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Abstract As mitigation of brain aging continues to be a
key public health priority, a wholistic and comprehensive
consideration of the aging body has identified
immunosenescence as a potential contributor to age-
related brain injury and disease. Importantly, the nervous
and immune systems engage in bidirectional communica-
tion and can exert profound influence on each other.
Emerging evidence supports numerous impacts of innate,
inflammatory immune responses and adaptive T cell–
mediated immunity in neurological function and diseased
or injured brain states, such as stroke. Indeed, a growing

body of evidence supports key impacts of brain-resident
immune cell activation and peripheral immune infiltration
in both the post-stroke acute injury phase and the long-
term recovery period. As such, modulation of the immune
system is an attractive strategy for novel therapeutic inter-
ventions for a devastating age-related brain injury for
which there are few readily available neuroprotective
treatments or neurorestorative approaches. However, the
role of B cells in the context of brain function, and specif-
ically in response to stroke, has not been thoroughly
elucidated and remains controversial, leaving our under-
standing of neuroimmune interactions incomplete. Impor-
tantly, emerging evidence suggests that B cells are not
pathogenic contributors to stroke injury, and in fact may
facilitate functional recovery, supporting their potential
value as novel therapeutic targets. By summarizing the
current knowledge of the role of B cells in stroke pathol-
ogy and recovery and interpreting their role in the context
of their interactions with other immune cells as well as the
immunosenescence cascades that alter their function in
aged populations, this review supports an increased under-
standing of the complex interplay between the nervous
and immune systems in the context of brain aging, injury,
and disease.
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Introduction

The world’s population is aging (Vaupel 2010). Specif-
ically in the USA, by the year 2050, nearly 85 million
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people are projected to be over 65 years of age, consti-
tuting more than 20% of the nation’s total population
(Ortman et al. 2014). Notably, these projections are
markedly increased relative to the current number of
45 million older adults who comprise just 13.7% of
the population. Furthermore, these same projections
estimate that the number of individuals comprising the
oldest-old cohort (ages 85+) will more than triple, grow-
ing to include 18 million people in the coming decades.
Given that aging represents a multifactorial process that
affects the functionality of all bodily systems and is
associated with profound alterations in quality of life,
these dramatic shifts in population age distribution will
have important human health impacts both on an indi-
vidual and national level.

Of key clinical importance is brain aging, age-related
brain injury, and neurodegenerative disease. Indeed,
brain aging is associatedwith a host of functional chang-
es including genomic and epigenetic alterations, im-
paired proteostasis mechanisms, dysregulated mito-
chondrial function and energy metabolism, disruptions
to ionic homeostasis that impact cell signaling cascades,
inflammation, impaired neurogenesis, accumulation of
molecular and cellular damage, and cell death (Lopez-
Otin et al. 2013; Mattson and Arumugam 2018). Brain
aging and its associated consequences represent a key
component of a number of neurological injuries and
neurodegenerative diseases. For example, stroke, the
main risk factor for which is advanced age, is the fifth
leading cause of death and a major contributor to long-
term disability. The pathological sequelae associated
with stroke, or the post-occlusion reperfusion process,
is heterogeneous and complex but generally include
cellular metabolism dysfunction brought about by ener-
gy supply deficiencies, disruption to ion homeostasis,
accumulation of cell-damaging species, excitotoxicity,
cell death, the activation of the brain-resident microglia,
and recruitment of peripheral immune cells to the in-
farcted tissue to clear dead/damaged tissues (Xing et al.
2012). Yet at present, despite decades of intense inves-
tigation focused on probing the underlying neurobiolog-
ical causes with the hopes of revealing novel
neurorestorative treatments and preventative measures,
pharmacological or mechanical endovascular thrombo-
lytic interventions remain the only approved therapeutic
approach for the treatment of stroke (Bhogal et al. 2018;
Gurman et al. 2015). Furthermore, the clinical applica-
tions of the few known neuroprotective/neurorestorative
approaches, such as therapeutic hypothermia and

transcranial magnetic stimulation, are extremely limited
(Dionisio et al. 2018; Tahir and Pabaney 2016).

A more comprehensive understanding of the biolog-
ical contributors to brain aging, as well as additional
strategies for the effective treatment of stroke and other
age-related neurological diseases, is urgently needed.
Emerging data suggest key roles for the immune system,
the body’s defensive response against infection, injury,
and disease. Importantly, senescence cascades that oc-
cur in the immune system may potentially compound
changes associated with brain aging and age-related
neurological injury or disease (Deleidi et al. 2015). This
warrants further consideration. This review will discuss
the convergence of the aging nervous and immune
systems in the context of stroke with a focus on the role
of B cells, whose impacts on brain aging and stroke
remain understudied. Both the potentially damaging and
protective effects of B cells in the context of stroke that
have been reported to date and the impact that aging of
the B cell system may have on the risk for, occurrence
of, and recovery from, cerebral ischemia will be
addressed.

Brain-immune interactions impact neurological
function in normal and injured, aged, and diseased
states

Brief overview of immune system components

The immune system serves as the body’s response against
infection, injury, and disease. This complex network of
intercommunicating and interactive cells and secretory
factors housed in several organs coordinates to mount a
rapid and appropriate response to a threat to homeostasis
through complex signaling and cell activation/regulation
cascades. A thorough discussion of key players and cas-
cades is beyond the scope of the current review; the reader
is directed to several excellent texts that describe the
function of the innate immune cell, complement, and
adaptive immune responses during adulthood (Chaplin
2010; Nicholson 2016).

Briefly, the immune system is a complex network of
organs, cells, and secretory factors that mobilize in
response to bodily damage or antigen challenge that
would do the organism harm. It is composed of the
innate arm, which is an immediate, non-specific re-
sponse (i.e., inflammation) that activates the adaptive
arm, a delayed, antigen-specific response. First,
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following penetration or bypass of surface barriers such
as the skin or mucosal membranes, or the production of
damage-associated molecular patterns in response to
cellular injury, pathogen/injury recognition components
detect injury or pathogenic challenge. This subsequent-
ly, rapidly, and robustly activates non-specific innate
immune leukocytic cells such as the mononuclear
phagocytes (i.e., monocytes, macrophages, and dendrit-
ic cells), granulocytes (i.e., mast cells, basophils, eosin-
ophils, neutrophils), and innate lymphoid cells (e.g.,
natural killer cells) to attempt to quash the burgeoning
infection and/or injury. Innate immune cells secrete a
variety of factors, including cytokines and chemokines,
that relay threat information to the rest of the body,
recruit additional innate immune cells to the site, and
activate secondary immunological cascades. As a con-
sequence of their mobilization, inflammatory cascades
are initiated, producing redness, swelling, heat, and
enhanced nociceptive sensitivity. A subset of these cells
serves as professional antigen-presenting cells that trav-
el from the site of infection to secondary immune organs
to directly activate the adaptive immune response
through antigen presentation. Bridging innate and adap-
tive immune responses, the complement system poten-
tiates the recruitment signals initiated by innate immune
players, labels non-self-antigens to facilitate immune-
induced attack on these cells, and themselves act to
mitigate the spread of the infection by promoting mem-
brane dysfunction-induced cell death.

The adaptive immune system, which takes hours to
days to mobilize, comprises cell-mediated immunity,
facilitated by T cells, and humoral immunity, driven
by B cells. The key functions of adaptive immune
responses support an antigen-specific response (i.e.,
bacterial versus viral) by mobilizing cells that are
uniquely responsive to a given antigen, and the genera-
tion of immunological memory to the encountered anti-
gen. T cell–mediated responses are either cytotoxic, or
serve to facilitate and regulate the extent of immune
activation (helper). Upon stimulation of the T cell re-
ceptor by antigen fragments contained on major histo-
compatibility complex (MHC) molecules of antigen-
presenting cells, activated cytotoxic or killer T cells
are deployed to destroy host cells that are infected,
damaged, or dysfunctional through the release of cyto-
toxins that disrupt cell membrane integrity or induce
apoptosis. Helper T cells support the immune response
through their secretion of cytokines that impact the
function of a variety of immune cell types and via their

stimulation of B cells to produce antibodies that ulti-
mately supports further T cell activation.

Several excellent reviews and texts have discussed
the development, structure, and function of the B cell/
humoral immune system in great detail (Allman and
Pillai 2008; Hoffman et al. 2016; Mak et al. 2014;
Shen and Fillatreau 2015). In brief here, the humoral
immune system is designed to address antigen detected
in the extracellular fluids. Originating from hematopoi-
etic stem cells (HSCs), for the majority of B cells,
development in the bone marrow proceeds through sev-
eral key stages in which selection checkpoints are in
place to ensure proper functionality of the B cell recep-
tor (BCR); self-reactivity must be lacking for cell sur-
vival and migration to secondary immune organs as a
naïve B lymphocyte. Once activated, B cell functions
can be classified into several domains: (1) antibody
producers that once created and bound to antigen pro-
mote complement signaling as well as antigen neutrali-
zation, antigen opsonization (coating with antibodies),
and ultimately destruction by other immune cells, (2)
antigen presenters, (3) cytokine and trophic factor se-
cretors, (4) immune response regulators, and (5) antigen
memory cells that enable a more rapid and specific
threat response in future encounters with that specific
antigen. A key aspect of B cell function is their neces-
sary involvement in regulating the response of other
immune cells. Thus, the humoral immune system medi-
ated by the B cell represents a diverse, potent, comple-
mentary, and critical component to the overall immune
response.

B cell modulation of brain function, injury, and disease

Although once considered “immune privileged,” a
growing body of literature indicates that the central
nervous system (CNS) and the peripheral immune sys-
tems engage in bidirectional communication and pro-
foundly influence one another during homeostasis and
in pathological/diseased states (Pavlov et al. 2018) sug-
gesting that therapeutic targeting of the immune system
may be a viable, novel approach to treat brain-related
injuries and diseases. Indeed, chronic inflammation me-
diated by the innate immune response is implicated in a
variety of neurodegenerative diseases and new evidence
suggests that anti-inflammatory agents may represent a
promising therapeutic avenue for their treatment (Lucas
et al. 2006). Research interests in the potential for adap-
tive immune responses to impact neurological function
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are also increasing. The notion that T cells may be
present in healthy brain structures and fluids (i.e., me-
ninges and cerebrospinal fluid) and can also infiltrate
into CNS tissue in response to injury or autoimmune
disease has fostered major interest in the role of antigen-
specific adaptive immunity in normal and abnormal
brain function (Filiano et al. 2017; Fletcher et al. 2010;
Herkenham and Kigar 2017; Meeker et al. 2012;
Rayasam et al. 2018). A growing body of evidence
suggests that B cells, too, may play important roles in
modulating the function of the brain.

B cells are detectable in very low quantities in me-
ninges, cerebrospinal fluid (CSF), and possibly brain
parenchyma under normal conditions, but are trafficked
in larger quantities to CNS tissues in response to injury
or disease (Anthony et al. 2003; Funaro et al. 2016;
Gredler 2012). Indeed, as an example, B cells are
emerging as a key mediator of disease progression in
multiple sclerosis (MS), a demyelinating autoimmune
disorder once considered a disease chiefly of dysfunc-
tional T cells (Fletcher et al. 2010; Funaro et al. 2016),
acting via multiple mechanisms to promote pathogene-
sis (Feng and Ontaneda 2017). The first is through the
production of proinflammatory mediators. MS patients
exhibit a lymphocyte repertoire characterized by high
quantities of lymphotoxin-, GM-CSF-, and TNF-α-
expressing proinflammatory B effector cells (Beff)
(Bar-Or et al. 2010; Li et al. 2015). This B cell subset
is significantly increased during the active phase of MS,
during which the patients exhibit overt clinical symp-
toms (Li et al. 2015). GM-CSF is known to promote
myeloid cell activation within the CNS. These myeloid
cells can potentiate MS pathology through the produc-
tion of mediators that promote demyelination, axonal
loss, and axonal degeneration (Monaghan and Wan
2020). B cells from MS patients have also been demon-
strated to produce both IL-6 and TNF-α, which main-
tain the proinflammatory milieu within CNS and poten-
tiate damage (Matsushita 2019). Second, B cells have
the capacity to act as antigen-presenting cells, which
promote the activation and expansion of encephalogenic
Th1 and Th17 cells (Häusser-Kinzel and Weber 2019).
Additionally, antibodies against myelin oligodendro-
cyte glycoprotein, proteolipid protein, and myelin basic
protein are observed in the lesions of MS patients
(Genain et al. 1999). This suggests that B cells may
directly contribute to demyelination via antibody-
dependent cell-mediated cytotoxicity (Feng and
Ontaneda 2017).

Yet, the anti-inflammatory action of certain B cell
populations may serve as a protective mechanism in
MS. Indeed, more severe experimental autoimmune
encephalitis develops in mice whose B cells are defec-
tive in IL-10 secretion or exhibit a loss of cells express-
ing TIM-1, a broad marker for IL-10+ B cells with
regulatory activity (Breg) (Cherukuri et al. 2019; Ding
et al. 2011; Fillatreau et al. 2002; Xiao et al. 2012).
Interestingly, B cell depletion with rituximab, effective
at treating MS, reduces T cell hyper-reactivity observed
in MS patients and leads to restoration of a balance
between Breg and Beff cells (Bar-Or et al. 2010; Li
et al. 2015). Thus, emerging findings support the impor-
tant and potentially distinct effector and regulatory roles
for B cells in brain function, behavior, and neurological
disease, indicating a need for further exploration of
potential roles of diverse B cell subsets in the context
of brain function, especially as the brain undergoes
senescence.

B cell immunosenescence

As does the nervous system, the immune system un-
dergoes senescence and these age-related changes in
functioning may have important impacts in the context
of stroke and the aging brain. Indeed, immune cell
populations across the lifespan can be dynamic; differ
based on biological factors, such as age or sex; and also
change in response to a variety of stimuli, such as stress,
physiological state, or pregnancy (Graham et al. 2006;
Simon et al. 2015). As an individual ages, the immune
system skews towards a chronic, low-level proinflam-
matory state associated with persistent activation of the
innate immune system that has been popularly dubbed
“inflammaging” (Franceschi and Campisi 2014). Clini-
cally, responsivity to infection during aging is markedly
altered and aged individuals have poorer responses to
immunization than younger controls (Bulati et al. 2017)
due in large part to peripheral aging lymphocyte popu-
lations that undergo substantial alterations in both quan-
tity and functionality. Furthermore, aged microglia, the
resident immune cells of the central nervous system
(CNS), exhibit a more reactive proinflammatory re-
sponse profile and diminished phenotypic flexibility in
response to changing neurobiological needs. Important-
ly, changes in the immune response during aging can
have profound negative consequences for brain func-
tion. For instance, acute infection has been shown to
induce confusion and delirium in elderly patients (van
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Gool et al. 2010). Acute infection also increases the risk
for incipient stroke (Grau et al. 1995) and active infec-
tion at the time of stroke significantly impairs blood-
brain barrier (BBB) integrity, functional outcome, and
infarct volume (Doll et al. 2015a; Doll et al. 2015b).
Finally, in the long term, a higher infection burden is
associated with accelerated cognitive decline and neu-
rodegeneration (Katan et al. 2013; Strandberg et al.
2005; Sy et al. 2011). Thus, a thorough understanding
of how the immune system undergoes senescence is of
key clinical importance not only for the management of
immune challenges in the elderly but also given that this
process may have important implications in the aged
CNS.

The number and function of B cells undergoes pro-
found alterations during aging. For example, reports
evaluating lymphocyte levels among populations of dis-
tinct age groups have noted alterations in counts of B
cell subtypes and a less diverse B cell repertoire with
advancing age, possibly due to a marked reduction in B
cell lymphopoiesis among aged individuals. The pro-
cesses affecting B cell senescence have been meticu-
lously described in two excellent reviews (Bulati et al.
2017; Riley 2013). To summarize here (Fig. 1), bone
structure and mineral density declines have been report-
ed during aging beginning in mid-life (Berger et al.
2008). While counts of HSCs remain consistent, the
ability of these cells to promote the development of
lymphoid lineage cell populations is altered (Bulati
et al. 2017; Riley 2013). It is hypothesized that the
age-related skewing of the bone marrow microenviron-
ment towards an inflammatory state that depletes the
lymphoid HSC pool and inhibits lymphopoiesis (i.e.,
RANTES, tumor necrosis factor (TNF)-α) coupled with
a loss of signaling (namely bioactive IL-7) that stimu-
lates B cell precursor development and promotes a
diminished proliferative response to these signals under-
lies this change, at least in part. An additional conse-
quence of aging bone marrow downstream of HSC
dysregulation is a decline in numbers of common lym-
phoid progenitor (CLP) cells, the majority of which
eventually develop into B cells. This decline in CLPs
is associated with declines in expression of key tran-
scription factors (i.e., EA47/EA2, EBF1, Pax5, and
Bob1) related to critical phases of B cell precursor
development (i.e., BCR formation, isotype class switch
recombination, and somatic hypermutation). Further-
more, aging is associated with reduced expression of
pro-survival factors and developing B cells are more

susceptible to pro-apoptotic signals. This explains the
well-documented reduction of pro- and pre-B cells
among aged individuals and has important conse-
quences for both the diversity of the antibody repertoire
and for the functional phenotypes of the immature B cell
population. Indeed, the few immature B cells produced
tend to have compromised BCR function that shifts the
B cell repertoire towards more antigen-experienced,
age-associated B cell (ABC) phenotypes. Functionally,
these cells are largely anergic (lacking a response to an
antigen), proinflammatory, or even self-reactive, which
may have important consequences for immunity in old
age. Interestingly, ABCs secrete TNF-α and respond
strongly to Toll-like receptor stimulation, representing
a potential protective mechanism against bacterial and
viral infection in the aged organism given the age-
associated reduction in functional capacity of T cell–
mediated immunity. However, reports have also noted a
diminished effectiveness of vaccination, and an in-
creased risk for infection among older cohorts. Whether
the complex pattern of change in the B cell system
represents an adaptive response to aging or a patholog-
ical side effect of immunosenesence is not yet known.
What is clear is that, coupled with significant changes in
innate and adaptive immune responses, the biological
impacts of altered B cell functional repertoires that occur
during immune aging cannot be ignored.

The clinical burden of stroke in the aging brain

Stroke, defined as an interruption of cerebral blood flow
induced by either vessel blockage or hemorrhage that
deprives brain tissue of necessary oxygen and energy, is
the second-leading cause of death worldwide, account-
ing for nearly 12% of all deaths globally (Mozaffarian
et al. 2016). This number represents a significant health
disparity considering that the global burden of stroke is
shouldered disproportionately by lower income coun-
tries; regional health disparities that are also clearly
evident within the US “stroke belt,” a comparatively
impoverished region marked by the presence of stroke
comorbidities and limited health care access, mirror this
global trend (Global Burden of Cardiovascular Diseases
Collaboration et al. 2018). While stroke survival has
encouragingly improved in the past few decades
(Lackland et al. 2014), researchers, clinicians, and pa-
tients now face the daunting challenge of addressing a
complex constel lat ion of post-stroke health
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consequences. Indeed, stroke remains a leading cause of
long-term disability with costs of post-stroke care esti-
mated to be $140,048/patient (Rosamond et al. 2007).
Research innovations to reduce the burden of this dev-
astating brain injury are urgently needed.

To study stroke preclinically, a variety of stroke
induction models are employed and have been exten-
sively reviewed elsewhere (Fluri et al. 2015). In brief, to
approximate ischemic stroke, middle cerebral artery
occlusion (MCAO) is the most common experimental
stroke model employed in rodents in which an
intraluminal filament occludes the middle cerebral ar-
tery, thereby resulting in the loss of ~ 50–75% blood
flow to the cortex or striatum (Longa et al. 1989; Macrae
2011). In the permanent (pMCAO) approach, the fila-
ment remains lodged in the artery for the duration of

experimental timeframe until tissue collection. Con-
versely, in a transient (tMCAO) model, blood flow to
the brain is blocked by the filament for a specific period
of time, generally 30 to 120 min, and is then removed
thereby permitting re-entry of blood into the artery and
consequently reperfusion injury. Problematically, these
approaches are limited with regard to mortality rates,
lesion size, or area, and that the incisions required for
occlusion of the MCA may initiate inflammatory cas-
cades that are not representative of the injury that occurs
in human populations. Alternative focal stroke models
are available. Chemical occlusion approaches, such as
the injection of the vasoconstrictive peptide, endothelin-
1 (ET-1) to restrict blood flow to 30–50% of normal
(Biernaskie et al. 2001), or the photothrombotic ap-
proach in which light focused on a section of skull

Fig. 1 Immunosenescence cascade of B cells. With aging, bone
mineral density declines and the bone marrow microenvironment
becomes more proinflammatory. Hematopoietic stem cells (HSCs)
found in aged bonemarrow promotemyeloid rather than lymphoid
lineage cell population development, thereby depleting the lym-
phoid HSC pool and inhibiting lymphopoiesis due to a decline in
numbers of common lymphoid progenitor cells (CLPs). Poor cell
developmental signaling (namely bioactive IL-7), reduced expres-
sion key transcription factors (EA47/EA2, EBF1, Pax5, and
Bob1), and diminished proliferative response to these signals
among B cell precursor cells fails to stimulate critical phases of
development (i.e., B cell receptor (BCR) formation, isotype class

switch recombination (CSR), and somatic hypermutation (SHM))
and results in reduced numbers of pro- and pre-B cells. This
coupled with a reduced expression of pro-survival factors, a great-
er susceptibility to pro-apoptotic signals, and the emergence of
anergic, self-reactive, age-associated B cells (ABCs) with an
antigen-experienced proinflammatory phenotype shifts the diver-
sity of the antibody repertoire and for the functional phenotypes of
the immature B cell population. The altered B cell compartment in
aging has important consequences both in the context of immunity
in the aging body and response to neurological insults, such as
stroke, in the aging brain
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activates the photoreactive Rose Bengal (Watson et al.
1985), obviate some of these concerns. In contrast to
these focal stroke models, global 2, 3, or 4 vessel occlu-
sion models restrict blood flow, oxygenation, and nutri-
ent supply to large sections of the brain (Cechetti et al.
2010; Traystman 2003). Finally, balloon insertion/infla-
tion, collagenase injection, autologous blood injection,
and endovascular puncture approaches can be effective
approaches to experimentally recapitulate the patholog-
ical cascades initiated by intracerebral and subarachnoid
hemorrhages (MacLellan et al. 2010; Titova et al. 2009).

Importantly, aging is a principal non-modifiable risk
factor for the occurrence of stroke (Boehme et al. 2017)
such that the risk for stroke after 55 years of age doubles
with each decade of life; the average age of a first-time
stroke occurs is typically ~ 70 years of life. These trends
are problematic for the USA considering that, as the
Baby Boomer generation continues to age and predicted
lifespan durations rise, the size of the elderly population
at risk for experiencing a stroke will only increase,
thereby perpetuating challenges faced by an already
taxed health care system as well as exacerbating a
substantial economic burden for both the public and
private sectors. Yet, the majority of preclinical studies
assessing mechanisms of injury and viability of novel
therapeutic agents targeting these mechanisms are con-
ducted in young adult animals, whose brains may not
successfully recapitulate the response profile of an aged
brain following stroke (Buga et al. 2013; Popa-Wagner
et al. 2018; Sohrabji et al. 2013). This may be especially
true with respect to the immune response to ischemic
injury. For example, a variety of immune responses in
the brain, including glial reactivity, lymphocyte recruit-
ment, apoptosis, and infarct development, are accelerat-
ed following stroke in an aged versus young organism
(Badan et al. 2003; Popa-Wagner et al. 2007). Further-
more, work from the McCullough group indicated that
brain permeation of peripheral immune cells, reactive
oxygen species production from microglia, and risk for
hemorrhagic transformation were all increased in aged
animals exposed to tMCAO (Ritzel et al. 2018). This
leads to higher mortality rates in spite of significantly
smaller infarct sizes relative to young adult mice sub-
jected to an identical experimental stroke. Importantly,
bone marrow transfer from young hosts attenuated these
changes and improved stroke-induced functional defi-
cits, indicating that immunomodulation is a viable ap-
proach to addressing age-related post-stroke outcome
disparities. Taken together, the converging evidence

suggests that stroke in an aged organism represents a
distinct injury in a distinct biological system compared
with that of a young adult; additional consideration for
how aging impacts other biological systems known to
influence the function of the brain, such as the immune
system, is clearly warranted if we are to gain a compre-
hensive understanding of the risk factors for, pathology
of, and recovery from, stroke.

Neuroimmune responses during acute injury
and chronic recovery and their impacts
on the pathophysiology of stroke

Stroke represents a complex disease pathology that is
profoundly influenced by a variety of factors including
the ischemic versus hemorrhagic nature of the stroke,
the localization of the infarct, and whether reperfusion
was achieved and how quickly it took place following
the insult (Bramlett and Dietrich 2004). In brief, in
ischemic stroke cases, at the cellular level, severe reduc-
tions in cerebral blood flow at the ischemic site deprive
neurons of crucially needed oxygen and glucose,
resulting in the depletion of ATP reserves and causing
an energy crisis in local brain tissues. Ionic disruption,
metabolic stress, and cell death in the ischemic core are
evident within hours of initial insult. Surrounding the
necrotic core is the ischemic penumbra, in which tissues
experience secondary impacts of stroke-induced patho-
logical cascades affecting the core; this region repre-
sents an area at which post-stroke neuroprotective inter-
ventions can be directed.

In addition to promoting perturbations in the vascu-
lature and neuronal death, ischemia initiates an inflam-
matory cascade that is now thought to promote, but also
protect against, stroke-associated sequelae (Jayaraj et al.
2019); these observations have initiated a number of
investigations probing the stroke-induced immune re-
sponses (Rayasam et al. 2018). Following the ischemic
event, necrotic cells and the subsequent generation of
cell debris can activate CNS astrocytes and microglia by
acting as damage-associated molecular patterns (Kim
et al. 2016). Additionally, ischemia and blood reperfu-
sion result in the production of reactive oxygen species
(ROS), which can increase cell death and subsequent
inflammation (Jayaraj et al. 2019). For example, the
concentration of nitric oxide is increased following is-
chemic stroke. Nitric oxide induces cytotoxicity and
increases the expression of adhesion molecules
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(Shirley et al. 2014). The activation of glial cells and the
production of additional proinflammatory mediators
promote the trafficking of peripheral leukocytes into
the CNS. During the acute phase, the activation of glial
cells and the recruitment of peripheral leukocytes into
the CNS exacerbate stroke pathology and worsen stroke
outcome (Kamel and Iadecola 2012). However, during
the chronic phase, the CNS-resident and CNS-infiltrated
immune cells promote tissue repair and improve stroke
outcome (Kamel and Iadecola 2012). Understanding the
changes that these cells undergo throughout the disease
course could provide insight into therapies that curtail
the pathogenic functions of these cells during the acute
phase of stroke but preserve and even enhance the
protective functions of these cells during the chronic
phase of stroke. These changes can also provide insight
into the mechanisms that potentiate systemic immuno-
suppression following stroke, which has significant and
potentially detrimental consequences for post-stroke pa-
tients (detailed below).

Glial cells

Microglia are yolk sac–derived CNS-resident phago-
cytes that make up approximately 16.6% of cells in the
human brain and 12% of cells in the mouse brain
(Bachiller et al. 2018; Ginhoux et al. 2010). Microglia
predominantly maintain homeostasis in the CNS by
acting as sentinels that clear debris from apoptotic cells
and preserve the functions of neurons via the repair and
pruning of synapses (El Khoury et al. 1998; Hickman
et al. 2018). During an ischemic insult, microglia be-
come activated and undergo a series of morphological
and functional alternations (Jayaraj et al. 2019). Studies
have demonstrated that, upon activation, microglia tran-
sition from a resting state, in which they have a highly
branched morphology, to an ameboid morphology,
which facilitates migration to the site of focal ischemia
(Young andMorrison 2018). Activated microglia can be
detected in the infarct as early as two hours following
ischemia (Kawabori and Yenari 2015). During the acute
phase of stroke, murine models have demonstrated that
microglia potentiate stroke-associated damage and have
a proinflammatory phenotype (Geissmann et al. 2010).
Microglia can directly mediate neurotoxicity in the is-
chemic core through the production of ROS and tumor
necrosis factor (TNF)-α (Ritzel et al. 2015; Sawada
et al. 1989). Activated microglia also produce matrix
metalloproteinases (MMP), which significantly

contribute to perturbations in the BBB (Zinnhardt et al.
2015). These so called “M1” microglia therefore pro-
mote neuronal death and tissue damage during the acute
phase of stroke. There is evidence to suggest that during
the chronic phase of stroke, these M1 microglia, in
response to cytokine stimulation, switch to an immuno-
modulatoryM2 phenotype. The M2microglia modulate
tissue repair by secreting vascular endothelial growth
factor and brain-derived neurotrophic factor (Ma et al.
2017). Additionally, M2 microglia promote the clear-
ance of cell debris via phagocytosis (Ma et al. 2017).
The capacity of microglia to alternate between the M1
and M2 phenotype appears to be impacted by age.
When aged mice are exposed to traumatic brain injury,
immunohistochemical analysis reveals that the lesion
size is increased in aged mice compared with young
mice. In addition, there are significantly more reactive
M1 microglia in the cortex, hippocampus, and thalamus
(Kumar et al. 2013). This suggests that age can nega-
tively contribute to long-term stroke outcomes by
preventing the phenotypic switch from proinflammatory
M1 to immunomodulatory M2 microglia.

Alterations in CNS-infiltrated immune cells following
ischemic stroke

The production of cytokines, chemokines, and the in-
creased expression of adhesion molecules promotes pe-
ripheral immune cell infiltration into the CNS (Shim and
Wong 2016). Using the murine tMCAO model,
Gelderblom and colleagues demonstrated that neutro-
phils are the first peripheral immune cells to infiltrate
into the CNS (Gelderblom et al. 2009). Neutrophils
migrate to the site of tissue damage via a chemokine
gradient and exacerbate inflammation through the pro-
duction of proinflammatory cytokines. Neutrophils fur-
ther exacerbate stroke severity via the production of
MMPs, which decrease the integrity of the BBB and
promote immune cell infiltration from the periphery
(Ruhnau et al. 2017). Neutrophil numbers usually peak
around 72 h following the ischemic event, then begin to
decrease as additional immune cells infiltrate into the
CNS (Ruhnau et al. 2017). Following ischemia, the
concentration of the chemokine CCL2 is increased in
the CNS, which leads to the recruitment of CCR2-
expressing monocytes (Chu et al. 2014). Once in the
CNS, monocytes can differentiate into either proinflam-
matory or anti-inflammatory macrophages, depending
on the cytokine signals that they receive (Chu et al.
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2014). Proinflammatory macrophages appear morpho-
logically and functionally similar to reactive microglia,
and therefore, it has been difficult to distinguish between
these cell types (Jayaraj et al. 2019). To better ascertain
the timing of macrophage migration following ischemic
stroke, Schilling and colleagues utilized green fluores-
cent protein transgenic bone marrow chimeras to iden-
tify when the macrophages began phagocytosing neu-
ronal debris following tMCAO induction. This study
revealed that macrophages do not accumulate in the
infarcted area until 3–4 days following the induction
of focal ischemia (Schilling et al. 2005). It is thought
that during the acute phase of stroke, proinflammatory
macrophages act in conjunction with reactive microglia
to produce proinflammatory mediators such as TNF-α,
interleukin (IL)-1, ROS, andMMPs. Additionally, these
cells can also phagocytose healthy neurons in the pen-
umbra in an attempt to clear dead and dying cells
(Schilling et al. 2005). Therefore, during the acute phase
of stroke, macrophages are thought to exacerbate in-
flammation within the CNS. Evidence from murine
models of ischemic stroke suggest that during the chron-
ic phase of stroke (6–7 days following focal ischemia
induction), macrophages acquire an “M2” or alterna-
tively activated phenotype. These cells are thought to
resolve inflammation via the production of IL-10,
TGFβ, arginase, and growth factors. These M2 macro-
phages also phagocytose necrotic debris, thereby further
resolving inflammation (Kanazawa et al. 2017). There-
fore, therapies should aim to modulate the function of
macrophages to promote their tissue repair and immune
modulatory function, rather than block their migration
into the CNS.

The functional alterations that lymphocytes undergo
following ischemic stroke are not as well characterized
as neutrophils and monocytes. Lymphocyte migration
into the CNS occurs following neutrophils and mono-
cyte infiltration, during the chronic phase of stroke
(Shim and Wong 2016). T cells are not only thought
to promote inflammation and tissue damage but also
tissue repair following ischemic stroke (Gu et al.
2015). Cytotoxic CD8+ T cells may induce cell death
and exacerbate tissue damage through the release of
perforin and granzyme B (Arumugam et al. 2005).
Furthermore, Th1 cells may potentiate inflammation
and tissue damage via the production of IL-2, interferon
(IFN)-γ, and TNF-α (Arumugam et al. 2005). On the
contrary, Liesz and colleagues demonstrated that the
depletion of T regulatory cells significantly increases

ischemia-associated tissue damage. It was further dem-
onstrated that neuroprotection is conferred by T regula-
tory cells through IL-10 signaling (Liesz et al. 2009).

A number of reports have indicated that T cells are
the primary mediators of stroke-induced pathological
sequelae and that B cells do not play a crucial role in
stroke-induced neuropathology. Early reports noted that
lymphocyte (T and B cells) deficiency in rodents is
protective in experimental stroke as indicated by re-
duced infarct size relative to wild-type stroked mice
(Hurn et al. 2007; Kleinschnitz et al. 2010;
Schuhmann et al. 2017; Yilmaz et al. 2006) and
follow-up investigations attributed beneficial effect of
lymphocyte deficiency to the absence of T cells. For
example, Yilmaz et al. (2006) noted that infarct volumes
were significantly attenuated among CD4+- and CD8+-
deficient mice relative to wild-type controls, while in-
farct sizes between B cell–deficient mice and wild-type
controls were equivalent. Furthermore, neither genetic
(JHD−/−) nor induced B cell deficiency (via anti-CD20
antibody) impacted infarct volumes nor brain-immune
response endpoints as compared with wild-type mice
subjected to the same experimental stroke (Schuhmann
et al. 2017). In this same study, adoptive transfer of T
cells into Rag1−/−mice reversed the beneficial effects of
lymphocyte deficiency on infarct volume while lesion
sizes among Rag1−/− mice given B cell–adoptive trans-
fer did not differ from stroked control Rag1−/−mice that
did not receive cell transfer (Schuhmann et al. 2017),
replicating previous findings (Kleinschnitz et al. 2010).
B cell depletion in these studies was assessed 1–3 days
following focal ischemia induction; given that B cell
infiltration does not typically occur until several days
following focal ischemia induction, B cells may play an
important role during the chronic phase of stroke, and
this remains to be clarified. Nevertheless, conclusions
drawn from these collective findings suggested that B
cells did not substantially contribute to stroke
neuropathology.

Yet, emerging findings noting B cell presence in
brain is markedly enhanced in diseased/injured states
where BBB integrity is compromised (Anthony et al.
2003; Doyle et al. 2015; Hickey 2001) suggest impor-
tant and potentially protective roles for the B cell in the
context of stroke (Doyle and Buckwalter 2017; Seifert
et al. 2018; Selvaraj et al. 2016). For instance, Ren et al.
(2011) noted worsened functional deficits, larger infarct
volumes, and higher mortality rates among mice genet-
ically deficient in B cells (μMT−/−) subjected to 60-min
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tMCAO, suggesting a protective role of the humoral
immune system in the acute injury period following
ischemia induction. Recent work from the Stowe group
suggests that the protective effects of B cells following
stroke may be related to their ability to migrate to
multiple ipsi- and contralateral injury sites within the
brain parenchyma, support neuronal viability, maintain
dendritic complexity, and promote neurogenesis via an
IL-10-dependent mechanism (Ortega et al. 2020). Ad-
ditional support for IL-10 as the mechanistic underpin-
ning of B cell–mediated neuroprotection in stroke
comes from findings that systemic or central adminis-
tration of B cells derived from wild-type mice, but not
from IL-10-deficient mice, 24 h prior to stroke limited
infarct size, inflammatory cell recruitment, functional
deficits, and mortality rates (Chen et al. 2012; Ren
et al. 2011). Later, IL-10-producing B10 regulatory B
cells were found to accumulate in the ipsilateral cortex
following stroke in wild-type mice (Chen et al. 2012),
while administration of these cells to stroked μMT−/− or
wild-type mice reduced infarct volume, attenuated the
proinflammatory phenotype, limited the infiltration of
other activated immune cells into brain, and simulta-
neously enhanced the activity of other regulatory im-
mune cell subsets centrally (Bodhankar et al. 2013;
Bodhankar et al. 2014). Others have noted that lesion
volumes could be altered by the methodical manipula-
tion of IL-10 levels or expression (Grilli et al. 2000),
representing just some of the evidence implicating a
beneficial role for IL-10 in acute brain injury (Garcia
et al. 2017; Ortega et al. 2020). In addition to the
neuroprotective effects post-stroke, a role for B cells in
underlying the beneficial impacts of pre-stroke protec-
tive interventions has also been demonstrated. Indeed,
repeated hypoxic preconditioning reduces the severity
of injury, potentially via inducing an immunosup-
pressed phenotype in B cells prior to stroke and then
increasing recruitment of B cells to the ischemic cortex
while inhibiting diapedesis of T cells, monocytes, acti-
vated macrophages/microglia, and neutrophils (Monson
et al. 2014). These findings mirror those seen in clinical
populations, as circulating B cell numbers were nega-
tively correlated with infract volumes, stroke severity,
and long-term poor outcome (Urra et al. 2009; Wang
et al. 2017). Lastly, while thrombolytic treatment has no
impact on B cell counts post-stroke (Wang et al. 2017),
IL-10+ B cell transfer at 4 as well as 24 h post-stroke still
conferred protective effects on lesion size, post-stroke
immunological cascades, and neurological deficits

(Bodhankar et al. 2015), well beyond the accepted ther-
apeutic window of tissue plasminogen activator
(Gurman et al. 2015).

Differences in the method of B cell depletion
employed may reconcile the differing conclusions re-
garding the role of B cells in stroke. Interestingly, most
studies reporting exacerbated lesion sizes utilized the
μMT strain of B cell–deficient mice from Jackson Lab-
oratories (Bodhankar et al. 2013; Chen et al. 2012; Ren
et al. 2011), while a study that noted no difference in
infarct size utilized the JHD−/−- strain supplied by
Taconic (Schuhmann et al. 2017). Importantly, in addi-
tion to profoundly reduced B cell numbers, μMT−/−

mice may exhibit reduced numbers of T cells and T cell
functionality in response to immune challenge may be
impaired (Bergmann et al. 2001; Homann et al. 1998).
JHD−/− mice appear to exhibit normal T cell numbers
(Taconic 2020) although T cells from these animals may
exhibit some deficiencies in their responsivity to im-
mune challenge (Macaulay et al. 1998). Moreover,
while anti-CD20 treatments generally spare T cells
(Uchida et al. 2004), a consequence of B cell depletion
is that complex synergistic T cell-B cell interactions
known to take place in normal immune function
(Crotty 2015) are also attenuated; consideration of this
loss of interactive function is important given prior work
noting reduced infarct sizes in SCID and Rag1−/− strains
of mice. Furthermore, in vivo depletion via anti-CD20
treatments can regionally specifically spare certain sub-
types of B cells, namely innate-like T cell–independent
B1 cells (Ait-Oufella et al. 2010; Hamaguchi et al.
2005). Finally, data collected in the experimental auto-
immune encephalomyelitis (EAE) model of MS noted
beneficial effects of anti-CD20-mediated B cell deple-
tion only when the model used to induce EAE resulted
in activated, antigen-presenting B cells that polarized
proinflammatory T cells but exacerbated EAE when the
induction model left B cells in an inactive state (Weber
et al. 2010). This insight, combined with the observation
that early immunomodulatory actions of IL-10-secreting
B cells may appropriately restrain the proinflammatory
responses aimed at clearing dead and dying cells in the
infarcted area to promote sparing of penumbral neurons
whose functions may be recovered over time
(Bodhankar et al. 2013; Bodhankar et al. 2014; Chen
et al. 2012; Ortega et al. 2020; Ren et al. 2011), suggests
that the relationship between stroke and the actions of
distinct B cell populations in the acute injury period is
more complex that previously appreciated. More
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investigations addressing the role that shifting ratios of
immune cells have in the context of stroke, both in their
individual impacts on the brain in various activation
states and in their ability to interact with each other to
influence nervous system function, are needed.

Although these collective findings indicate that B
cells may not robustly contribute to stroke neuropathol-
ogy in the acute injury period, and may in fact exert
neuroprotective actions depending on their phenotype,
findings from the Buckwalter laboratory (2015) have
indicated potential roles for B cells in the development
of delayed post-stroke cognitive impairment. Indeed,
mice exposed to distal MCAO display activated B cells
secreting antibodies such as IgG, IgM, and IgA in the
infarcted brain, impaired hippocampal long-term poten-
tiation, and disrupted cognitive endpoints; genetic or
pharmacological depletion of B cells prevented these
effects. In human patients, brain tissues revealed an
accumulation of B cells and auto-reactive IgG staining
in some patients who developed post-stroke cognitive
impairment. Furthermore, higher titers of myelin basic
protein antibodies predicted worsened mini-mental sta-
tus exam performance among patients who exhibited
cognitive decline in the months following their stroke
(Becker et al. 2016). Taken together, evidence collected
to date supports that B cells may exert neuroprotective
actions in the acute injury period, though these effects
may be subtype-specific and short-lived (Fig. 2).

Impact of stroke on immune suppression
and susceptibility to infection

Following the ischemic event, there is systemic immune
response that is characterized by an increase in circulat-
ing IL-6 and CXCL1. This systemic inflammatory re-
sponse peaks 4 h following stroke, and promotes the
activation of peripheral immune cells, which will mi-
grate to the site of focal ischemia within 72 h (Chapman
et al. 2009). As a compensatory mechanism to curtail
inflammation within the CNS, this period of systemic
inflammation is followed by a period of immune sup-
pression, which greatly increases susceptibility to infec-
tion (Shim and Wong 2016). The mechanisms that
promote immune suppression are likely to be multifac-
torial and have still not been fully explored. One poten-
tial mechanism through which immune suppression oc-
curs may be through alteration in peripheral immune
cell function following ischemic stroke (Shim and
Wong 2016). Neutrophils are the first innate immune

cells to become activated during infection (de Oliveira
et al. 2016). Interestingly, blood samples from stroke
patients revealed that the neutrophils from stroke pa-
tients have a decreased ability to undergo netosis as well
as a decreased ability to generate respiratory bursts
compared with healthy controls, suggesting that alterna-
tions in neutrophil function may render stroke patients
more susceptible to infection (Ruhnau et al. 2014).
Additionally, monocytes from ischemic stroke patients
express significantly lower levels of human leukocyte
antigen (HLA)-DR (Haeusler et al. 2012). This is im-
portant because an effective immune response against
pathogens is contingent on the capacity of antigen-
presenting cells to process and present antigens in the
context of the MHC to T lymphocytes (Kotsias et al.
2019). This deficiency in innate immune cell function is
accompanied by splenic atrophy, which occurs 4 days
following tMCAO induction (Ross et al. 2007).
Annexin V and TUNEL staining revealed that splenic
atrophy occurs in part due to an increase in apoptosis
and an increase in cell migration to the CNS (Ross et al.
2007). Systemically, splenic atrophy results in a signif-
icant decrease in the concentration of proinflammatory
cytokines; a significant decrease in both splenic and
circulating B cells; and, interestingly, a significant in-
crease in the number of circulating CD4+ Foxp3-
expressing regulatory T cells (Ross et al. 2007). Addi-
tionally, there is evidence to suggest that there is a shift
from a systemic Th1 to a Th2 response, which is thought
to decrease the concentration of proinflammatory cyto-
kines, thereby protecting the brain from additional dam-
age (Engelbertsen et al. 2013). However, this phenotyp-
ic switch further increases immunosuppression. These
systemic alterations in immune cell function mediate
immune suppression following ischemic stroke yet the
precise mechanisms that trigger these functional chang-
es remain to be elucidated.

One potential mechanistic explanation for how post-
stroke immunosuppression occurs may be that the brain
dampens inflammation via the hypothalamic-pituitary-
adrenal (HPA) axis and the sympathetic nervous system
(Mracsko et al. 2014). The activation of the HPA axis
results from stress caused by the ischemic event, and
this signaling axis promotes the production of glucocor-
ticoids (Mracsko et al. 2014; Shim and Wong 2016).
The production of glucocorticoids can be further exac-
erbated by the increased production of proinflammatory
cytokines following the activation of glial cells and the
infiltration of peripheral immune cells (Burford et al.
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2017). Glucocorticoids are thought to inhibit nuclear
factor-κΒ expression immune cells and increase the
systemic production of IL-10 (Coutinho and Chapman
2011). Glucocorticoids can suppress the production of
IFN-γ by CD4+ T cells and promote T lymphocyte
apoptosis (Theodorou et al. 2008). They can also reduce
MHC II expression by peripheral dendritic cells
(Kitajima et al. 1996). This suggests that glucocorticoids
play a major role in suppressing the peripheral immune
response following ischemic stroke.

When the sympathetic nervous system is activated in
response to stress caused by ischemic stroke, catechol-
amines are produced (Shim and Wong 2016). Catechol-
amines act on α- r β-adrenoreceptors to promote apo-
ptosis and promote immune suppression (Schulze et al.
2014). Specifically, catecholamines inhibit the produc-
tion of IL-6 by monocytes/macrophages; promote an
increase in IL-33 production by dendritic cells, which

promotes a Th2 response; and inhibit the production of
IFN-γ by CD4+ T cells (Ramer-Quinn et al. 1997;
Straub et al. 1997; Yanagawa et al. 2011). Interestingly,
blockade of α- or β-adrenoreceptors via pharmacolog-
ical inhibitors prevents splenic atrophy and reduces
infarct size following induction of tMCAO (Ajmo Jr.
et al. 2009). Additionally, a retrospective analysis of
stroke patients that were administered β-blockers found
that these patients exhibited significantly less disability,
had a lower neurological deficit score, and had an over-
all better prognosis compared with patients that did not
receive β-blockers (Dziedzic et al. 2007). This suggests
that therapies which target either the HPA axis or the
sympathetic nervous system could potentially amelio-
rate systemic immunosuppression and prevent infection.
Such therapies would have to be carefully modified to
curtail harmful inflammation in the CNS, while still
preventing peripheral immunosuppression.

Fig. 2 Dual roles for B cells in the acute and chronic periods
following stroke. The pathological sequelae associated with
stroke-induced restriction in blood flow and the post-occlusion
reperfusion process induces neuronal metabolic dysfunction lead-
ing to an energy crisis in infarcted brain tissue. Depletion of ATP
reserves, disruption to ion homeostasis, accumulation of cell-
damaging reactive oxygen species, and excitotoxic states in brain
parenchymal cell serve as danger/damage signals to induce an
activated, proinflammatory phenotype in resident microglia. This
proinflammatory state recruits peripheral immune cells, including
B cells, to injured CNS tissues through leaky blood-brain barrier
openings. During the acute phase, the activation of glial cells and
the recruitment of peripheral leukocytes into the CNS exacerbate

stroke pathology and worsen stroke outcome. Yet, B cell recruit-
ment does not seem to contribute to stroke neuropathology and
may actually serve protective roles during the acute injury period
via interleukin (IL)-10-dependent immunoregulation. During the
chronic recovery phase, CNS-resident and peripheral-originating
CNS-infiltrated immune cells promote tissue repair and improve
stroke outcome. However, B cell production of auto-reactive
antibodies against various CNS antigens may contribute to the
development of delayed post-stroke cognitive impairment. While
immunomodulation represents a viable novel therapeutic approach
for the treatment of stroke, additional studies are required to better
understand the function of lymphocytes following ischemic stroke
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Remaining issues and concluding remarks

An important remaining issue to be addressed relates to
the age of the study populations from which these
findings are drawn. As discussed above, the majority
of studies investigating the role of the immune cells in
the response to stroke were conducted in young adult
animals. Importantly, initial findings in aged animals
suggest that splenectomy prior to stroke confers protec-
tion against infarct development and behavioral deficit
manifestation in 18–22-month-old mice (Chauhan et al.
2018), mirroring the protective effects reported with
lymphocyte-deficient young adult animals. Further-
more, CD4+ T cell depletion 3 days after stroke attenu-
ated injury-induced increases in IFN-γ levels and be-
havioral deficits in 18–20-month-aged mice (Harris
et al. 2020), indicating that T cells may play an impor-
tant neuropathological role in stroke at multiple ages.
Whether similar observations to those reported in youn-
ger counterparts would be realized with cell depleting
strategies targeting other immune cells or adoptive im-
mune cell transfers in older organisms subjected to
experimental stroke has yet to be thoroughly tested but
is nonetheless warranted given the profound alterations
in immune function with increasing age and the emerg-
ing evidence that supports many immune cells exert
critical effects in brain.

Given the known interactions between the nervous
and immune systems in response to brain injury, inves-
tigation of immunomodulation as a novel therapeutic
approach for stroke recovery is warranted. Evidence
suggests that the magnitude and duration of the immune
response in the acute injury phase and during the long-
term chronic phase following stroke may be tied to
functional recovery. Indeed, a recent study by Tsai
et al. (2019) utilizing elastic net regularized regression
modeling to evaluate patterns of long-term post-stroke
immunological responses revealed that an elongated and
robust acute inflammatory phase driven by elevated
STAT3 transcription factor activation was associated
with greater long-term cognitive decline. Resolution of
this inflammatory cascade appears to be crucial in the
realization of post-stroke recovery and cells that com-
prise the lymphocyte compartment may be ideal thera-
peutic targets to improve long-term stroke outcome. A
number of immunomodulatory approaches targeting a
variety of components of the post-stroke immune re-
sponse, including antioxidant treatments and restriction
of lymphocyte trafficking to injury sites, are currently

undergoing clinical trials (Zera and Buckwalter 2020);
the results of these studies are eagerly awaited. The
st rong suppor t prec l inical ly for the potent
neuromodulatory and neuroprotective actions of IL-10-
secreting immune cells (such as Bregs) supports their
consideration as another novel therapeutic target. Until
then, additional preclinical studies are required to better
understand the function of various immune populations
following ischemic stroke.

In conclusion, as emerging findings address the im-
pact of how the nervous and immune systems converge
to implicate important interactive effects in the context
of brain injury and disease, more research addressing
not only the role of any individual immune cell type but
also the complex interactions between these cells and
those of the brain is needed. Evidence collected to date
suggests dual protective but also potentially detrimental
roles for immune cells in the pathophysiology of stroke,
effects that may be timing specific, dependent on the
underlying characteristics of the organism in which
stroke occurs, and contingent on the cell subtype in-
volved. Proper titration of the magnitude and timing of
inflammatory, modulatory, and immunosuppressive
cascades may serve as effective novel intervention ap-
proaches to promote stroke survival and long-term func-
tional recovery. As more studies addressing this impor-
tant issue continue to be conducted in the coming years,
consideration of immunosenence in the context of brain
aging will likely reveal novel components of the post-
stroke pathological cascade and could reveal potentially
new therapeutic and/or preventative targets for the treat-
ment of this devastating brain injury. Finally, more
broadly, this knowledge may also support innovations
in the study of other age-related brain diseases that
continue to plague our health care system; we enthusi-
astically await advances in each of these important
areas.
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