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Abstract

The relationship between psychosocial factors and cancer has intrigued people for centuries. In the last several decades there
has been an expansion of mechanistic research that has revealed insights regarding how stress activates neuroendocrine
stress-response systems to impact cancer progression. Here, we review emerging mechanistic findings on key pathways
implicated in the effect of stress on cancer progression, including the cellular immune response, inflammation, angiogenesis,
and metastasis, with a primary focus on the mediating role of the sympathetic nervous system. We discuss converging
findings from preclinical and clinical cancer research that describe these pathways and research that reveals how these
stress pathways may be targeted via pharmacological and mind-body based interventions. While further research is
required, the body of work reviewed here highlights the need for and feasibility of an integrated approach to target stress

pathways in cancer patients to achieve comprehensive cancer treatment.
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Introduction

There has been a long history of fascination regarding a
potential relationship between psychological factors and
cancer dating back to the ancient Greeks.! In the second
century A.D. the Greek physician Galen proposed that
women with melancholic (depressive) dispositions were
more likely to have tumors of the reproductive organs than
women with a “sanguine” (optimistic) disposition. This
notion was propounded by physicians throughout the
Middle Ages and even into the 20th century.'? Epidemiologic
studies, using more systematic approaches, have further
revealed the association between psychological factors in
both cancer incidence (emergence of a new cancer in a
previously cancer-free individual) and progression of an
already existing cancer.

The relationship between psychological factors and can-
cer incidence remains controversial, as some studies have
identified a relationship between cancer incidence and
psychological adversity, including traumatic or severe
life events, severe distress, or long-term depression,*

while other studies have been unable to document such
relationships.*!%-12 Interested readers are referred to a recent
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review addressing the potential molecular mechanisms
underlying the role of stress in tumor initiation.'?

In contrast, more consistent associations between psy-
chosocial risk factors and cancer progression have emerged
in the epidemiological literature. The majority of studies
have identified an association between trauma history,'*
social isolation,'*"7 distress,'® or depression,'*?! with more
rapid disease progression or shorter survival, although some
studies have not supported such relationships.?> A recent
meta-analysis of over 280000 patients with breast cancer
reported that both depression and anxiety were associated
with a higher risk of recurrence and of all-cause mortality,
and that depression was additionally associated with
greater breast-cancer specific mortality.?> Other meta-
analyses provide further support that depression,’* stress-
ful life events,*?® and social isolation?’ are associated
with poorer survival in cancer patients.

Over the last several decades there has been an expan-
sion of mechanistic research examining how biobehavioral
pathways impact cancer progression. This review will dis-
cuss the key stress pathways that have been implicated in
tumor progression with a focus on the sympathetic nervous
system. We will examine effects of stress on immune cells
including effects on cellular immunity and inflammation,
noting that investigation of psychoneuro immunology was
the primary driver of this field of research in its early stages.
We will also describe evidence that has emerged over the
last 2 decades on the direct effects of stress on cancer cells
and other cells in the tumor microenvironment. Finally, we
will discuss how this understanding can be leveraged to
improve outcomes for patients, including some of the phar-
macological and mind-body based interventions that oper-
ate via stress-related pathways.

Neuroendocrine Stress Response
Systems

Stress has been defined as a challenge that exceeds the
organism’s perceived ability to respond.?® Stressors can be
acute (short-term) or chronic (long-lasting or ongoing).?’
The human organism has a highly orchestrated response to
stress. When a stressor is encountered, the individual’s
evaluation of the severity of the challenge and their ability
to respond results in activation of a variety of pathways in
the central nervous system, particularly in the cortical and
limbic areas of the brain. The integrated response of the
brain is transduced into the body via 2 key systems. The
sympathetic nervous system (SNS) mediates the “fight or
flight response” with release of neurotransmitters includ-
ing epinephrine and norepinephrine, and the hypothalamic
pituitary adrenal (HPA) axis mediates the “defeat/with-
drawal” response with release of cortisol. A variety of neu-
rohormonal mediators such as oxytocin and endorphins are
also involved in the stress response. These responses are
integrated into a physiological stress response.?830-32

The SNS serves as a pivotal homeostatic switch that
regulates major physiological systems in response to exter-
nal stress stimuli.®® Activation of the SNS leads to the
release of epinephrine (adrenaline) from the adrenal medulla
into the blood circulation and release of norepinephrine
(noradrenaline) from sympathetic nerve fibers that are pres-
ent in most tissues throughout the body?® including various
types of tumor.>*3’ The sympathetic nerves and adrenal
medulla comprise the sympathoadrenal system.?®
Epinephrine and norepinephrine bind to a.- and B-adrenergic
receptors (BAR). Both of these neurotransmitters have
higher affinity towards o AR than BAR, although BAR
subtypes are dominant in the tumor microenvironment.’®
Upon binding with these receptors, neurotransmitters acti-
vate a cascade of downstream signaling that regulates gene
transcription, protein expression, and cellular functions.*

The HPA response involves production of corticotrophin
releasing factor (CRF) and arginine vasopressin by the
hypothalamus, activating the pituitary to secrete adrenocor-
ticotropic hormone (ACTH) which stimulates the adrenal
cortex to produce the glucocorticoid hormone cortisol.
Cortisol is secreted according to a diurnal rhythm, cresting
in the early morning before awakening and decreasing over
the course of the day to reach a nadir late at night.*>*! The
diurnal cortisol rhythm can become dysregulated through
extensive stress, inflammation, or disease.*' In such cases
the slope often becomes flatter; with elevations of evening
cortisol or blunting of the rise of morning cortisol.*!
Flattened cortisol slopes have been associated with poorer
health in multiple conditions, including cancer as will be
described below.*! Glucocorticoids play a key role in regu-
lating growth and metabolism and also provide endogenous
control of inflammation.>? The SNS and HPA stress response
pathways are evolutionarily adaptive in that they prepare
the organism to mobilize resources in the face of threat.
However, prolonged mobilization of these stress response
systems, which is common in many modern-day chronic
stressors, can have negative consequences for many body
systems.*!*>* The impact of prolonged activation of the
SNS and the HPA includes downregulation of cellular
immunity, upregulation of inflammatory responses, met-
abolic dysregulation, and loss of sensitivity to glucocorti-
coid feedback which would otherwise downregulate
inflammation.3!#>* Chronic over-activation of the neuro-
endocrine stress response may result in allostatic overload,
which in turn can lead to negative health outcomes,
increased risk for cardiovascular and metabolic diseases,
and increased vulnerability to infections.?331:444

Certain checks and balances are built into the stress
response systems, along with processes that promote resto-
ration. The parasympathetic nervous system, including the
vagus nerve and cholinergic mediators, plays an important
role in antagonism of SNS signaling and inflammatory
control.?® Oxytocin, a peptide synthesized in the hypothal-
amus and secreted by the posterior pituitary, attenuates the
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stress response by decreasing cortisol production, lowering
blood pressure, activating the parasympathetic nervous
system, and increasing vagal tone.*® In keeping with its
role as an anxiolytic, oxytocin is linked with positive
mood states, stimulates affiliative behavior in response to
stress, decreases inflammation, and enhances the cellular
immune response.*’

While neurohormones from these neuroendocrine sys-
tems may communicate with the tumor via peripheral circu-
lation, anatomical evidence suggests direct communication
with the tumor may also occur. Nerves have been docu-
mented in different types of tumors, including breast,*-*°
prostate,>® pancreatic,’' head and neck,** gastric,>? ovarian,>
and salivary cystic carcinoma.*> Additionally, the presence
of nerves in tumors has been linked with more invasive
tumors, higher tumor grade, and enhanced regional and
distant metastasis.>*37#4%3!1 Examination of the type of
nerves found in tumors showed that sympathetic nerves were
associated with poor recurrence-free survival, while the pres-
ence of parasympathetic nerves was associated with better
recurrence-free survival in women with breast cancer.’’
Preclinical studies have confirmed a causal role of sympa-
thetic nerves in cancer progression. Depletion of sympathetic
nerves using either a toxin called 6-hydroxydopamine, a viral
vector, or a surgical strategy, reduced norepinephrine levels
in tumors and decreased tumor mass and metastasis in pre-
clinical models of breast cancer.>’>*> On the other hand,
selective activation of parasympathetic nerves using a viral
vector approach similarly decreased tumor mass and metas-
tasis in preclinical models of breast cancer.’’” However, para-
sympathetic nerves have also been shown to exert
pro-tumorigenic effects in stomach cancer, suggesting that
the role of different types of nerves in cancer progression
may differ across different cancer types.*> These findings
highlight that neuroendocrine systems can interact with the
tumor via systemic pathways and local tumor innervation.

In addition to these systemic effects, a variety of cells in
the tumor microenvironment also express receptors that are
responsive to these neuroendocrine pathways, allowing
stress to induce localized changes in the microenvironment
that regulate cancer progression. In times of stress, cancer
cells, immune cells and other stromal cells in the tumor
microenvironment (eg, adipocytes, fibroblasts) respond to
neuroendocrine effectors through cell surface receptors
including B-adrenergic receptors (BAR)>*? and glucocor-
ticoid receptors.®*! A body of preclinical studies has dem-
onstrated that elevation of neuroendocrine signaling by
stressors such as chronic restraint or social isolation
increased progression of solid tumors in mouse models of
breast cancer,’®>%9263 pancreatic cancer,® ovarian cancer,®
prostate cancer,’® colorectal cancer,®”-*® lung cancer,®
and hematopoietic tumors including leukemia’” and
lymphoma.’” On the other hand, paradigms including
enriched environment and exercise that elevate catechol-
amine and endorphins while also activating sensory nerves

have been shown to exert anti-tumor effects in animal
models.”7> These seemingly opposing findings highlight
the complex interaction between these neuroendocrine
pathways and their impact on cancer progression. In the
next sections, we will examine preclinical and clinical find-
ings that describe how the SNS and HPA axes mediate the
adverse effects of stress on cancer progression.

Stress and the Cellular
Immune Response: The Role of
Psychoneuroimmunology in the
Context of Cancer

The immune system has a critical role in tumor surveillance
and elimination. Immune effector cells—including natural
killer (NK) and T cells—identify tumor cells in peripheral
circulation and target them for destruction, as well as attack-
ing tumor cells in primary and metastatic tumor sites. The
impact of stress on the cancer-related immune response is
evident in a substantial body of psychoneuroimmunology
(PNI) research dating back more than 50years. Studies in
the general population documented that stress and other
negative psychological states such as social isolation,
depression, bereavement, and marital discord are associated
with consistent neuroendocrine alterations and impairments
of the cellular immune response, including number and
activity of T cells, B cells and related cytokines, and NK
cells.”® Neuroendocrine alterations associated with social
support/isolation that are thought to mediate downstream
effects on the immune response and on other tumor-related
pathways are described in Box 1.

Some of the earliest research on stress and cancer in
humans focused on NK cells, which perform surveillance
for tumor cells and destroy tumor cells independent of the
effects of T cells. For example, among early-stage breast
cancer patients, poor social support after surgery was asso-
ciated with decrements in NK cell cytotoxicity both concur-
rently and 3 months later.®!83 Subsequently, Andersen and
colleagues reported that breast cancer patients with higher
levels of stress between surgery and chemotherapy showed
impairments in NK cell activation and cytotoxicity and
reduced T cell proliferation, indicating compromised innate
and cellular immunity.®* Moreover, changes in the immune
response paralleled changes in stress levels following
breast cancer treatment. Specifically, those patients who
reported an early decrease in post-operative stress also had
the most rapid recovery of NK cell cytotoxicity following
treatment.®> Another study reported that greater social
attachment (emotional social support) was associated with
increased numbers of white blood cells in breast cancer
patients 3months after completion of chemotherapy.®
Social support has also been associated with higher levels
of cellular immune functioning (NK and T cell response)
in breast and ovarian cancer patients.®”8% Similarly, in
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Box |. Neuroendocrine Correlates of Social Support

Some of the strongest links between psychosocial factors and cancer come from studies of social support. These studies suggest
that in the context of cancer, social support may modulate key neuroendocrine mediators of tumor progression, including
norepinephrine, cortisol, and oxytocin. These mediators are thought to underlie the social support-immune relationships and social

support-tumor relationships discussed in the review.

High social support has been associated with lower mean salivary cortisol in metastatic breast cancer patients’* and with steeper
diurnal cortisol slope in ovarian cancer patients surviving more than 5years.”® Social support may also modulate signaling through the
sympathetic nervous system. Higher levels of social attachment (emotional social support) were associated with lower levels of both
tumor and ascites norepinephrine in ovarian cancer patients.”® Similar associations have been observed in childhood cancer patients,
where social support from friends predicted lower urinary norepinephrine, and self-worth and family support were related to
lower urinary epinephrine.”’ Additionally, at the time of surgery, ovarian cancer patients reporting higher levels of the facet of social
support involving nurturing of others aspect had higher levels of tumor-associated oxytocin.”® Taken together these findings indicate
more normalized neuroendocrine profiles associated with social support.

It may also be important to distinguish between negative aspects of social support (such as criticism or social constraints) and positive
aspects of social support, and to consider that they may have differential effects, and that negative social support may be qualitatively
different than social isolation. lllustrating this point, one study of 8| breast cancer patients found that high levels of negative
social support were associated with a flatter (less healthy) diurnal cortisol slope, but in contrast to findings in other labs, found no

relationships of positive social support with cortisol slope.”

Social support has important implications with respect to clinical prognoses in cancer patients. For example, among epithelial ovarian
cancer patients, those with greater social support had an approximately 13% lower risk of death, controlling for clinical covariates.®
A meta-analysis including 87 studies of cancer patients reported that high levels of perceived social support were associated with a
25% decreased relative risk for mortality, and presence of a larger social network and being married were associated with 20% and

[2% decreased relative risk for mortality, respectively.?’

It is not clear what elements of social support are most potent in driving the neuroendocrine-immune-tumor cascade. It is possible
that an increased sense of safety, opportunities for emotional expression, feeling understood or supported by others, or a sense of
efficacy may reduce threat physiology and be driving some of the neuroendocrine processes underlying these effects.

post-surgical breast cancer patients, greater anxiety was
related to lower production of interleukin-2 (IL-2), a key
growth factor for T cell proliferation. In contrast, greater
positive affect (often defined as a tendency to experience
positive emotions)®>*° was related to higher levels of inter-
leukin-12 (IL-12) and interferon gamma (IFNy) production,
suggesting more robust cell-mediated immunity and poten-
tially better tumor control.”!

In addition to these observations in the peripheral blood,
stress-immune relationships impair the local immune
response in several cancer types by impacting tumor infil-
trating lymphocytes (TIL) in the tumor microenvironment
(TME). Among women undergoing surgery for ovarian
cancer, those reporting lower levels of social support
showed poorer NK cell cytotoxicity in both peripheral
blood and in tumor infiltrating immune cells.®® Additionally,
ovarian cancer patients reporting higher levels of distress
had poorer NK cell cytotoxicity in TIL and impaired anti-
tumor T cell cytokine response in tumors, ascites, and in
circulating lymphocytes.””> Another study examined the
effects of stress on the local immune response to tumor in
basal cell carcinoma. Tumor biopsies were taken from basal
cell carcinoma patients who had experienced early life
adversity. Those who had experienced not only early life
adversity but also had experienced a recent traumatic event
had an impaired local immune response to the tumor as
indicated by markers linked to signal transduction, immune

cell activation, and migration (CD25, CD3e, ICAM-1, and
CD68) as compared to patients with early childhood adver-
sity who had not experienced a recent severe life event.”
Taken together these findings demonstrate that social fac-
tors and psychological stress are associated with changes in
immune cells in the tumor microenvironment that can
impair cancer control.

The impact of chronic stress on anticancer immunity is
mediated at least in part through the activation of the sym-
pathetic nervous system and downstream BAR signaling.
Mechanistic studies have shown that activation of sympa-
thetic nerves in lymphoid tissues including the spleen and
lymph nodes inhibits trafficking of lymphocytes to these
organs>®** and inhibits production of cytokines includ-
ing Type | interferons that support the cellular immune
response.” Activation of BAR signaling, in particular 3,AR,
also stimulates immune cells that downregulate the cellular
immune response and promote humoral immunity,?%
thereby downregulating components of the immune system
that are most relevant to tumor control. Similar regulation
of BAR signaling in immune cells in the tumor microenvi-
ronment has also been reported. Animal studies showed that
activation of the SNS by chronic stress (physical restraint)
or cold stress (exposure to cold temperatures) increased
recruitment of macrophages and myeloid-derived suppres-
sor cells to tumors>*3%97 and reduced numbers of functional
cytotoxic CD8" T cells within the tumor.>”*° Conversely,
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blocking BAR signaling with the beta-blocker (B-blocker)
drug propranolol inhibited the effects of stress on the
recruitment of immunosuppressive myeloid cells, restored
NK cell cytotoxicity, increased CD8* T cells in mammary
tumors, and consequently slowed cancer progres-
sion.’%38:97.9%,100 These studies raise the possibility that the
SNS may be targeted to enhance anti-cancer immunity
within the tumor microenvironment.

Stress and Inflammation in Cancer

Inflammation is described by Hanahan and Weinberg as an
“enabling characteristic” that supports the development and
progression of cancer.!"192 Negative psychosocial factors
such as depression, stress, and social isolation have been
associated with higher levels of inflammation across sev-
eral cancer types. Pro-inflammatory cytokines including
IL-6 are activated as part of the stress response, and are also
involved in key processes related to tumor metastasis such
as angiogenesis.'%>104

In women with advanced stage ovarian cancer, greater
social isolation was associated with higher levels of IL-6
both in peripheral blood and in ascites (malignant effusions
surrounding tumors), highlighting a relationship between
psychosocial risk factors and inflammatory processes that
could support tumor growth.!®> In women with breast can-
cer, elevated depressive symptomatology after surgery was
associated with higher circulating levels of inflammatory
cytokines including IL-6, tumor necrosis factor alpha (TNF-
a), and interleukin-1 beta (IL-1B).!% Similarly, breast can-
cer patients with higher levels of social isolation had a
greater shift from an anti-tumor M1 macrophage phenotype
to a pro-tumor M2 macrophage phenotype in their tumor
tissue.'”” In breast cancer patients, negative mood and
greater serum cortisol levels have been associated with
RAGE receptor (Receptor for Advanced Glycation End
products) ligand s100A8/A9, a key driver of inflammation,
as described in more detail below.'® Additionally, higher
levels of negative affect and lower levels of positive affect
in women with breast cancer post-surgery were associated
with greater expression of inflammatory genes and their
receptors in circulating leukocytes,'% whereas higher lev-
els of social well-being were associated with lower levels
of pro-inflammatory and pro-metastatic leukocyte gene
expression.’” Similar patterns were observed in metastatic
renal cell cancer patients, in whom higher levels of depres-
sive symptoms were associated with increased expression
of pro-inflammatory and pro-metastatic genes in leuko-
cytes. A subset of these patients showed a similar profile of
inflammatory changes in tumor as well.?!

Mechanistically, chronic stress promotes inflammation
via activation of the SNS and downstream BAR signaling.
For example, neural activation of adrenergic signaling in

immune cells including NK cells, monocytes, and macro-
phages increases production of pro-inflammatory cyto-
kines and chemokines, as well as enzymes that support
prostaglandin synthesis, inflammation, and pain including
cyclooxygenase-2 (COX2).%6:110-112 Siress-induced PAR
signaling modulates the pattern of gene expression by
macrophages, leading to a wound healing phenotype.'3
These macrophages have increased expression of inflam-
matory mediators and reduced antigen presentation,
leading to impaired anticancer immunity.'"* Similarly,
adrenergic signaling also polarizes monocytes released
from the bone marrow to an inflammatory pheno-
type.”> 114115 These myeloid cells modulate both immune
cells and tumor cells via the RAGE receptor.!'* RAGE and
RAGE ligands are important drivers of inflammation, and
when activated are associated with greater lymph node
metastasis, distant metastasis, and differentiation of tumor
tissue in breast cancer.!'®!'” A key mediator of RAGE acti-
vation is the heterodimer s100A8/A9 ligand which has
been associated with more rapid development of tumors
and metastasis.''” Additionally, stress hormones, includ-
ing norepinephrine and cortisol have been shown to
increase production of pro-inflammatory S100A8/A9
proteins by polymorphonuclear leukocytes, which can
lead to the reactivation of dormant tumor cells,''® high-
lighting an important mechanism whereby stress is impli-
cated in tumor recurrence.

In addition to heightening the inflammatory signature of
immune cells, chronic stress also supports a pro-inflam-
matory tumor microenvironment. Direct activation of
BAR signaling in tumor cells elevated the expression
of pro-inflammatory genes and has been linked to cancer
progression in multiple studies.’®*%6264 Adrenergic sig-
naling promotes inflammation by increasing the recruit-
ment of macrophages to primary tumors in mouse models
of breast cancer’®*® and other cancer types.''*!'?° Tumor-
associated macrophages have a critical role in supporting
cancer progression by increasing the blood and lymph vas-
cular network in the primary tumor.>*>® The recruitment of
macrophages into the tumor is effectively blocked by pro-
pranolol.*®*® Moreover, the gut microbiome has also been
implicated in the effects of stress on inflammation.'?!
However, whether sympathetic nerves or BAR signaling
play a role in the effects of stress on microbiome remains
unknown. A recent study reported a critical role of gut
microbiome in modulating sympathetic activity in the gut,
raising the possibility that strategies that target the gut
microbiome could be harnessed to inhibit the adverse
effects of sympathetic activity on the progression of solid
tumors in the gut.'??> These studies highlight a role for the
SNS in mediating the effects of stress on inflammation in
cancer, thus pointing to the possibility of targeting this sys-
tem to improve cancer outcomes.
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Pathways of Cancer Progression:
Angiogenesis and Lymphangiogenesis

Angiogenesis and lymphangiogenesis refer to the growth of
new blood and lymph vessels, respectively, in the tumor
microenvironment.'?* These processes contribute to cancer
progression: new vessels serve as conduits for nutrient sup-
ply, which is critical for exponential tumor growth, and also
serve as pathways for tumor cell dissemination.'”* Both
processes are regulated by positive and negative signaling
from tumor cells and stromal cells in the tumor microenvi-
ronment.'?>12¢ Key molecules supporting angiogenesis and
lymphangiogenesis include vascular endothelial growth
factor (VEGF), IL-6, and interleukin-8 (IL-8).!%%1%4 The
impact of psychosocial factors on angiogenesis and lym-
phangiogenesis is evident in studies that examined these
key molecules in cancer patients with specific psychosocial
risk factors. Loneliness was associated with greater expres-
sion of tumor VEGF at the time of surgery in colon cancer
patients,'?” while depression and poor quality of life were
associated with higher levels of serum VEGF both before
and 6weeks after surgery in these patients.!?® Conversely,
women with ovarian cancer reporting higher levels of social
support had lower levels of VEGF in serum pre-surgery'?’
as well as in primary tumor, after adjusting for relevant
clinical variables.!3

Preclinical research revealed that both angiogenesis and
lymphangiogenesis are highly regulated by the SNS, indicat-
ing a possible role of the SNS in mediating the effects of
psychosocial factors on vessel growth. SNS activation
increases angiogenesis and lymphangiogenesis in tumors by
upregulating expression of vascular endothelial growth fac-
tors (VEGF-A and VEGF-C).363865.131 The expanded vascu-
lature network in the tumor provides new routes of tumor
cell dissemination that enhance metastasis progression.’®3%
Preclinical studies showed that activation of BAR signaling
in tumor cells increases the production of VEGF and IL-6
in different cancer types including melanoma, nasopharyn-
geal, and ovarian cancer cells.’>137134 Emerging studies
have shown that the SNS also interacts with endothelial
cells to promote angiogenesis via BAR signaling.>%!%
Genetic deletion of BAR in endothelial cells altered endo-
thelial metabolism which inhibited angiogenesis in the
tumor and slowed the progression of prostate cancer in a
mouse model.’* However, whether this effect is generaliz-
able to other cancer types is yet to be explored.

Pathways of Cancer Progression:
Invasion and Metastasis

In addition to the impact on anti-cancer immunity, inflam-
mation, angiogenesis, and lymphangiogenesis, stress regu-
lates various aspects of tumor cell behavior that drive tumor
cell dissemination. During cancer progression, tumor cells

switch from an epithelial to a mesenchymal phenotype in a
process known as the epithelial mesenchymal transition
(EMT)."3¢ In the switch to a mesenchymal phenotype,
tumor cells take on embryonic characteristics and become
invasive. In addition to increased invasiveness, EMT polar-
ization is associated with immunosuppression, chemoresis-
tance, and evasion of apoptosis.!*”-!3® Clinical studies show
links between stress factors and EMT polarization. In
socially isolated breast cancer patients, the primary tumor
showed polarization to a pattern of mesenchymal gene
expression, a process that appeared to be B-adrenergically
mediated.'” A similar EMT polarization was observed in
both primary tumor'3? and exosomes (tumor-derived extra-
cellular vesicles) of socially isolated women with ovarian
cancer.'* In addition to polarizing tumor cells to a more
mesenchymal phenotype, stress also affected the release
of proteases such as matrix metalloproteases (MMPs), that
promote the breakdown and remodeling of the extracel-
lular matrix (ECM), enabling both local and distal tumor
spread.'*! In women with ovarian cancer, depression,
current life stress, or negative affect were associated with
greater expression of pro-metastatic MMP9 in tumor-
associated macrophages (CD68+ cells); conversely, higher
levels of social support were associated with lower levels of
MMP9 in primary tumors."** Similarly, depressed patients
with renal cell carcinoma showed elevated expression of
pro-metastatic MMPs in tumor tissue.”!

Paralleling these findings, in vitro studies revealed that
B-adrenergic signaling upregulates expression of MMPs
including MMP2 and MMP9 in tumor cells of various can-
cer types.®>04133142 Pharmacological activation of BAR sig-
naling using isoprenaline promoted migration and invasion
of breast cancer,’>'*-1% ovarian cancer,'* and pancreatic
cancer cell lines.** Mechanistic studies showed that BAR
signaling enhanced tumor cell invasion by inducing the for-
mation of invadopodia, subcellular structures that degrade
the extracellular matrix.'* Additionally, BAR regulation of
actomyosin dynamics reduced the deformability of tumor
cells, resulting in stiffer tumor cells with enhanced contrac-
tile and invasive properties.'** Mechanistic studies in mice
revealed that the B,AR subtype of the receptor was critical
for these effects as downregulation of B,AR in tumor cells
using short hairpin RNA inhibited invasion and metastasis
following SNS activation.®?

Epithelial cells are anchorage dependent, meaning they
normally survive only when adhered to the extracellular
matrix (ECM). When epithelial cells detach from the sur-
rounding matrix, they undergo a form of programmed cell
death (apoptosis) called anoikis. Tumor cells become resis-
tant to anoikis, enhancing their survival and their metastatic
potential.'#%!47 Resistance to anoikis is increased by BAR
signaling in pre-clinical models of ovarian cancer, effects
which are abrogated by B-blockade. These effects are medi-
ated by focal adhesion kinase (FAK), a tyrosine kinase that
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promotes cell cycle progression, survival of tumor cells and
migration. In response to stimulation by NE, FAK demon-
strated increased activation (pFAKY**7). Clinically, primary
tumor tissue from ovarian cancer patients with higher levels
of depression or higher levels of NE showed elevations in
pFAKY3?7, which was also linked to poorer overall survival
in these patients.'*®

Taken together, these findings indicate that psychosocial
stress factors are linked to many tumor pathways that sup-
port invasion and metastasis through SNS activation and
BAR signaling. Collectively, these clinical and mechanistic
findings converge to show that diverse cellular components
of the TME, including immune effector cells, tumor cells
and other stromal cells, are sensitive to the regulation by
stress, particularly via BAR signaling. Therefore, approaches
that target BAR signaling may slow cancer progression by
targeting these different cellular components of the tumor
microenvironment. These intervention strategies will be
discussed shortly.

Effects of Glucocorticoids and
Oxytocin on Tumor Growth and
Progression

In addition to activating the SNS, stress impacts cancer pro-
gression through the actions of glucocorticoids. Stress acti-
vates the HPA axis, which controls glucocorticoid release
from the adrenal cortex. Glucocorticoids are important in
inflammatory control, but at elevated levels have negative
effects, including suppression of the cellular immune
response, which impairs immunosurveillance of cancer
cells.?®32 Glucocorticoids can also act directly on cancer
cells to stimulate growth,'* inhibit apoptosis,'*> promote
tumor progression,'**!32 and induce chemoresistance.'
Additionally, glucocorticoids are able to modulate transcrip-
tional activity in tumor-associated fibroblasts and adipocytes
to make the tumor microenvironment more favorable for
tumor growth and progression.’** Glucocorticoids have
been shown to affect DNA repair in cancer cells, suggesting
HPA activation may magnify the accumulation of DNA
damage as cancer develops.'>’ High levels of the glucocor-
ticoid receptor (GR) in early stage breast cancer patients
who are estrogen receptor negative (ER—) have been associ-
ated with shorter relapse free survival; moreover, a gluco-
corticoid activity signature has been identified in ER— breast
cancer patients associated with chemotherapy resistance
and greater likelihood of relapse.'>> Glucocorticoid treat-
ment was shown to increase GR activation in metastatic
sites, modulating expression of genes involved in invasion,
and increasing colonization of metastatic target organs by
tumor cells,"! all processes which could promote disease
progression. Altered diurnal cortisol rhythms, specifically
more flattened cortisol slopes, have been observed in sev-
eral types of cancer and have been associated with poorer

survival in patients with ovarian, breast, lung, and renal cell
cancers.”13%158 Taken together, these findings highlight the
importance of glucocorticoid related processes in tumor
progression.

Further studies are needed to fully understand how HPA
signaling via glucocorticoids impacts cancer progression
and what processes are involved in alterations of diurnal
rhythms. As synthetic glucocorticoids are often used to
offset the side effects of chemotherapy, the findings may
have significant implications for their routine use in can-
cer treatment.'>11>* A recent preclinical breast cancer study
showed that the effects of synthetic glucocorticoids on can-
cer progression may change depending on the dose, with
lower doses suppressing tumor growth and metastasis and
higher doses promoting tumor progression.'> For specific
cancers, glucocorticoid receptor antagonists administered
in conjunction with chemotherapy may enhance the effec-
tiveness of chemotherapy.'’

Oxytocin is a neuropeptide that is released from the
brain and plays a key role in social bonding. Oxytocin has
anti-proliferative, anti-migratory, and anti-invasive effects
on a variety of tumor cells, including ovarian cancer cells,
both in vitro and in vivo.'%-1¢2 Oxytocin levels in the ovar-
ian tumor microenvironment were associated with lower
levels of inflammation as measured by IL-6 both in circu-
lating blood and in the tumor microenvironment. In vitro
studies also showed that oxytocin blunted IL-6 secretion
from multiple ovarian tumor cell lines. Moreover, ascites
oxytocin was related to longer survival in ovarian cancer
patients.!®

Figure 1 describes the mechanisms outlined above and
their relationship to the clinical cancer course.'®*

Psychological Well-Being and Cancer:
Physiological Mechanisms

Positive psychological factors are thought to act as resources
to buffer the effects of disease on both mental and physical
health.!% Psychological well-being is a multifaceted con-
cept including factors such as benefit finding, eudaimonic
well-being, positive affect, social connection, and resil-
ience.'®® These resources are qualitatively different than the
mere absence of negative attributes such as stress, depres-
sion, and anxiety.'®1%7 Each of these individual aspects of
well-being has been associated with biological outcomes in
cancer patients. This section will focus on clinical studies as
well-being is more difficult to measure in pre-clinical
models.

Benefit Finding

Many cancer patients report finding benefit in the experi-
ence of cancer, and a growing body of evidence has demon-
strated associations between benefit finding and positive
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Figure |. Effects of stress response processes on evaluation of level of threat, interaction of sympathetic nervous system (SNS), and
hypothalamic-pituitary-adrenal (HPA) axis with tumor cells and cells in the tumor microenvironment, and ultimate effects on tumor

progression and the clinical course of cancer.

Source: Figure originally published in Green McDonald P, O’Connell M, Lutgendorf SK. Psychoneuroimmunology and cancer: a decade of discovery,
paradigm shifts, and methodological innovations. Brain Behav Immun. 2013;30:S1-S9. doi:10.1016/j.bbi.2013.01.003.'%*

physiological effects in cancer.'®®!® Benefit finding has
been described through a variety of constructs, including
posttraumatic growth (beneficial changes in life perspective
following a traumatic life event) and meaning making.'7%!7!
Several studies have examined potential mechanisms that
might explain the relationships observed between benefit
finding and biological outcomes; a systematic review of
this literature proposed that changes in a variety of psycho-
logical domains involved in benefit finding could enhance
allostatic processes, buffering against negative catabolic
stress systems in cancer patients and other chronically ill
populations.'®® Benefit finding has been associated with
steeper (healthier) diurnal cortisol slopes in men treated for
prostate cancer,'’?> and increases in benefit finding have
been related to reductions in afternoon to evening serum
cortisol levels after a stress management intervention in
women with early-stage breast cancer, suggesting that this
aspect of well-being is associated with better HPA axis reg-
ulation in cancer patients.'”® Posttraumatic growth has been
associated with steeper diurnal cortisol slopes in women
with metastatic breast cancer.'’* As flatter diurnal cortisol
slopes have shown prognostic significance in a variety of
cancers as noted above,?'''*158 these relationships of

benefit finding and post-traumatic growth with cortisol
slope may have clinical significance.

In addition to associations with the HPA axis, possible
immunomodulatory effects have been explored with respect
to benefit finding. Among early-stage breast cancer patients
participating in a psychosocial intervention in the months
following surgery, increases in benefit-finding were associ-
ated with increases in lymphocyte proliferation,'” indica-
tive of a more robust immune response. In hepatocellular
carcinoma patients, assessed before chemotherapy and at 3
and 6-month follow-ups, those reporting greater posttrau-
matic growth had higher counts of peripheral blood leuko-
cytes at each follow-up, suggesting more rapid recovery
from chemotherapy. Moreover, those patients above the
median in post-traumatic growth had approximately
6 months longer survival time than those patients below
the median.!”! It has also been proposed that benefit find-
ing could mediate positive effects of interventions like
yoga.'”® Benefit finding has been shown to be both indepen-
dent of disease severity!”’ and associated with disease
severity,'’® depending on the context; this indicates the
potential importance of evaluating clinical covariates when
examining this construct.
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Eudaimonic Well-Being

Eudaimonic well-being involves meaning, fulfillment, and
purpose, as opposed to hedonic well-being which focuses
on positive emotions, pleasure, and pain-avoidance.!” One
specific correlate that has received substantial attention is
the conserved transcriptional response to adversity (CTRA),
a shift in gene expression associated with chronic stress or
uncertainty that is characterized by up-regulation of pro-
inflammatory genes and down-regulation of Type I inter-
feron- and antibody-related genes that, when chronically
activated, are associated with inflammation-mediated dis-
eases and poor health outcomes.'*® Eudaimonic well-being
has been associated with down-regulation of the CTRA in
healthy adults,'®%-132 as well as in cancer patients.'®* Among
ovarian cancer patients, women reporting higher levels of
eudaimonic well-being had lower levels of tumor norepi-
nephrine, a stress hormone that, as noted above, has been
associated with many pathways supporting tumor growth
and progression. Additionally, at the time of surgery, ovar-
ian cancer patients reporting higher levels of purpose in life,
positive affect, and nurturing of others had higher levels of
tumor-associated oxytocin,”” which as noted above has anti-
inflammatory and anti-stress properties.

Although the construct of hedonic well-being has not
been as strongly related to advantageous biological out-
comes, positive affect has nevertheless been associated
with a variety of beneficial biological outcomes in cancer
patients and in community populations. In patients with
metastatic renal-cell carcinoma, positive affect was asso-
ciated with increased hemoglobin and improved survival
outcomes.'®* In post-surgical breast cancer patients, a
greater ratio of positive-to-negative affect was associated
with less pro-inflammatory gene expression in leukocytes,
including cytokine, chemokine, and COX2 genes.'” In
early-stage breast cancer patients at treatment completion,
high arousal positive affect was associated with lower lev-
els of soluble tumor necrosis factor receptor II (sTNF-RII),
thought to be a marker of TNFa pro-inflammatory activity,
and predicted stability in those lowered levels over 1 year.!83

Many of the factors described above come together in
the concept of resilience, or the capacity to recover quickly
from challenges. In one recent large-scale registry study,
low levels of stress resilience among men assessed by inter-
view in late adolescence were associated with increased
mortality risk among those who subsequently developed
cancer, particularly for oropharyngeal, upper respiratory,
and prostate cancers and Hodgkin’s lymphoma.'3¢ Another
study of 487 invasive breast cancer patients reported that
patients with higher levels of resilience assessed pre-sur-
gery had a 63% lower risk of cancer progression, and an
80% lower risk of both cancer-related mortality and all-
cause mortality over the subsequent 10years as compared
to those with less resilience.'®” Although there are a limited

number of preclinical studies on these relationships, one
potential mechanism for these effects can be seen in murine
models, where positive environment stimulation (custress)
such as life in an enriched environment were recently asso-
ciated with anti-tumor immune function.” Taken together,
these findings indicate a modest association of positive psy-
chosocial factors with more normalized neuroendocrine
profiles, higher levels of cellular immunity, lower inflam-
mation, less expression of tumor transcriptional profiles
supporting invasion and metastasis, and to some extent with
survival.

Pharmacologic Approaches to Reduce
Stress-Related Cancer Progression

Understanding the role of B-adrenergic signaling has pro-
vided molecular insight into the translational applicability
of integrative care interventions and a molecular target for
pharmacologic intervention. As discussed above, pre-clini-
cal studies show that 3-blockade mitigates stress-induced
cancer progression through BAR signaling. Researchers
have now begun to utilize the same f3-adrenergic antagonist
drugs that were used in pre-clinical studies to block stress
effects on tumor progression and metastasis in human tri-
als. This approach is supported by a significant body of
retrospective pharmacoepidemiologic studies that dem-
onstrate reduced cancer progression among individuals
exposed to B-blockers.'®1°7 A number of studies have
highlighted effects for nonselective B-blockers that target
both B,AR and B,AR. The use of B-blockers has been
linked to reduced rates of progression for several solid
and hematologic malignancies.!88190:197-200 I breast
cancer patients these effects include reduced distant
metastases and decreased cancer recurrence and can-
cer-specific mortality.'$%!% Decreased tumor progression
at 2.5year follow up was observed in propranolol-treated
patients with melanoma compared to a subgroup that did
not use beta-blockade,!”® while incidental B-blocker use
among patients with metastatic colorectal cancer sig-
nificantly predicted both progression-free and overall
survival.'”’ B-blocker use has also been associated with
decreased distant metastasis-free survival, disease-free sur-
vival, and overall survival among patients with non-small-
cell lung cancer'® and a reduced risk of disease-specific
death and overall mortality among hematologic malignancy
patients.?%

While there is substantial pharmacoepidemiologic evi-
dence for a potential protective effect of B-blockers on can-
cer outcomes, other observational studies have failed to
identify similar association on cancer progression (breast*"),
cancer-specific mortality (melanoma?” and colorectal?*>204),
or recurrence-free or overall survival in patients with non-
small cell lung cancer.?” There are many plausible reasons
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for this lack of observed association, including potential
variation by tumor subtype, incomplete data, sampling bias,
or variation in surgical or other cancer interventions. One
plausible issue is that most patients included in those studies
were prescribed newer generation B-blockers that are car-
dio selective (targeting the P,-adrenergic receptor) and
thus do not target the ,AR. Experimental model systems
have identified the PB,-adrenergic pathway to be impli-
cated in the physiological effects of stress on cancer
progression.6%97:98.206-209 Epidemiological studies in cancer
patients that compared use of cardio selective versus non-
selective B-blockade found a favorable effect of non-selec-
tive PB-blockade.'®?% Another important issue is the
potential for confounding in non-randomized observational
research where indication for fB-blocker use is correlated
with many diseases that are likely to adversely impact can-
cer progression. As such, it is critical to conduct additional
experimental studies involving randomization of cancer
patients to treatment specifically with antagonists that also
target 3,AR such as propranolol.

Several small randomized controlled trials (RCTs) have
examined the effect of B-blockade on biomarkers of tumor
progression, controlling for some of the confounders
described above. These studies have been conducted in
breast, ovarian, colorectal, and hematopoietic cancers and
found promising initial results showing favorable changes
in tumor gene expression profiles following [B-blocker
administration.?!>?!7 Breast cancer patients have been
evaluated both with propranolol alone and in combination
with COX-2 inhibitors?'?2!7:213; similar favorable changes
in tumor biomarkers were observed as in their companion
preclinical models (described above). Propranolol admin-
istered for 1week prior to surgery in early-stage breast
cancer patients resulted in down-regulated expression of
mesenchymal genes within the tumor, an indication of
reduced tumor aggressiveness.>'? Results from this RCT
of 60 women with early-stage breast cancer support the
potential for PB-blockade to reduce metastatic capacity.
Data from another RCT of 38 women with early-stage
breast cancer receiving perioperative treatment with pro-
pranolol and the COX-2 inhibitor etodolac have also dem-
onstrated favorable impacts on other tumor transcriptome
profiles.?!’” Similar impacts of perioperative treatment
with propranolol and etodolac on tumor transcriptome
profiles were observed in a RCT of 34 patients with
colorectal cancer.?'? Finally, in another RCT of breast can-
cer patients undergoing surgery and receiving propranolol
and/or the COX-2 inhibitor parecoxib, propranolol admin-
istration, but not parecoxib alone, abrogated the increased
T regulatory cell activity and accompanying suppression
of CD4* T cell responses after surgery.>'® Here, the addi-
tion of parecoxib to the propranolol regimen did not dem-
onstrate any additional benefit beyond those evident for
propranolol alone.

Molecular biomarker patterns have demonstrated similar
improvements following propranolol exposure in non-
breast cancer populations as well. In one study, patients
undergoing hematopoietic stem cell transplantation (HCT)
following a multiple myeloma diagnosis were administered
peri-transplant propranolol, with gene expression assessed
once before transplant and 2 times following HCT.2!
Propranolol-treated patients showed significantly greater
decreases in the stress-related ‘conserved transcriptional
response to adversity’ (CTRA) gene expression signature
from baseline to post-transplant compared to the control
group. As noted above, the CTRA involves up-regulated
expression of genes involved in inflammation (eg, /L1B, ILS,
PTGS2/COX2]) and a complementary down-regulation
of genes involved in antiviral responses (eg, I[FIT-, OAS-,
and MX-family genes). Studies in cellular and animal
models have shown that CTRA gene expression is evoked
primarily by sympathetic nervous system signaling through
B-adrenergic receptors on immune cells.!'*!!5 Further, it
has been identified as an indicator of biobehavioral impact
on cancer progression.’'*??° Hematopoietic stem cell
transplantation patients treated with propranolol showed
improvement in other pertinent hematological gene tran-
scripts as well. Results also indicated nonsignificant trends
toward accelerated platelet and neutrophil engraftment
and decreased infections posttransplant in propranolol-
treated patients, providing preliminary indications of
potential clinical benefit of B-blocker administration. In
an RCT of ovarian cancer patients undergoing tumor deb-
ulking, peri-surgical propranolol significantly lowered
plasma CA-125 levels, a marker of tumor burden, though it
was not effective at reducing C-reactive protein, cortisol, or
anxiety.?!3

Non-randomized treatment trials also suggest a poten-
tial positive influence of B-blockade in cancer. In a pro-
spective study of 53 patients with Stage IB to IIIA cutaneous
melanoma, patients taking daily propranolol were signifi-
cantly less likely to experience melanoma recurrence than
their non-propranolol counterparts,”?! amounting to an
80% reduction in cancer recurrence risk among proprano-
lol users. This effect persisted even after adjusting for
known prognostic factors. Another study of 23 patients
with Stage II-IV epithelial ovarian cancer showed that
overall QOL, anxiety, and depression improved, while leu-
kocyte expression of pro-inflammatory genes declined sig-
nificantly after completion of chemotherapy accompanied
by propranolol.'®

While findings from these recent Phase II RCTs have
yielded promising biomarker results in tumor tissues and
circulating immune cells, it is important to note that none of
these studies involved sufficient sample size or follow-up
duration to detect impact on clinical outcomes. In line with
the majority of rigorous preclinical data, these observa-
tions underscore the translational need for larger Phase 111
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clinical trials powered to detect the impact of B-blockade on
cancer recurrence and survival. There are an increasing
number of larger ongoing B-blocker RCTs aimed at assess-
ing clinical cancer outcomes.”??> However, an obstacle to
success in these studies is the limitation in recruitment due
to competition with other traditional pharma-supported
oncology trials that typically prohibit additional treatment
with another agent such as propranolol.?'4??> As such,
several attempts to test the impact of B-blockade in the
context of cancer treatment have been terminated prema-
turely due to poor accrual (NCT02596867, NCT01857817,
NCT03323710) or funding obstacles (NCT01988831). One
potential solution is to evaluate propranolol as a stratified
arm in trials of a traditional antineoplastic agents??4??%;
however, this approach is still in its nascency.

If these barriers to translation can be overcome, [-
blockade may end up being leveraged for particularly vul-
nerable populations (high distress, low socioeconomic
status, depressed, etc.). Preclinical and early clinical data
suggest that B-blockers could be used alongside traditional
and emerging cancer treatments such as immunotherapy. It
will be important for future studies to determine if it is suf-
ficient to target the downstream neurobiological effects of
psychosocial stress (eg, using -blockers), or whether it is
also important to target psychosocial distress itself.

Psychosocial Intervention Effects on
Stress and Biobehavioral Processes in
Cancer

Given the parallel data from pre-clinical experiments and
observational clinical studies cited above, indicating strong
effects of stress response systems on tumor growth and on
the tumor microenvironment, the next step in understanding
the role of stress in clinical populations is to experimentally
block the stress response and examine downstream effects
on cancer-relevant biomarkers and clinical outcomes such
as disease progression and survival. Using a similar logic to
that underlying the use of B-blockers to block SNS signal-
ing in clinical populations, stress management interven-
tions have been used in cancer patients to modulate stress
processes. Stress-management interventions have the
potential advantage of working across all stress-response
systems and not confining their actions to SNS signaling.
Interventions used include cognitive-behavioral therapy
(CBT)-based, mindfulness-based and physical-based stress
management approaches. The CBT-based approaches teach
skills for changing cognitive appraisals of stressful stimuli
(cognitive restructuring), improving coping responses to
emerging challenges, and teaching interpersonal skills to
build social support and reduce social disruption.?26227
Mindfulness approaches work by increasing awareness and
developing a non-judgmental attitude toward stressful
thoughts.??® Other interventions work by changing bodily

tension and physiological activation through physical
approaches such as yoga, Tai-Chi, massage, exercise, acu-
puncture, and biofield/energy manipulation.’”® Relatively
few studies have experimentally demonstrated that inter-
ventions can modulate psychological adaptation (eg, low-
ered distress, negative affect and social disruption, and
increased positive affect and benefit finding) in tandem
with changes in neuroendocrine (eg, decreased or normal-
ized SNS and HPA activity), and immune system function-
ing (decreased inflammation and improved cellular/antiviral
immunity).”>?° Studies cited below are a selection of some
of the strongest evidence available.

Cognitive-Behavioral Approaches

In one of the first studies to show effects of a CBT-based
intervention on biobehavioral processes in cancer patients,
Fawzy et al*’! showed in patients with Stage I to I malig-
nant melanoma that a 6-week stress management interven-
tion (relaxation techniques and coping skills training)
reduced distress and negative mood, increased cell-mediated
immune function (NK cell cytotoxicity) at 6 months>*? and
increased time to recurrence and greater overall survival at
6 and 10 years.?33234

Another CBT-based group intervention that included
relaxation, cognitive restructuring, coping skills training,
and health behavior change strategies provided over
12months in post-surgical Stage II to III breast cancer
patients decreased distress, decreased lymphocyte prolif-
erative responses (LPR— indicative of functional capacity
of the immune system to respond to a stimulus), increased
healthy eating habits, and reduced smoking rates over
4months compared to treatment as usual (TAU).?** By
12 months intervention participants had better staff-rated
health status.?* Patients in the intervention also had lower
breast cancer specific mortality rates as well as a 45%
reduced risk of cancer recurrence at 11.5-year median fol-
low-up versus TAU.?3¢

Investigators then conducted secondary analyses com-
paring patients in the trial who had recurred (N=48) versus
those who had not (N=48) and who were matched on
sociodemographic and prognostic factors.”?’ During the
12-months following recurrence, those who had previously
received the intervention showed decreased negative
mood, increased social support, and greater LPR and NK
cell cytotoxicity compared to their counterparts who had
received TAU. Once women had recurred there was a
reduced risk of death over an 80-month follow-up among
those who had been previously assigned to the intervention
arm (vs control).?*® Thus CBT-based stress management
that improves psychological adaptation (decreased dis-
tress) may increase cellular immune function (LPR) early
in treatment, prevent inflammatory changes during survi-
vorship, decrease the odds of recurrence and produce
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persisting benefits in psychological and immune function-
ing and health outcomes after the disease recurs.

Another CBT-based group stress management inter-
vention, cognitive behavioral stress management (CBSM),
is a 10-weekprogram that teaches cognitive, behavioral
and interpersonal skills through in-session activities, CBT-
based homework and daily practice of relaxation exercises
(progressive muscle relaxation, diaphragmatic breathing,
guided imagery, meditation).?”” CBSM was shown in 2
RCTs of Stage 0 to 111 breast cancer patients recruited after
surgery to improve cancer-specific intrusive thoughts,
mood, social disruption, and quality of life,3*?*! decrease
evening serum cortisol !73?#2; and increase LPR and inter-
leukin-2 (IL-2) and interferon-gamma (IFN-y) produc-
tion to anti-CD3 stimulation'”>?*3 over the initial
12 months of primary treatment compared to those
assigned to a 1-day psychoeducational control. CBSM
effects on Thl cytokine (IL-2 and IFNYy) production may
be important for supporting anti-cancer and anti-viral
immune signaling.?**?*> As noted above, reducing eve-
ning cortisol is important since flatter diurnal cortisol
slopes (due in part to higher evening output) predict
decreased survival in multiple cancers.?!-13¢-158

Women assigned to CBSM (vs psychoeducational con-
trol) in this trial also showed down-regulation of leuko-
cyte genes for pro-inflammatory cytokines, inflammatory
chemokines and their receptors, COX2, and mediators of
tissue remodeling and EMT (MMPs); and upregulation of
anti-viral immune and anti-tumor response genes.'?’
Bioinformatic analyses inferred that this gene expression
pattern reflects decreased nuclear factor kappa beta
NF-kB/Rel and the Globin Transcription Factor (GATA)
family activity, and increased activity of interferon
response factors, which were linked to stress and SNS sig-
naling in prior work.?*® CBSM also increased leukocyte
glucocorticoid receptor (GR)-related gene expression
including an over-representation of GR response elements
in the promoters of CBSM-up-regulated genes.'”” These
findings suggest that CBSM may reduce inflammatory
activity and mediators of tumor invasion as well as reduc-
ing stress-induced desensitization of the glucocorticoid
receptor,*’ thus making cells more responsive to the anti-
inflammatory effects of glucocorticoids.?*® Taken together,
these changes would be consistent with processes that
would inhibit disease progression.

Patients assigned to CBSM also showed lower odds of
all-cause and breast cancer-specific mortality and recur-
rence at 11-year median follow-up versus psychoeducation
controls, after controlling for demographic and medical
covariates.”®’ Since inflammation relates to breast cancer
progression,®®?%" it was plausible that CBSM-related
changes in leukocyte transcriptional activities during pri-
mary treatment might explain its effects on increased time
to recurrence at 8 to 15 years. Using the 53-gene Conserved

Transcriptional Response to Adversity (CTRA) composite
derived from circulating leukocytes, investigators found
that women assigned to the control condition had signifi-
cantly increased CTRA over 6 to 12 months while those in
CBSM had slightly decreased CTRA. Less CTRA increases
over 12months of primary treatment predicted greater
11year disease free survival (DFS).??* This may have
implications for stress management in other cancers; for
example, greater expression of CTRA predicts decreased
disease-free survival in recipients of hematopoietic stem
cell transplant for acute myelogenous leukemia.?'° Together
these CBT-based stress management RCTs suggest it might
be possible to improve long-term health outcomes in breast
cancer patients by modulating immune cell activities (eg,
inflammation and anti-viral immune signaling).

Since these combined approaches, which include relax-
ation training, CBT, and Health Education??*??” have been
shown to improve psychological adaptation, biobehavioral
processes, and health outcomes in breast cancer patients, it is
important to understand which specific intervention ele-
ments are accounting for these effects. One “dismantling”
trial compared the effects of 3 group-based interventions—
5-week relaxation training versus 5-week CBT versus
5-week health education—in a 3-armed RCT in post-
surgical breast cancer patients. Those assigned to either
relaxation training or CBT showed improved mood and
emotional well-being?®! and reduced inflammatory signal-
ing (circulating s100A8/A9 levels*>? and leukocyte NF-kB
DNA binding®?) over 12months compared to those in
Health Education. Women showing the greatest increases
in perceived stress management skills showed the least
s100A8/A9 levels and NF-kB binding over 12 months.?%>233
Since all 3 conditions were the same length and group-
based the differential effects of CBT and RT versus HE are
likely due to stress management skills training rather than
attention or the presence of a supportive group. Importantly
s100A8/A9 levels have been shown to predict breast cancer
metastasis’ and greater NF-kB nuclear binding may
enhance inflammatory gene expression. Hence a brief stress
management intervention focused on either CBT or relax-
ation training may be sufficient to bring about changes in
biobehavioral processes relevant for breast cancer disease
progression. Even briefer interventions have been associ-
ated with immunologic changes in cancer patients. One
study showed a 2-session stress management intervention
teaching CBT and relaxation training skills offered to men
prior to prostate cancer surgery decreased negative mood
and increased NK cell cytotoxicity by 48hours after
surgery.?!

In sum, a small number of CBT-based stress manage-
ment studies have shown effects on biobehavioral processes
relevant to cancer progression, and 3 of these have also
shown effects on long-term clinical outcomes approxi-
mately 10 to 11years later.?3323%% Similar CBT-based
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stress management interventions have not been evaluated
for long-term clinical effects in cancers beyond breast can-
cer and malignant melanoma. Given work reviewed here
linking stress and biobehavioral processes to clinical out-
comes in ovarian cancer, lung cancer, renal cell carcinoma,
and hematological cancers it is important to test whether the
effects of CBT-based approaches generalize beyond those
established to date.

Mindfulness Based Stress Reduction (MBSR)

MBSR interventions have been tested with a similar goal, to
determine if the MBSR-induced reductions in the stress
response could ultimately enhance biomarkers indicative of
stronger protection against recurrence. MBSR comprises 4
to 8 weeks of training in meditation techniques (awareness-
raising and mindful movement), mindfulness and stress
didactics, and group support, and is often followed by a
weekend retreat.??® In an early non-randomized interven-
tion, study patients with breast or prostate cancer, Stages 0
to II, who were at least 3 months post-surgery and prior to
receipt of chemotherapy or radiation received an 8-week
MBSR program showed reductions in salivary cortisol>**
and NK cell production of IL-10 over 12months.??® One
RCT in Stage 0 to II post-surgical breast cancer patients
who did not receive chemotherapy found that 8 weeks of
MBSR was associated with greater increases in NK cell
cytotoxicity and IFNy production versus a no-treatment
control.?>> In another RCT among 82 Stage 0 to III breast
cancer patients recently completing lumpectomy and adju-
vant radiation with or without chemotherapy, women
receiving 6 weeks of MBSR showed greater LPR to phyto-
hemagglutinin (PHA) and an increased ratio of Th1:Th2
cell numbers versus TAU controls up to 2weeks after the
intervention.?>>?>® In another RCT, younger breast cancer
survivors (<50 years) who had completed cancer treatment
3months to 10years prior were randomized to 6-week
group-based mindfulness awareness practices (MAP) inter-
vention (N=39) or wait-list control (N=32). Those assigned
to the MAP intervention showed decreases in pre-post inter-
vention perceived stress, and reduced leukocyte NF-kB and
increased GR and IFN Type-I gene expression versus con-
trols, suggestive of decreased inflammation and increased
inflammatory control.?’” Although mindfulness has shown
salutary biobehavioral effects in cancer patients these are
based on small samples and short follow-up periods with
unclear relevance for cancer progression. Future work
should test the effects of mindfulness-based approaches on
biobehavioral processes and longer-term health outcomes
in larger samples of cancer patients.

Physical Stress Management Approaches

The National Center for Complementary and Integrative
Health (NCCIH) classifies yoga, Tai Chi, massage,

acupuncture as physical, or combined physical/psychological
integrative medicine approaches.??® Breast cancer survivors
who had completed treatment assigned to 12 weeks of yoga
showed decreased inflammatory markers in 2 RCTs.?%%2%
Kiecolt-Glaser et al**® reported lower LPS-stimulated pro-
duction of the pro-inflammatory cytokines IL-1f3, IL-6, and
TNF-a at 3-month follow-up in those assigned to Hatha yoga
(N=100) versus wait-list controls (N=100). Bower and col-
leagues showed that breast cancer survivors with persistent
fatigue randomized to a 12-week Iyengar yoga intervention
(N=16) demonstrated reduced leukocyte gene expression for
N-kB and cAMP response element-binding protein (CREB)
family transcription factors and increased GR gene expres-
sion versus those assigned to a 12-week health education
control (N=15) over a 3-month follow-up. Those in yoga
also showed reduced sTNFR-II pre-post intervention versus
controls but had no significant difference in changes in
CRP, IL-6, or diurnal salivary cortisol.>>® These results
point to lowered propensity for inflammation and greater
inflammatory control, which may be related to both fatigue
and recurrence.

An RCT examining effects of Tai-Chi showed decreased
leukocyte inflammatory gene expression in breast cancer
survivors with insomnia.?®® Compared to breast cancer
survivors assigned to CBT for insomnia (CBT-I) those in
the Tai-Chi condition (both 3 months of weekly sessions)
showed greater reductions in monocyte production of IL-6
and TNF; and reduced leukocyte gene expression for pro-
inflammatory mediators. Bioinformatics analyses inferred
that these transcriptional changes were representative of
reduced NF-kB signaling, and increased Type I Interferon
anti-viral responding and antibody-making genes—
mirroring the CTRA pattern—over 3 months, and that
these transcriptional changes were largely accounted for
by monocytes.?*

Physical exercise is another physical-based stress man-
agement approach that has been used in cancer patients.”
Physical exercise interventions targeting physical activity,
strength, and aerobic fitness have been shown to produce
beneficial effects in cancer patients.”®' Findings showing
short-term stress appears to enhance anti-tumor immunity’
raise the possibility that the beneficial effects of exercise or
physical activity in the context of cancer?*>2%3 may work by
activating short-term stress physiology and its effects on
anti-tumor immunity.”

More “passive” physical approaches involving body
manipulations such as massage (breast cancer patients
undergoing radiation),?** acupuncture with warmed nee-
dles (moxibustion) (colorectal cancer patients undergoing
chemotherapy),?®> and Biofield therapy/healing touch (cer-
vical cancer patients receiving chemoradiation*®) showed
increased or stabilized NK cell counts or NK cell cytotox-
icity in cancer patients. The results of these trials of physi-
cal-based stress management interventions, though based
on small samples and short follow-ups, are provocative,
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suggesting improved control over inflammation and
enhanced cellular immunity, and encourage future work
with larger samples and longer follow-up periods to assess
effects on recurrence and survival.

While the RCTs for CBT-based approaches involved the
largest samples sizes and are the only trials showing effects
of stress management on both biobehavioral processes and
long-term clinical outcomes, they may involve a large
investment of time in learning techniques, a willingness to
disclose in group formats, and therefore may be only feasi-
ble in highly motivated populations. Approaches that do not
require patients’ exploration of psychological issues (Yoga,
Tai-Chi, Biofield therapy) or challenging long-standing
cognitive appraisal patterns and coping strategies (mind-
fulness meditation), may in fact be more preferable to
some patients. Comparative effectiveness trials examining
effects of different stress management and pharmacologi-
cal approaches on patient-reported outcomes, biobehavioral
processes, and long-term clinical outcomes may be used to
address what works best for which patients.

Future Directions

Remotely-Delivered Interventions

Technological innovations make it now possible to offer
psychological and mind-body interventions remotely.?®’
Little is known about the ability of remotely-delivered
empirically validated stress management interventions to
affect stress and biobehavioral processes in cancer
patients.?%® One trial showed that men with advanced pros-
tate cancer assigned to an on-line CBSM intervention
showed greater improvements in perceived stress manage-
ment skills and quality of life and a steeper diurnal salivary
cortisol slope at 6 months?® but no differences in serum
inflammatory cytokines compared to those assigned to an
on-line health education control.?”° Other ongoing trials are
examining the impact of remotely-delivered CBSM in
breast’’! and prostate cancer patients’’> who are at earlier
stages of disease. Because chronic stress can dampen the
immune response to the influenza vaccine in older popula-
tions®” and since treated cancer patients have 4 times the
risk of influenza-related mortality,”’* one ongoing trial
examines the effects of a remotely-delivered CBSM inter-
vention on stress, inflammation and immunologic responses
to influenza vaccine in distressed older women undergoing
primary treatment for Stage 0 to III breast cancer. Another
ongoing RCT is testing whether older Hispanic men with
prostate cancer assigned to a similar 10-week remotely-
delivered CBSM intervention (Spanish translated) show
improvements in inflammatory gene expression, physical
symptoms, and QoL.?”> These ongoing trials will require
long-term follow-up (~10years) to establish the clinical
impact of remotely-delivered interventions.

Addressing Understudied and Underserved
Populations

While stress management interventions have been
efficacious in reducing self-reported stress and adversity
in different patient groups including Black breast cancer
survivors?”® and Hispanic men with prostate cancer,?’®
effects on biobehavioral processes and clinical outcomes
have been poorly characterized if at all. Expansion of stress
management and mind-body trials to diverse populations
and ethnic, cultural adaptation of interventions as indicated
for these populations, and attention to feasibility/accept-
ability of interventions is important in this regard. Since
stress processes contribute to poorer clinical outcomes in a
wide range of solid tumors!'%-21:80.140.18.277 and hematologic
cancers,?!'>?"8 it is imperative that trials evaluate the effects
of stress management interventions in these and other can-
cers, especially in those conditions known to be character-
ized by racial/ethnic health disparities.

Considerations for Dissemination of
Biobehavioral Research in Clinical Oncology
Settings

Contemporary questions in intervention research address
when, where, and for whom stress management interven-
tions might be best used in clinical oncology settings (for
review see Antoni and Dhabhar’®). It may be most fruitful to
intervene to modulate biobehavioral processes at the earli-
est possible point in the cancer experience, for example, at
the time of diagnosis or peri-surgically. With the emerging
use of neo-adjuvant chemotherapy in the context of breast
cancer it is plausible to test whether stress management
interventions can improve the effectiveness of these regi-
mens in shrinking tumor size between neoadjuvant initia-
tion and surgical debulking, along with examination of the
role of stress management on post-surgical outcomes.
Given the established effects of surgery on stress-related
biobehavioral processes,?”” it is arguable that the peri-surgi-
cal period is an important point to explore in further biobe-
havioral intervention trials.?®® This setting has already been
exploited in pharmacologic trials targeting biobehavioral
stress processes.?!7281-283 [t will also be important to conduct
trials testing the effects of “embedding” stress management
interventions into adjuvant chemotherapy therapy settings
such as chemotherapy infusion suites and the peri-and post
hematopoietic stem cell transplant setting, where interven-
tions could be delivered remotely to test effects on biobe-
havioral processes during treatment, and lasting clinical
benefits between and beyond infusion visits.”® In light of
the strong links between stress processes and the immune
response, biobehavioral processes may be important mod-
erators of the effects of immunotherapy and should be
investigated in that setting as well. Given research showing
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that stress-induced activation of neuroendocrine systems
may compromise the effects of adjuvant therapies for
cancer,”$*2%¢ and that some stress management inter-
ventions may decrease circulating levels of cortisol?*? and
leukocyte glucocorticoid receptor expression!® in breast
cancer patients undergoing primary treatment, this raises the
intriguing possibility of using pharmacologic or cognitive-
behavioral stress management approaches to optimize the
effectiveness of adjuvant chemotherapy regimens.

Future work should also test the effects of evidence-
based interventions delivered in the period just after notifi-
cation of recurrence. This is a very stressful period, possibly
more stressful than the initial diagnosis of primary disease,
where stress management skills may improve immune
functioning and survival.*® We also know little about the
effects of stress management interventions later in the can-
cer treatment process. Most evidence on the effects of stress
management interventions on biobehavioral processes
comes from post-surgical patients or cancer “survivors”
who have completed primary treatment only months prior.
It remains to be determined whether these interventions can
modulate biobehavioral processes in patients on longer-
term oral endocrine or chemotherapeutic regimens or those
with chronic (eg, hematologic cancers) or advanced can-
cers. For example, one large multisite psychosocial RCT for
metastatic breast cancer patients failed to show effects of a
supportive expressive group psychotherapy intervention on
survival, suggesting that more needs to be understood about
the impact of stress management on biologically advanced
cancers.”®” It is possible that the effects of modulating stress
through psychosocial interventions may be limited to early
stages of disease. A meta-analysis of 15 randomized trials
for cancer patients that met Cochrane criteria for method-
ological quality (N=3000) found that although psychoso-
cial interventions did not provide an overall survival
benefit, interventions tested in patients with non-meta-
static disease (6 trials; N=1448) showed a 41% reduced
risk of cancer mortality.”®® Beyond considerations of
extent of disease and timing within curative and adjuvant
treatment it is important to explore psychosocial and bio-
medical host factors that predict differential effects of one
stress management approach over another (eg, mindful-
ness meditation vs CBT vs f-adrenergic blockade), or a
combination of these approaches. Targeting specific stress
management approaches for specific cancer patients may
become another extension of precision oncology care in the
future.”

Implications for Clinical Practice

As increasing numbers of cancer patients recognize the
effects of stress on cancer outcomes and actively pursue
integrative and other complementary forms of adjunct

cancer treatments, it is increasingly important that health-
care providers understand patients’ expectations and
motivations?®® as well as the evidence-based literature
supporting such interventions. As many integrative inter-
ventions such as meditation, yoga, Tai Chi, and QiGong are
known to modulate neuroendocrine stress response sys-
tems as well as inflammation, it is likely that such integra-
tive practices engage the systems described above and can
impact mechanisms known to impact tumor growth.?® One
of the important lessons from the literature reviewed above
is the role of systemic influences on tumor growth and
development—the fact that tumor growth is influenced by
signaling and metabolites from far outside the tumor
microenvironment. This suggests that other integrative
approaches that affect balance in the body including
manipulative and body-based practices, biofield therapies,
and whole medical systems as well as pharmacologic stress
management approaches may have significant impacts on
the tumor microenvironment.

Directions for Future Research

In summary, some of the key questions for future research
address specificity of intervention doses, and integration of
stress management approaches with medical care. Future
research is needed to specify the extent of practice (or dose)
of these interventions that is necessary to have clinically
meaningful effects, the mechanisms by which such effects
may occur, and windows in treatment when such interven-
tions will be most effective (eg, peri-surgical, during or post
treatment, post-recurrence). RCTs are needed to examine
whether certain treatments are more well-suited to specific
windows in treatment (eg, -blockers and COX2 inhibitors
during a peri-surgical window),?’! and to what extent are
the effects of meditation or CBSM equivalent to those of
B-blockers for those patients for whom B-blockers would be
contraindicated. Many of the biomarker studies are short
term and more research needs to address long-term health
outcomes and differential efficacy of interventions for long-
term outcomes. As noted above, RCTs testing efficacy of
these interventions in diverse populations and cultural
adaptation of interventions are critically needed. As the
emergence of late effects of cancer treatment, including
cardio-toxicity?”> and cancer-accelerated aging?’ have
become more salient research concerns, testing the effects
of stress management interventions and mechanisms of
action on these processes presents another challenge for
future research. RCTs examining whether stress modulating
interventions can enhance efficacy of immunotherapy and
decrease chemoresistance are also needed. Other questions
for future research include how to provide optimal integra-
tion of these modalities with standard cancer care to provide
a truly integrative approach.
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Conclusions

Given the extensive nature of the evidence supporting a
role of stress response systems in tumor growth, it becomes
critical to integrate these principles in assessment and
treatment of cancer patients who may be at risk, in both
traditional and in integrative settings. With increasing
research, supportive evidence, and patient interest in inte-
grative care modalities, biobehavioral oncologic interven-
tions that reduce cancer progression by modulating targeted
molecular pathways are well poised to become an integral
part of comprehensive cancer treatment.
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