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Abstract

Background. The nervous and immune systems interact in a reciprocal manner, both under physiologic and
pathologic conditions. Literature spanning various CNS pathologies including brain tumors, stroke, traumatic
brain injury and de-myelinating diseases describes a number of associated systemic immunologic changes, par-
ticularly in theT-cell compartment. These immunologic changes include severeT-cell lymphopenia, lymphoid organ
contraction, and T-cell sequestration within the bone marrow.

Methods. We performed an in-depth systematic review of the literature and discussed pathologies that involve
brain insults and systemic immune derangements.

Conclusions. In this review, we propose that the same immunologic changes hereafter termed ‘systemic immune
derangements’, are present across CNS pathologies and may represent a novel, systemic mechanism of immune
privilege for the CNS. We further demonstrate that systemic immune derangements are transient when associated
with isolated insults such as stroke and TBI but persist in the setting of chronic CNS insults such as brain tumors.
Systemic immune derangements have vast implications for informed treatment modalities and outcomes of var-
ious neurologic pathologies.

Key Points

1. Acute and chronic brain injuries induce systemic immune derangements including
lymphopenia.

2. Understanding underpinnings of immune derangements secondary to brain injury will
advance the clinical management of all patients with acute and chronic neurological
diseases.

The field of neuroimmunology has continued to uncover recip-  there has been a dearth of studies that assess how CNS path-
rocal communication between the nervous and immune sys-  ologies, in turn, are able to affect systemic immunity.

tems. While many studies have served to highlight the impact Over the last several decades, the immunologic conse-
of inflammation on central nervous system (CNS) pathologies, quences of neurological insults have been described in
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various case reports or can be found hidden among other
pre-clinical or clinical datasets. However, to date, no dedi-
cated study has truly examined the often-diminished state
of peripheral immunity that can arise in the context of in-
tracranial or other CNS pathologies.

While other groups have focused on /local immunosup-
pression at the site of the tumor and how this impacts
immunotherapeutic success and clinical trial design,’*
our groups have authored recent mechanistic studies
characterizing the state of peripheral immunity in both
patients and various mouse models with intracranial tu-
mors. Together, we have demonstrated numerous immune
deficits ranging from downregulation of major histocom-
patibility complex Il on blood-derived monocytes and B
cells® to memory T-cell dysfunction to potent immuno-
suppressive soluble factors that inhibit T-cell function and
hinder cellular immunity.® We have demonstrated ana-
tomical changes in both primary and secondary lymphoid
organs, including atrophy of the spleen and the thymus,
as well as severe T-cell lymphopenia, resulting from a de-
creased absolute number, not percentage, of circulating
T-cells.>® Our studies echo previous publications by others
demonstrating that GBM patients have lower absolute
counts of T-cells and are in a state of overall lowered T-cell
immunity.”-" We have additionally discovered that T-cells
accumulate in the bone marrow of mice with intracranial
tumors and that thisT-cell sequestration is dependent upon
the loss of sphingosine-1-phosphate receptor 1 (S1P1).6

In this review, we will highlight the presence of similar
immunologic changes, particularly T-cell changes, across
multiple CNS pathologies, and term these “systemic im-
mune derangements” Importantly, we highlight that
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these derangements are present not only in the setting
of intracranial tumors but also in the setting of other in-
sults (stroke, traumatic brain injury (TBI), multiple sclerosis
(MS), and spinal cord injury (SCI)), provided these occur
within the CNS (see Figure 1). The commonality we will re-
veal amidst varying CNS pathologies suggests a brain or
CNS-intrinsic mechanism for limiting immune responses
and secondary immune-mediated CNS damage, a mech-
anism that is perhaps activated by any of a number of
inflammatory insults to the brain or spinal cord. Such a
mechanism may be an evolutionarily adaptive response,
consistent with the framework of classical definitions of
CNS immune privilege. We propose here that the develop-
ment of CNS pathology-driven systemic immune derange-
ments represents a novel mechanism of immune privilege
that serves to restrict the intensity of a peripheral immune
response in the setting of CNS insults. We advance here a
hypothesis that all brain injuries can induce some level of
global immune derangement which impacts the peripheral
immune organs and disrupts systemic immunity.

Intracranial Pathologies
Brain Tumors

Patients

Many studies have focused on T-cell exhaustion,*'?' in-
cluding both progenitor and terminal exhaustion, within
the tumor microenvironment and recent studies under-
score the role of biological sex in the development of ex-
hausted T-cells within the tumor.' This review, however,
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Systemic immune derangements include T-cell ymphopenia, lymphoid organ contraction, and sequestration of T-cells within the bone



will focus on peripheral immunosuppression. Both pri-
mary and metastatic brain tumors are difficult to treat with
conventional therapies, as they display unique challenges
including both intratumoral and peripheral immunosup-
pression. Peripheral immunosuppression includes var-
ious systemic immune derangements, which have been
identified in patients,®'® mice,>67'8 and rats' with brain
tumors. In patients, these immune derangements have
predominantly been studied in the setting of glioblastoma
(GBM), the most common primary malignant brain tumor
in adults.

While many cancers are associated with vague immuno-
suppressive features including T-cell anergy and exhaus-
tion, GBM-induced immunosuppression is broader, more
severe, and affects all stages of T-cell development, activa-
tion, and function. Studies dating back more than 50 years
have described various phenotypic and functional evi-
dence of immunosuppression in patients with primary in-
tracranial tumors. These studies described unique features
of immunosuppression in intracranial tumors which have
not been observed in other cancers. For example, it was
reported thatT-cells isolated from GBM patients cannot be
sensitized against primary tumor antigens, and normal hy-
persensitivity responses on skin tests are significantly de-
layed in GBM patients compared to controls.®' Further
defects in T-cell activation, proliferation, and responses in
patients with GBM were also reported.'® Similarly, it was
described thatT-cells isolated from GBM patients fail to be
activated properly with mitogens or typical T-cell activating
protocols.01.2021 GBM patient T-cells make less I-2, and
their high affinity I-:2 receptor expression (CD25) during
activation is diminished.”?! Finally, early T-cell activation
signaling cascades and calcium mobilization have been
found to be defective in GBM patients."2"22 Together,
these data indicated profound T-cell lymphopenia and ad-
ditional functional immune defects in GBM patients and
those patients with other primary brain tumors. Although
lymphopenia has been observed in patients for decades,
it has often been attributed to therapeutic interventions,
including chemotherapy, radiation, and treatment with
steroids such as dexamethasone. Importantly, however,
lymphopenia and other systemic immune derangements
arise in newly diagnosed, treatment-naive patients, as
demonstrated by Gustafson et al.” and Chongsathidkiet
et al.,.% In the latter paper, lymphopenia was accompanied
by both lymphoid organ contraction and sequestration of
T-cells in the bone marrow. Additional prospective studies
are needed to thoroughly characterize T-cell sequestration
and lymphoid organ contraction in the setting of brain
metastases.

The lymphopenia noted in GBM patients for decades®
has recently been correlated with decreased overall sur-
vival.Z® T-cell lymphopenia is more severe in the CD4+
compartment,®>8'7 and there is a concomitant increase in
the percentage of regulatory T-cells (Tregs).?* Further, a
retrospective study showed that nearly half of 200 newly
diagnosed GBM patients exhibited decreased lymphocyte
levels (<1500/ul) at baseline.'® Lymphopenia is also ob-
served in patients with brain metastases and is negatively
correlated with survival outcomes in breast cancer patients
who develop brain metastases.?® On a related note, tumor
resection surgery, which is typically performed in most
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GBM patients as a first line of therapy, can be considered
an injury in itself further impacting peripheral lymphocyte
counts. Accordingly, a recent study has shown that the
number of circulating T-cells further decreases after sur-
gical resection in a murine model of glioblastoma, though
no clinical studies have examined this question to date.?6

Animal Models
Immunocompetent mouse models of brain tumors in-
cluding GBM have elegantly recapitulated major hallmarks
of immune derangements observed in patients. Systemic
immune derangements were initially described in pa-
tients and have been replicated in recent pre-clinical mu-
rine studies. A study by Chongsathidkiet et al. examined
murine models of GBM in addition to patients and further
demonstrated thatT-cell sequestration in the bone marrow
developed in mice when tumors were placed intracranially,
but not subcutaneously, and that this trend was maintained
across tumor types including GBM, melanoma, lung ade-
nocarcinoma, and triple-negative breast cancer.? A study
by Ayasoufi et al. supported this finding by demonstrating
an increase in CD4+T-cells in the bone marrow.®

In addition to T-cell sequestration in the bone marrow,
T-cell lymphopenia and lymphoid organ contraction have
been observed in animal models of GBM and other brain
tumors. Specifically, splenic atrophy has also been ob-
served in mice with intracranial GBM.>?” Thymic atrophy
has been observed in mouse models of intracranial mel-
anoma, diffuse intrinsic pontine glioma, GBM, and an
RCAS-spontaneous glioma model,>¢'827 and rat models of
intracranial gliomas." Finally, Ayasoufi et al. also demon-
strated the presence of a potently immunosuppressive sol-
uble factor in the serum of glioma-bearing mice capable of
blocking T-cell function and proliferation.®

Stroke

Patients
Stroke patients are at risk for “stroke-induced immuno-
depression syndrome,” severe peripheral immunosuppres-
sion that arises after ischemic stroke. A thorough review of
immunosuppression in stroke by Westendorp et al. demon-
strates that infection complications arise in approximately
one-third of stroke patients and, strikingly, nearly 50% of
patients with post-stroke infections died, as compared to
only 18% of patients without infection. It is important to
note that the post-stroke immunosuppression cannot be at-
tributed to simple aspiration pneumonia due to disability.
Likewise, it was not avoided by prophylactic antibiotics in a
large clinical trial, thus indicating a distinct mechanism for
this immunosuppression beyond simple paralysis.? These
data suggest that brain injury-induced immunosuppression
and, consequently, susceptibility to infection, plays a major
role in post-stroke outcomes.?® In line with these findings,
of all CNS pathologies, systemic immune derangements
have been most thoroughly characterized in stroke pa-
tients3%-3® and mouse models thereof.38-40

Given the feasibility of assessing lymphocyte counts
in peripheral blood, lymphopenia is particularly well-
described in stroke patients. Two independent retrospec-
tive studies showed that approximately one quarter of
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stroke patients presented with lymphopenia on admis-
sion.3%3 Lymphopenia on admission is independently as-
sociated with both an increased risk of infection®3 and
mortality at 90-days post-stroke.3® Interestingly, infarct
volume is the factor that is most highly correlated with
the development of lymphopenia in the first several days
post-stroke.*' This demonstrates a direct correlation be-
tween the magnitude of the brain injury and the extent of
the resulting peripheral immunosuppression. Given that
infection is one of the most common complications from a
stroke and is significantly associated with both death?® and
larger infarct size,*? these data suggest that more severe
strokes result in lymphopenia, which in turn results in sus-
ceptibility to infection and worse patient outcomes. These
conclusions are further supported by an observational
study of 855 patients demonstrating that lymphopenia on
admission is associated with poorer neurological status
and unfavorable outcomes in patients.3® Further, patients
with sustained lymphopenia 5 days after their stroke did
even worse than those who exhibited lymphopenia on ad-
mission, exhibiting increased rates of infection and poorer
outcomes at 3 months of follow-up.3® A prospective study
in stroke patients demonstrated that circulating T-cells, spe-
cifically, were decreased on admission, suggesting that a
decrease inT-cells drives the lymphopenia observed across
studies. The same prospective study revealed that patients
exhibitT-cell lymphopenia for approximately 1 week before
returning to baseline,®’ while an additional study dem-
onstrated that circulating T-cells reach their lowest levels
around 12 hours post-stroke.*3

Lymphoid organ contraction, particularly splenic at-
rophy, is also well-characterized in stroke patients. In a
prospective study conducted by Vahidy et al. 158 healthy
volunteers and an equal number of stroke patients had
spleen measurements taken over the course of five con-
secutive days, or the first 24 hours post-stroke then daily,
respectively. Splenic atrophy was seen in 40% of stroke
patients.3* Further, patients who presented with severe
strokes were more likely to present with splenic atrophy
on admission, or at day 3 post-stroke.3? A prospective ob-
servational study showed that stroke patients maintained
splenic atrophy until approximately four days post-stroke,
then spleen size increased through day 8 post-stroke.®’
Another study showed that the onset of both lymphopenia
and splenic atrophy occurs less than 24 hours post-stroke
but both systemic immune derangements disappear after
7-10 days post-stroke whenT-cell numbers and spleen vol-
umes returned to normal.®®

Animal Models

Pre-clinical models of stroke, particularly transient middle
cerebral artery occlusion (tMCAO), have been used to
identify the timing of systemic immune derangements.
Using pre-clinical models, various studies have shown
splenic4445 and thymic*® atrophy and circulating T-cell
lymphopenia.*® In tMCAO models, thymic atrophy was ob-
served and the number of thymocytes (developingT-cells in
the thymus) was significantly lower than sham mice for the
first two weeks after stroke, and only fully recovered after
two months,*® while splenic atrophy andT-cell ymphopenia
was only observed for one-week post-stroke.*®

Multiple Sclerosis

Patients

MS is a neuroinflammatory disease that is associated with
brain atrophy, demyelination, debilitating disability, loss of
motor function, and cognitive decline. In the 1970s, broad
immunosuppressants were identified as the most effective
drugs for MS.#” MS is typically considered an inflamma-
tory disease, hence the notion of peripheral immunosup-
pression in the context of MS might seem counterintuitive.
However, upon close examination of the clinical and pre-
clinical MS literature, we discovered evidence of periph-
eral immune derangements includingT-cell lymphopenia.

Our systematic review of the literature indicated the
presence of lymphopenia in MS patients. Early studies
used rosetting techniques to demonstrate lymphopenia
in MS patients when compared to healthy controls.*®
Similarly, CD8T-cell deficiencies in effector and memory re-
sponses of MS patients were observed when the functional
and phenotypic analysis was used to compare MS patients
to healthy controls.*® Interestingly, one study also correl-
ated the extent of lymphopenia to active MS disease,® but
these studies are over 20 years old and do not use modern
technologies to evaluate lymphopenia. Hence, direct
studies to establish the extent of lymphopenia in MS are
still needed. Nevertheless, it is crucial to discuss all studies
that have reported data suggestive of immunosuppression
as a direct result of MS alone and those effects that can be
separated from treatment-induced lymphopenia.

While immune organ involution has not been directly
measured in MS patients, thymus function has been evalu-
ated in MS patients using human T-cell excision circles
(TRECs). TRECs are an excellent proxy forT-cell output and,
consequently, thymic size. These studies demonstrated
that MS patients had reduced TRECs numbers in general
among which regulatory T-cells were further reduced.®'-5
In addition to defects seen in mature and newly generated
T-cells, MS patients have reported defects in their T regs
and B-cell.5253:55

MS patients receive antiviral drugs, T-cell and B-cell
depleting reagents, and fingolimod, which sequesters
T-cells in secondary lymphoid organs.’®-%8 Each of these
drugs is immunomodulatory in nature and can directly in-
duce lymphopenia. However, several studies have meas-
ured lymphocyte counts prior to treatment and determined
that patients with lower baseline counts were more prone to
lymphopenia after treatment. The cause of lymphopenia at
baseline, however, was not determined.’®-% Further, whether
lymphopenia is due to homeostatic deficiencies downstream
of these immunomodulatory drugs, or directly reflective of
ongoing MS progression in the brain is unclear. Together,
these studies support our hypothesis that MS activity in the
brain is likely linked to lymphopenia in the blood.

Animal Models

Leading animal models of MS include the experimental
autoimmune encephalitis (EAE) model, demyelination in
certain strains of mice caused by Theiler’s murine enceph-
alomyelitis virus (TMEV), and the cuprizone-mediated
model of demyelination. Most MS lesions in patients are
infiltrated by CD8+ T-cells®*65> while EAE pathology is CD4+



T-cell-mediated. Both CD4 and CD8 T-cells likely play cru-
cial roles in MS pathogenesis yet the role of each T-cell type
across mouse models of MS remains controversial. While
addressing this controversy is beyond the scope of the re-
view at hand, all models of MS are unanimously considered
to induce severe neuroinflammation. The TMEV model is
a direct model of virus-induced damage and brain injury
that is due to both damage directly caused by the virus and
damage caused by the immune system to the neurons.%6-6°
This model demonstrates the involvement of CD8 T-cells in
the brain but ensues picornavirus viral infection which may
not then directly model human MS. Finally, the cuprizone
model is a chemically induced model of damage to the CNS
that leads to eventual demyelination.”” While none of these
models solely recapitulate the complexity and heteroge-
neity of all MS pathologies, they all contain significant levels
of neuroinflammation. Interestingly, peripheral immune
derangements, including T-cell lymphopenia, thymic, and
splenic involution, have been documented in each of the pre-
clinical models discussed above. Specifically, thymic and
splenic involution was reported transiently in EAE, acutely
post-intracranial TMEV infection, and during cuprizone-
induced demyelination.>”'-74 While one paper reported re-
duced B and T-cell counts in the spleen within 6 days post
EAE induction,’® another study reported that spleen involu-
tion in the EAE model is heterogenous and dependent on
mouse strain, pathology, and time points measured.”®

Additional Demyelinating Diseases

Current data establish Epstein-Barr Virus as a strong caus-
ative link to MS development.””7®Therefore, we have also
included studies that investigated systemic immune de-
rangements in demyelinating viral infections below.

Progressive multifocal leukoencephalopathy

Progressive multifocal leukoencephalopathy (PML) is a rare,
but severe complication of long-term immunosuppression.&
PML is caused by viral infections in the brain that induce en-
cephalitis. Nearly all case reports on PML patients directly
mention or show lymphopenia (lymphocyte counts < 1000),
suggesting that active PML induces severe lymphopenia.

Krabbe Disease

Researchers have also described progressive periph-
eral lymphopenia in the context of other demyelinating
diseases including Krabbe disease, a lysosomal beta-
galactosylceramidase deficiency that results in severe de-
myelination. In a mouse model of this disease, the severity
of neurological symptoms directly correlated with the ex-
tent of lymphopenia.®

Canine Distemper Virus

Lymphopenia following brain infection has also been re-
ported after canine distemper virus (CDV) infection.8?
Although CDV infection alone is known to directly lyse
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lymphocytes, strong evidence of severe lymphopenia
and thymic involution only occurred with intracranial, not
extracranial, CDV infections.8384 Therefore, it is the intra-
cranial locale of the infection that directly determined the
extent of lymphopenia in these studies.

Traumatic Brain Injury

Patients

Each year, ~70 million people worldwide will suffer from a
TBI. Similar to other brain pathologies, systemic immune
derangements are present in patients,®® mice,® and rats®”88
after TBl. Whereas approximately one quarter of stroke pa-
tients presented with lymphopenia, a 10-year retrospec-
tive study of over 2500 TBI patients determined that more
than one-third of TBI patients presented with lymphopenia
on admission.®® Further, lymphopenia on admission was
associated with worse outcomes including longer length
of hospital stay, a higher level of care required upon dis-
charge, and an increased risk of mortality.®> Lymphopenia
was also more prevalent in patients with more severe TBI®®
and did not resolve until 1 week after the injury.8®

Animal Models
There are a number of accepted animal models of TBI, in-
cluding models of fluid percussion injury, controlled cor-
tical impact injury, weight-drop impact acceleration injury,
and blast injury (reviewed by Xiong et al.).°

In terms of lymphoid organ contraction, thymic atrophy
is most well-described in the context of TBI. A study in
mice demonstrated a 60% loss in thymus weight one-day
post-injury when compared to sham controls® and studies
in rats have recapitulated thymic atrophy after TBI.8"88
Another study described a bimodal pattern of thymicT-cell
loss and thymic atrophy, immune cell loss from the spleen,
and depressed hematopoiesis in the bone marrow fol-
lowing the induction of TBI in mice.®’

Other CNS Pathologies
Spinal Cord Injury

Although most frequently noted in the setting of intracra-
nial pathologies, systemic immune derangements occur
after spinal cord injury (SCI) as well, indicating the impact
of a CNS-specific injury on systemic immune function. A
cross-sectional study in individuals younger than 60 years
demonstrated that patients with SCI had significantly
lower lymphocyte concentrations in the blood compared
with healthy individuals.?> The same study suggested
that these decreased lymphocyte counts, contributing
to general “immune frailty” were implicated in infection
complications and decreased longevity.®? Further clinical
studies have shown significant decreases in circulating
lymphocytes in the first week after injury and have shown
that lymphopenia at admission was correlated with higher
level injuries.?3% Murine studies of T3 SCI noted both
lymphopenia® ¢ and splenic atrophy.96-98
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Epilepsy

Although there are relatively few papers detailing the ex-
tent of systemic immune derangements in seizure dis-
orders, these have been noted in both epileptic patients
and murine models of epilepsy. In particular, patients with
convulsive status epilepticus, a seizure lasting longer than
5 minutes or more than one seizure in 5 minutes, exhib-
ited lymphopenia in the first-hour post-seizure compared
to a healthy control group.®®'% Further, patients exhibited
decreased lymphocyte counts in the acute phase of status
epilepticus (at the time of seizure) compared to the sub-
acute phase (72 hours post-seizure).?® These same find-
ings were noted in patients with generalized tonic-clonic
(“Grand mal”) epileptic seizures.® These data suggest a
reversal of lymphopenia upon resolution of neurological
insult. Notably, lymphopenia, splenic and thymic contrac-
tion, and decreased thymic cellularity have been described
in murine models of epilepsy.5"

Parkinson’s Disease

Attempts to understand the role of immunity in the path-
ogenesis of Parkinson’s disease (PD) have uncovered
systemic immune derangements in patients. As early as
2001, studies demonstrated lymphopenia in the peripheral
blood of PD patients.’921%3 Notably, even studies that have
not identified an absolute decrease in lymphocyte num-
bers have noted a lower CD4+:CD8+ T-cell ratio in PD pa-
tients compared to controls.' One particularly compelling
study from 2018 examined the peripheral blood of 60 PD
patients compared to 30 healthy controls.' In addition to
observing a decreased mean T-cell count in the overall PD
group, they found that advanced PD was associated with
lower CD4+ and CD8+ T-cell counts than earlier-stage dis-
ease. This relationship between disease severity and the
number of circulating T-cells was replicated by Bhatia et al.
in 2021, showing that, for their cohort, reductions in CD8+
T-cells drove lymphopenia and were correlated with dis-
ease severity.'06

Cardiac arrest and cardiopulmonary resuscitation

Just as the local ischemia and reperfusion within the CNS
induced by stroke can cause systemic immune derange-
ments, occlusion of CNS blood supply from other causes
may have similar effects.’’-1% As a pathology that indi-
rectly impacts the CNS, decreased circulating lympho-
cytes have been identified in patients within the first
days following CA/CPR."%"" Consistent with findings in
the single-insult pathologies described above, peripheral
lymphocytes in CA/CPR patients hit their nadir approxi-
mately 90 minutes following the reperfusion event then
begin to return to baseline.'?

Many of the observations drawn from human patients
following cardiac arrest are mirrored in mouse models.
Both chemical and asphyxial murine models of CA/CPR
have demonstrated peripheral blood lymphopenia, as
well as splenic and thymic contraction within three days
of mouse resuscitation.'%"3 Together, these data indicate

that immune derangements are associated with brain in-
juries even in instances where brain injury was an indirect
result of cardiac insufficiency and resulting hypoxia.

Blood-brain barrier disruption

BBB disruption is a severe neuroinflammatory event that
can be considered a form of brain injury. We demonstrated
in a model of blood-brain barrier disruption where the
damage is mediated by virus-specific resident memory
CD8T-cells, that BBB disruption is directly associated with
peripheral lymphopenia in the blood."* Importantly, BBB
disruption and brain atrophy are two major brain patholo-
gies confirmed in numerous COVID patients.">"® |n fact,
the reported lymphopenia in COVID patients with severe
brain involvement directly supports our interpretation that
brain insults induced by BBB disruption or endothelial cell
damage was linked to peripheral lymphopenia.'°8

Concluding Remarks

As described in the preceding sections, systemic immune
derangements have been described across various CNS
pathologies (Figure 2). Most of these systemic immune
derangements have been noted in clinical, rather than
pre-clinical, settings, indicating a lack of recognition of
the connections between these phenomena and the need
for further mechanistic studies to uncover their etiologies.
However, several seminal mouse studies have paved the
way for mechanistic studies into the origins of immuno-
suppression following brain injuries by recapitulating hall-
mark features of immune derangements in patients with
acute and chronic neurological diseases (Table 1).

Existing clinical studies have highlighted that an insult
to the CNS, regardless of the nature of the insult, leads to
several distinct and predictable phenotypes, namely, sys-
temic immune derangements. Importantly, depending on
the nature of the insult, systemic immune derangements
are either chronic, as in the setting of brain tumors, or tran-
sient, in the setting of TBI, infections, and stroke. Although
we propose that systemic immune derangements develop
in response to acute or chronic injury, the transient nature
of systemic immune derangements after acute injury sup-
ports the idea that this is an evolutionarily adaptive mech-
anism to protect the CNS from inflammation, and as such,
represents a novel mechanism of immune privilege. The
potential benefit vs. harm of mitigating immune derange-
ment must be evaluated per intracranial pathology. In brain
tumors, we argue, this mitigation results in benefits while
in MS it might not. In parallel, profound immunosuppres-
sion in MS can cause further harm due to a lack of protec-
tive immunity. Hence, extensive discussions and specific
targets will be required to specifically mitigate immune
derangements while protecting the CNS. It is important
for future studies, in brain tumors, to design ways to over-
come these systemic immune derangements, as they likely
limit immunotherapeutic efficacy, regardless of the protec-
tion against damaging inflammation this mechanism may
provide the CNS. Should novel therapeutics overcome
these systemic immune derangements, patients could be
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Figure 2. Various CNS pathologies including brain tumors, stroke, SCI, traumatic brain injury, and de-myelinating diseases result in systemic

immune derangements.

medically managed with steroids for life-threatening CNS
inflammation but initiating sufficient anti-tumor responses
in the CNS and initiating such inflammation remain the
current challenge. Further mechanistic insights are needed
in order to mitigate immune derangements in a pathology
and cell type-specific manner in order to maximize patient
outcomes.

Given that the preponderance of evidence for systemic
immune derangements is clinical, it is important to note
that sample availability impacts the frequency at which
certain systemic immune derangements are observed.
Importantly, this does not necessarily reflect isolated eti-
ologies for specific immune derangements, but rather,
limitations of retrospective human studies. For example,
there are several retrospective studies that highlight
lymphopenia, but none that assess T-cell sequestration in
the bone marrow. This reflects the fact that patients reg-
ularly have blood drawn but do not routinely undergo
invasive procedures, such as bone marrow aspiration,
which is necessary to assess T-cell numbers in the bone
marrow. Furthermore, retrospective studies often highlight
lymphopenia but are unable to assess T-cell lymphopenia
specifically, as many of the studies described in this review
include patient data from the United States in a health-
care system that does not routinely collect complete blood
counts with differentials. Therefore, pre-clinical data is
needed to fill in the gaps.

Although there is a dearth of mechanistic studies to as-
sess the etiology of systemic immune derangements fol-
lowing brain insults, there are three main mechanisms

through which the CNS “communicates” with the rest of
the body. The first is the Hypothalamic-Pituitary—Adrenal
(HPA) axis, with hormonal outputs such as cortisol released
from the adrenal cortex. The second is through the auto-
nomic nervous system via the release of signaling mol-
ecules, catecholamines, and acetylcholine, as well as direct
end-organ innervation. The third is through the release of
non-steroidal soluble factors by the injured brain into the
blood circulation that can affect functions of immune cells
and immune organs at distant target organs. Both the HPA
axis and autonomic nervous system mediate stress re-
sponses in the body and should be studied prospectively
in the setting of various CNS pathologies to evaluate their
contributions and potentially novel areas of intervention.
In conclusion, we present data characterizing a group of
immune deficits common to various CNS pathologies that
we have collectively termed ‘systemic immune derange-
ments. These derangements represent a novel mechanism
of immune privilege that includesT-cell lymphopenia, lym-
phoid organ contraction, and T-cell sequestration in the
bone marrow.To the best of our knowledge, this is the first
body of work to highlight these derangements as a col-
lective and demonstrate their conserved presence across
pathologies. We further demonstrate that the persistence
of these pathologies is dependent upon whether the CNS
insult is acute or chronic.These systemic immune derange-
ments have important implications for disease pathology
and outcomes, particularly in chronic pathologies such as
brain tumors. As a mechanism of persistent immunosup-
pression, systemic immune derangements in brain tumor
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Table 1.

Lymphopenia

T cell seques-
tration to the

Splenic contraction

Summary of data on systemic inmune derangements in human or animal models among the pathologies discussed in this review

Thymic contraction T cell dysfunction/

other (see notes)

Brain tumors

Patients
Mouse models

bone marrow

Patients,
Mouse models

Patients,
Mouse Models

Mouse models Delayed hypersensi-
tivity, defects in acti-

vation, proliferation

Stroke Patients Not reported Patients Mouse models Not reported
Mouse models Mouse models

Multiple Scle- Patients Not reported  Not reported in patients/ Patients (reduced Defects in CD8+ ef-

rosis/EAE Mouse models SplenicT cell contraction re-  TRECs =proxy) fector and memory
(strain and time ported in EAE, overall spleen  Mouse models (tran- responses
point dependant) atrophy depends on path- sient thymic involution Defects inTrges

ology, strain, and model in EAE)

TMEV/cuprizone- Mouse models Not reported Not reported inTMEV/spleen  Mouse models—TMEV Not reported

induced demyeli- (time point de- atrophy in cuprizone models  and cuprizone

nation pendent)

Additional Patients: PML, Not reported Not reported Dogs: canine dis- Not reported

demyelinating Krabbe disease, temper virus

diseases Dogs: canine dis-
temper virus

Traumatic Brain Patients Not reported Mouse models have immune Mouse and rat models Depressed homeo-

Injury cell loss from spleen stasis in the bone

marrow

Spinal Cord Injury Patients Not reported Mouse models Not reported Not reported
Mouse models

Epilepsy Patients Not reported Mouse models Mouse models Not reported
Mouse models

Parkinson’s dis- Patients Not reported Not reported Not reported Not reported

ease

CA/CPR Patients Not reported Mouse models Mouse models Not reported
Mouse models

BBB disruption Patients Not reported Not reported Not reported Not reported
Mouse models

patients present a unique challenge to immunotherapeutic
success. Therefore, mechanistic insights are critical for li- Acknowledgement

censing immunotherapies in this patient population.
Understanding the etiology and mechanistic underpin-
nings of immune derangements secondary to brain injury
will advance the clinical management of all patients with
acute and chronic neurological diseases.
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