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Abstract

Millions of cancer survivors suffer from a persistent neurological syndrome that includes

deficits in memory, attention, information processing, and mental health. Cancer therapy-related
cognitive impairment can cause mild to severe disruptions to quality of life for these cancer
survivors. Understanding the cellular and molecular underpinnings of this disorder will facilitate
new therapeutic strategies aimed at ameliorating these long-lasting impairments. Accumulating
evidence suggests that a range of cancer therapies induce persistent activation of the brain’s
resident immune cells, microglia. Cancer therapy-induced microglial activation disrupts numerous
mechanisms of neuroplasticity, and emerging findings suggest that this impairment in plasticity is
central to cancer therapy-related cognitive impairment. This review explores reactive microglial
dysregulation of neural circuit structure and function following cancer therapy.
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Cancer Therapy-Related Cognitive Impairment

Millions of people are living with the long-term consequences of cancer therapies. For
example, in the United States nearly 17 million children and adults are cancer survivors.
The number of cancer survivors is only projected to grow, as technological advancements
in cancer management, such as radiation, chemotherapy, and immunotherapy, continue
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to extend the survival of patients. This is especially true for children, in which the

5-year survival rate for all childhood cancers in the US has increased over the past three
decades from 58% to 84%, resulting in approximately 400,000 survivors of childhood
cancer [1]. While this is a remarkable testament to the persistence and innovation of the
cancer scientific and medical communities, the long-term neurological effects of cancer
therapies require increased attention, mechanistic understanding and therapeutic strategies
for mitigation.

Up to approximately 70% of cancer survivors report persistent deficits in memory, attention,
speed of information processing, multi-tasking, and mental health functioning. While the
severity and duration of CRCI can vary depending on age, cancer type, and treatment
regimens, compromised cognition is generally more severe in children who were younger

at the time of treatment [2], following cranial radiation [3] or with certain chemotherapies
[4]. Broadly, the cognitive symptoms that follow exposure to cancer therapy implicate white
matter and hippocampal dysfunction. This syndrome of cognitive impairment is associated
with both central nervous system (CNS) and non-CNS cancers. While overt structural
damage to the brain is typically absent in standard clinical imaging studies, changes in
hippocampal structure and in white matter integrity have been demonstrated using advancing
neuroimaging techniques[5, 6]. Studies in both experimental animal models and patient
populations suggest long-term dysregulation of intercellular interactions involving multiple
neural cell types [7-9], with consequent dysregulation of neural circuit dynamics.

For neural circuits to function properly, neural signals must propagate in the appropriate
temporal and spatial pattern. The dynamic circuit changes that underlie adaptive brain
functions like learning occur in myriad ways, but two of the most prevalent mediators

of dynamical circuit adaptation are modulation of synapses (see glossary) and myelin.
Synapses, the junctions between neurons that are sculpted throughout life by glial cells,
pass neural impulses from one neuron to the next via vesicular release of neurotransmitters.
Neural networks function through the convergence and integration of numerous excitatory
and inhibitory signals. The timing of these signals can be modified by changes to
myelination of the various neuronal components of the circuit. Myelin is the multilaminar
structure that ensheaths axons to decrease transverse capacitance and enable efficient,
saltatory neural conduction. Experience-dependent fine tuning of myelin, known as myelin
plasticity, allows for the adaptive temporal cadence of these signals, as even subtle changes
in myelination can promote neural circuit coordination [10]. Recent work discerning the
mechanisms mediating cancer therapy-related cognitive impairment indicates disruption

to neural circuit structure and function, from the synapses between neurons to myelin
structure and plasticity (Figure 1). This review will center on how cancer therapies

disrupt components of neural network architecture to cause long-term cognitive impairment,
with particular focus on microglia, the resident macrophages of the CNS, which have
emerged as central to the mechanisms causing neural dysfunction after cancer therapies
(Figure 1). Additional mechanisms that may contribute to long-term neurotoxicity, such

as microvascular disease and axonal injury, represent important topics that are outside the
scope of this review. We will largely focus on preclinical studies in which mechanistic
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testing is possible, with clinical observations discussed where available to ground and
validate the relevance of the preclinical studies.

Central modulators of neural circuit form and function in health

and disease

Microglial

Microglia derive from the yolk sac during embryonic development and populate the brain
at this early developmental timepoint, eventually establishing 10-15% of brain parenchymal
cells. These cells develop intricate branching morphology and exhibit rapid motility in
response to injury or pathology, moving to the site of injury to phagocytose debris. In
developmental and homeostatic states, these cells help to sculpt neural circuit refinement
through dendritic and synaptic pruning [11, 12]. However, in disease states such as
Alzheimer’s disease [13] and Parkinson’s disease [14], microglial activation may contribute
to aberrantly increased synaptic pruning. Furthermore, microglia can transition from a
homeostatic, neurotrophic state to a neurotoxic state. As discussed in more detail in later
sections, this transition appears to be instigated by many cancer therapies. While whole
brain radiotherapy and chemotherapy treatments aim to target malignant cells, they may
also cause both acute and chronic changes in the brain including activation of microglia.
The role of these activated microglia in the etiology of cancer therapy-related cognitive
impairment is highlighted by numerous studies showing that blockade of microglia through
colony-stimulating factor 1 receptor (CSF1R) inhibition can prevent fractionated whole
brain irradiation-induced memory deficits [15-17] and chemotherapy-induced cognitive
deficits [18-20] in preclinical models. It is important to note that the physical presence

of the tumor itself, especially related to CNS malignancies, can affect cognitive function
[21], and the relative contribution of a tumor to cognitive dysfunction will be dependent

on precise tumor location, molecular subtype-specific effects of the tumor on neural circuit
remodeling [22] and on effects of the surgical resection. Emphasizing the importance of
non-tumor factors, one recent study using a glioma mouse model suggests that in the context
of that mouse glioma model, the resultant memory dysfunction is related more to cranial
irradiation-induced microglial activation than tumor growth [17], although the relevance of
the findings to humans remains to be evaluated, and the specifics may vary amongst glioma
subtypes.

influence on neurogenesis after cancer therapy

New neuron generation occurs in the hippocampi of rodents throughout life (as reviewed in
[23, 24]) and is thought to contribute to some forms of hippocampal-dependent memory
function. Conversely, disruption of hippocampal neurogenesis is thought to contribute

to memory impairment in many disease contexts (as reviewed in [25]). While most
hippocampal neurogenesis studies have been conducted in rodents, several studies have
investigated hippocampal neurogenesis in humans. The majority of studies find evidence of
hippocampal neurogenesis in the human brain during childhood and adolescence [8, 26]. It
is more controversial whether human hippocampal neurogenesis continues at a lower level
in older adulthood [27, 28, 29]. Some studies have found evidence of human hippocampal
neurogenesis throughout adulthood [8, 26—28, 30] while others have not [29].
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Studies in rats and mice showed that decreases in hippocampal neurogenesis following
ionizing irradiation occur in a dose-dependent fashion, with increasing dosages associated
with greater impairment in both proliferating precursor cells and newly-formed neurons
[31, 32]. The deficit in neurogenesis is chiefly due to radiation-induced perturbations in

the neurogenic niche, rather than cell-intrinsic effects on the precursor cells [33]. Radiation-
induced microglial activation and consequent interleukin-6-mediated blockade of neuronal
differentiation was found to be at the core of this microenvironmental disruption [7, 33].

In preclinical models, the direct role of this radiation-induced microglial inflammatory state
as a central modulator of cranial irradiation-mediated memory deficits is supported by the
findings that anti-inflammatory drugs targeting microglia [7] or depletion of microglia by
CSF1R inhibitors [15] restore hippocampal neurogenesis and improve cognitive function
following irradiation.

Chemotherapy:

Microglial

Radiation:

Chemotherapeutics vary in mechanism of action and in blood-brain-barrier (BBB)
penetration. Most longitudinal studies have found that 10-70% of patients exhibit
cognitive impairment associated with chemotherapy exposure [34-37]. This wide range of
incidence reflects the heterogeneity in chemotherapeutic regimens and patient populations.
Rodent models of chemotherapy-related cognitive impairment using cytotoxic agents like
cyclophosphamide [38, 39], thioTEPA [40, 41], fluorouracil (5-FU; [42, 43]), doxorubicin
[44], methotrexate (MTX; [45-47]) or combinations of these agents [48, 49] and others
have consistently found acute and chronic depletion of hippocampal precursor cell
proliferation, immature neurons or mature neurons following chemotherapy exposure. In
rodents, methotrexate activates microglia [18, 19, 50] which can persist for 6 months
post-exposure [18] or longer; however the mechanisms of this sustained microglial
activation remain incompletely understood. While most studies support a role for microglia-
induced influences on neural stem/precursor cell populations and subsequent neurogenesis
following chemotherapy exposure, one study found that decreased neurogenesis following
chemotherapy in mice is not associated with changes in overall numbers of microglia,
although activation state was not assessed in this study [51]. Also, it is not yet known how
various targeted therapies, such as tyrosine kinase inhibitors - which have similarly been
shown to impair memory function in mice influence microglial reactivity [52]. Microglia
exhibit a wide range of cellular states [53], and the various reactive states of microglia in
the context of exposure to each cancer therapeutic may differentially influence precursor cell
proliferation and neurogenesis. Studies dedicated to understanding the microglial response
to each agent will be vital to determining the role of neuroinflammation in cancer therapy-
related cognitive impairment associated with each cancer therapeutic or combination of
cancer therapeutics.

influence on synaptic structure and function after cancer therapy

Microglia are increased in both number and activation state following therapeutic doses of
cranial radiation in rodent models [7, 33] and in humans [8]. Microglia are well-established
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modulators of synaptic structure through pruning of both axonal terminals and dendritic
spines, as well as secretion of immune-related factors that can alter neural transmission

[54]. Microglia-associated cytokines, a robust and diverse group of small signaling

proteins such as colony stimulating factors, tumor necrosis factors, and interleukins, are
especially important in the development and plasticity associated with synapses. The
diversity of their roles in the synaptic connectivity of circuits include synaptogenesis,
synapse maturation, synaptic strength, pruning, and plasticity, with alterations in both
presynaptic and postsynaptic processes occurring (for review see [55]). Their crucial

role in mediating synaptic form has implications in both physiological and pathological
states, placing microglia as central players in synaptic function and dysfunction. This is
particularly true following cranial radiation therapy. Dose-dependent thinning of the cerebral
cortex has been demonstrated in neuroimaging studies following cranial radiation in cancer
patients [56]. This cortical thinning may reflect comprise of synaptic structures following
cranial irradiation, as rodent models of cranial irradiation demonstrate decreases in the
number of hippocampal dendritic branches, dendritic length and area, spine density, number
of overall spines and filopodia spines, and expression of synaptic proteins [57]. These
changes in synaptic structures are found concomitant with alterations to expression of genes
associated with neuronal activity and plasticity, including Arc, cFos, and CREB within

the hippocampus and cortex [58]. Insights about the possible effects of irradiation, and
microglial roles in this context, can be gleaned also from rodent studies aimed to assess

the effects of astronauts’ exposure to radiation in space. Specifically, studies of cranial
radiation commensurate with the levels to which astronauts may be exposed in space showed
synapse loss and persistent cognitive and behavioral deficits, including changes in anxiety-
like behaviors, sociability, social memory, and attention [59, 60]. Depletion of microglia

via CSF1R inhibition prevents radiation-induced cognitive deficits in rodent models [15-
17]. When microglia repopulate following cessation of microglia-depleting CSFR1 inhibitor
therapy, microglia in male mice exhibit reduced expression of scavenger receptors, lysosome
membrane protein and complement receptors, resulting in lower phagocytic activity, while
microglia in female mice do not [59, 60], highlighting a potential mechanism underlying the
sex difference often identified in cognitive impairment following radiation therapy [61, 62].

Chemotherapy:

Numerous chemotherapeutic agents alter cortical thickness, synaptic structure and signaling
similar to radiation exposure. In breast cancer survivors treated with chemotherapy,
longitudinal neuroimaging studies demonstrate decreased cortical thickness for up to one-
year post-treatment that correlates with impaired learning and memory [63]. Loss of
hippocampal dendritic spines and synapses is dose-dependent, with higher doses of cisplatin
resulting in more rapid loss and simplification of dendritic branching [64]. Mice exposed

to adriamycin and cyclophosphamide also exhibit reductions in total dendritic length,
ramifications, and branch complexity [51]. These chemotherapy-induced changes in spine
complexity results in deficits in cognition [65] and are associated with a neuroinflammatory
response as anti-inflammatory compounds such as ginsenoside (Rg1) reverse the loss

of dendritic spines and deficits in neuronal activity in the prefrontal cortex (PFC) and
hippocampal circuitry [66]. Changes in circuit signaling are further supported by findings
that chemotherapeutic agents like 5-FU [67] and carboplatin [68] alter dopamine levels
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and reuptake. Glutamatergic signaling is impaired in mice following doxorubicin exposure
via both reuptake in the frontal cortex and clearance in the hippocampus [69]. Cognitive
deficits in mice following exposure to cyclophosphamide are associated with microglial
activation together with decreased dendritic length, volume, and complexity [70]. While
these associations of chemotherapy with structural changes are intriguing, the role of
microglial activation in upregulated synaptic and dendritic pruning following chemotherapy
remains to be directly tested and represents an area for future investigation. Moreover,
microglial reactivity induces neurotoxic astrocyte reactivity [71]; as astrocytes promote
synaptogenesis [72, 73] (for review see [74]), and regulate synaptic function (for review see
[75]), it remains to be clarified how cancer therapy-induced microglial reactivity alters the
astrocytic influence on synaptogenesis and synaptic function.

influence on myelin plasticity after cancer therapy

Myelin plasticity has been receiving growing appreciation as a mechanism by which
neuronal activity can modulate circuit function through adaptive changes in myelin
structure. Neuronal activity can induce oligodendrocyte proliferation, oligodendrogenesis
and myelination [9]. This does not appear to occur in all CNS circuits [9], but has been

well demonstrated in neocortex, cortico-callosal projections and hippocampal projections
to frontal cortex [9, 10, 19, 76, 77]. Neuronal brain-derived neurotrophic factor (BDNF)
signaling to the TrkB receptor on oligodendrocyte precursor cells (OPCs) is a required
mechanistic component in plasticity of cortical projection neuron myelination [19]. BDNF
signaling is a well-documented mediator of neurogenesis and synaptic plasticity [78], and
its recently identified role in myelin plasticity emphasizes the unique role BDNF plays in
modulating numerous forms of neural plasticity. While BDNF-TrkB signaling is required,
it is likely only one component of a more complex mechanism that may include neuregulin
[79] and endothelin signaling [80]. Activity-regulated oligodendrogenesis and myelin
changes include both de novo formation of new internodes on previously unmyelinated
axons or axon segments [10, 76, 77, 81] and remodeling of existing myelin [80]. Such
activity-regulated myelin changes can modulate conduction velocity and consequently
circuit dynamics to promote coordinated circuit activity [10]. Concordantly, adaptive
changes in myelin contribute to a range of neurological functions, including motor function
[9], motor learning [82, 83], attention and short-term memory [19], hippocampal-dependent
learning and memory consolidation [10, 84]. Recent work outlined below demonstrates that
in a rodent model, myelin plasticity is lost following exposure to methotrexate chemotherapy
and this loss contributes to cognitive impairment in the model [19].

Chemotherapy:

Myelin changes have been identified in the brains of cancer survivors and in animal
models following chemotherapy treatment. Both human and animal studies reveal changes
in conduction parameters such as latency that are associated with disrupted or dysregulated
myelination following chemotherapy exposure. Mice exposed to MTX and 5-FU exhibit a
reduction in the ability to gate incoming auditory signals as assessed using whole brain
event-related potentials [85]. A study in mice described effects on the latency of impulse
conduction in the auditory system that can last up to 6 months post-exposure to 5-FU.
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This latency deficit, which is functionally related to atypical white matter, is associated

with a decrease in progenitor cells and oligodendrocytes, altered transcriptional regulation
of oligodendrogenesis, and dysmyelination [86]. In human breast cancer survivors treated
with varying chemotherapeutic regimens, patients with chemotherapy had lower auditory
P3 amplitude and latency than controls when assessed using an auditory oddball task [87].
This finding suggests changes in neural signaling that could be mediated by axonal injury or
alterations in myelin structure. These findings are concordant with previous work indicating
that glial progenitor cells are exquisitely sensitive to chemotherapeutic agents [88, 89].
Chemotherapy agents cause loss of OPCs and earlier precursors [89], but these cellular
populations are expected rapidly replenish [90] after the last exposure to chemotherapy if
the factors regulating oligodendroglial lineage dynamics are intact. However, a persistent
depletion of oligodendroglial lineage precursors was demonstrated in both humans and

in mouse models following chemotherapy [18]. This persistent OPC depletion represents
disruption of the gliogenic microenvironment for which microglial activation is central

[18]. It is important to note that while microglia inhibit myelination after methotrexate
chemotherapy, microglial influence on myelination varies depending on microglial cell state,
with pre-regenerative microglia promoting myelination after injury in other disease contexts
[91].

A mouse model of high-dose MTX exposure demonstrated persistent microglial activation
for at least 6 months following chemotherapy exposure, with consequent astrocyte
reactivity, oligodendroglial lineage dysregulation, dysmyelination, and motor and cognitive
dysfunction. Depletion of microglia with a CSF1R inhibitor (PLX5622) following MTX
exposure normalized astrocyte reactivity, oligodendroglial lineage populations, myelination,
and cognitive function. This study emphasizes that microglial dysregulation is a central
mediator of chemotherapy-induced white matter toxicity, at least for this animal model

[18]. The same model of high-dose MTX exhibits impaired neuronal activity-mediated
myelin plasticity and depletion of neuronal BDNF attributable to microglial reactivity [19].
Pharmacological replacement of BDNF-TrkB signaling using a specific partial agonist of
TrkB rescues cognition in this mouse model even without microglial depletion. Importantly,
cognitive rescue depended on intact OPC expression of TrkB [19]. This indicates that, while
BDNF exerts numerous effects on mechanisms of neural plasticity, the key effect is on
oligodendroglial cells in this context.

It remains to be determined how reactive microglia alter neuronal BDNF expression.
BDNF-TrkB signaling also may be altered in the hippocampus and frontal cortex following
exposure to multiple chemotherapeutic agents [19, 92, 93]. In humans, BDNF Val66Met
polymorphisms predict clinical outcomes in chemotherapy-induced cognitive dysfunction
[94]. Collectively, these data suggest that BDNF-mediated myelin plasticity is dysregulated
following chemotherapy exposure and places it as a possible target of therapeutic strategies
to abrogate chemotherapy-related cognitive impairment. Mitigating the persistent deficits
in precursor cells following chemotherapy exposure is another a crucial therapeutic goal
required to abrogate chemotherapy-induced cognitive impairment. Additional potential
therapeutic avenues include metformin and nasal administration of mesenchymal stem cells,
each of which have been shown to moderate cisplatin-induced changes in white matter
structure and cognitive deficits [95, 96].
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White matter deficits following cranial irradiation are dose-dependent, similar to

radiation effects on neurogenesis, [97]. Using diffusion tensor imaging (DTI),
magnetoencephalography (MEG), and computational modeling, pediatric patients with
cranial radiation were found to exhibit white matter microstructural differences and
subsequent decreased phase synchrony during visual attention tasks, as well as slower
reaction times when compared to healthy controls [98]. These findings suggest that changes
in white matter function led to changes in neural synchrony and signal propagation
following cranial irradiation. Whole brain or focal radiation administered to infant mice
results in decreased brain volume in young adulthood, with off-target white matter regions
like the corpus callosum most impacted following focal irradiation [5]. Cranial radiation-
induced changes in white matter are further supported by findings from non-human primate
models, in which the most robust changes in gene expression 1 year following whole brain
irradiation were found in white matter and were associated with numerous changes in
transcription of neuroinflammatory genes [99].

Since the phenotype of activated microglia shares some similarities with brain-infiltrating
activated macrophages, it is possible that the inflammatory cells within the brain
parenchyma following cancer treatment originate from peripheral cells penetrating the
BBB and are not resident immune cells of the CNS. Bone-marrow derived cells are
recruited from the periphery to the site of cranial irradiation in a dose-dependent fashion
and then differentiate predominately into MAC3* and CD11b*™ macrophages similar to
microglia [100]. A specific monocyte population has been identified as the precursor of
adult-generated microglia in the peripheral blood of mice. These monocytes are recruited to
the brain and differentiate into microglia-like cells only if the brain is primed by irradiation
[101]. Interestingly, in mice, repopulation of bone marrow-derived cells into the brain
parenchyma was only observed following myeloablation caused by total body irradiation,
not chemotherapy [102]. Cranial irradiation can result in acute decreased brain-residing
microglia with increased penetration of peripheral macrophages. Cranial irradiation was
also associated with increased secretion of chemoattractants associated with migration and
recruitment of monocytes [103]. Recently, these bone marrow-derived macrophages and
monocytes have been directly shown to aid in the recovery of myelin and cognition after
cranial radiation [104]. Coalescing the above, the brain inflammatory response associated
with cancer therapy can occur through direct activation of resident immune cells or through
the invasion of the brain by peripheral bone-marrow derived cells that then differentiate into
macrophages or microglia, implicating a complex interaction between central and peripheral
responses to cancer therapy.

Immuno-oncology and implications for cancer therapy-related cognitive

impairment

Immunotherapies are revolutionizing cancer care. Two major classes of immunotherapy
include checkpoint inhibitors and chimeric antigen receptor (CAR) T-cell. Given the
central role of microglial activation in the pathophysiology of circuit dysfunction and
cognitive impairment following cancer therapy, immuno-oncology strategies have the
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potential to exacerbate or induce cognitive impairment. While immunotherapy is a relatively
young field, early indications of cognitive toxicities demand further investigation and the
development of strategies to ameliorate putative cognitive sequelae.

Checkpoint inhibitors:

Checkpoint inhibitors have transformed the outcomes for certain cancers such as
metastatic melanoma. The goal of checkpoint inhibitors is to produce a proinflammatory
microenvironment to enable immune cell clearance of cancer cells [105, 106]. Two of the
most clinically successful checkpoint inhibitors target CTLAA4, a receptor expressed on the
surface of helper and regulatory T cells, and PD-1, a receptor expressed on T cells and
pro-B cells [107]. Less than 4% of patients treated with anti-CTLA4 immunotherapy, ~6%
of patient treated with anti-PD-1, and 12% treated with a combination of the inhibitors
exhibit acute adverse neurological events. The majority of the neurological adverse effects
that occur during treatment include headaches, encephalopathies and meningitis which

can typically be circumvented with steroids or drug interruption strategies [108]. The
impact of checkpoint inhibitors on longer-term cognitive function is just beginning to be
evaluated [109]. In non-CNS tumor-bearing mice, treatment with radiation therapy and
anti-CTLA4 immunotherapy resulted in increased anxiety and decreased performance in
the novel object recognition task, in conjunction with changes in microglial activation and
proinflammatory cytokine levels [110]. The long-term effects of checkpoint inhibitors alone
and in combination with other cancer therapies remain to be elucidated in cancer survivors.

CART cell therapy:

Chimeric antigen receptor (CAR) T-cell therapy has provided a major therapeutic advance
for relapsed/refractory lymphoid malignancies and holds promise for solid malignancies.
CAR T-cell immunotherapy is often associated with acute neurotoxicity, such as confusion,
aphasia, and seizures [111]. One study in patients investigating neurocognitive abilities
immediately (1 month) following CD22 CAR T-cell therapy reported stable cognitive
functioning in terms of cognitive flexibility, attention/inhibitory control, working memory
and speed of information processing [112]. However, the long-term effects of CAR T cell
therapy on neurological function are largely unknown. In patients with relapsed/refractory
chronic lymphocytic leukemia, non-Hodgkin lymphoma, and acute lymphoblastic leukemia,
over 47% of patients reported at least one cognitive difficulty, depression or anxiety 1-5
years following CAR T-cell treatment, with younger ages of treatment and pre-treatment
anxiety levels associated with worse long-term prognosis in terms of mental health [113].
Further studies are required to define the long-term neurocognitive effects of CAR T cell
immunotherapy and any putative relationship to the initial systemic inflammatory response
and severity of cytokine release syndrome (CRS) or immune effector cell-associated
neurotoxicity syndrome (ICANS).

Concluding Remarks

By the close of this decade, over 20 million cancer survivors will be living in the United
States [1], with the majority experiencing neurological dysfunction that ranges from mild
to life-altering. Advances in cancer therapy have contributed to this remarkable increase
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in cancer survivors. However, these successes in cancer survival mean that more people

will be living with the long-term cognitive dysfunction that afflicts many survivors. Recent
evidence that broad neuroregenerative strategies such as aerobic exercise training [114] can
promote structural and functional brain recovery after combined chemoradiation exposure in
childhood offers an exciting proof-of-principle demonstration that cancer therapy-associated
cognitive impairment can be mitigated. Future molecular imaging studies providing details
about the microglial activation state in human patients following specific cancer therapies,
the kinetics of microglial reactivity and evolution of the states of various microglial subtypes
over time after therapy will contribute to the development of therapeutic strategies to
improve cognitive outcomes for cancer patients. Thoroughly understanding the biological
underpinnings causing this persistent neurological dysfunction (see Outstanding Questions)
is imperative to preventing or remediating neurotoxicity and improving the quality of life for
millions of cancer survivors.
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Blood-Brain-Barrier
semi-permeable barrier surrounding the CNS that is formed by endothelial cells and tightly
moderates the movements of biological agents between the blood and CNS

Checkpoint inhibitor therapy
immunotherapy strategy in oncology which targets immune checkpoints, resulting in
enhancement of the immune system attack on cancer cells

Chimeric Antigen Receptor T-cell Therapy
immunotherapy strategy in oncology in which a patient’s T cells are genetically engineered
to target a specific protein on cancer cells

Complement System
pro-inflammatory component of the immune system that increases the efficacy of antibodies
and phagocytic cells to clear debris, damaged, or excess cells or cellular processes

Cytokines
small signaling proteins that are secreted by immune cells

Immune effector cell-associated neurotoxicity syndrome (ICANS)
neurotoxic syndrome associated with immunotherapy that is characterized by global
encephalopathy, seizures, aphasia, tremors, and hallucinations

Microglia

resident immune cells of the central nervous system (CNS), a specialized macrophage type
with key roles in central nervous system development and plasticity
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yelin

lipid-rich structure produced by oligodendrocytes that ensheaths axons, reduces transverse
capacitance, and allows for saltatory neural transmission

M

yelin Plasticity

the dynamic nature of myelin through which neuronal activity can modulate adaptive
changes in myelin structure and function

Neurogenesis

pr

oduction of new neurons from neural stem cells

Synapse
junction between neurons that consists of a presynaptic axonal bouton and a postsynaptic
compartment, and in which neurotransmitters are passed
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Outstanding questions box

Avre the reactive states of microglia following cancer therapy identical across
therapies, or are there important differences induced by different therapies?

Avre there sex differences in human microglia in physiological and
pathological states and if so, how do sex differences in microglia affect their
response to cancer therapy?

How do activated microglia following chemotherapy exposure alter synaptic
and dendritic pruning?

Through what mechanism do reactive microglia alter neuronal BDNF
expression following chemotherapy exposure?

What are the long-term neurological effects of immunotherapeutic strategies,
such as checkpoint inhibitor therapy and chimeric antigen receptor T-cell
therapy, and do microglia play a role in the context of these therapies as well?
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. Cancer survivors frequently exhibit persistent disruptions in cognitive

. Studies from both human cancer survivors and pre-clinical rodent

. Both cranial irradiation and systemic chemotherapy treatment have been

. Activated microglia are associated with deficits in neural precursor cell

Highlights:

function, including deficits in memory, attention, speed of information
processing, and mental health.

models of chemotherapy and radiation exposure indicate dysregulation of
neural plasticity mechanisms underlying cancer therapy-related cognitive
impairment.

shown to induce a reactive state in microglia.

population maintenance and neurogenesis, in synaptic structure and function,
and myelin plasticity.
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Figure 1:

Cancer therapies such as radiation and chemotherapy dysregulate neural signaling, leading
to persistent cognitive dysfunction. Much of this process is modulated by cancer therapy-
induced activation of microglia (yellow to orange cells, bottom/right panel) and consequent
alterations in neural circuit architecture. Activated microglia may block neurogenesis

(light blue cells, top/right) through inhibition of precursor cell proliferation and their
differentiation into new neurons. Microglia are also vital to the establishment and
maintenance of synapses through pruning of dendrites (dark blue) and axonal terminals
(central panel). Changes in microglial activation state can lead to aberrant pruning which can
alter subsequent synaptic transmission. Cancer therapy-induced microglial reactivity also
disrupts myelin dynamics (left panel) through the blockade of neuronal activity-mediated
myelin plasticity, potentially resulting in changes to neural impulse conduction time.
Cumulatively, these alterations in neural circuit structure can lead to profound changes
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in function, laying the foundation for the persistent neurological dysregulation suffered by
millions of cancer survivors.
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