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Abstract
Purpose of review—Cancer patients undergoing treatment with cytotoxic chemotherapeutic
agents (CCAs) often experience a cluster of treatment-related symptoms, which include fatigue,
loss of appetite, disturbed sleep, depressed mood, cognitive difficulties, and changes in body
composition. This symptom cluster collectively referred to herein as cancer treatment-related
symptoms (CTRSs) decrease quality of life, and physical and social functioning. The preclinical
and clinical studies described in this review represent important progress in understanding
potential underlying mechanisms of CTRS.

Recent findings—Recent studies support a role for CCA-induced interleukin-1β (IL-1β)
signaling in the cause of CTRS. CCAs may share a common ability to activate intracellular stress
response pathways to trigger the synthesis, processing, and release of IL-1β from immune cells.
Fatigue, sleep disturbance, and cognitive difficulties in cancer patients exposed to CCAs correlate
with plasma levels of IL-6, IL-1 receptor antagonist, and soluble tumor necrosis factor receptor-I/
II, surrogate markers of IL-1β-mediated central nervous system (CNS) inflammation. Additional
preclinical work suggests IL-1β-mediated CNS inflammation may cause CTRS by altering
hypothalamic and hippocampal functioning.

Summary—Although additional research is necessary to further establish the link between CCA
exposure, IL-1β-mediated inflammatory processes and CTRS, these data provide hints for future
studies and therapeutic approaches in ameliorating these symptoms in cancer patients.
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INTRODUCTION
Cancer patients exposed to cytotoxic chemotherapeutic agents (CCAs) often experience a
cluster of symptoms, which include malaise, decreased appetite, sleep disturbance, cognitive
difficulties, pain, depressed mood, and changes in body composition [1,2]. These symptoms
can greatly influence the subjective sensation of fatigue, which is the most common and
distressing cancer treatment-related symptom (CTRS), and one that has a profoundly
negative effect on physical functioning and quality of life [3]. It has long been recognized
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that many CTRSs are highly correlated with each other suggesting that they share a common
cause. In this review, we discuss evidence that supports the view that the treatment-related
symptom cluster is the same as sickness behavior, a physiological response to harmful
stimuli initiated by the production of the pro-inflammatory cytokine interleukin-1β (IL-1β).
The purpose of this review is to present recent clinical and preclinical evidence to support
this view and to highlight areas for further research into the biological underpinnings of
CTRS.

CYTOTOXIC CHEMOTHERAPEUTIC AGENTS TRIGGER THE SYNTHESIS,
PROCESSING, AND RELEASE OF INTERLEUKIN-1β

Several different types of CCAs have been shown to increase inflammatory cytokine
signaling in immune cells in vitro and when administered in vivo. Recent studies suggest the
ability of CCAs to induce a systemic inflammatory response is related to their capacity to
trigger the synthesis, processing, and release of IL-1β, an initiator cytokine that plays a
central role in the regulation of immune and inflammatory responses [4■,5■■]. IL-1β
requires two distinct signals for its synthesis, processing, and secretion. The first signal is
mediated by activation of the nuclear factor-κB (NF-κB) transcription factor and the stress-
activated protein kinases, JNK and p38 mitogen-activated protein kinase (p38) (Fig. 1). This
activation results in the production of the 35-kDa pro-IL-1β, a biologically inactive
precursor of IL-1β. The second signal induces the processing of pro-IL-1β to the mature, 17-
kDa biologically active IL-1β via the assembly of a multiprotein complex called the NLRP3
inflammasome (Fig. 1). The ability of CCAs to trigger inflammation is likely due in part to
the cytotoxic action of these agents on tumor and healthy cells as dead and dying cells
liberate a number of cell products that serve as ‘danger signals’ to prime resident tissue
macrophages via activation of their surface Toll-like receptors (TLRs) [6]. Macrophage
priming via TLR activation would likely occur following bacterial translocation (passage of
bacteria or bacterial products across the intestinal mucosal barrier) related to drug-induced
gastrointestinal damage [7,8]. These primed macrophages upregulate IL-1β gene expression
via activation of the stress response proteins p38, JNK, and NF-κB. In addition to indirect
priming via TLRs, chemotherapeutic agents may provide additional signals to macrophages
to stimulate IL-1β synthesis, processing, and release (Fig. 1). Using bone marrow-derived
macrophages as a model system, Sauter et al. [4■] showed that doxorubicin primes
macrophages directly, activating p38/JNK, thereby amplifying the expression of pro-IL-1β.
Wong et al. [5■■] later identified the cellular target of doxorubicin mediated p38/JNK
activation as ZAK, a MAP3K upstream of p38/JNK. Doxorubicin failed to activate p38/JNK
or increase intracellular pro-IL-1β levels in macrophages derived from ZAK-deficient mice
[5■■]. ZAK is known to have strong binding affinities to two small molecule kinase
inhibitors nilotinib and sorafenib [9]. These agents were able to block the doxorubicin-
mediated activation of p38/JNK and IL-1β expression in wild-type macrophages [5■■].
Wong et al. [5■■] further demonstrated that co-administration of nilotinib with doxorubicin
in mice suppressed IL-1β-mediated inflammation as evidenced by reduced levels of serum
IL-6 compared to mice that were injected with doxorubicin alone. In addition to enhancing
p38/JNK via ZAK, doxorubicin promotes the formation of the NLRP3 inflammasome,
which is essential for the processing and release of mature IL-1β [4■]. Doxorubicin failed to
stimulate the release of IL-1β from macrophages deficient in any one of the three
inflammasome components, that is, ACS, NLRP3, or Caspase-1, which demonstrates a need
for the NLRP3 inflammasome in the observed doxorubicin-mediated secretion of IL-1β
[4■]. Although generalizing these results to all classes of CCA is premature at this time,
these findings suggest that CCA-mediated induction of IL-1β synthesis, processing, and
release can be targeted using drugs that block the activity of ZAK or formation of the
NLRP3 inflammasome (Fig. 1). The ability of nilotinib and sorafenib to block doxorubicin-
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mediated upregulation of IL-1β suggests that these drugs could prove useful in reducing
symptoms in cancer patients administered CCAs. Although these studies could be initiated
in the clinical setting, there remain concerns about the effects of blocking IL-1β activity on
the long-term efficacy of cytotoxic chemotherapy [10]. Inflammatory cytokines also play a
critical role in the early stages of wound healing and blocking the activity of these cytokines
in the periphery may delay regeneration of gastrointestinal and hematopoietic tissues
damaged by cytoxic cancer chemotherapy [11].

SICKNESS BEHAVIOR: THE EFFECT OF INTERLEUKIN-1β ON SPECIFIC
POPULATIONS OF HYPOTHALAMIC NEURONS

Mature IL-1β released into the periphery exerts its biological effect by binding to IL-1-
specific receptors located on several different cell types including epithelial cells,
hepatocytes, splenocytes, and leukocytes. In turn, these cells produce several additional
inflammatory cytokines and chemokines including tumor necrosis factor (TNF)-α, IL-6,
IL-1 receptor antagonist (IL-1RA), and the soluble tumor necrosis factor receptors 1 and 2
(sTNFR-1/2). This IL-1β-driven systemic inflammatory response serves to reorganize
homeostatic mechanisms to favor survival [12]. The behavioral changes associated with this
homeostatic reorganization include fatigue, lethargy, cognitive impairment, loss of appetite,
and sleep disturbance and other symptoms, collectively known as sickness behavior. The
purpose of these behavioral changes is to decrease energy demands and redirect energy
stores to immune system functioning and thermogenesis [12]. Although IL-1β-induced
sickness behavior promotes survival of the sick individual in the short term, prolonged
production of this and other inflammatory cytokines is associated with a variety of illness
states including depression [13], muscle wasting [14], and anemia [15], all of which can
occur in cancer patients chronically exposed to CCAs.

Although peripheral inflammatory signaling is important for the initiation of sickness
behavior, it is the activity of IL-1β and other inflammatory cytokines in the central nervous
system (CNS) that mediate their behavioral effects (reviewed by [16]). The hypothalamus
plays a central role in maintaining homeostasis and coordinating the physiological and
behavioral changes associated with cytokine-induced sickness behavior. Indeed, specific
metabolic and behavioral changes can be attributed to changes in functioning of discrete
populations of hypothalamic neurons. Inflammatory cytokine induced fatigue/lethargy
[17■■], fever [18], anorexia [19], and skeletal muscle catabolism [14], which can be
attributed to altered functioning of specific populations of inflammatory-responsive neurons
in the hypothalamus. The identification of inflammatory-responsive ‘fatigue’ neurons is of
particular relevance to cancer symptom biology because fatigue is one of the most
prominent and distressing symptoms associated with exposure to CCAs. These neurons
located in the perifornical lateral hypothalamus secrete orexin, a neurotransmitter that
promotes arousal and wakefulness by activating cholinergic, serotonergic, dopaminergic,
and histaminergic signaling in the ascending arousal system [20,21]. Loss of orexin-
secreting neurons causes narcolepsy, a disorder of excessive day-time sleepiness. Grossberg
et al. [17■■] demonstrated that sickness behavior-associated lethargy, as evidenced by a
decrease in locomotor activity (LMA), was caused by reduced orexin neuron signaling in the
hypothalamus. The decline in LMA following peripheral administration of bacterial
lipopolysaccharide (LPS) was associated with a reduction in orexin neuron activity and a
decrease in neurotransmitter orexin-A in cerebral spinal fluid. Importantly, central (intra-
cerebroventricular) orexin-A administration prevented the onset of LPS-induced lethargy
and partially restored LMA in lethargic LPS-treated rats [17■■]. Although the
hypothalamic neural pathways that mediate sickness behavior induced by endotoxin or LPS
are becoming clear, it is not known whether the same neural pathways play a role in CTRS.
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EVIDENCE OF INTERLEUKIN-1β-MEDIATED INFLAMMATORY PROCESSES
IN SYMPTOMATIC CANCER PATIENTS

The striking similarity between CTRS and sickness behavior led to the idea that CTRSs
were caused by inflammatory cytokines. In the last decade, a host of clinical studies have
sought to establish a relationship between levels of IL-1β and other inflammatory cytokines
in peripheral blood and CTRSs [22,23]. In the majority of these studies, blood levels of
proinflammatory cytokines IL-1β were either undetectable or did not change in response to
treatment. Rather than refute an etiological role for IL-1β-mediated inflammatory processes
in initiating treatment-related symptoms, this finding highlights two challenges in examining
the relationship between IL-1β, or other inflammatory mediators, and symptoms in the
clinical setting. The first relates to the timing of blood sampling for cytokine measurement
during treatment. In rodents and humans, the increase in blood levels of IL-1β in response to
immune challenge is often transient and consequently difficult to capture [24,25]. Serial
blood draws during and after chemotherapy infusion are needed to establish the kinetics of
IL-1β appearance in blood and to demonstrate unequivocally that cytotoxic drugs trigger
IL-1β production in people. The second challenge is that inflammatory cytokine levels in
blood may not reflect their levels or activity in the CNS [26]. This is important because
IL-1β-mediated inflammatory processes drive the behavioral changes characteristic of
sickness. Blood levels of IL-6 and IL-1RA do increase in response to central administration
of IL-1β [27,28], and blood levels of these cytokines are often considered surrogates for
central IL-1β activity.

IL-6 and IL-1RA have been extensively studied as biomarkers of CTRS [29]. In a recent
study, Liu et al. [30] examined sleep patterns and fatigue level in women undergoing 3-
week cycles of anthracycline-based therapy. Peripheral blood and symptom data were
collected during weeks 2 and 3 after the first and fourth chemotherapy infusion. These
investigators observed a significant increase in fatigue, IL-6, and IL-1RA levels during
treatment [30]. Mixed model results revealed a positive association between change in both
sleep and fatigue and change in IL-6 and a positive association between sleep and change in
IL-1RA during treatment. Taken together, these data suggest that anthracycline-based
therapies can increase IL-1β signaling in the CNS of cancer patients, as evidenced by an
increase in blood levels of IL-6 and IL-1RA. The association of IL-6 and IL-1RA levels
with fatigue and sleep disturbance supports a role for IL-1β in the genesis of these
symptoms.

Similar findings were observed in colorectal and esophageal cancer patients undergoing
chemoradiation therapy [1]. Blood levels of IL-6 and sTNFR-1 were examined in patients
before treatment, at the end of treatment, and 1 month thereafter. Symptom burden was
assessed using the MD Anderson Symptom Inventory (MDASI), which assesses several
cancer-related symptoms and their severity, at the time of blood collection (± 2 days).
Although over 64% of baseline blood samples were missing, these investigators observed an
increase in IL-6, sTNFR-1, and fatigue between baseline and the end of treatment and a
decline in all measures 1 month after treatment. The increase in fatigue severity during
treatment was associated with increased sTNFR-1 but not IL-6. However, both IL-6 and
TNFR-1 were significantly associated with a composite symptom score, which included
fatigue severity as well as other symptoms [1].

A recent study by Ganz et al. [31■■] also supports the idea that cognitive difficulties in
cancer patients are related to CCA-induced sickness behavior. Cognitive complaints,
cerebral functioning, and plasma levels of IL-1RA, sTNFR-RII, CRP, and IL-6 were
examined in 93 breast cancer patients after primary cancer treatment but before the start of
endocrine therapy, and at 6 and 12 months thereafter. At baseline, cognitive difficulties and
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fatigue were significantly higher in women who had received cytotoxic chemotherapy than
those who had not. Women exposed to cytotoxic chemotherapy also had elevated plasma
sTNFR-II levels, after controlling for age, BMI, and radiation exposure. Over time plasma
levels of sTNFR-II decreased in chemotherapy-treated women but remained unchanged in
women who were not exposed to chemotherapy. The decline in plasma sTNFR-II levels was
associated with improvement in self-reported memory after controlling for age, BMI,
radiation, depressive symptoms, and time since last chemotherapy. Plasma sTNFR-II was
also found to be inversely associated with metabolism in the inferior frontal cortex in brain
imaging studies carried out on 11 chemotherapy-exposed and five chemotherapy-naive
women [31■■]. Decreased blood flow in this brain region was found to correspond to
decreased cognitive performance in chemotherapy-exposed cancer patients [31■■]. Collins
et al. [32] measured cognitive function in 60 women with early stage breast cancer prior to
commencement of cytotoxic chemotherapy and again after each cycle of chemotherapy
administration. After controlling for numerous factors, the women receiving cytotoxic
chemotherapy had a significant progressive decline over time relative to a matched healthy
control group in overall cognitive function, working memory, processing speed, verbal
memory, and visual memory scores. A linear model best fit the trajectory of cognitive
change, suggesting a dose-response relationship between cytotoxic chemotherapy and
cognitive decline [32].

CYTOTOXIC CHEMOTHERAPEUTIC AGENTS IMPAIR HIPPOCAMPAL
NEUROGENESIS TO CAUSE COGNITIVE DYSFUNCTION

Recent work has shown that CCA-induced cognitive impairment is associated with
decreased neurogenesis in the hippocampus – a brain region involved in the consolidation of
short-term memory to long-term memory, and in spatial memory and navigation. Two
groups independently found that chronic administration of CCAs to rats caused a significant
decrease in hippocampal neurogenesis [33■,34]. The deleterious effects of chemotherapy on
hippocampal and nonhippocampal-dependent learning tasks suggest that multiple areas of
the brain are affected by chronic administration of cytotoxic chemotherapeutics [33■,34].
Impaired learning and memory following chronic chemotherapy treatment was also
associated with histone modifications in the hippocampus and prefrontal cortex, indicating
that cytotoxic chemotherapeutics can induce epigenetic modifications that alter learning and
memory [33■,34]. Combined treatment with 5-fluorouracil and oxaliplatin chemotherapy in
rats impaired hippocampal-dependent tasks such as spatial reference memory in the water
maze and contextual fear recall. These impairments were prevented by 4 weeks of running
activity following the last dose of chemotherapy [35]. Aerobic exercise is known to increase
hippocampal neurogenesis and spatial learning in rodents [36]. Although IL-1β is known to
impair hippocampal neurogenesis [36], the specific role of IL-1β in mediating the effects of
CCAs on hippocampal neurogenesis has not been examined.

CONCLUSION
Evidence presented here supports a role for treatment-related increases in IL-1β in the
genesis of CTRS. First, CTRSs are similar to IL-1β-induced sickness behavior that occurs as
a result of the action of IL-1β and other inflammatory cytokines on the activity of specific
neural populations in the hypothalamus. Second, CCAs enhance the synthesis, processing,
and release of IL-1β from immune cells. Finally, CCAs cause cognitive dysfunction by
impairing hippocampal neurogenesis. Animal models will be essential to further
understanding the molecular mechanisms underlying CTRS. This knowledge will facilitate
the development of targeted therapies for the management of CTRS.
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KEY POINTS

• CCAs may initiate CTRS by enhancing the synthesis, processing, and release of
IL-1β, a pro-inflammatory cytokine that plays a central role in the induction of
sickness behavior.

• IL-1β induces sickness behavior via its influence on specific populations of
hypothalamic neurons.

• IL-1β may be responsible for CCA-related cognitive dysfunction caused by
impairment of hippocampal neurogenesis. Additional work is needed to
determine the role of IL-1β signaling in cognitive dysfunction.

• Animal models will be essential to further understanding the molecular
mechanisms underlying CTRS.

• Therapeutic agents that decrease IL-1β-mediated inflammatory processes (i.e.,
nilotinib or sorafenib) or replace neuronal products (i.e., orexin) may be
effective at ameliorating CTRS.
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FIGURE 1.
Proposed molecular mechanisms by which cytotoxic chemotherapeutic agents (CCAs)
trigger the production of interleukin-1β (IL-1β) by macrophages. [1] The cytotoxic action of
CCAs on tumor and healthy cells exposes tissue resident macrophages to several ‘danger
signals’ including DNA, RNA, ATP, and bacterial products, and so on. These signals prime
macrophages via activation of their surface Toll-like receptors (TLRs). Primed macrophages
upregulate IL-1β gene expression via activation of the stress response proteins p38/JNK and
nuclear factor-κB (NF-κB). The result is the accumulation of intracellular pro-IL-1β, the
precursor to and biologically inactive form of IL-1β. [2] CCAs can also prime macrophages
directly by activating ZAK, which prolongs and intensifies the activation of p38/JNK and
synergizes with NF-κB to amplify the expression of pro-IL-1β. Nilotinib and sorafenib
block ZAK and can consequently decrease CCA-mediated pro-IL-1β production. [3] CCA-
induced formation of the NLRP3 inflammasome protein complex leads to cleavage of pro-
IL-1β to mature IL-1β, which can then be released from the cell. [4] Release of mature IL-1β
into the periphery stimulates the production of IL-1β and other inflammatory cytokines and
chemokines, that is, tumor necrosis factor-α (TNF-α), IL-6, IL-1 receptor antagonist
(IL-1RA), soluble tumor necrosis factor receptor-I/II (sTNFR-I/II), and so on. This IL-1β-
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driven systemic inflammatory response is the cause of sickness behavior, the symptoms of
which are strikingly similar to cancer treatment-related symptoms.
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