisms by which psy-
chosocial stress can impact cancer biology. Both human and animal studies have shown the sympathetic
and neuroendocrine responses to psychosocial stress significantly impacts cancer, in part, through regu-
lation of inflammatory mediators. Psychosocial stressors stimulate neuroendocrine, sympathetic, and
immune responses that result in the activation of the hypothalamic-pituitary-adrenal (HPA)-axis, sym-
pathetic nervous system (SNS), and the subsequent regulation of inflammatory responses by immune
cells. Social disruption (SDR) stress, a murine model of psychosocial stress and repeated social defeat,
provides a novel and powerful tool to probe the mechanisms leading to stress-induced alterations in
inflammation, tumor growth, progression, and metastasis. In this review, we will focus on SDR as an
important model of psychosocial stress in understanding neural-immune mechanisms in cancer.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Psychosocial stressors impact many physiological and patholog-
ical disease outcomes, including cancer. In multiple clinical and
epidemiological studies, tumor growth, progression, and metasta-
sis have been correlated with reports of stress, anxiety, poor coping
behaviors, depression, lack of social support, and numerous other
psychological and behavioral abnormalities (Lillberg et al., 2003;
Price et al., 2001; Spiegel and Giese-Davis, 2003). The majority of
studies that examine the impact of stress on malignant tissue have
focused on suppressed immune responses to tumors and stress-in-
duced alterations in the tumor microenvironment. More recently,
stress-mediated immune modulation of lymphoid and myeloid
cells and chronic inflammation mediated by cytokines such as
interleukin (IL)-6 have been implicated as predictors of cancer pro-
gression, metastasis, and recurrence (Chung and Chang, 2003;
Mundy-Bosse et al., 2011; Pierce et al.,, 2009; Salgado et al.,
2003). By using mouse models of stress, significant progress has
been made in determining the mechanisms behind stress-induced
alterations in inflammatory immune status. For example, studies
using a mouse model of repeated social defeat, termed social dis-
ruption (SDR) stress, have shown that stress alone can trigger the
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generation, egress, and trafficking of immature, inflammatory
myeloid derived-cells that are glucocorticoid (GC) insensitive
(Curry et al., 2010; Engler et al., 2004a, 2005). In addition, these
GC insensitive cells produce high levels of IL-6 and other inflam-
matory cytokines and chemokines (Powell et al., 2009; Stark
et al,, 2002; Wohleb et al.,, 2011). As a consequence, these stress-
induced changes at the cellular level translate to significant
immune (enhanced inflammatory responses and immunity to
microbial, viral, and allergen challenge) and behavioral (prolonged
anxiety-like behavior) changes (Bailey et al., 2007, 2009b, 2009a;
Dong-Newsom et al., 2010; Kinsey et al., 2007; Mays et al., 2010,
2012; Powell et al., 2011; Wohleb et al., 2011). Indicative of the
important role of the SNS in stress-induced immune alteration,
these changes are reversed by the blockade of sympathetic signal-
ing prior to stressor exposure (Wohleb et al., 2011).

Studies discussed in this mini-review highlight evidence that
stress and the resulting modifications in behavior, immune status,
and production of stress hormones and neurotransmitters signifi-
cantly influence tumor growth, progression, and metastasis. Spe-
cifically, we focus on the stress response and its mediators (i.e.,
GC, catecholamines, and cytokines) between the nervous, endo-
crine, and immune system interactions. The discussion will be ex-
tended to include the impact that stress-induced alterations in
immunity and inflammation have on cancer. We discuss how psy-
chological stressors modulate cellular immune function and tumor
biology. Within the scope of this paper, we review the clinical and
animal literature that focus on the effect that stress has on the im-
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mune response, which, ultimately, can prevent or promote malig-
nant disease. Taken together, SDR and other mouse models of
stress known to impact immune function are ideal platforms that
can be used to explore of the overall impact of stress and inflam-
mation on cancer biology.

2. The stress response

The stress response results from internal or external stimuli
that activate “fight or flight” and defeat/withdrawal responses
associated with the SNS and HPA activation. It is well established
that specific central nervous system (CNS) pathways act to trans-
late social stimuli into peripheral biological signals that regulate
inflammatory responses. For instance, stress activates neuroendo-
crine and autonomic pathways like the HPA axis, and the SNS
resulting in the release of GC, catecholamines, and pro-inflamma-
tory cytokines such as IL-1, IL-6, and TNF-o. The release of these
sympathetic, neuroendocrine, and immune factors has a profound
influence on immunity, behavior, and physiology in both humans
and rodents and triggers peripheral biological responses that, in
turn, signal back to the CNS to complete a bi-directional communi-
cation circuit. This is evident in models of repeated social defeat,
like SDR, that enhance immune responses to microbial, viral, and
allergic challenges and promote and prolong anxiety-like behavior
in rodents (Kinsey et al., 2007; Bailey et al., 2009a,b; Mays et al.,
2010). Social disruption stress-induced prolonged anxiety-like
behavior coincides with a unique pattern of c-Fos activation in
brain regions associated with fear and threat appraisal. For exam-
ple, SDR causes increased c-Fos activation in the prefrontal cortex,
amygdala, hippocampus, paraventricular nucleus, bed nucleus of
the stria terminalis and the lateral septum (Wohleb et al., 2011).
As a result of the activation of this circuitry and the release of neu-
rotransmitters and hormones, compensatory physiologic changes
occur that impact behavior and immunity. In humans, chronic or
repeated exposure to stress is associated with increased expression
of inflammatory biomarkers, worsened disease states, and affective
disorders (Glaser and Kiecolt-Glaser, 2005; Gouin et al., 2012). In
clinical studies, stressed individuals have reduced anti-inflamma-
tory GC regulation and increased inflammatory nuclear factor
(NF)-xB signaling (Miller et al., 2008). As such, a stressor consti-
tutes a challenge to homeostasis that is interpreted by sensory
pathways which manifest as physiologic alterations (Glaser and
Kiecolt-Glaser, 2005).

3. Interactions among the nervous, endocrine, and immune
systems

The stress-induced release of catecholamines and GC has been
associated with modulation of immune function including im-
paired antigen presentation, decreased T cell proliferation, and
dampened humoral and cell mediated immunity (Glaser and
Kiecolt-Glaser, 2005). Bi-directional communication between the
neuroendocrine and immune systems is facilitated by recep-
tor/ligand interactions. Glucocorticoids and catecholamines are
capable of binding to receptors on and within immune cells.
Specifically, GC interacts with immune cells by binding to intracel-
lular receptors. The activated GC receptor translocates to the
nucleus where it binds to GC response elements in gene promoter
regions. As such, activated GC receptors can inhibit the actions of
transcription factors, like NF-kB, and in turn inhibit the production
of inflammatory cytokines (Padgett and Glaser, 2003).

Leukocyte activation, proliferation, and migration are known to
be regulated by GC. Interestingly, GC has also been shown to affect
tumor cells through GC-specific suppression or activation of target
genes. While GC typically induce apoptosis in leukocytes through

active or passive suppression of survival genes, recent reports in
experimental models of stress have shown that GC can protect tu-
mor cells that have been treated in vitro and in vivo with chemo-
therapeutic agents through GC-specific activation of survival
genes (Wu et al.,, 2004). GC have also been shown to down-regulate
tumor suppressor genes (Antonova and Mueller, 2008; Dickinson
et al.,, 2011). In a study by Antonova et al., GC treatment of murine
mammary non-tumorigenic Ras-transformed EPH4 cells induced a
down-regulation of BRCA1, a tumor suppressor gene that when
mutated contributes to familial breast cancer (Antonova and Muel-
ler, 2008). GC is also known to inhibit cellular immune responses,
thereby decreasing immune defenses against cancer. Thus, GC has
both direct and indirect effects on tumor biology.

The catecholamines norepinephrine (NE) and epinephrine (EPI)
mediate their effects on target immune cells via stimulation of two
major receptor subtypes: alpha(a)- and beta(f)-adrenergic recep-
tors (ARs) (Madden et al., 1995; Sanders, 1995). Both primary
and secondary lymphoid organs are innervated by the SNS (Felten
et al., 1985). Most studies suggest that splenic innervation is pre-
dominantly sympathetic, with splenic nerves being comprised of
approximately 98% sympathetic fibers (Felten et al., 1985; Reilly
et al, 1979; Williams et al., 1981). B-AR are G-protein coupled
receptors on the surface of many cells, including immune and tu-
mor cells. Upon interaction with its ligand(s), B-ARs signal to the
nucleus to activate cyclic adenosine monophosphate (cAMP). cAMP
is a second messenger that is activated upon binding of the nuclear
cAMP responsive binding element (CREB), a transcription factor
that is initiated by multiple signal transduction pathways in re-
sponse to multiple biologic factors, including stress hormones.
Activation of B2-ARs in the absence of immunological stimuli in-
creases pro-inflammatory cytokine production by various cell
types (Tomozawa et al., 1995; Tan et al., 2007). For example, acti-
vation of B2-ARs with the specific agonist salmeterol up-regulates
IL-6 and IL-1B8 mRNA and protein levels in macrophages, which re-
sults in amplified immune responses (Tan et al., 2007). Activation
of the SNS can also profoundly impact behavioral responses in a
B-AR-specific manner (Wohleb et al,, 2011).

While immunological and neurological changes can result as a
consequence of activation of the stress response, recent compelling
data argue for a critical role of the B-AR directly and indirectly
influencing malignant tissue. For example, B-AR is present on
breast and ovarian cells (Badino et al., 1996; Sood et al., 2006).
To date, the CREB family of proteins has been implicated in various
aspects of tumor biology including metastasis, growth, angiogene-
sis, and cell survival (Jean and Bar-Eli, 2000; Lang et al., 2004). In
several studies, cAMP activation has been correlated with in-
creased rate of tumor growth in mammary tissue. For example, a
report by Sastry et al. showed that EPI protected androgen-sensi-
tive human prostate adenocarcinoma cells (i.e., LNCaP cells) from
apoptosis through a cAMP-dependent inactivation of pro-apoptotic
proteins, downstream of B2-AR signaling (Sastry et al., 2007). In
addition, studies have shown that NE modulates the migration of
tumor cells, including breast, colon and prostate tumor cells, which
can be blocked by B2-AR antagonists (Lang et al., 2004; Drell et al.,
2003; Masur et al., 2001). Further, a study by Palm et al., describes
that this effect can be replicated in vivo and pre-treatment with
B-blockers prevents NE-driven metastasis in a model of prostate
cancer in Balb/c mice (Palm et al., 2006). Coupled with the effects
of GC on tumors, these studies highlight the emerging role that
stress-associated factors play in tumor biology.

4. Cancer, inflammation, and immunity

There are multiple factors that impact tumor biology beyond
stress and stress-associated molecules. Some are intrinsic factors
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within the tumor and the tumor microenvironment, which include
increased proliferative capacity and replicative immortality, resis-
tance to suppressive signals which impair cell growth and/or pro-
mote apoptosis, and enhanced reactivity or exposure to molecules
that promote angiogenesis, tissue invasion, and metastasis (Hana-
han and Weinberg, 2011). In addition, the cellular composition of
the tumor microenvironment is thought to significantly influence
the biology of tumors. The cell subsets comprising the tumor
microenvironment include both cancer-associated cells and nor-
mal immune cells that collectively enable tumor growth and pro-
gression. Common immune cells such as inflammatory
macrophages, natural killer (NK) cells, and cytotoxic T-cells (CTL)
can be found in the core of primary tumors and within the invasive
and metastatic tumor microenvironments (Hanahan and Wein-
berg, 2011).

NK cells and CTL, which are known to influence tumor progres-
sion, are also known to be regulated by stress. The importance of
NK cells in cancer biology is highlighted by the unique ability to
lyse tumor targets without prior sensitization. Additionally, one
of the hallmarks of tumor biology is the capability of taking over
the genetic machinery of major histocompatibility complex
(MHC) class I genes, ultimately reducing the efficacy of cytotoxic
T cell recognition. As a primary way of activation, the capabilities
of NK cells to recognize infected/tumor cells by the lack of MHC
class I expression becomes crucial in tumor progression and
metastasis (Bubenik, 2004). Once NK cells and CTL become acti-
vated, the release of perforins, granzymes A and B, and FasL cause
apoptosis of the infected cell. Additionally, activated NK cells and
CTL increase anti-viral/tumor interferon (IFN) production which
directly inhibits tumor growth and coordinates anti-tumor innate
and adaptive immunity.

Currently, there is a growing importance placed on inhibitory
receptor expression on NK cells and CTL and cancer modulation
(Carena et al., 1997; Hanke et al., 1999; Yu et al., 1996). Expressed
both in humans and rodents, inhibitory receptors found on NK cells
and CTL regulate activation pathways that lead to anti-viral and tu-
mor mechanisms. The use of antibodies targeting NK cell inhibitory
receptors are currently being used in clinical trials lending to
promising novel approaches to immune-based anti-tumor thera-
pies (Kradin et al., 2001; Vahlne et al., 2010; Yu et al., 1996). Stress
has been shown to modulate these inhibitory receptors, potentially
mediating the effect of NK and CTL on cancer progression. Several
studies have shown that restraint stress diminishes NK cell func-
tion, cytokine secretion, and enhances viral replication, which
was shown to be partially mediated by stress-induced glucocorti-
coids (Hunzeker et al., 2004; Tseng et al., 2005). In a study by
Andersen et al., the lytic potential of NK cells from patients with
invasive breast cancer and higher stress levels was significantly re-
duced (Andersen et al., 1998). In addition, NK cells from cancer pa-
tients with higher reported levels of stress responded poorly to
treatment with recombinant IFN-y in vitro as evidenced by a sus-
tained decrease in lytic potential. However, stress may also cause
beneficial effects on NK activity by enhancing migration and func-
tion (Schedlowski et al., 1993). Several studies have shown that
subcutaneous administration of EPI or exposure to stress increases
NK cell trafficking from the bone marrow, into the blood and
peripheral organs (Engler et al., 2004b; Kradin et al., 2001). In addi-
tion, stress-induced increases in NK cell trafficking was blocked
with propranolol or nadolol treatment, lending support to the
importance of SNS signaling in stress-related immune alterations.

Similar findings were reported with CTL, which are also known
to be affected by stress, and are known to target virally-infected
and tumor cells. As such, the effect of stress on latent virus activa-
tion and virus-associated tumors has been explored. It has been
shown that stress promotes latent virus reactivation and that there
is a potential causal relationship between stress and the onset of

Epstein bar virus (EBV)-associated tumors. Moreover, stress may
facilitate the onset and progression of such tumors because stress
is known to impair the lytic activity and cytokine secretion of CTL
and NK cells (Glaser et al., 1994; Levy et al., 1987; Sieber et al.,
1992). Stress can also shift cytokine profiles of CTL and other im-
mune cells to favor virus replication, subsequently promoting tu-
mor formation (Glaser and Kiecolt-Glaser, 2005). It is important
to note, however, that stress is also known to enhance the genera-
tion of primary and memory CTL in response to an infection, en-
hance inflammatory and anti-viral cytokine secretion, and
enhance killing (Mays et al., 2010, 2012). The impact that stress-
enhancement of CTL and NK numbers and function have on malig-
nant disease have not been fully elucidated.

It has been established that infiltrating cells from the immune
system (e.g., CTL and NK cells) can stunt tumor growth and block
tumor progression. Recently, however, inflammatory immune cells
have been shown to enhance those factors responsible for tumor
progression at the cellular and molecular level. Interestingly, a sub-
set of immature, undifferentiated inflammatory myeloid cells that
co-express the macrophage lineage marker CD11b and the neutro-
phil lineage marker Gr1 in mice, or co-express CD33 and CD11b
and lack lineage specific markers in humans, have been identified
(Ostrand-Rosenberg and Sinha, 2009). These tumor-infiltrating
myeloid cells, termed myeloid-derived suppressor cells (MDSCs),
can be found in normal, inflamed, and malignant tissues alike; in
addition, MDSCs can actively suppress CTL and NK cell anti-tumor
mechanisms at the tumor site (Ostrand-Rosenberg and Sinha,
2009). In a randomized clinical trial by Mundy-Bosse et al., more
frequent stressful life events and higher stress levels after surgery
were reported to correlate with an overall increase in MDSCs
(Mundy-Bosse et al., 2011). This increase was coupled with higher,
but not significant levels of interleukin-1 receptor antagonist,
interferon gamma-induced protein 10, granulocyte colony stimu-
lating factor, and IL-6. In addition to changes at the cellular level,
inflammatory cells in the tumor microenvironment can contribute
to all phases of tumor progression through multiple mediators,
including cytokines and reactive oxygen species. For example,
inflammatory immune cell release of reactive oxygen species
(ROS), a characteristic product of inflammatory myelomonocytic
cells, can promote tumorigenic factors in neighboring cancer cells.
MDSCs isolated from tumor-bearing mice produced significantly
more ROS than control MDSCs. In addition, tumor cells themselves
can secrete ROS that lead to enhanced angiogenesis and tumor
growth (Xia et al., 2007).

Chronic inflammation has also been linked to several types of
cancers, and the immune system at the cellular, molecular, and/
or genetic level has been shown to mediate the effect of stress-in-
duced inflammation on cancer. In a study of breast cancer patients
three years post-treatment, elevated levels of stress-inducible
acute phase proteins correlated with an increase in morbidity
and mortality in the experimental cohort (Pierce et al., 2009).
Pro-inflammatory cytokines secreted as a consequence of stressful
interactions (e.g., IL-6) have been described as playing an impor-
tant role in the growth and progression of tumors (Kossakowska
et al,, 1999). Furthermore, circulating levels of IL-6 have been re-
ported as prognostic indicator of survival and metastasis in human
cancers (Chung and Chang, 2003; Salgado et al., 2003). Genetic
analyses have identified IL-6 gene polymorphisms as biomarkers
of breast cancer progression (DeMichele et al.,, 2003; Snoussi
et al., 2005). In studies of mammary tumors, a single nucleotide
polymorphism in the IL-6 promoter enhances gene transcription
in response to B-AR signaling. At the cellular level, IL-6 gene
expression is regulated by B2-AR signaling and is increased in cir-
culation after stressor exposure. Taken together, evidence linking
inflammation and stress-induced SNS activation to cancer
progression provide insights into the importance of regulation of
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cancer-related genes (e.g., IL-6) that appear to modulate the effects
of stress on cancer.

5. Animal models of stress and cancer

Rodent models of stress have provided significant insight into
the mechanisms of neuroendocrine and sympathetic-mediated
regulation of immune cells and inflammatory products involved
in the biology of cancer, as well as sympathetic regulation of tu-
mors. Animal models of stress have provided important insights
into the changes in immune status that can predict regulation/pro-
motion of tumor growth and progression. Significant changes in
the effector function of immune cells that are known to regulate
tumor progression, including macrophages, NK cells, and T-cells,
are evident after exposure to a variety of different stressors. A
study using a rodent model of cancer showed that mice that were
socially isolated had decreased macrophage activity and increased
tumor growth (Palermo-Neto et al., 2003). Additional studies using
a mouse restraint stress model showed decreased numbers of T
cells, suppressor cells, and cytokine/chemokine secretion following
stress exposure in breast cancer, and skin and squamous cell carci-
noma models (Saul et al., 2005; Steplewski et al., 1985). p-adrener-
gic agonists in rodents have been shown to influence breast cancer
cell metastatic activity resulting in lung metastases (Sloan et al.,
2010). In contrast, blocking the stress-induced activation of the
SNS with B-antagonists ameliorates stress-associated increases in
lung metastasis. Interestingly these effects were amplified when
B-antagonist treatment was coupled with the anti-inflammatory
drug indomethacin. In a study by Sloan et al., pharmacologic and
stress-induced B2-AR signaling in macrophages and cancer cells
was shown to serve as a metastatic switch in primary breast cancer
(Sloan et al., 2010). In this study, B-AR signaling mediated a signif-
icant increase in the infiltration of differentiated macrophages into
the primary tumor microenvironment. At the level of the tumor it-
self, B-AR signaling didn’t have an effect on the size of the tumor,
but did increase the rate of metastasis to distant tissues. Interest-
ingly, macrophage infiltration and tumor metastases were blocked
when B-ARs were antagonized prior to stressful interactions (Sloan
et al., 2010). In this study, the infiltrating macrophage itself was
identified as a key intermediate in the effects of stress on tumor
cell metastasis, as specifically targeting and suppressing macro-
phage populations in stressed mice with primary tumors reversed
the stress effect on tumor metastasis. This example, as well as oth-
ers, point to the importance of the intricate and complex relation-
ship between stress, immune function, behavior, and disease.

An area largely unexplored is the effect of psychosocial stress on
tumor growth, progression, and metastasis. Social disruption stress
has been an effective animal model used to predict the impact of
stressful interactions on disease and behavior. For example, several
studies in which mice experienced repeated social defeat prior to
an influenza infection indicated that repeated social defeat signif-
icantly influenced CTL priming by dendritic cells, enhanced pri-
mary and memory T cell responses, and altered lung
microenvironments in response to influenza infection (Mays
et al,, 2010, 2012; Powell et al., 2011). Anxiety-like behavior was
also shown to be pronounced in mice exposed to SDR (Wohleb
et al.,, 2011; Kinsey et al., 2007). SDR-induced tissue remodeling
lends to heightened inflammation and prolonged anxiety-like
behavior (Avitsur et al., 2002; Curry et al., 2010; Engler et al,,
2005; Wohleb et al., 2011). In a study by Curry et al., stress alone
was able to induce significant lung inflammation in mice experi-
encing SDR (Curry et al., 2010). Inflammation was marked by an in-
crease in cellular infiltrates into the lung, including monocytes and
neutrophils, and an increase in inflammatory cytokines such as
IL-1B. Furthermore, increased monocyte and neutrophil
chemotactic factors, monocyte chemotactic protein 1 (MCP-1),

macrophage inflammatory protein 2 (MIP-2), and the IL-8 homo-
logue Kkeratinocyte chemoattractant, were reported following
SDR. In addition, to cell specific factors, a more reactive endothe-
lium was present in mice that experienced SDR (Curry et al.,
2010). Resident microglia in the brains of SDR mice displayed a
more reactive phenotype which coincided with an increase in infil-
trating bone marrow-derived, primed myeloid cells (Wohleb et al.,
2011). This activation of resident and infiltrating myeloid cells was
coupled with a significant increase in gene expression of inflamma-
tory cytokines, chemokines, and prolonged anxiety-like behavior.
All of the stress-induced phenomena in the CNS were reversed
when propranolol was administered prior to stressor exposure
(Wohleb et al., 2011).

While these examples point to stress-induced tissue remodel-
ing in non-immune organs, several reports have also described sig-
nificant social stress-induced changes in immune organs, including
the spleen and bone marrow, and in blood. Stress increases the size
and the cellular composition of the spleen, primarily due to a sig-
nificant increase in infiltrating CD11b* bone marrow-derived mye-
loid cells (Avitsur et al., 2002; Stark et al., 2002). Like the spleen,
the bone marrow and blood also show significant increases in
these myeloid cell populations (Engler et al., 2004a). Along with
an increase in number, SDR impacts the GC sensitivity and effector
function of bone marrow-derived myeloid cells, including differen-
tiated macrophages and dendritic cells, and immature myeloid
cells alike (Bailey et al., 2007; Powell et al., 2009). The important
aspect of these findings is that the experience of repeated social
defeat ramps up the production of “primed” immature myeloid
populations in the bone marrow, which egress and traffic to
peripheral and central tissues. Myeloid cells derived from SDR-
treated mice display increased numbers of Toll-like receptors and
co-stimulatory molecules and are resistant to the anti-apoptotic
effects of high levels of GC, indicative of a primed state (Bailey
et al.,, 2007; Powell et al., 2009). As a result, primed myeloid cells
trafficking to the spleen and other organs of SDR-exposed mice se-
crete increased amounts of pro-inflammatory cytokines when ex-
posed to microbial and allergen challenges, and inflammatory
stimuli both in vivo and in vitro (Bailey et al., 2007, 2009a,
2009b; Dong-Newsom et al., 2010; Mays et al., 2010, 2012; Powell
et al,, 2011; Wohleb et al., 2011). The resultant tissue remodeling
has profound behavioral and immunological effects on the out-
come of subsequent inflammatory and infectious challenges. The
ability of these cells to traffic to sites of inflammation and infection
has been documented, but the role of inflammatory myeloid cells,
primed by social stress, and their regulation of the tumor microen-
vironment remains relatively unexplored.

The stress-induced generation and trafficking of myeloid cells
to the tumor site can have significant implication for tumor pro-
gression and metastasis. For example, inflammatory cells, includ-
ing myeloid cells like macrophages and neutrophils, are typically
present within and along the margin of invasive and metastatic tu-
mors. These normal immune cells present in the tumor microenvi-
ronment have been shown to promote tumors through the
production of pro-angiogenic factors, pro-inflammatory cytokines,
and/or pro-invasive matrix degrading enzymes like matrix
metalloproteinases (MMPs) (Hanahan and Weinberg, 2011). MMPs
are enzymes secreted by tumor and immune cells that allow for
progressive metastasis and penetration into tissues by breaking
down the extracellular matrix. The production of MMPs, which
has been shown to be an integral part of both local and distant tu-
mor spread, is enhanced by both tumor and immune cells after
stressor or stress hormone exposure (Sood et al., 2006; Yang
et al.,, 2006). In a study by Sood et al. (2006), in vitro treatment
of ovarian cancer cells with stress-levels of NE increased the levels
of MMP-9 and MMP-2 which lent to increased invasive potential.
Interestingly, high levels of MMPs and invasiveness of the tumor
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HPA activation: SNS activation:
tGC 4+ NE/EPI

Potential Effects on Cancer Biology

% Inflammatory mediators/immune cells in tumor
microenvironment

 Tumor growth

*Migration and invasion of tumor cells

# Angiogenesis/pro-angiogenic cytokines (IL-6)

Fig. 1. The potential effects of repeated social defeat on cancer biology. This figure
depicts the multiple ways that stress-induced immune dysregulation can impact
cancer. Psychosocial stressors in clinical studies and animal models activate the
HPA and SNS, thereby causing GC and NE/EPI mediated immune dysregulation. This
change in immune status can increase various factors that lead to the morbidity and
mortality associated with cancer.

cells were reversed after treatment with propranolol, highlighting
the link between stress hormones and catecholamines and the
invasive and metastatic potential of malignant tissue (Sood et al.,
2006). Studies have also linked increases in MMPs to enhanced
IL-6 production by immune cells within the tumor microenviron-
ment (Kossakowska et al., 1999). Like MMPs, IL-6 can be produced
by both tumor cells and macrophages that infiltrate the tumor site.
Increased levels of IL-6, in animal and clinical studies alike, is a
circulating biomarker indicative of immune changes in tissue and
circulation. IL-6 is a characteristic cytokine that is secreted by
stress-primed cells; in models of repeated social defeat, increased
plasma IL-6 levels is a hallmark of the physiologic response to a
stressor. In addition, stress-primed macrophages and dendritic
cells from SDR mice produce more IL-6 at baseline and in response
to Toll-specific stimuli (Bailey et al., 2007; Powell et al., 2009; Stark
et al.,, 2002). This increase in IL-6 production was not abrogated
in vitro by GC. This is relevant because these stressed-primed cells
secrete cancer modulating cytokines that are induced by B-AR sig-
naling (e.g., IL-6). Additionally, these cells are insensitive to the
anti-inflammatory actions of GC, and have an increased capacity
for survival and migration. Social defeat-induced activation of the
HPA axis and SNS and the resultant immune alterations will likely
impact factors that lead to the morbidity and mortality associated
with cancer. This may include but is not limited to: enhanced
inflammatory mediators and immune cells in the tumor microen-
vironment, increased tumor growth, increased migration and
invasion of tumor cells, and enhanced angiogenesis (Fig. 1).

6. Conclusions

While there have been few reported studies describing causal
relationships between stress and the onset of cancer, multiple epi-
demiologic studies have linked stress to enhanced progression of
established malignant disease. Many of these studies, both high-
lighted within this review and described throughout the extant lit-
erature, specifically link stress-induced activation of the SNS,

release of catecholamines, and signaling via B-AR receptors to pri-
mary tumor growth and metastasis and colonization of tumors in
distant tissues. In addition, stress-inducible inflammatory factors
and genes, such as IL-6, are regulated by B2-AR signaling and are
increased in circulation after stressor exposure. Circulating levels
of IL-6 as well as gene polymorphisms of IL-6 are prognostic indi-
cators of tumor progression, metastasis, and survival in human
cancers. Importantly, peripheral immune cells, which are respon-
sive to B-AR signaling and secrete IL-6 and other regulatory factors,
reside within and around the tumor microenvironment and can
promote or prevent malignant disease. Inflammatory cell recruit-
ment into the primary tumor microenvironment may serve as a
biomarker for early detection of disease progression or serve as a
prognostic indicator of therapeutic success and resolution of dis-
ease. The studies outlined in this review show that stress-induced
alterations in immune status and tumor biology can shape the pri-
mary tumor microenvironment and can facilitate progression of
malignant disease, highlighting the importance of a more refined
understanding of the complex relationship between stress, inflam-
mation and immunity, and cancer.

Given what is known about the significant impact that cellular
and molecular factors altered as consequence of stress have on
cancer, the SDR model of repeated social defeat is an ideal tool to
study the impact of stress on cancer. Myeloid-derived immune
cells from mice exposed to repeated social defeat demonstrate
insensitivity to GC induced apoptosis and anti-inflammatory regu-
lation; these changes are reversed by the blockade of B-AR signal-
ing prior to stressor exposure. Moreover, repeated social defeat in
mice leads to the generation, egress, and trafficking of immature
myeloid-derived cells that are glucocorticoid insensitive and se-
crete higher levels of inflammatory cytokines, like IL-6, at baseline
and upon stimulation. This is significant because these cells, de-
ployed in response to a stressor, have an increased capacity to tra-
vel from the bone marrow (the site of genesis) to distant tissues.
These cells traffic in a greater frequency and in a primed state to:
(1) the spleen, where, under physiologic conditions, they can reside
in reservoirs for future deployment, (2) the CNS, where they can
contribute to stress-induced and prolonged anxiety-like behavior,
re-enforcing the bi-directional communication between the neuro-
endocrine and immune systems, and (3) to inflamed, infected, and
presumably malignant tissues where these stress-primed cells will
further promote an inflammatory microenvironment. The contri-
bution of stress-primed myeloid cells to the tumor microenviron-
ment is an area that is currently being explored and may lead to
development of novel, targeted therapeutic approaches and
stress-reduction interventions that will limit cancer progression
and minimize metastatic rates in malignant disease.
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