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ARTICLE INFO ABSTRACT

Several Phase Il and III clinical trials have demonstrated that immunotherapy can induce objective responses in
otherwise refractory malignancies in tumors outside the central nervous system. In large part, effector T cells me-
diate much of the antitumor efficacy in these trials, and potent antitumor T cells can be generated through vac-
cination, immune checkpoint blockade, adoptive transfer, and genetic manipulation. However, activated T cells
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Central nervous system must still traffic to, infiltrate, and persist within tumor in order to mediate tumor lysis. These requirements for
Immune privilege efficacy pose unique challenges for brain tumor immunotherapy, due to specific anatomical barriers and popula-
Dendritic cells tions of specialized immune cells within the central nervous system that function to constrain immunity. Both
autoimmune and infectious diseases of the central nervous system provide a wealth of information on how T
cells can successfully migrate to the central nervous system and then engender sustained immune responses.
In this review, we will examine the commonalities in the efferent arm of immunity to the brain for autoimmunity,
infection, and tumor immunotherapy to identify key factors underlying potent immune responses.
© 2018 Published by Elsevier Inc.
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1. Introduction

More than half a century ago, it was demonstrated that foreign tissue
grafts in the brain parenchyma were not rejected by an immune re-
sponse (Medawar, 1948; Tansley, 1946). This led to the conceptualiza-
tion of central nervous system (CNS) immune privilege as a shield,
preventing the entry and exit of soluble antigen and migrating immune
cells to the brain and spinal cord. However, work from the past decades
in autoimmune and infectious diseases of the CNS demonstrate that im-
mune privilege is far from absolute. Indeed, immune surveillance of the
brain under homeostatic conditions must occur, as individuals with ge-
netic or induced immune suppression possess increased susceptibility
to opportunistic infections of the CNS (Klein & Hunter, 2017). It is true
that excessive immune-mediated inflammation and swelling of the
brain can be deadly, and therefore inflammatory responses must be
constrained. However, the recent rediscovery of lymphatics in the me-
ninges of rodents and humans (Absinta et al., 2017; Aspelund et al.,
2015; Louveau et al., 2015) indicates that the immune system may func-
tion in some sub-sections of the CNS similarly to the periphery. Further-
more, immunity to infections of the brain as well as autoimmunity in
multiple sclerosis (MS) and its animal model experimental autoim-
mune encephalomyelitis (EAE) provide critical insights into the nature
of how robust immunity can be initiated and potentiated within the
CNS.

Recently, immune-mediated therapies against cancer have demon-
strated truly remarkable advances against peripheral tumors such as
hematological malignancies (Brentjens et al., 2013; Kantarjian et al.,
2017; Maude et al., 2014; Schuster et al,, 2017), non-small-cell lung can-
cer (Antonia et al., 2017; Hellmann et al., 2018), melanoma and Merkel
cell carcinoma (Hodi et al,, 2010; Nghiem et al., 2016; Phan et al., 2003;
Schwartzentruber et al., 2011), as well as tumors with mismatch-repair
deficiency (Le et al., 2015), with objective responses in patients with
otherwise refractory late stage malignancy. However, while remarkable
cases of patient responders to brain tumor immunotherapy show prom-
ise, recent failures in clinical trials (Omuro et al., 2018; Weller et al.,
2017) (NCT01814813) illustrate that an enhanced understanding of
the requirements for effective immunity within the brain are desper-
ately needed. As patients with brain tumors treated with immunother-
apy can demonstrate the generation and persistence of peripheral
antitumor T cells after treatment (Batich et al., 2017; Okada et al.,
2011), it is unclear how to translate these systemic immune responses
into cytotoxic responses deep within the parenchyma where most
brain tumors reside. The truth remains that the physical barriers to T
cell migration to the brain and the specialized antigen presenting cells
(APCs) of the CNS do present a unique environment for immunother-
apy. In the context of CNS infection and autoimmunity, research into
the requirements for how immune responses are initiated and potenti-
ated within the brain may additionally help reveal how to initiate and
potentiate such immune responses against brain tumors. In this review,
through infection, autoimmunity and tumor immunotherapy, we will
examine the efferent arm of immunity to the brain and how activated
systemic T cells access the CNS to engender robust immunity.

2. The central nervous system

In the periphery, a classical adaptive antigen-specific T cell immune
response is initiated when a professional APC, such as a dendritic cell
(DC), acquires antigen, matures, and migrates via lymphatics to the
draining lymph node (dLN). The APC then presents this antigen via
cell-surface class II and class I molecules to respectively activate first
CD4™" and then CD8" T cells, usually within the dLNs (K. Murphy,
Travers, Walport, & Janeway, 2012). The expression of cytokines, che-
mokine receptors, and adhesion molecules on these activated T cells
then directs them to inflammatory milieus. Furthermore, conditioning
by DCs during T cell activation can even alter the expression of these re-
ceptors on T cells to direct organ-specific tropism (Sigmundsdottir &

Butcher, 2008). However, entry to the CNS is unique due to the physical
barriers surrounding it and the defined physiological sites at which im-
mune cells may enter it (Engelhardt, Vajkoczy, & Weller, 2017; Korn &
Kallies, 2017). Furthermore, there are populations of resident immune
cells particular to the CNS that function as CNS-specific APCs for T cell
activation (Herz, Filiano, Smith, Yogev, & Kipnis, 2017). For the purpose
of brain tumor immunotherapy, these factors play a vital role in creating
an environment in which immune activation can differ from the

periphery.
2.1. Anatomical barriers of the CNS

Immune cells within blood vessels can travel to the CNS and trans-
migrate across these vessels within specific locations: the meninges,
the choroid plexus, or the perivascular spaces within the parenchyma
(Fig. 1). As one of the gateways to CNS entry, the meninges are layers
that encapsulate the brain. From outside to inside they are the dura
mater, the arachnoid mater, and the pia mater. The outermost layer,
the dura mater, contains the newly rediscovered lymphatics of the
brain. Under the dura is the arachnoid mater, which serves as a fluid im-
permeable barrier between the dura and underlying cerebrospinal fluid
(CSF) that fills the subarachnoid space (SAS). Thus, the meninges are a
CSF drained space and the arachnoid mater serves as a blood CSF barrier
(BCSFB). Under the SAS is the pia mater, and underneath that is the sub-
pial space and then the glia limitans. The glia limitans is a unique layer of
basement membrane and astrocyte end feet surrounding the gray and
white matter and serves as the final barrier between the migratory
blood cells and the parenchyma. Therefore, while certain immune
cells can extravasate through vessels within the meninges, they will
still need to pass the glia limitans to reach the parenchyma
(Engelhardt et al., 2017; Klein & Hunter, 2017). Another route of entry
is the choroid plexus in the center of the brain, this consists of a group
of specialized ependymal cells that generate the majority of the CSF
and serve as another BCSFB to the ventricles. To access the choroid
plexus CSF, immune cells can extravasate through the cells or the tight
junctions connecting the BCSFB. Once immune cells pass the choroid
plexus and access the CSF of the ventricles, they can reach other CSF
drained sites like the meninges. However, to reach the parenchyma
they will also still need to pass the glia limitans. The parenchyma can
also be accessed via the arteries and veins within it that are surrounded
by the blood brain barrier (BBB). This barrier consists of a layer of spe-
cialized vascular endothelium adjacent to the glia limitans and prevents
both the diffusion of solutes as well as immune cell entry through both
tight junctions and adherens junctions among the endothelial cells. In
the white matter of the parenchyma, swellings around post capillary ve-
nules engender perivascular spaces filled with brain interstitial fluid
(ISF) between the endothelium and the glia limitans (Engelhardt
et al, 2017). Immune cells can leave the blood and enter the
perivascular space via traditional diapedesis, but then must pass the
glia limitans to reach the parenchyma. The meninges, choroid plexus,
and perivascular spaces all represent potential points of parenchymal
access for immune cells, but these also represent significant barriers to
transmigration of immune cells with specific requirements as expanded
upon later in this review.

2.2. Antigen presenting cells of the CNS

It is also worth noting that the immune cells in the meninges, cho-
roid plexus, perivascular spaces, and parenchyma are quite different
from both the periphery and from each other due to unique populations
of resident macrophages in these locations (Herz et al., 2017). This is
significant as these macrophages serve as APCs to surveilling T cells mi-
grating within the CNS. In mice, both the meninges and perivascular
spaces possess tissue resident macrophages that derive from hemato-
poietic precursors during embryogenesis. In contrast, choroid plexus
macrophages have a population derived from hematopoietic precursors
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Fig. 1. Proposed Mechanisms of T cell Infiltration of the CNS and the Generation of Antitumor Immunity. Evidence indicates that activated T cells expressing CXCR3 (potentially recruited
via CNS expression of CXCL10) will preferentially traffic to the CNS. Infiltration of the CNS has also been shown to be dependent on receptor expression and T cell subtype. Th1 CD4* and
CD8™ T cells show a dependence on a3 integrin for CNS infiltration, whereas Th17 T cells show a dependence on the integrins awf33 and o3, as well as the chemokine receptor CCR6
binding to CCL20 for infiltration of the CSF from the choroid plexus. T cells that migrate across endothelial barriers and have accessed the meninges, CSF, and perivascular spaces will still
need to bypass the glia limitans to reach the parenchyma. The glia limitans is the last barrier of the BBB and CXCL12 is important for retaining T cells within perivascular spaces and
preventing their migration past the glia limitans. To breach this barrier, the scavenging of CXCL12 and the secretion of MMP2 and MMP9 by activated immune cells can permit T cells
access to the parenchyma. However, in the context of brain tumors, disruption of the BBB may permit immune cell infiltration of the parenchyma without these steps. In EAE, evidence
also suggests that DCs are critical for supporting both T cell infiltration and robust antigen-specific autoimmunity within the CNS. Preclinical models of brain tumor immunotherapy
suggest that DCs recruited to the CNS may be instrumental for enhancing both T cell infiltration and retention within brain tumors.

but also have a population replenished at a steady state by peripheral
bone marrow-derived monocytes (Goldmann et al,, 2016). In the paren-
chyma, tissue-resident macrophages, termed microglia, arise from yolk
sac-derived embryonic precursors which are unrelated - and not re-
plenishment - by bone marrow-derived precursors (Herz et al., 2017;
Korn & Kallies, 2017). The varying antigens that these APCs will be ex-
posed to can also differ as meningeal and choroid plexus macrophages
will access the CSF while perivascular macrophages will access the ISF
of the parenchyma. While DCs seem absent from the parenchyma, lim-
ited and transient numbers of peripherally derived DCs do exist in the
meninges, choroid plexus and perivascular spaces and are replenished
from migrating bone marrow precursors. Although they reside in the
CNS, these monocyte-derived DCs (moDCs) do possess a transcriptional
profile similar to splenic DCs, potentially indicative of a similar func-
tional ability (De Laere, Berneman, & Cools, 2018). B cells can also
serve as APCs, but are largely absent from the homeostatic CNS. Thus,
the meninges, choroid plexus, and perivascular spaces possess macro-
phages and DCs to provide antigen presentation to T cells for immune
surveillance, while the parenchyma - where brain tumors are usually
found - possesses a higher level of immune restriction with microglia
as the APC.

2.3. T cells in the CNS
During homeostasis, naive T cells are absent from the entirety of the

CNS. However, activated T cells can be found in the meninges, CSF, and
perivascular spaces independent of their antigen specificity.

Importantly, past the glia limitans within the parenchyma, T cells are
notably nonexistent in healthy young individuals, although resident
memory T cells in older individuals can be found that are indicative of
previous CNS immunity (Korn & Kallies, 2017). While it has been sug-
gested that activated T cells can also access the parenchyma without
recognition of cognate antigen in an inflammatory context like EAE
(Wekerle, Linington, Lassmann, & Meyermann, 1986), this has not nec-
essarily been observed in other experimental systems such as infectious
immunity (Klein & Hunter, 2017). It is generally accepted that to pass
the glia limitans, activated T cells in the meninges, choroid plexus or
perivascular spaces likely need to be reactivated by cognate antigen pre-
sentation by an APC (Engelhardt et al., 2017).

3. T cell infiltration of the central nervous system
3.1. T cell trafficking to the CNS in infection and autoimmunity

T cell mediated immune responses are fundamental to both the res-
olution of infection within the CNS and for the development of pathol-
ogy in autoimmunity (Engelhardt et al., 2017; Klein & Hunter, 2017;
Korn & Kallies, 2017). However, for both infection and autoimmunity,
most immune responses that occur within the CNS are actually initiated
in the periphery, requiring the systemic activated T cells to migrate to
the brain to find cognate antigen presented by CNS APCs. During CNS in-
fection, the cues for T cell migration are initiated by pathogen-derived
pathogen associated molecular patterns. These pathogen associated
molecular patterns bind pattern recognition receptors on macrophages,
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DCs, and other CNS cells resulting in the expression of chemoattractants
and adhesion molecules that will then guide activated T cells to roll, ad-
here, and extravasate from the blood into the meninges, choroid plexus,
or perivascular spaces (Klein & Hunter, 2017). During autoimmunity, it
has been suggested that activated T cells in EAE access the CNS in a ran-
dom manner, with retention dependent on recognition of cognate anti-
gen on APCs (Hickey, Hsu, & Kimura, 1991). The expression of
proinflammatory cytokines (IFNo, TNFo, IFNvy, GM-CSF) from activated
macrophages or T cells in turn induces the expression of the
chemokines and adhesion molecules that are necessary to recruit
more activated T cells and immune cells to the CNS (C. A. Murphy,
Hoek, Wiekowski, Lira, & Sedgwick, 2002; Sporici & Issekutz, 2010).

While there is no known instructive intrinsic program by which T
cells are predetermined to travel to the CNS, certain chemokines and
chemokine receptors have been shown to be critical for parenchymal
infiltration. A recent paper in a rat model of EAE demonstrated that ac-
tivated T cells specific for myelin basic protein (MBP) had to become li-
censed in the lung before they could successfully invade the CNS
(Odoardi et al., 2012), suggesting that initial migration is not always
random. After lung residency, the MBP-specific T cell blasts upregulated
transcriptional expression of chemokine and adhesion receptors and al-
tered their migration from the chemokines CCL19 and CCL21 to CCL5
and CXCL11, chemokines that have also been detected in the CNS of pa-
tients with MS (Sporici & [ssekutz, 2010). This indicates changes in T cell
chemokine receptor usage, as CCL19 and CCL21 are ligands for CCR7,
whereas CCL5 binds CCR1, CCR3 and CCR5 and CXCL11 binds CXCR7
and CXCR3 (Karin & Wildbaum, 2015). Importantly, inhibition of
CXCR3 signaling impaired the invasion of MBP-specific T cells in this
model, suggesting this receptor is critical to parenchymal infiltration
from the blood. In mouse models of CNS infection, CXCR3 was required
for successful clearance of the pathogens west nile virus and mouse
hepatitis virus and CCR5 was necessary for effective immunity against
west nile virus (Korn & Kallies, 2017). Interestingly, in a mouse model
of EAE, inhibition of CCR5 did not impair disease progression and inhibi-
tion of CXCR3 actually induced more significant EAE. This is likely due to
the more diffuse T cell infiltration of the parenchyma and decreased im-
munosuppressive Tregs in this CXCR3-deficient model system (Muller
et al.,, 2007). Furthermore, EAE involves multiple CD4" T cell subsets
with differing receptor dependencies, so the loss of a single receptor
may still permit the entry of a different subset of pathogenic T cells to
the CNS (Rothhammer et al., 2011). In particular, early in EAE, type 17
helper CD4™" T cells (Th17) appear to use CCR6 to bind CCL20 produced
by choroid plexus epithelial cells to cross the BCSFB and gain access to
the ventricular CSF (Engelhardt et al., 2016; Reboldi et al., 2009). An-
other critical chemokine/receptor pair in EAE is CXCR4 and CXCL12. In
mice, pathogenic T cells accumulate in the perivascular spaces and do
not access the parenchyma to induce EAE due to an abundance of
CXCL12. However, expression of CXCR7 on the endothelial cells, poten-
tially from IL-17 expression by perivascular immune cells, results in the
internalization of CXCL12. The reduction in perivascular CXCL12 de-
creases CXCR4 activation in T cells culminating in T cell entry to the pa-
renchyma (Cruz-Orengo et al., 2011; McCandless, Wang, Woerner,
Harper, & Klein, 2006). Corroborating data shows that CXCL12 is
redistributed in active lesions of patients with MS (McCandless et al.,
2008).

In addition to chemokine and chemokine receptor involvement, key
integrins are also required for the infiltration of autoimmune T cells past
the BBB. Rolling leukocytes with activated chemokine receptors in turn
activate integrins, permitting the firm adhesion and extravasation of the
cell. In EAE, adoptive transfer of both autoimmune activated type 1
helper CD4™" T cells (Th1) and Th17 CD4" T cells can induce EAE
(Axtell et al., 2010; Grifka-Walk, Lalor, & Segal, 2013). However, for
pathogenic Th1 CD4 ™ T cells, invasion of the spinal parenchyma was de-
pendent on expression of the a3 integrin also known as very late an-
tigen 4. Antibody-mediated blocking of a3 integrin did not affect
cytokine secretion or antigen recognition, but did affect infiltration of

T cells as well as the onset and severity of disease (Baron, Madri,
Ruddle, Hashim, & Janeway Jr., 1993; Rothhammer et al., 2011; Sonar
& Lal, 2017). In contrast, autoimmune Th17 CD4™ T cells entered the
brain parenchyma and were not dependent on a3, integrin, but in-
stead appeared to require the o33 integrin (Du et al., 2016) as well as
the a3, integrin, also known as lymphocyte function-associated anti-
gen 1 (Rothhammer et al., 2011).

However, in the final step to parenchymal invasion, activated T cells
must still pass the glia limitans. In EAE, T cell-derived TNFa and IL-17 in-
duced the secretion of matrix metalloproteinases 2 and 9 (MMP2;
MMP9) from both immune and CNS-resident cells which then cleaved
the extracellular matrix receptors on the astrocytic foot processes and
permit leukocyte invasion of the parenchyma (Agrawal et al., 2006;
Engelhardt et al., 2016; Sonar & Lal, 2017; Song et al., 2015). MMP2
and 9 are present in the CSF and lesions of patients with MS (Sonar &
Lal, 2017), but the glia limitans is much thicker in humans than rodents
and the exact mechanisms of bypassing this barrier in humans are not
yet identified. These cumulative data highlight the fact that there are
key chemokines, chemokine receptors, adhesion molecules, and en-
zymes responsible for successful T cell infiltration of the parenchyma,
that these molecules can differ depending on T cell subtype, and that
many of these molecule's functions appear to be parallel in mice and
humans.

In an effort to reduce unwanted T cell infiltration, impairing the abil-
ity of T cells to migrate and extravasate has led to novel therapeutics in
MS and other diseases. The antibody natalizumab blocks cellular inter-
action with a4 integrin and reduces relapse rates as well as the number
of new or enlarging lesions in patients with MS (Rudick, Polman,
Clifford, Miller, & Steinman, 2013). While natalizumab was temporarily
taken off the market due to an increased chance for progressive multifo-
cal leukoencephalopathy from infection of the brain by John Cunning-
ham virus, it was brought back into use with rigorous monitoring of
treated patients for viral infection. The o3, integrin was also targeted
for blockade, and the antibody efalizumab was given to patients with
plaque psoriasis, a disease typified by activated T cell infiltration of the
skin. However, rare patients also developed PML, and this drug was re-
moved from the market due to the availability of other effective treat-
ment options (Raab-Westphal, Marshall, & Goodman, 2017). However,
these underscore the caveat that preventing T cell infiltration of the
CNS can also reduce immunosurveillance leading to opportunistic infec-
tion of the brain. The o33 integrin has also been targeted by both anti-
body as well as the peptide cilengitide (Raab-Westphal et al., 2017), and
while cilengitide reduced the severity of EAE (Du et al., 2016), these
agents are not in use to treat patients with MS. In patients with
relapsing-remitting MS, preventing T cell egress from secondary lym-
phoid organs with the therapeutic fingolimod has reduced the relapse
rate (Cohen et al., 2016). However, long-term studies unfortunately
did not show a decrease in progression to disability for patients with
primary-progressive MS (Correale, Gaitan, Ysrraelit, & Fiol, 2017).
While the cumulative data demonstrate that therapeutic strategies
preventing T cell infiltration can ameliorate CNS autoimmunity, careful
monitoring is required to ensure this immunosuppression does not re-
sult in opportunistic infection.

There is also an emerging role for T cell infiltration in other neurode-
generative diseases such as Parkinson's disease and Alzheimer's disease.
While the exact mechanism of T cell function is less clear in these con-
texts than in MS, T cells have been found in CNS tissue samples of pa-
tients with Alzheimer's or Parkinson's at sites of disease pathology
(Gonzalez & Pacheco, 2014; Sommer, Winner, & Prots, 2017).
Parkinson's is a consequence of dopaminergic neuron loss, and in an an-
imal model of this disease CD4™ T cells were required for neuronal de-
generation (Brochard et al., 2009). Alzheimer's disease is typified by
significant cognitive decline and the formation of amyloid plaques
within the CNS. Intriguingly, autoreactive T cells to the 3-amyloid pep-
tide are found in patients with this disease (Lanuti et al., 2012). While it
is not clear how these autoreactive T cells may affect clinical severity in
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patients, in a mouse model of Alzheimer's the transfer of amyloid-
specific Th1 CD4™ T cells were associated with worsening cognitive ca-
pacity (Browne et al., 2013). Significant research remains to clarify how
T cells contribute to the pathology of Alzheimer's and Parkinson's; how-
ever, these data do suggest that T cell infiltration of the CNS may have a
broad role in neurodegeneration.

3.2. Effector T cells in brain tumors

Brain tumors are generally regarded as immunologically “cold” tu-
mors; the most common malignant brain tumor glioblastoma (GBM)
has poor immune infiltration with tumor infiltrating lymphocytes
(TILs) absent from roughly half of the examined cases (Reardon,
Wucherpfennig, & Chiocca, 2017; Rutledge et al., 2013). However, spon-
taneous systemic immune responses to brain tumor antigens have been
reported (Johanns, Bowman-Kirigin, Liu, & Dunn, 2017; Schumacher
et al., 2014) and low levels of TIL infiltration can be found in some
cases, indicating that peripheral T cells have the capacity to migrate to
the CNS and infiltrate tumor. It is known that gliomas can express
class I molecules for possible presentation to CD8™ cytotoxic T lympho-
cytes (CTLs) (Yeung et al., 2013), and it has been observed that CTLs in
human glioma form contacts with tumor cells inducing TCR clustering
and granzyme B polarization (Barcia Jr. et al., 2009). There are also asso-
ciations found between infiltrating lymphocytes and survival in GBM
(Johanns et al., 2017). Patients with primary GBM bearing a higher
ratio of CD8™ T cells to immunosuppressive regulatory T cells (Tregs)
do possess longer overall survival (Sayour et al., 2015), suggesting
CD8™T cells at the tumor can be cytotoxic and possess an antitumor ef-
fect. It is also worth noting that GBMs may be more open to immune in-
filtration than normal brain tissue due to the well documented
disruption of the BBB (Johanns et al., 2017). However, these tumors
are still surrounded by large regions of intact BBB (Sarkaria et al.,
2018), and as individual tumor cells commonly infiltrate the normal
brain far from the tumor mass, successful immune-eradication of all
tumor cells will still likely require T cells to access the normal paren-
chyma possessing intact anatomical barriers. Therefore, immunother-
apies against brain tumors that leverage the peripheral immune
system to generate robust tumor-targeted CD4™ and CD8™ T cells will
require that these T cells not only traffic to the CNS, but also bypass
the anatomical restrictions of the CNS to be fully efficacious.

3.3. T cell trafficking to brain tumors

In regards to tumor immunotherapy, CXCL10 has emerged as a me-
diator to enhance T cell infiltration of brain tumors. Importantly,
CXCL10 is also a ligand for the CXCR3 receptor that is involved with T
cell infiltration of the CNS in EAE and infection as discussed above.
Nishimura et al. demonstrated that CXCR3" Th1 T cells mediated anti-
tumor efficacy against intracranially implanted melanoma in a CXCL10
dependent manner. In this model, DCs transduced with IFNo cDNA
were administered intratumorally to induce CXCL10 expression in oval-
bumin positive melanoma cells. In addition to intratumoral DC adminis-
tration, the adoptive transfer of ovalbumin-specific Th1 T cells extended
the survival of tumor bearing mice; however, CD8™ T cell infiltration
and survival were significantly reduced in the presence of a blocking an-
tibody to CXCL10 (Nishimura et al., 2006). Furthermore, in the murine
glioma model GL261, it was shown that including the clinically ap-
proved adjuvant polyinosinicpolycytidylic acid [poly(1:C)] stabilized
by lysine and carboxymethylcellulose (poly-ICLC) with a peptide vac-
cine of glioma associated antigens induced the expression of CXCL10
within the tumor and significantly increased the frequency of TILs
(Zhu et al., 2010). In a model of subcutaneous ovalbumin positive mel-
anoma, inhibition of CXCL10-cleaving dipeptidylpeptidase 4 (DPP4) in-
creased the levels of bioactive intratumoral CXCL10, resulting in
increased intratumoral T cell infiltration that when combined with the
adoptive transfer of ovalbumin-specific CD8" T cells enhanced

antitumor efficacy (Barreira da Silva et al., 2015). In humans, CXCL10
also appears to function as an attractant for recruiting effector T cells
to the CNS, as patients with CNS autoimmunity from paraneoplastic
neurologic disorder possess elevated CXCL10 within the CSF and an in-
creased frequency of CXCR3" CD4™" and CD8* T cells within the CSF in
comparison to peripheral blood (Roberts et al., 2015). Though specula-
tive at this point, it is interesting to note that gliomas express both
CXCL10 (Maru et al., 2008) and DPP4 (Stremenova et al., 2007), suggest-
ing that blocking the DPP4-mediated cleavage of CXCL10 in human gli-
oma may also increase antitumor T cell infiltration.

In another parallel to EAE, expression of a3 integrin may also me-
diate T cell trafficking to the CNS in murine models of brain tumor im-
munotherapy. In mice bearing intracranial tumor, T cells primed in the
tumor-draining cervical LNs strongly upregulated o3 integrin, engen-
dering preferential infiltration of these T cells to the CNS (T. Calzascia
etal,, 2005). This upregulation of cyf>; integrin and preferential CNS mi-
gration was not seen when T cells were primed in the dLNs of mice with
identical subcutaneously implanted tumor. Inhibition of cs3; integrin
was also able to block the migration of ovalbumin-specific Th1 CD8* T
cells in mice bearing ovalbumin positive intracranial melanoma
(Sasaki et al., 2007). However, a recent paper demonstrated that in
comparison to human brain microvascular endothelial cells, that endo-
thelial cells derived from primary brain tumors lack vascular cell adhe-
sion protein 1 (VCAM1) and possess reduced expression of intracellular
adhesion molecule (ICAM1), binding partners of the a3, and oy,
integrins respectively (Samaha et al., 2018). T cells were unable to
transmigrate in vitro across these endothelial cells derived from pri-
mary brain tumors in the presence of the inflammatory cytokine IL-6,
whereas migration across brain microvascular endothelial cells under
these conditions was permissive. The authors attribute these findings
to the loss of ICAM1 and VCAM1 on the tumor-derived endothelium
and these data further suggest that another level of immune evasion
in brain tumors may stem from a lack of T cell transmigration across en-
dothelial cells in this context. The cumulative data do indicate that ex-
pression of CXCL10 within the CNS, and expression of CXCR3 and
431 integrin on effector T cells themselves, may be key mechanisms
for the successful trafficking and infiltration of the CNS during immuno-
therapy. However, careful attention must also be given to the expres-
sion of corresponding adhesion molecules on endothelium in the
brain tumor microenvironment.

4. Antigen presentation and T cell activation in the central nervous
system

Once a T cell has trafficked to the CNS, it is thought that antigen rec-
ognition by the T cell is critical for passing the glia limitans and entering
the parenchyma, and that T cell reactivation is likely needed to sustain
potent immunity. However, the antigen presenting capacities of APCs
within the CNS are not interchangeable. In a mouse model of EAE, Miller
et al. demonstrated that in vitro antigen presentation by DCs (CD11b™"
CD11c*CD45"") induced the highest proliferation of naive CD4* T
cells, that proliferation was reduced when antigen was presented by
(CD11b*CD11c—CD45M8") macrophages, and that microglia (CD11b™"
CD11c~CD45'°%) were unable to activate these T cells (Miller,
McMahon, Schreiner, & Bailey, 2007). Importantly, within the paren-
chyma while there are low levels of class I expression for potential
CD8™ T cell interaction; there is almost no class Il expression to engage
CD4* T cells (Korn & Kallies, 2017; Massa, Ozato, & McFarlin, 1993). Mi-
croglia are the main APC of the parenchyma, they do not express class II
homeostatically, and while class Il expression can be induced there is
currently no evidence that microglia themselves present antigen via
class Il to CD4™ T cells in vivo (Korn & Kallies, 2017). Furthermore, ho-
meostatic microglia also do not express common costimulatory mole-
cules required for T cell activation, although these can be induced in
the context of inflammation (Chastain, Duncan, Rodgers, & Miller,
2011). This is critical as CD4™ T cells that bind class Il provide critical
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signals to reactivated CD8™ T cells that permit maximized immune re-
sponses (K. Murphy et al., 2012). In the context of viral encephalitis,
the loss of CNS localized CD4™ T cells resulted in impaired CD8™ T cell
function and viral control (Phares et al.,, 2012). In EAE there is a tremen-
dous amount of data demonstrating that it is actually the recruitment
and infiltration of antigen-presenting conventional DCs and moDCs
within the CNS that engender and sustain potent CNS autoimmunity.

4.1. CNS dendritic cells in autoimmunity

In MS, the accumulation of DCs in the CNS correlates with the degree
of clinical disease (De Laere et al., 2018). While the overlapping and
ever-changing phenotype of DC subpopulations makes it difficult to pin-
point the exact DC subtypes important in EAE, the recruitment of
CD11ct APCs is dependent upon CCR2 expression (Clarkson et al.,
2015), a receptor that binds the chemokines CCL2, CCL7, CCL8, and
CCL13. Importantly, CCR2 deficient mice are resistant to the develop-
ment of EAE (Fife, Huffnagle, Kuziel, & Karpus, 2000; Izikson, Klein,
Charo, Weiner, & Luster, 2000; Klein & Hunter, 2017). It has also been
shown that it is the expression of the GM-CSF receptor on the CCR2 pos-
itive monocyte precursors that licenses these recruited cells to become
pathogenic (Croxford et al., 2015). Recruited DCs can enter the CNS sim-
ilar to T cells, through the meninges, choroid plexus, and perivascular
spaces and subsequently bypass the glia limitans to enter the paren-
chyma (De Laere et al., 2018). While CCL2 and CCR2 have been shown
to be a critical axis for recruiting DCs in EAE, a3 integrin also emerged
as a key molecule responsible for permitting DC infiltration of the CNS
(Jain, Coisne, Enzmann, Rottapel, & Engelhardt, 2010).

The location of DCs within the CNS is also critical to disease progres-
sion. Intracerebral injection of myelin oligodendrocyte glycoprotein
(MOG)-loaded DCs in a mouse model of EAE induced the infiltration
of MOG-specific CD4* T cells and a worsening of EAE score whereas sys-
temic injection of DCs did not (Zozulya et al.,, 2009). During EAE,
CD11c* conventional DCs and moDCs in meninges and perivascular
areas express the T cell chemoattractants CCL5, CXCL9, and CXCL10
and show sustained interactions with pathogenic Th17 CD4™" T cells
prior to parenchymal invasion. Furthermore, inducible depletion of
these APCs dramatically reduces the infiltration of T cells and the sever-
ity of EAE without affecting the peripheral populations of pathogenic T
cells (Paterka et al., 2016); indicating these DCs are required for CNS
entry, infiltration and sustained pathogenicity of autoimmune T cells.
DCs are also able to induce EAE. DCs derived from a rat with EAE can in-
duce EAE in naive recipients after intravenous injection, demonstrating
the ability of these cells to prime naive T cells and induce the cascade of
events leading to pathogenic T cells that migrate to the CNS and infil-
trate the parenchyma (Knight, Mertin, Stackpoole, & Clark, 1983).
These data suggest that it is the recruited cDC and moDC populations
within the CNS truly drive T cell infiltration and sustained immunity
during EAE.

4.2. Intratumoral dendritic cells in the CNS

The models of autoimmunity within the CNS outlined above suggest
that antitumor T cells recruited to the CNS may also require local reacti-
vation with cognate tumor antigen within the meninges, choroid plexus
or perivascular space to bypass the glia limitans, infiltrate parenchymal
tumor tissue, and mediate sustained antitumor immunity. Additionally,
brain tumors are heavily infiltrated with macrophages and microglia,
which constitute the largest infiltrating population of immune cells in
humans. These macrophages and microglia do not express the key cyto-
kines and costimulatory molecules required for T cell stimulation
(Hussain et al., 2006), furthering the deficit of antigen presentation
within the parenchyma. The data from EAE suggest that recruited DCs
may be the necessary APC within the CNS to overcome the deficits of
CNS antigen presentation and induce the infiltration of activated antitu-
mor T cells and the induction of sustained immunity.

Several groups have examined the role of intratumoral DCs in the
immunotherapy of solid tumors both systemically and within the CNS.
In a model of murine melanoma, Salmon et al. found that intratumoral
CD103™" DCs carried intact antigen to the dLNs and were required for
CD8™ T cell cross priming (Salmon et al., 2016). Furthermore, the ad-
ministration of intratumoral FMS-like tyrosine kinase 3 ligand (FIt3L)
to commit and expand DC precursors and the addition of intratumoral
poly(I:C) to mature these DCs dramatically increased the number of in-
filtrating CD103 " DCs and T cells within the tumor parenchyma. The au-
thors note that inhibition of T cell migration from the dLNs with the
drug fingolimod significantly reduced the desired intratumoral T cell in-
filtration, suggesting that the CD103* DCs were trafficking from tumor
to the dLNs to prime T cells within. As the authors point out though, ad-
ditional experiments will be required to determine what the direct con-
tribution of these intratumoral DCs at the tumor site might be.

In preclinical models of glioma, Barnard et al. found the antitumor
efficacy of an oncolytic herpes simplex virus with intratumoral FIt3L ex-
tended the survival of mice bearing intracranial CT-2A gliomas, whereas
the parental virus by itself did not (Barnard et al., 2012). However, in
this work the maturation of DCs was not addressed. This may be signif-
icant as Salmon et al. found that FLt3L alone induced the accumulation
of immature DCs within melanoma, which did not induce CD8" T cell
infiltration and was instead associated with an increased number of im-
munosuppressive Tregs. Another paper using orthotopic GL261 demon-
strated that tumor antigen pulsed DCs injected both subcutaneously
and intratumorally extended survival significantly more than either in-
jection alone. Furthermore, intratumorally injected DCs were not de-
tected in the cervical dLNs, implying they mediated their effects at the
tumor (Pellegatta et al., 2010). The authors attribute this to intratumoral
DCs increasing the both the frequency of CD8™ TILs and the inflamma-
tory cytokines IFNy and TNFa within tumor. This is certainly important,
but as others have shown that subcutaneously injected DCs can migrate
to the CNS of mice with orthotopic brain tumors (Dey et al., 2015), it is
also possible that subcutaneous antigen-loaded DCs could also migrate
to the meninges and perivascular spaces and function to reactive
tumor-specific T cells to pass the BBB. The exact subtype of DCs within
glioma may also critically influence antitumor immunity. Intratumoral
plasmacytoid DCs have been shown to both help (Candolfi et al.,
2012) or hinder antitumor efficacy (Dey et al., 2015), although these re-
sults cannot be directly compared as different model systems were
used. While tumor antigen loaded DCs can certainly synergize with ac-
tivated antitumor T cells to enhance immunity (Nishimura et al., 2006),
itis still speculative at this point as to how they function within the CNS.

The work of Calzascia et al. supports the notion that local APCs
within brain tumors are critical for the retention of infiltrating CTLs
(Thomas Calzascia et al., 2003). In this study, mice were implanted in-
tracranially with CW3 positive murine gliomas negative for H2-K¢
class I and all class Il expression. However, CW3-specific CTLs were de-
tected after implantation, indicating that cross-priming of the H2-K¢-
binding CW3 antigen to CD8™" T cells must have occurred. While the
exact location and phenotype of the APCs were not identified in this
work, efficient cross-presentation is usually mediated by DCs. To test
the role of local antigen cross-presentation in CTL retention in brain tu-
mors, mice received either implantation of intracranial CW3 positive
tumor or implantation with both intracranial CW3 negative tumor and
subcutaneous CW3 positive tumor. While both intracranial tumors
demonstrated early infiltration by activated CW3-specific T cells, CTLs
were only retained in the antigen positive tumor. Therefore, in regards
to brain tumor immunotherapy, local DCs may serve several functions:
(1) DCs may present tumor antigen to reactivate T cells and enable
crossing of the BBB; (2) DCs may enhance the infiltration of activated
T cells within the parenchyma and within the tumor; (3) DCs may
serve as a source of class Il and costimulatory molecules in a parenchy-
mal environment otherwise deficient in these factors; and, (4) DCs may
present tumor antigen to T cells within tumor to increase T cell reten-
tion. Therefore, immunotherapies that engender activated antitumor T
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cells should also focus on recruiting and retaining mature DCs within
the CNS to enable T cell infiltration sustained antitumor immunity.

5. Conclusions

Many immunotherapies focus on how to engender robust antitumor
T cells, and considerable work has gone into defining what types of T
cells most successfully mediate tumor lysis (Gattinoni, Klebanoff, &
Restifo, 2012). In this review, we have focused on the next step in
brain tumor immunotherapy - once you have strong T cells, how do
they traffic, infiltrate, and sustain antitumor immunity in the unique en-
vironment of the brain? Many parallels exist between the undesirable
but potent immunity found in CNS diseases like MS, and the desirable
but weak immunity found in brain tumors. We have highlighted key
molecules and receptors repetitiously responsible for T cell trafficking
to the CNS in infection, autoimmunity, and immunotherapy (Fig. 1).
While not an exhaustive list, manipulating activated T cells to express
CXCR3, CCR6 and the aPr1, o P2, otyPs integrins, and manipulating
CNS tissues to express corresponding chemokines and adhesion mole-
cules (CCL10, CCL20, VCAM-1, ICAM-1, and vitronectin respectively),
may increase the migration of T cells to the CNS and the subsequent pa-
renchymal infiltration and potency of the immunotherapy. Further-
more, we suggest that antigen presentation from DCs is likely required
locally within the CNS for truly sustained and effective T cell-mediated
antitumor immunity. Future studies that tease apart the mechanisms
controlling the efferent arm of CNS immunity will enable the next
steps in brain tumor immunotherapy - the conversion of systemic anti-
tumor immunity into intratumoral immunity.
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