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Following cancer treatment, patients often report behavioral and cognitive changes. Novel cancer im-
munotherapeutics have the potential to produce sustained cancer survivorship, meaning patients will
live longer with the side effects of treatment. Given the role of inflammatory pathways in mediating
behavioral and cognitive impairments seen in cancer, we aim in this review to discuss emerging evidence
for the contribution of immune checkpoint blockade to exacerbate these CNS effects. We discuss ongoing
studies regarding the ability of immune checkpoint inhibitors to reach the brain and how treatment
responses to checkpoint inhibitors may be modulated by genetic factors. We further consider the use of
preclinical tumor-models to study the role of tumor status in CNS effects of immune checkpoint inhibitors
and multimodality therapy.
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Patients undergoing cancer treatment and cancer survivors commonly describe behavioral alterations and cognitive
impairments [1–3]. Symptoms can include behavioral changes, such as fatigue, depression and increased anxiety, as
well as cognitive impairments, such as difficulty concentrating and memory impairments [4]. These impairments
can have a major impact on quality of life and up to 35% of patients report symptoms lasting months or years
after finishing cancer treatment [5], making it one of the most frequently reported symptoms in cancer care. As
novel cancer therapeutics improve overall survival, more and more patients are living longer with the side effects of
cancer treatment, increasing the importance of understanding and predicting long-term quality of life outcomes.
These effects are often collectively identified as ‘chemobrain’, given their historical association with cytotoxic
chemotherapy. However, the mechanisms underlying cancer-related cognitive and behavioral problems are likely
multifactorial.

Much of the recent literature on cancer-related cognitive and behavioral impairments has focused on the con-
tribution of immune activation in the CNS [6–9]. Although the CNS has historically been considered an immune-
privileged site, it is increasingly evident that systemic immune activation can mediate central neuroinflammation
and has downstream behavioral and cognitive effects [10]. Neuroinflammatory responses mediate symptoms and
progression in a number of neurological conditions. There is evidence of enhanced proinflammatory profile linked
with fatigue, major depression, memory complaints, behavioral deficits, pathogenesis of cerebral ischemia and
Alzheimer’s disease [11]. In Alzheimer’s disease, innate immune activation and microglia-mediated neuroinflam-
matory responses promote initiation and progression of disease [12]. These differences can be seen systemically
through increased expression of the key proinflammatory mediators TNF-α, IL-1β, IFN-γ and IL-6, but also in an
altered immune environment in the CNS. For example, the brains of depressed patients completing suicide show
increased microglial activation and macrophage recruitment [13]. Causative role of these inflammatory cytokines
and chemokines is supported by data that show administration can induce depressive-like behavior [8]. Immune
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Table 1. Adverse events of checkpoint inhibitor immunotherapy with potential to alter cognition and behavioral
performance.
Study (year) Treatment n Fatigue (%) Decreased appetite (%) Pyrexia (%) Endocrine abnormality

(%)†
Ref.

Total Grade 3–4 Total Grade 3–4 Total Grade 3–4 Total Grade 3–4

Hodi et al.
(2010)

Ipilimumab 131 42 6.9 26.7 1.5 12.2 0 7.6 2.3 [99]

Garon et al. Pembrolizumab 495 19.4 0.8 10.5 1.0 4.20 0.60 6.90 0.20 [100]

Weber et al.
(2015)

Nivolumab 268 24 1 5 0 – – – – [101]

† Includes hypothyroidism, hypopituitarism, hypophysitis, and adrenal insufficiency.

activation has also been investigated as part of the pathogenesis of cancer- and cancer treatment-related cognitive
and behavioral impairments. The inflammatory challenge of a tumor itself can contribute to the behavioral alter-
ations and cognitive impairments seen with cancer and cancer treatment [14–17]. The role of neuroinflammation in
cancer-related cognitive impairment has become especially important with development of novel treatments com-
bining radiation treatment and immunotherapy. These treatments demonstrate remarkable efficacy with respect to
tumor outcomes by enhancing the proinflammatory environment in the tumor, but how they may influence the
immune environment in the brain, and thus behavioral and cognitive performance, is less clear. As yet, very little is
understood about the effects of these treatments on the brain, either in healthy individuals or in individuals with
tumors.

Typical symptoms seen with immunotherapy, which overlap with those of sickness behavior include fatigue,
anorexia and pain (Table 1). Other adverse events following immunotherapy treatment which may contribute to
symptoms of sickness-like behavior include endocrine abnormalities, such as hypothyroidism, hypopituitarism,
hypophysitis and adrenal insufficiency (Table 1). From an evolutionary perspective, sickness behavior is an adaptive
response to conserve energy to promote healing [18,19]. Conserving energy might involve anhedonia, increased pain
sensitivity, social avoidance and reduced exploratory drive, basically symptoms of depressive behavior and increased
anxiety levels [20].

Of particular interest in considering checkpoint inhibitor immunotherapy is the significant role of the underlying
genetic substrate. Although these novel therapeutics have the promising ability to achieve sustained cure, they are
only able to do so in a small subset of patients. Understanding biomarkers and improving our ability to predict
tumor-related outcomes will be important to efficiently utilize these therapeutics. However, the same will likely
prove true in the consideration of adverse events. Certain individuals are likely more susceptible to the behavioral
and cognitive impairments imparted by enhanced immune activation following immune checkpoint blockade. By
looking at known genetic risk factors, we can begin to understand individual susceptibility to CNS side effects and
improve our ability to deliver personalized medicine.

Animal tumor models present the opportunity to study the consequences of cancer and cancer treatment
on brain function. Behavioral performance and cognition in response to therapeutic intervention have rarely
been studied in mouse models of cancer, which provide the important opportunity to investigate changes at the
behavioral, physiological and molecular level. However, these models provide insight into how the systemic and
central environments respond differently in the presence versus the absence of a tumor. These differential effects
have important implications for the approach to prolonged treatment with checkpoint inhibitor immunotherapy,
especially with regard to managing CNS side effects.

Here, we review early evidence suggesting the role of checkpoint inhibitor immunotherapy, especially when
combined or as part of multimodality therapy, to exacerbate the behavioral alterations and cognitive impairments
seen with cancer and cancer treatment. We consider early evidence for central activity of peripherally administered
immunotherapy and how immune activation can be increased by pairing checkpoint inhibitors or adding com-
plementary therapies like peripheral radiation or tumor vaccine. Given the variable tumor response to checkpoint
inhibitor immunotherapy, we further consider how cognitive and behavioral side effects may also be considered
in the framework of responders versus nonresponders. We discuss the potential role of the underlying genetic
substrates and in particular the known genetic risk factor, apolipoprotein E (apoE), in mediating these effects.
Finally we address the critical role of preclinical models in exploring these complicated systemic effects and how
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specifically tumor-bearing models may be used to investigate the cognitive and behavioral side effects of cancer
treatment.

Immune checkpoint inhibitors & the CNS
Immune checkpoint inhibitors represent one of the most promising recent innovations in cancer therapeutics and
hold the promise to significantly increase rates of cancer survivorship. These treatments have been developed based
on findings that show that the immune environment within a tumor is associated with clinical outcome in a variety
of cancers. A greater proinflammatory polarization of a tumor microenvironment is associated with increased
survival, while anti-inflammatory tumor profiles are associated with limited survival [21,22]. Checkpoint inhibitor
immunotherapies aim to induce a proinflammatory environment characterized by increased immune infiltrates
into tumors. The most studied immune checkpoint blockade therapies include monoclonal antibodies targeted
against CTLA-4, PD-1 and PD-L1. CTLA-4 is a member of the immunoglobulin superfamily that is expressed
on the surface of helper T cells and other T cells such as regulatory T cells and suppresses immune activation by
transmitting an inhibitory signal to T cells. PD-1 is a cell-surface receptor that belongs to the immunoglobulin
superfamily and is expressed on T cells and pro-B cells. Anti-CTLA-4 has been shown to induce a proinflammatory
environment characterized by increased tumor immune infiltrates [23]. Recent evidence suggests that PD-1 influences
T-cell activation through regulation of the T-cell receptor costimulatory molecule CD28 [24,25]. There is mounting
clinical evidence for the utility of these therapeutics in an expanding spectrum of tumors, including melanoma,
non-small-cell lung cancer, renal cell carcinoma, ovarian cancer, bladder cancer, head and neck cancer and gastric
cancer [26]. These treatments demonstrate remarkable efficacy with respect to tumor outcomes, but how they may
influence the immune environment in the brain, and thus behavior, is unknown.

Preclinical animal studies suggest that checkpoint inhibitors might be able to pass the blood–brain barrier or at
least result in a therapeutic response in the brain. For example, anti-CTLA-4 antibodies were beneficial in mice with
SMA-650 intracranial tumors [27]. In addition, when combined with radiation treatment, anti-PD-1 antibodies
improved survival in mice with GL261 intracranial tumors [28]. Consistent with these results, combined treatment
with anti-CTLA-4 and anti-PD1 antibodies improved survival in glioblastoma mouse models [29]. However, the
beneficial effects of checkpoint inhibitors in the context of brain tumors are not necessarily due to the ability of
checkpoint inhibitors to pass the blood–brain barrier as peripheral immune activation might be sufficient to trigger
a central immune response.

There is limited research describing the effects of immune checkpoint inhibitors on the brain. Recent trials
investigating the effects of checkpoint inhibitors on brain metastases can shed some light on the ability of these
peripherally delivered therapeutics to influence the immune system in the CNS. Several trials in non-small-cell
lung cancer demonstrate partial or complete response of brain metastases to anti-PD-1 checkpoint blockade at rates
similar to those expected for nonbrain diseases sites [30–32]. In another example of the central action of immune
checkpoint blockade, Baruch et al. describe increased cerebral amyloid plaque clearance following PD-1 immune
checkpoint blockade in a mouse model of Alzheimer’s disease [33]. In this model, the effect in the brain was
interferon-dependent. However, long-term, continuous treatment is required to see effects in both tumor outcomes
and cerebral amyloid-β plaque clearance, suggesting that immune checkpoint blockade must be chronic to exert
central effects.

Early clinical data describe behavioral and cognitive outcomes following immune checkpoint blockade in the
setting of cancer treatment. Severe immune-related side effects of therapy, which are expected to negatively affect
cognition include endocrine effects, fatigue, headache, fever and loss of appetite [34]. Episodes of transient but severe
cognitive dysfunction, including memory loss, have been described [30,35]. However, there remains a gap in how
these therapies modulate cognitive impairments and behavioral alterations.

While both checkpoint inhibitors and proinflammatory cytokines activate the immune system, the effects of
checkpoint inhibitors on the immune system are distinct. For example, CTLA-4 antibodies decrease the number of
regulatory T cells, which is mediated by monocytes [36], while PD-1 antibodies increase the activity of T cells [37].

The role of genetic factors in modulating the treatment response & CNS side effects
Despite the early promise of immune checkpoint blockade, it is becoming clear that only a small subset of patients
respond to single agent therapy [38,39]. Therefore, the use and refinement of biomarkers predicting treatment
responses to checkpoint inhibitor therapies is critical. In general, patients with tumors that produce high levels
of PD-L1 respond well to the anti-PD1/anti-PD-L1 checkpoint inhibitor treatment while those with tumors
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Table 2. ApoE4-associated cognitive impairments in cancer and cancer treatment.
Study (year) Sample Study design Treatment modalities ApoE4 association Ref.

Active disease, undergoing treatment

Vardy et al. (2015) Colorectal cancer Longitudinal Chemotherapy No association [102]

Amidi et al. (2016) Testicular cancer Longitudinal Surgery and/or chemotherapy ?Cognitive impairment after
chemotherapy

[103]

Koleck et al. (2014) Breast cancer Longitudinal Hormonal therapy and/or
chemotherapy

?Cognitive impairment before
and after treatment (verbal
learning and memory, executive
function)

[104]

Ahles et al. (2014) Breast cancer Longitudinal Chemotherapy ?Cognitive impairment
(processing speed, working
memory)

[105]

Post-treatment

Lengacher et al. (2015) Breast cancer Prospective RCT Radiation and/or
chemotherapy

?Cognitive impairment [106]

Ahles et al. (2003) Breast cancer, lymphoma Cohort Chemotherapy ?Cognitive impairment (visual
memory, spatial ability)

[107]

RCT: Randomized controlled trial.

that produce low levels of PD-L1 do not, but additional biomarkers to predict treatment responses are needed [40].
While colorectal cancer patients with high microsatellite instability have a higher probability to respond to anti-PD1
antibody treatment, bladder cancer patients with a high tumor mutational burden (TMB) responded better to anti-
PD1 antibody therapy than those with a low TMB and in those patients TMB turned out to be a better predicting
biomarker of treatment response than microsatellite instability [40]. Additional considerations are predicting and
working around primary and acquired drug resistance to immunotherapy, potentially by using additional treatments
focused around neoantigens [41], defining the optimal daily timing of treatment [42], and biocompatible polymers
and other scaffolds for optimal delivery to enhance the effectiveness and half-life of the bioactive treatments [43].
Further, as learned from trials using chimeric antigen receptor T-cell therapy, a hyperactive immune system might
be fatal in the case cerebral edema develops and therefore these potential toxicities need to be carefully worked
around [44].

Genetic factors are likely involved in critically modulating not only the therapeutic response but also the
side effects cancer patients experience who are treated with immune checkpoint blockade or other forms of
immunotherapy. These genetic factors might be known modulators of the immune response in other clinical
conditions. One gene that might play a role in this context is the one encoding apolipoprotein E (apoE). apoE plays
an important role in the metabolism and redistribution of lipoproteins and cholesterol. Distinct alleles (ε2, ε3 and
ε4) encode human apoE isoforms, apoE2, apoE3 and apoE4. These proteins are involved in cholesterol metabolism
throughout the body and the brain. In the brain, apoE has been implicated in development, regeneration, neurite
outgrowth and neuroprotection. Compared with apoE2 and apoE3, apoE4 increases the risk of learning and
memory impairment following cardiac bypass surgery or traumatic brain injury, and of developing cardiovascular
disease and Alzheimer’s disease [45–49]. ApoE isoforms have differential effects on the immune system [50] and this in
turn might mediate the CNS injury seen in immune-related clinical conditions [51]. For example, in HIV patients,
those carrying apoE4 showed excess dementia and peripheral neuropathy [52] and enhanced HIV-1 cell entry
associated with accelerated disease progression [53]. This might be a general theme, as enhanced viral replication
and related injury in the brain has been seen in the context of HSV-1 in apoE4 carriers [54].

To determine whether there is an association between plasma cholesterol levels and cancer risk, Trompet et al.
performed a Mendelian randomization study in 2913 participants during a 3-year follow-up period [55]. In this
study, carriers with apoE2 did not have increased cancer incidence as compared with those with apoE4. In contrast,
apoE4 was identified as a risk factor for prostate cancer in a multicountry ecological study [56], while apoE2 was
identified as a reducing gastric cancer [57]. In prostate cancer cell lines, ε3/ ε3 and ε3/ε4 carrying cell lines were
nonaggressive while cell lines carrying ε2/ ε4 were aggressive [58]. ApoE might also be a direct target for treating
cancer; apoE was shown to be required for cell proliferation and survival in ovarian cancer [59]. In addition, multiple
trials have identified apoE4 as a risk factor for cognitive impairment following cancer or cancer treatment (See
Table 2). Clearly, more research is needed, particularly regarding the hypothesis whether or not cancer patients with
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Tumor 
inoculation

Immune checkpoint
blockade

Radiotherapy

Behavioral and
cognitive testing

Figure 1. Example of an
experimental paradigm of a
preclinical mouse study to assess
cancer and cancer treatment-related
behavioral alterations and cognitive
impairments.
Mouse models of cancer and cancer
treatment-related behavioral
alterations and cognitive
impairments allow for exploration of
the role of genetic factors, specific
tumors and various interventions,
including immune checkpoint
blockade and radiotherapy. Mouse
models not only allow for controlled
studies of each of the above factors
but can be used to generate data on
invasive outcomes under controlled
environmental conditions
unavailable in human studies in a
clinical environment.

apoE4 have a reduced treatment response and more severe side effects than those without apoE4 [60].
Other genetic risk factors that would be expected to modulate the treatment response and CNS side effects of

immunotherapy are polymorphisms related to depression and anxiety phenotypes, including those involving the
serotonin transporter [61], IL-1β, IL-6 [62] and nitric oxide synthase-1 [63]. In addition, genetic risk factors for CNS
side effects on type I interferon treatment [64] would also be expected to modulate the treatment response and CNS
side effects of immunotherapy.

Preclinical models to study CNS effects of immune checkpoint inhibitors & of combined
immune checkpoint inhibitors with peripheral irradiation
Historically, most preclinical studies to determine CNS effects of cancer treatments, including irradiation [65] and
chemotherapy [66], have focused on healthy tissue injury as a result of the treatment in animals who do not bear
tumors. While we learned from those studies, it becomes increasingly clear that especially in the context of immune
activation treatments, it is important to also consider the effects of the tumor on the immune system. In the
brain, immune checkpoint inhibitors might have differential effect in the presence and absence of tumors. Figure 1
illustrates an example of an experimental paradigm of such a preclinical model. We recognize that for practical
purposes, it might not be feasible or reasonable to include all distinct experimental groups outlined. Depending on
the question asked, this might also not be required. For example, it might be sufficient to consider comparing two
genotypes, each involving tumor-bearing mice, with and without the combined treatments. So in this way, there
would be only two experimental groups per genotype. This simplification of the experimental paradigm would not
allow assessing how the phenotype of the tumor-bearing mice compares to that of mice lacking tumors or assessing
the effects of the individual components of the cancer treatment but that could be assessed in follow-up studies.
A simplification of the experimental paradigm as described above would also be practical based on the complexity
of the immune system and multiple genetic models would be of interest in the context of immunotherapy. The
complexity of the immune system and the beneficial versus detrimental role of immune activation in the brain
in the context of neurodegenerative conditions is illustrated by the discussed role of the complement system and
activated microglia [67] in pathology, metabolic function, autophagy and synaptic pruning [68].

Several studies have used tumor-bearing mouse models to assess effects of therapeutic interventions on the
brain (See Table 3). Preclinical data support this notion and a particular role for altered levels of cytokines,
chemokines and microglial activation in brain areas such as the hippocampus, which play an important role in
cognition and are sensitive to cancer treatment effects [69], in this process [70] (See Table 3). The finding of enhanced
microglial activation is important given previous findings that microglial activation, especially when chronic, is
associated with neurodegenerative conditions [12]. The concept of neuroinflammation, illustrated in Figure 2, is not
restricted to immunotherapy but also seen following irradiation only [71–75], and actually in various neurological
and neurodegenerative conditions [76,77].
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Figure 2. Activation of the peripheral and central immune system is beneficial in treating tumorigenesis.
However, this activation might cause cancer-related alterations in behavioral performance and cognitive impairments.
There is increasing evidence supporting a role for peripheral and central inflammatory response to the tumor,
radiation and immunotherapy in mediating CNS injury.

Whole brain irradiation has long been recognized as a mediator of behavioral alterations and cognitive impair-
ments. Following cranial irradiation in rodent models, impairment in hippocampus-dependent cognition, such as
contextual fear and spatial learning and memory, as well as neurogenesis in the dentate gyrus, have been reported [78–

80]. Immune activation may contribute to these effects [81,82]. In fact, the role of the immune system in the efficacy
of radiation therapy is being increasingly targeted for therapeutic effect. The abscopal response, the response of a
distant, out-of-field tumor to localized radiation therapy delivered elsewhere, provides additional support for the
role of the local immune system in mediating a systemic immune response following radiation [83–87].

In preclinical models, neither anti-CTLA-4 nor anti-PD-1 are typically adequate as single agent antitumor
therapies, but require vaccination or irradiation to initiate an immune response [88]. Therefore, combined treatment
with multiple immune checkpoint blockade therapies or multiple modalities with radiation therapy is being used.
Combining the immunomodulatory effects of immune checkpoint blockade and radiation therapy provides an
exciting opportunity to synergistically amplify a beneficial antitumor response [89–92]. Pretreatment with anti-
CTLA-4 before radiation therapy produces improved tumor controls in preclinical models, a finding supported
by clinical anecdotes and early clinical evidence [93–96]. However, while combined therapy improves the clinical
response rate, it also increases the toxicity of immune checkpoint blockade therapy. For example, the rate of fatigue
and hypophysitis, defined as anterior pituitary hormone deficiency with side effects like headache, fatigue, general
discomfort, or visual disturbances, are dramatically increased with combination therapy. The mechanism underlying
hypophysitis is not clear. In a preclinical mouse model, repeated administration of antii-CTLA-4 antibodies induce
hypophysitis characterized by focal lymphocytic infiltrate and antibodies in the anterior pituitary mainly against
prolactin and ACTH secreting cell [97]. While combined treatment may increase antitumor efficacy, there is a
gap regarding how increased systemic inflammation may further exacerbate neuroinflammation and constitutional
symptoms (Figure 3).
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Figure 3. New therapies leading to
enhanced immune activation, while
beneficial for reducing
tumorigenesis, may exacerbate
behavioral and cognitive symptoms
of cancer and cancer treatment.

Conclusion
Given the significance of cancer-related behavioral and cognitive impairments to cancer patients, it is critical to
understand how novel treatment modalities may potentiate these negative effects. Little is known about the systemic
and central immune-related and associated behavioral and cognitive effects of combining immune checkpoint
blockade and radiation therapy. However, given the overall more robust immune response generated and the
increased toxicity profile of combined treatment, it is expected that the combined modality will be associated
with behavioral alterations and cognitive injury. The contribution of checkpoint inhibitor immunotherapy to
the detrimental cognitive and behavioral effects of cancer and cancer treatment raises the importance of several
translational foci. The preclinical and clinical data highlight the need to develop therapeutic strategies to mitigate
the CNS effects of the novel immune-related treatment beneficial for tumorigenesis but not necessarily for brain
function. Insight into the effects of these treatments in the context of healthy, tumor-bearing and cured individuals
is especially important as patients responding to these treatments have the potential to achieve durable cancer
remission requiring chronic treatment. As a result, quality-of-life issues in these survivors, while in many aspects
a good problem to have, become an increasingly important clinical challenge. Based on the individual treatment
responses following checkpoint inhibitor therapy seen, tailoring the type, dose and daily time for treatment based
on the genetic makeup and predicted treatment response of individual patients will be critical. Besides technological
advances, increased efforts are warranted as to how to best implement these new paradigms of personalized medicine
in the clinic.

Checkpoint inhibitor immunotherapy allows for unique insight into the dynamics of peripheral and central
immune activation in contributing to cancer-related cognitive and behavioral impairment. As we gain a better
understanding of the factors underlying these impairments and how genetic substrate modulates effects, we can
better approach prevention and treatment of cancer-related cognitive and behavioral impairment.

Future perspective
Checkpoint inhibitor immunotherapy, especially in combination therapy or in a multimodality regimen, represents
a significant advance in tumor-directed therapy and will likely change the face of cancer survivorship in the coming
years. However, current therapies only benefit a certain segment of patients and as yet, we are unable to predict
which ones. Similarly, we are unable to predict which patients may be particularly vulnerable to developing CNS
side effects to checkpoint inhibitor immunotherapy. Current research demonstrates the potential for these therapies
to exert a central effect with significant cognitive and behavioral side effects. We believe that as these effects are
better described, we will also begin to better understand the mechanisms underlying individual susceptibility. As our
understanding of biomarkers to predict the success and toxicity of checkpoint inhibitor immunotherapy improves,
we will begin to practice more sophisticated personalized medicine. We will be able to predict not only which
patients will uniquely benefit from a given therapy, but we will also be able to predict which patients are uniquely
vulnerable to side effects and may have different cost to benefit ratio of pursuing a given treatment.
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In addition to better predicting which patients may undergo significant treatment-related harm, we believe
current insights will lead to effective therapy for treatment and prevention of cancer-related behavioral and cognitive
impairments. Already through the understanding of the role of immune activation in mediating these effects, early
studies of therapies like minocycline targeted ones to prevent or decrease central immune activation show promising
results [98]. Additional clinical trials are needed to determine if adding similar interventions to new and existing
therapeutic approaches can affect clinical outcomes. Achieving the best balance of immune activation for beneficial
antitumor activity versus the detrimental effects to the brain is an important frontier in cancer research, with the
potential to greatly improve patient quality of life.
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Executive summary

� Fatigue, depression, anxiety, difficulty concentrating and memory impairments are commonly seen with cancer
and cancer treatment.

� Peripheral mediation of central immune activation likely plays a significant role in modulating behavioral
alterations and cognitive impairments seen in patients with cancer and following cancer treatment.

Immune checkpoint inhibitors & the CNS
� Immune checkpoint inhibitors function by activating the peripheral immune system through regulation of the

T-cell response.
� Human clinical trials provide accumulating evidence that systemically delivered checkpoint inhibitor

immunotherapy has action against CNS metastases.
� These effects might involve direct and indirect effects of checkpoint inhibitors on immune mediators in the brain.
� CNS side effects of checkpoint inhibitor immunotherapy include fatigue, cognitive dysfunction and memory loss.
� However, there is a gap with regard to systematic studies of behavioral and cognitive outcomes.
The role of genetic factors in modulating the treatment response & CNS side effects
� Biomarkers to tailor and predict response to treatment as well as prediction of adverse events is becoming more

important in the utilization of immunotherapy.
� Known genetic risk factors like ApoE isoforms can modulate the immune system as well as vulnerability to

specific adverse events, like cognitive impairment following neuroinflammation.
� ApoE4 is a risk factor for cancer- and cancer-treatment related behavioral alterations and cognitive impairments.
Preclinical models to study CNS effects of immune checkpoint inhibitors & combined immune checkpoint inhibitors
& peripheral irradiation
� Combined immunotherapy and multimodality approaches improve tumor-related outcomes.
� Peripheral, nonbrain radiation treatment, can provoke a systemic and/or central immune response which

contributes to behavioral and cognitive impairments.
� Animal models involving tumor-bearing animals as well as those that were never bearing tumors or were bearing

tumors but do not bear them anymore are not required to assess effects of therapeutic interventions on the brain
and evaluate the differential responses of these groups to therapy.

Conclusion
� Combined immunotherapy and multimodality approaches improve tumor-related outcomes, but might increase

neuroinflammation and subsequent behavioral alterations and cognitive impairments.
� Increased efforts are warranted to enhance our understanding of behavioral and cognitive outcomes following

combined immunotherapy and multimodality cancer treatment approaches and the mechanisms underlying
these effects that can be used to develop therapeutic strategies to minimize or even prevent detrimental CNS
effects of these novel treatments.

Future perspective
� In the future, biomarkers to predict both treatment outcome and toxicity of checkpoint inhibitor immunotherapy

will allow for best utilization of this novel treatment approach.
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•• Describes ApoE4-associated cognitive impairments in cancer and cancer treatment.

104 Koleck TA, Bender CM, Sereika SM et al. Apolipoprotein E genotype and cognitive function in postmenopausal women with early-stage
breast cancer. Oncol. Nurs. Forum 41, E313–E325 (2014).

•• Describes ApoE4-associated cognitive impairments in cancer and cancer treatment.

105 Ahles T, Li Y, Mcdonald B et al. Longitudinal assessment of cognitive changes associated with adjuvant treatment for breast cancer: the
impact of APOE and smoking. Psycho-Oncol. 23, 1382–1390 (2014).

•• Describes ApoE4-associated cognitive impairments in cancer and cancer treatment.

future science group www.futuremedicine.com 941



Review McGinnis & Raber

106 Lengacher CA, Reich RR, Kip KE et al. Moderating effects of genetic polymorphisms on improvements in cognitive impairment in
breast cancer survivors participating in a 6-week mindfulness-based stress reduction program. Biol. Res. Nurs. 17, 393–404 (2015).

•• Describes ApoE4-associated cognitive impairments in cancer and cancer treatment.

107 Ahles TA, Saykin AJ, Noll WW et al. The relationship of APOE genotype to neuropsychological performance in long-term cancer
survivors treated with standard dose chemotherapy. Psychooncol. 12, 612–619 (2003).

108 Fang CK, Chen HW, Chiang IT et al. Mirtazapine inhibits tumor growth via immune response and serotonergic system. PLoS ONE 7,
e38886 (2012).

• Described an animal tumor model of behavioral and cognitive response to tumor-directed interventions.

109 Yang M, Kim J-S, Kim J et al. Acute treatment with methotrexate induces hippocampal dysfunction in a mouse model of breast cancer.
Brain Res. Bull. 89, 50–56 (2012).

• Described an animal tumor model of behavioral and cognitive response to tumor-directed interventions.
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