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The concept of immune privilege of the central nervous system (CNS) has dominated the study of inflamma-
tory processes in the brain. However, clinically relevant models have highlighted that innate pathways limit
pathogen invasion of the CNS and adaptive immunity mediates control of many neural infections. As protec-
tive responses can result in bystander damage, there are regulatory mechanisms that balance protective and
pathological inflammation, but these mechanisms might also allow microbial persistence. The focus of this
review is to consider the host-pathogen interactions that influence neurotropic infections and to highlight ad-
vances in our understanding of innate and adaptive mechanisms of resistance as key determinants of the
outcome of CNS infection. Advances in these areas have broadened our comprehension of how the immune
system functions in the brain and can readily overcome immune privilege.
Introduction
For nearly 100 years, physicians and scientists have appreciated

the unique immunological status of the brain. The notion that the

CNS is completely isolated from the periphery and lacks immune

responses was supported by early experiments demonstrating a

diffusion barrier between the blood and the brain and later by the

lack of tissue graft rejection, the latter of which was proven incor-

rect (Barker and Widner, 2004). The presence of the blood brain

barrier (BBB), which isolates the central nervous system (CNS)

parenchyma from circulating immune cells and antibodies, and

the lack of identifiable lymphatics originally contributed to the

designation of the CNS as an immune privileged site (Barker

and Widner, 2004; Medawar, 1948; Wilson et al., 2010). The

concept of immune privilege has been questioned (Carson

et al., 2006; Galea et al., 2007) and has evolved to incorporates

the neurovascular unit (NVU), the blood-cerebrospinal fluid (CSF)

barrier, and the presence of CNS lymphatics that allow leukocyte

egress (Aspelund et al., 2015; Louveau et al., 2015; Weller et al.,

2009). The detection of small numbers of leukocytes, particularly

memory T cells, within newly identified lymphatics and in the

CSF, is in accord with reports that low numbers of T cells in

the CNS promote normal neurological function, including pro-

cesses involved in cognition (Kipnis et al., 2012; Schwartz and

Kipnis, 2011). Nevertheless, the most common manifestation

of neuroinfectious diseases is the recruitment of inflammatory

cells which are critical to mediate local resistance to a variety

of viral, bacterial, and parasitic organisms within distinct com-

partments of the CNS (see Table 1 for a list of CNS compart-

ments targeted by neurotropic pathogens). Multiple studies

have highlighted the adverse consequences of immune exclu-

sion and the importance of immune activity to control infections

in the brain. Many of these responses are associated with alter-

ations in the biology of resident neural cell populations which not

only amplify protective activities but can also impact on neuronal

survival and function and lead to life-threatening pathology

(Streit et al., 2005). The aim of this article is to consider the

host-pathogen interactions that influence neurotropic infections
and to review advances in understanding the innate and adap-

tive mechanisms that balance protective and pathological

inflammation, which determine the outcome of CNS infection.

Primary and Acquired Immune Deficiencies Associated
with Susceptibility to CNS Infection
There are numerous clinical approaches such as chemother-

apies, bone marrow transplantation, or immunosuppressive

drugs that interfere with overall immune function and predis-

pose to neuroinfectious diseases (Britt et al., 1981). The AIDS

epidemic revealed that T cells protect the brain from neurotropic

opportunistic pathogens such as Cryptococcus neoformans,

Toxoplasma gondii, Mycobacterium tuberculosis, cytomegalo-

virus (CMV), and John Cunnigham (JC) virus (Bowen et al.,

2016). Similarly, children with hyper-immunoglobulin M (IgM)

syndrome, a group of primary immune deficiency disorders

characterized by altered CD40 signaling that results in defects

in cell mediated immunity and reduced antibody class switching,

exhibit increased susceptibility to encephalitis due to enteric

cytopathic human orphan (ECHO) virus, CMV, and T. gondii

(Subauste, 2006; Winkelstein et al., 2003). The recent advances

in whole-genome sequencing technology have intensified the

investigation into the prevalence and causes of neuroinfectious

diseases in patients with primary immunodeficiencies (Joshi

et al., 2009). In pediatric patients with herpes simplex virus

(HSV) encephalitis, these approaches have led to the identifica-

tion of loss of function mutations in multiple innate immune

genes including Unc-93 homolog B1 (UNC93B), Toll-like recep-

tor (TLR)3, TIR-domain-containing adaptor-inducing interferon-b

(TRIF), TNF receptor-associated factor (TRAF)3, signal trans-

ducer and activator of transcription (STAT)1, NF-kB essential

modulator (NEMO), and TRAF family member-associated

(TANK)-binding kinase 1 (TBK1), (Casrouge et al., 2006; Guo

et al., 2011; Herman et al., 2012; Pérez de Diego et al., 2010;

Sancho-Shimizu et al., 2011; Zhang et al., 2007). Advances in

the use of human induced pluripotent stem cells (IPSC) to

generate different neural cell typesmeans that these populations
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Table 1. CNS Compartments Targeted by Neurotropic Pathogens

CNS Compartment Meninges Ventricular System Parenchyma

Bacteria S. pneumococcus

L. monocytogenes

H. influenza

N. meningitides

T. pallidum

M. tuberculosis L. monocytogenes

Nocardia species

T. pallidum

Fungi C. neoformans Candida albicans

Aspergillus niger

Zygomycetes

Fusarium species

Pseudallescheria boydii

Pigmented molds

Histoplasma capsulatum

Coccidioides immitis

Penicillium marneffei

Parasites Angiostrongylus cantonensis

Trichinella spiralis

Trypanosoma brucei (sp)

Schistosome(sp)

T. gondii

Naegleria fowleri

Trypanosoma cruzi

Trypanosoma brucei (sp)

Taenia solium

Viruses Enteroviruses

West Nile virus

Japanese encephalitis virus

Human Immunodeficiency virus

Mumps virus

Measles virus

JC virus Herpes simplex virus 1

Cytomegalovirus

Measles virus

West Nile virus

Japanese encephalitis virus

Zika virus

Tick-borne encephalitis virus

Equine encephalitis viruses (VEEV, EEEV, WEEV)

Enteroviruses

Human Immunodeficiency virus

Varicella Zoster virus

JC virus

Influenza A

Source: The Washington Manual of Infectious Disease Subspecialty Consult, Ed. Nigar Kirmani, Keith Woeltje, and Hilary Babcock; Wolters Kluwer,

Lippincott, Williams, and Wiltkins
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can be used alone or within three-dimensional models of CNS

function and combined with gene editing to dissect the basis

for susceptibility. This approach has already been utilized to

examine the contribution of TLR3-mediated mechanisms of

resistance to HSV in different neuronal populations (Lafaille

et al., 2012).

The increased use of biologically based therapies to target

inflammatory processes has led to the emergence of a new

cohort of patients susceptible tomanyof the infections described

above. An important example is the reactivation of the ubiqui-

tous JC virus, which leads to a potentially fatal CNS infection

that causes progressive multifocal leukoencephalopathy (PML)

(Berger and Koralnik, 2005). This pathogen has continued to

rise in prominence with the advent of the humanized monoclonal

antibody therapies natalizumab (anti-a4integrin) (Berger andKor-

alnik, 2005) and rituximab (anti-CD20) (Jelcic et al., 2015), to treat

multiple sclerosis, B cell malignancies, and encephalitis due to

autoantibodiesagainst theN-methyl-D-aspartate (NMDA) recep-

tor. The use of another anti-integrin antibody, efalizumab (anti-

aLintegrin), to treat psoriasis, is also associated with increased

incidence of PML (Molloy and Calabrese, 2009) and has been

withdrawn from themarket. The broad impact of this typeof inter-

vention is illustrated in studies in which blockade of a4 integrin
892 Immunity 46, June 20, 2017
compromises protective immunity in the CNS to T. gondii, simian

immunodeficiency virus (SIV), and Bornavirus (Planz et al., 1995;

Sasseville et al., 1994; Wilson et al., 2009). There is considerable

clinical experience with anti-tumor necrosis factor (TNF) thera-

pies to treat rheumatoid and psoriatic arthritis, ankylosing spon-

dylitis, ulcerative colitis, and Crohn’s disease. These therapies

can also lead to infections with pathogens that exhibit tropism

for the CNS that include Listeria monocytogenes, Nocardia spe-

cies, Histoplasma capsulatum, T. gondii, Cryptococcus neofor-

mans, Mycobacterium tuberculosis, and CMV (Ali et al., 2013).

These clinical examples illustrate that treatments which nega-

tively impact immune surveillance and effector function can

lead to severe infections of the CNS. Moreover, when combined

with the experiences with patients with acquired immune defi-

ciencies, they suggest that immune surveillance of the CNS

occurs in the absence of overt inflammation and protects from

the consequences of reactivation of persistent infections.

The Consequences of Microbial Neurotropism
For many of the micro-organisms that exhibit tropism for the

CNS, their presence at this site has little obvious benefit in pro-

moting their life cycle and is frequently catastrophic for the

host. For example, the presence of C. neoformans or Listeria
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Figure 1. Pathogen Mechanisms for
Crossing the Blood Brain Barrier
(A) The NVU is composed of astrocyte endfeet,
pericytes, and endtothelial cells and the local
production of type I IFNs has a major role in
controlling opening of the BBB (Daniels et al.,
2017; Lazear et al., 2015). Micro-organisms
utilize three main mechanisms to directly transit
the BBB.
(B) Trans-cellular route by which viruses or in-
fected cells directly cross through EC (Dahm
et al., 2016).
(C) Para-cellular route whereby the breakdown
of the tight junctions allows access of infected
cells or extracellular pathogens to access the
peri-vascular unit (Santiago-Tirado et al., 2017;
Shi et al., 2010; Vu et al., 2013).
(D) Lytic mechanisms in which the ability to infect
EC and lyse these cells allows pathogens to ac-
cess the brain (Konradt et al., 2016).
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monocytogenes in the brain might allow these organisms access

to an environment that protects from the peripheral immune sys-

tem, but without treatment they can cause fatal disease. Under

these circumstances there is no obvious evolutionary advantage

for these organisms that we can discern. In contrast, a limited

subset of pathogens that includes HSV, African trypanosomes,

T. gondii and Ebola, the ability to persist in neural tissues can

directly aid in transmission or provide a sanctuary from which

the pathogen can emerge to continue its infectious life cycle (Ja-

cobs et al., 2016; Swanson and McGavern, 2015). This principle

might be relevant to HIV, which persists in microglia and astro-

cytes and could re-emerge, although this has yet to be proven.

Another consideration is that for many important infections of

the CNS, humans are considered dead end hosts and the evolu-

tionary basis for neurotropism in this host is unclear. Thus, West

Nile Virus (WNV) and the flavivirus, Zika virus can cause acute

and autoimmune encephalitides in adults and severe neurodeve-

lopmental abnormalities in human fetuses. Neither of these vi-

ruses appears to spread from mammals back to mosquitoes

and it is difficult to make a case that neurotropism in humans

is critical for their success. Conversely, WNV is neurotopic in

almost all birds (the natural host) and while it is asymptomatic

in many species, its spread into new avian hosts indicated that

those with CNS involvement generally succumb to infection (Ga-

mino and Höfle, 2013). The underlying molecular basis for these

types of events is illustrated by the finding that glycosylation in

the E protein of WNV results in increased peripheral viremia

and virulence for birds and neuroinvasiveness in rodents (Shirato

et al., 2004). It is plausible that strategies that promote neuro-

tropism in a primary hosts provides an evolutionary advantage,

which in an aberrant host results in disease.

Pathogen Interactions with Blood and Cerebrospinal
Fluid Barriers and Access to the CNS
In the face of evolving (or accidental) neurotropism among patho-

gens that affect distinct compartments of the CNS (see Table 1),

the presence of a barrier that limits microbial entry would have a

significant selective advantage (Bundgaard and Abbott, 2008).

Indeed, the evolutionary conservation of the chemoprotective
properties of theBBBand its role as aphysical barrier topathogen

entry might indicate that its role in immune privilege evolved

secondarily to these functions. In lower vertebrates and inverte-

brates this barrier is exclusively formedby glial cells. In higher ver-

tebrates, it is established by polarized endothelial cells and the

blood-cerebrospinal barrier (BCFB) and BBB exclude blood

borne pathogens from the meninges, CNS parenchyma and ven-

tricular system. The basis for this enhanced barrier function is the

formation of specialized inter-epithelial and inter-endothelial tight

junctions (Klein et al., 2017). Intercellular tight junctions (TJs)

composed of claudins and occludins join meningeal and choroid

plexus (CP) epithelial cells, presumably limiting the ability of blood

borne pathogens that cross their fenestrated endothelium from

gaining access to the CNS. In contrast, parenchymal capillaries

and venules exhibit both TJs and adherens junctions (AJs), which

prevent permeation of solute, cells, and pathogens through para-

cellular routes.MammalianBBBTJs and AJs connect BBB endo-

thelial cells to each other and to cytoskeletal actin filaments. As in

peripheral vascular beds and the gut, the lengths of actin fibers,

which determine the integrity of TJs and AJs at the BBB, are regu-

lated by Rho GTPases (Cetin et al., 2004; Huveneers et al., 2015;

Daniels et al., 2014). Thus, junctional complexes, in addition

to barrier-stabilizing proteins expressed by abluminal pericytes

and astrocyte endfeet, maintain the BBB (see Figure 1).

The meningeal barrier effectively prevents the CNS entry of a

majority of bacterial, fungal, and viral pathogens, while only neu-

trotropic viruses, molds, and certain parasites are able to readily

access the CNS parenchyma (see Table 2 and Figure 1). Viruses

enter the CNS via multiple routes including retrograde migration

along axons, transendothelial entry within the CSF compart-

ment, or transcytosis across an intact BBB, and via delivery

by infected mononuclear cells (Dahm et al., 2016). In the setting

of certain viral infections TJ proteins, including ZO-1, VE-

cadherin, occluding, and claudin 5, might be decreased and so

provide a para-cellular route for pathogen or immune cell entry

(Bleau et al., 2015; Kim et al., 2015; see Figure 1). This strategy

to breach the BBB is relevant to the bacterial organisms

L. monocytogenes and N. meningitides, which affect the CNS

but use contrasting mechanisms to access this site. The ability
Immunity 46, June 20, 2017 893



Table 2. Routes of Pathogen Entry to the CNS

Mechanism Bacteria Fungal Parasites Viruses

Retrograde

transport

along axons

None None None Rabies virus (Bauer et al., 2014)

Herpes simplex viruses

(Kramer and Enquist, 2013)

West Nile virus

(Maximova et al., 2016)

Venezuelan equine encephalitis

virus (Trabalza et al., 2013)

Transendothelial

entry within CSF

compartment

Group B strep (Kim et al., 2015;

Schaeffer et al., 2009)

M. tuberculosis (Wu et al., 2000)

L. monocytogenes

(Dinner et al., 2017)

N. meningitides

(Schwerk et al., 2012)

T. pallidum

(Castro et al., 2016)

Angiostrongylus

cantonensis

(Barratt et al., 2016)

Enteroviruses (Dahm et al., 2016)

Measles virus

Chikungunya virus

Venezuelan/Western equine

encephalitis viruses

(Phillips et al., 2016)

Paracellular entry

at the BBB

L. monocytogenes

(Dinner et al., 2017)

Nocardia species

(Beaman and Ogata, 1993)

Candida albicans

(van Sorge and

Doran, 2012)

Aspergillus niger

Zygomycetes

Fusarium species

Pseudallescheria boydii

Pigmented molds

Histoplasma capsulatum

Coccidioides immitis

Penicillium marneffei

Herpes simplex viruses

(Dahm et al., 2016)

West Nile virus

Japanese encephalitis virus

Human immunodeficiency virus

Poliovirus

Transendothelial

entry at the BBB

S. pneumococcus

(Iovino et al., 2013)

T. gondii (Konradt

et al., 2016)

Taenia solium (Marzal

et al., 2014)

Influenza A (Dahm et al., 2016))

West Nile virus

Venezuelan/Eastern equine

encephalitis viruses

Rabies virus

CNS entry via

infected leukocytes

(Trojan Horse)

L. monocytogenes

(Drevets et al., 2004)

C. neoformans

(Santiago-Tirado

et al., 2017)

T. gondii (Konradt

et al., 2016)
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of infectedmonocytes (the Trojan Horse hypothesis) to transport

L. monocytogenes across the BBB (Drevets et al., 2004) pro-

vides a template for thinking about how other pathogens might

access the CNS. For N. meningitides, the association of the

meningococci with micro-capillaries with the lowest flow rates

is a critical factor that allows access to the CNS (Mairey et al.,

2006). In this setting, pilus-mediated adhesion of the meningo-

cocci to endothelial cells initiate a signaling cascade which re-

sults in the opening of intercellular junctions, allowing meningeal

colonization (Bernard et al., 2014; Coureuil et al., 2009, 2010).

Of the eukaryotic pathogens that affect the brain, C. neofor-

mans and T. gondii, have the highest recognized incidence,

with multiple mechanisms proposed for pathogen entry to the

CNS. The ability to dissect these events in vivo is challenging

and consequently in vitro studies with primary endothelial cells

have been used extensively. Based on this approach, it has

been proposed that both pathogens may enter the CNS via

direct infection of brain microvascular endothelial cells (BMECs)

and transcytosis from the blood to the brain via mechanisms that

damage the BBB, either by disruption of TJs with subsequent

edema, or via replication and lysis of BMECs (Huang et al.,

2011; Jong et al., 2008; Lachenmaier et al., 2011; Maruvada
894 Immunity 46, June 20, 2017
et al., 2012; Tseng et al., 2012). In vitro, C. neoformans leads

to alterations in barrier integrity to promote crossing of the

BBB via a para-cellular route (Maruvada et al., 2012) or due

to transcytosis of infected mononuclear cells (Santiago-Tirado

et al., 2017; Shi et al., 2010; Vu et al., 2013). Monocytes infected

with T. gondii are present in the blood and have been implicated

as Trojan horses that allow this organism to access the brain

(Courret et al., 2006). Infection is also accompanied by the pres-

ence of numerous free parasites in the blood and the use of para-

site mutants and multiphoton imaging indicate that parasite

replication in and lysis of endothelial cells precedes invasion of

the CNS (Konradt et al., 2016). One common theme that links

several of themore recent studies is the ability to combine genet-

ically modified pathogens with imaging techniques to visualize

the BBB in vivo. This has provided the opportunity to the dissect

the microbial factors that influence interactions with the NVU,

and these approaches will be increasingly relevant to under-

stand mechanisms of neurotropism in vivo.

Innate Immunity at the BBB
The NVU is composed of endothelial cells, pericytes, astrocytes,

and neurons and it is now recognized that these cells mediate



Figure 2. Viral Modulation of BBB Function
Viruses might impact on TJ integrity via direct
and indirect mechanisms: (1) virus detection by
brain endothelial TAM receptors in conjunction
with type I IFN signaling enhances TJ integrity
(Miner et al., 2015); (2) nonstructural protein (NS)1
secretion by flaviviruses might decrease TJ
integrity, increasing barrier permeability; (3) PRR
signaling during viral infection of astrocytes leads
to type I IFN expression which has been shown
to improve BBB function via intercellular cross-
talk with brain endothelium (Daniels et al., 2014);
(Pfefferkorn et al., 2015); and (4) secretion of
transactivator protein (TAT) during CNS infec-
tion with HIV-1 induces pericyte expression of
PDGFb, which disrupts BBB junctional pro-
teins and promotes pericyte migration away
from the vasculature (Niu et al., 2014), (Winkler
et al., 2010).
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the initial responses to invading micro-organisms and these

events are of particular importance to the control of meningeal

pathogens (Neal and Gasque, 2013). The local expression of

diverse pattern-recognition receptors (PRRs) by the BBB allows

detection of pathogen associated molecular patterns (PAMPs)

via coordination of interactions between infiltrating immune cells

within perivascular spaces. The scavenger receptor MARCO

mediates meningeal recognition of N. meningitides and leads

to local production of IL-1 (Braun et al., 2011). Similar events

might also directly impact on permeability. For example, activa-

tion of Toll-like receptor (TLR)3 leads to barrier opening during

WNV infection while TLR7 closes it (Daniels et al., 2014; Wang

et al., 2004). Expression of cytokines downstream of innate

immune signaling such as IL-1b and TNF-a also destabilize the

barrier.

The type I IFNs are the hallmark of the innate response to viral

infections and have potent anti-viral activities. They also have a

context-dependent role in modulating the BBB and signaling

via the type I IFN receptor, IFNa/bR (IFNAR) has a prominent

role in stabilization of the BBB (Daniels et al., 2014; Lazear

et al., 2015). Recent studies have highlighted CNS region-spe-

cific roles of IFNAR signaling in other cellular members of the

NVU, with astrocyte IFNAR signaling important for BBB integrity

within the hindbrain during infection with WNV (Daniels et al.,

2017). Both BMECs and astrocytes express the TAM receptors

Mertk and Axl, which are receptor tyrosine kinases that bind

Growth Arrest Specific 6 (Gas6) and Protein S. TAM signaling

is enhanced by ligand interactions with phosphatidylserine

displayed by apoptotic cells or enveloped viruses (Bhattachar-

yya et al., 2013). In animal models of WNV encephalitis MertK

and IFNR signaling synergize to augment BBB integrity (Miner

et al., 2015). In all of these circumstances, IFNAR-mediated

tightening of the barrier limited virus and immune cell

entry, which prevented immunopathology within the hindbrain

(Daniels et al., 2017). These events might help explain why

the majority of patients with WNV encephalitis do not exhibit

increased BBB permeability, as assessed via magnetic reso-

nance imaging (MRI) (Chowers et al., 2001; Nash et al., 2001; Ol-

san et al., 2003).
In contrast to WNV, certain flaviviruses, such as Japanese en-

cephalitis virus, and other arboviruses that include the alphavirus

Venezuelan Equine Encephalitis virus (VEEV), do lead to loss of

BBB integrity (Salimi et al., 2016). VEEV, however, does not

directly disrupt the barrier, because this occurs late in the course

of infection and is associated with the infiltration of monocytes

(Cain et al., 2017). The related flavivirus, dengue can secrete

nonstructural protein (NS)1, which disrupts the endothelial gly-

cocalyx and compromise the integrity of peripheral vascular

beds (Puerta-Guardo et al., 2016). This mechanism might

contribute to the rare instances when dengue does affect the

CNS (Solomon et al., 2000), but it remains to be determined

whether proteins secreted by neurotropic flaviviruses contribute

to BBB instability during viremic stages of infection. Similarly,

the HIV-1 protein Tat might induce disruption of the BBB via

increased expression of platelet-derived growth factor subunit

(PDGF-b) (Niu et al., 2014). Thus, the effects of viruses on BBB

function might occur at both luminal and abluminal sides of the

NVU and thereby promote entry of free virions or virally-infected

leukocytes to the CNS (see Figure 2).

Plasmodium falciparum is a mosquito-transmitted parasite

that causes cerebral malaria, a complex syndrome character-

ized by intravascular sequestration of infected erythrocytes

and local inflammation within the microcirculation of the CNS.

These events are associated with loss of BBB integrity with

subsequent hemorrhage and cerebral edema (reviewed in Hora

et al., 2016). While P. falciparum does not directly infect the

CNS, studies indicate that the parasite itself, through upregula-

tion of barrier destabilizing inflammatory mediators, or through

effects of secreted proteins, might impact on BBB function (Gal-

lego-Delgado et al., 2016; Pal et al., 2016). Thus, P. falciparum-

infected erythrocytes induce human brain endothelial cells

to express inflammatory molecules including CCL20, CXCL1,

CXCL2, IL-6, and IL-8, and intercellular adhesion molecule

(ICAM)-1 (Tripathi et al., 2009; Tripathi et al., 2006). In murine

models of cerebral malaria that use the P. berghei ANKA strain,

blockade of lymphocyte function-associated antigen (LFA) 1,

which binds ICAM-1, and treatment with liposomal corticoste-

roids, which stabilizes TJ integrity, both reduced BBB disruption
Immunity 46, June 20, 2017 895
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(Nacer et al., 2012; Waknine-Grinberg et al., 2013). These

latter studies illustrate the principal that targeting the effects

of pathogens at the BBB might provide an opportunity for

adjuvant therapeutic approaches to prevent or manage local

immunopathology.

Mechanisms of Innate and Adaptive Protective
Immunity in the CNS
Infections of a host with neurotropic pathogens typically occurs

at sites such as the skin, mucosa, gut, or lung, via inoculation,

ingestion, or inhalation followed by replication and eventual

dissemination to the CNS. The temporal nature of these events

ensures that the initial activation of innate arms of the immune

system occurs in the periphery and influences the generation

and expansion of pathogen specific T cells that promote cell

intrinsic mechanisms that limit microbial replication. As noted

earlier, a wide range of PRRs are expressed by all cells of the

NVU and the choroid plexus (CP), and by neuronal and non-

neuronal cells within the CNS. These innate sensors direct the

local recruitment of leukocytes (most commonly neutrophils,

T cells, B cells, monocytes, and dendritic cells), required for

microbial control. There are several well-characterized portals

of entry for inflammatory cells into the brain, including the fenes-

trated vasculature within the subarachnoid space and CP, and

across epithelial and ependymal cells or astrocyte endfeet of

the CP and BBB respectively (Engelhardt et al., 2017). In this

section, we will detail the cellular and molecular mechanisms

of innate and adaptive immune responses that control path-

ogen invasion, replication and persistence within the CNS, citing

recent reviews for well-established discoveries.

Innate Immunity and Neuro-protection

For many pathogens that are restricted to the NVU, access to

the CNS parenchyma is generally prevented by robust innate

immune responses within the meninges and ventricular system

(Neal and Gasque, 2013). Interactions of infected myeloid cells

or free pathogens with the vasculature at these sites lead to

expression of adhesion molecules, including vascular cell adhe-

sion molecule (VCAM)-1 and intercellular adhesion molecule

(ICAM)-1 or -2, and chemoattractants CXCL2, leukotriene B4,

and complement component C5a, by epithelial or endothelial

barriers that recruit neutrophils and monocytes (Neal and Gas-

que, 2013). There are high constitutive levels of complement pro-

teins present in the CNS, which contribute to normal neuronal

function and microglial activity, but less is known about their

function during neural infection (Veerhuis et al., 2011). Indirect

evidence for their role in the brain is provided by the observa-

tion that patients with primary immune deficiencies that affect

complement are uniquely susceptible to meningitis caused by

N. meningitides (Lewis and Ram, 2014). Further, analysis of hu-

man samples of cerebral aspergilosis indicates the highest levels

of C3were associatedwith fungal control but also that the hyphal

forms of this organismwere resistant to C3 deposition (Rambach

et al., 2008).

The receptor CCR2 and its ligand CCL2 (aka monocyte

chemo-attractant protein 1) plays a major role in the mobilization

of monocytes and neutrophils. The infiltration of CCR2-express-

ing Ly6Chi monocytes has been observed in animal models that

study the CNS involvement with T. gondii, WNV, or murine hep-

atitis virus (MHV). In these systems, CCR2 inactivation is associ-
896 Immunity 46, June 20, 2017
ated with decreased leukocyte trafficking and activation of

immune cells within the CNS, and a reduced ability to control

these pathogens (Benevides et al., 2008; Biswas et al., 2015;

Chen et al., 2001). The presence of anti-inflammatory (M2)

macrophages or microglia in the CNS is subject of an ongoing

debate, but in a murine model of chronic toxoplasmosis, a sub-

set of infiltrating macrophages express canonical M2 markers:

CD206 (the mannose receptor), the chitinase AMCase and argi-

nase (Nance et al., 2012). While these cells might be expected to

have a role in resolution of inflammation, mice that lack AMCase

have a higher parasite burden in the CNS. Based on these

results, and those of in vitro studies, it has been proposed that

these M2-like populations might be specialized to target the

cyst stage of T. gondii (Nance et al., 2012). These reports, in

diverse experimental models, highlight the context dependent

contribution of chemokine-mediated recruitment of myelomono-

cytic cells for protective immune responses within the CNS.

Neural Cell Responses to Infection

All neural cell types, including neurons, astrocytes, oligodendro-

cytes, and microglia, are capable of initiating and responding

to inflammatory responses during infection (Nair and Diamond,

2015). Neurons are electrically excitable cells that process and

transmit information via electrical and chemical signals. Astro-

cytes and oligodendrocytes are glial cells that maintain CNS ho-

meostasis, improve neurotransmission via chemical or physical

insulation, and support and protect neurons (reviewed in J€akel

and Dimou, 2017). Microglia are ontogenetically distinct mem-

bers of the reticuloendothelial system that function as tissue

macrophages within the CNS (reviewed in Colonna and Butov-

sky, 2017). Microglia and resident dendritic cells are among

the first responders to pathogen invasion, responding to PAMPs

via liberation of pro-inflammatory cytokines and clearance

of infected cells and debris (Drokhlyansky et al., 2017; Tufail

et al., 2017). All of these neural cells express TLRs, Nod-like

receptors (NLRs), RIG-like receptors (RLRs), mitochondrial

anti-viral signaling (MAVS) (Zhao et al., 2016), AIM2-like recep-

tors (ALRs), C-type lectin receptors, and cytokine receptors (re-

viewed in Kigerl et al., 2014). Activation of many of these innate

immune pathways converge on expression of type I IFNs and

mononuclear cell chemoattractants (CCL2, CCL5, and CXCL9-

11) and there are many studies that illustrate the relevance to

CNS infection. The extended TLR3 signaling pathway is critical

in mediating resistance to HSV encephalitis in humans and in

mice (Andersen et al., 2015; Casrouge et al., 2006; Dupuis

et al., 2003; Herman et al., 2012; Lafaille et al., 2012; Liu et al.,

2011; Pérez de Diego et al., 2010; Sancho-Shimizu et al., 2011;

Zhang et al., 2007). Other pathways mediate direct anti-path-

ogen effects, and MAVS sensing of bunyavirus in neurons leads

to death of infected cells (Mukherjee et al., 2013). In contrast,

sensing of HSV-1 by the cGAS-STING pathway in microglia

orchestrates antiviral defense in the CNS (Reinert et al., 2016).

Regional or cellular heterogeneity in innate immune responses

of neurons and astrocytes, in particular, might underlie observed

differences in pathogen spread, persistence, and immunopa-

thology in different regions of the CNS. Indeed, cortical neurons

have low levels of RIG-I, MDA5, ISG54, and ISG56 and conse-

quently are more permissive to WNV than those in the hindbrain

(Daffis et al., 2007). Of interest, cerebellar pathology in patients

with WNV encephalitis is associated with poorer prognosis (Ali
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et al., 2005). Further studies are needed to determine whether

this subset of patients have underlying defects in hindbrain

innate immune function that increase their susceptibility to

infection. Differences in baseline expression of genes involved

in responsiveness to type I IFN and in susceptibility to viral infec-

tionsmight also help to explain the tropism of viruses for different

cell types and regions. The expression of the innate genes Ifna,

Tlr7, Ifit1, Ifit3, Mda5, Ifi44l, Mx1, Rsad2, Stat1, and Oas1 are

elevated in murine cerebellar granule cell neurons and astro-

cytes, compared with cortical neurons and astrocytes (Cho

et al., 2013; Daniels et al., 2017). Despite lower basal expression

ofmany IFN stimulated genes in neurons, basal expression of the

type I IFN themselves is elevated in primary hippocampal neu-

rons which is important for early control of measles virus (Cava-

naugh et al., 2015). While infected neural cells might themselves

restrict pathogen replication and dissemination, they can also re-

cruit peripheral myeloid and lymphoid cells to localized sites of

infection (Miller et al., 2016). Regional or cellular heterogeneity

in cytokine or chemokine expression by neurons and astrocytes

might also contribute to different local outcomes. Thus, IL-1

is generally regarded as pro-inflammatory, but during WNV

encephalitis IL-1 promotes BBB expression of CXCL12, which

limits immunopathology via localization and modulation of

T cell fates within peri-vascular spaces (Durrant et al., 2014).

In order to be able to disseminate, access, and persist in the

CNS, neutrotropic organisms need to be able to evade the innate

effector mechanisms that are deployed against them. The princi-

ple that the pathways targeted by pathogens are those that mat-

ter most is illustrated by the array of mechanisms used by neuro-

tropic organisms that target the type I and II IFNs. This is relevant

to certain arboviruses which have evolved mechanisms to inhibit

type I IFN signaling, which allows survival of infected neurons

(Samuel and Diamond, 2005). The type I IFN receptor, IFNAR,

activates STAT1/2 via TYK2 and JAK1 signaling and WNV in-

hibits TYK2 activity, while the related flavivirus, Zika virus de-

grades human STAT2 (Brasil et al., 2016). Similarly, VEEV evades

activity of the interferon-induced protein with tetratricopeptide

repeats 1 (IFIT1) that blocks translation of virion-delivered

virus-specific RNAs (Habjan et al., 2013; Hyde et al., 2014).

Of relevance to the JAK/STAT pathway, T. gondii secretes an

effector molecule into its host cell that recruits a host chromatin

repressor complex, which blocks the ability of IFN-g to mediate

transcription through STAT1 (Gay et al., 2016; Olias et al., 2016).

That diverse organisms have multiple strategies to target JAK/

STAT signaling is consistent with the key role of the IFNs in medi-

ating resistance to these neurotropic pathogens and is relevant

to many other innate sensing and effector mechanisms.

Astrocytic Responses to Infection

Astrocytes are considered the most numerous cell type in the

CNS and, while frequently defined by the expression of the inter-

mediate filament glial fibrillary acidic protein (GFAP), this is a

heterogenous cell type with distinct functions in different

anatomical regions of the CNS, associated with neuronal health

and maintenance. This topic is covered in depth in this issue

by Liddelow and Barres, 2017. The use of Aldh1l1-reporter

mice in conjunction with screening for differential expression of

surface antigens was used to identify five distinct subpopula-

tions of Aldh1l1+ astrocytes within the olfactory bulb, cortex,

brainstem, thalamus, and cerebellum that exhibit unique genetic
signatures, including a subpopulation that exhibits higher levels

of expression of immune molecules (Yang et al., 2011). Similarly,

a comparison of cerebellar with cortical astrocytes revealed that

cerebellar cells exhibit higher expression of genes involved in TJ

and AJ signaling, supporting their differential effects on BBB sta-

bility (Daniels et al., 2017). Whether these subpopulations also

exhibit differences in susceptibility to infection, inflammatory re-

sponses or effects on BBB function remains to be determined.

The prominent hypertrophy of astrocytes associated with in-

fections of the CNS and the ability to activate these cells

in vitro with IFNs to control pathogen replication led to the idea

that these cells would have an important role in the host

response to infection. The use of lineage targeting approaches

to delete the IFNAR on astrocytes increases WNV infection

and immunopathology within the hindbrain (Daniels et al.,

2017), while the removal of STAT1 from these cells results in

increased susceptibility to toxoplasmic encephalitis (TE) (Hidano

et al., 2016). Interestingly, a genetic screen to identify host

factors that enhance the activation of STAT1 revealed that

the orphan nuclear hormone receptor TLX, expressed in neural

stem cells and astrocytes, is a modifier of STAT1 activity and

is required for resistance to T. gondii (Beiting et al., 2015).

Although astrocytes lack the major known IFN-g-induced path-

ways that target T. gondii (Halonen and Weiss, 2000; Hunter

and Sibley, 2012), two of the IFN-g-inducible 47 kD Immunity

Related GTases (IRGs) are required for murine astrocytes to

eliminate T. gondii in vitro (Degrandi et al., 2013; Melzer et al.,

2008). Humans lack IRGs but the p67 guanylate-binding proteins

(GBPs) have analogous functions (MacMicking, 2012) and GBP2

is required for parasite killing by murine astrocytes in vitro (De-

grandi et al., 2013). These proteins are part of a coordinated

response that intersects with autophagic processes that lead

to parasite control (Degrandi et al., 2013; Niedelman et al.,

2013; Van Grol et al., 2013; Yamamoto et al., 2012). From

a broader perspective, these findings highlight a major knowl-

edge gap in our understanding of how astrocytes and neurons

respond to the IFNs to mediate control of diverse pathogens.

To date, almost 2,000 IFN stimulated genes (ISG) have been

identified in human and mouse cells but few of these genes

have been characterized in the context of infection and improved

methodologies to dissect the anti-microbial activities in different

neural cell types are needed.

In the context of sterile or microbial-induced CNS injury, astro-

cytes start to proliferate, increase expression of GFAP and un-

dergo changes in morphology (termed astrogliosis) that allows

them to form dense networks or ‘‘glial scars’’ at sites of damage.

In mice challenged with Staphylococcus aureus or T. gondii,

reactive astrocytes are prominent, but the absence of GFAP

limits glial scar formation and the ability to restrict inflammation,

which leads to pathogen spread (Stenzel et al., 2004). Similarly,

when compared to wild-type controls, mice with astrocyte line-

age-specific deletion of the cytokine receptor gp130, exhibited

increased astrocyte apoptosis and inflammation. Although these

mice control parasite numbers, they exhibited a more exten-

sive inflammatory response and increased susceptibility to the

chronic phase of infection (Drögem€uller et al., 2008). This pheno-

type is recapitulated with the loss of TGF-b signaling in astro-

cytes, which did not affect parasite burden but resulted in

increased inflammation and neuronal damage (Cekanaviciute
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Figure 3. Effector Mechanisms Used by
T Cells to Control CNS Infection
(A) The ability of pathogen-specific CD4+ and
CD8+ T cells to exit the circulation, cross the BBB,
and access the parenchyma precedes the search
for relevant infected CNS-specific targets.
(B) The local production of IFN-g by CD4+ and
CD8+ T cells has a prominent role in the activation
of STAT1 and the anti-microbial activities of as-
trocytes and microglia. While CD8+ T cells can
interact with infected astrocytes and microglia to
mediate elimination of infected cells or control of
pathogen replication it is unclear whether their
interactions with neurons is direct through MHC-
TCR interactions or indirect through the activation
of microglia.
(C) The development of Th17 responses charac-
terized by the production of IL-17 and/or GM-CSF
is correlated with the development of immuno-
pathology and the recruitment of inflammatory
monocytes.
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et al., 2014). These studies indicate that the extensive gliosis

associated with many CNS infections is part of a conserved

response to local injury (analogous to granuloma function) that

provides a physical barrier to limit tissue damage and isolate

areas of pathogen replication.

Mechanisms of Adaptive Protective Immunity

In the majority of CNS infections discussed above, the initial

priming of T cell responses that contribute to pathogen control

are generated in the periphery. As a consequence of pathogen

replication in the brain, pathogen-specific T cells traffic to the

CNS and are able to gain parenchymal access. While there are

a limited number of helminth infections that are associated

with T helper 2 (Th2) responses that affect the CNS (neurocysto-

cercosis and aberrant migratory nematodes), most clinically

relevant infections of the CNS are viral, bacterial, fungal, or pro-

tozoan, and it is not surprising that adaptive resistance to these

organisms in the brain is mediated by CD4+ and CD8+ T cells that

produce IFN-g. There is a strong dogma that initial entry of path-

ogen-specific T cells into the CNS is dependent on local antigen

presentation which influences their local expansion and reten-

tion (Tschen et al., 2006). This is a complex topic, and the reports

that activated T cells, regardless of antigen specificity, can traffic

to the uninflamed CNS (Wekerle et al., 1986), suggests the pres-

ence of a mechanism that allows surveillance of the CNS that

might precede and potentially limit pathogen entry. In contrast,

during TE the activation and expansion of T cells specific for a
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non-microbial antigen did not result in

their entry to the CNS (Wilson et al.,

2009). The observation that activation

alone is not sufficient for T cell entry to

the inflamed CNS is consistent with the

idea that there might be a licensing

mechanism that influences T cell entry

(Odoardi et al., 2012).

Regardless, once access to the CNS

has been achieved, these T cell popula-

tions need to find their relevant targets

and mediate local pathogen control (see

Figure 3). Mice infected with T. gondii or
LCMV have provided tractable models for intra-vital imaging of

how T cells in the CNS interact with infected cells and other

antigen presenting cells. Analysis of the movement of parasite

specific effector CD8+ T cells in the CNSofmicewith TE revealed

that these cells did not display a directed migration, rather

their behavior was reminiscent of the search strategies utilized

in nature to find rare targets (Harris et al., 2012). One unexpected

outcome of these studies was the idea that locally produced

chemokines did not establish gradients to attract effector

T cells, but rather provided motogenic signals to promote

T cell movement required for the search strategy (Harris

et al., 2012).

Based largely on in vitro and correlative studies, there

has been a long held belief that microglia are likely to have a

prominent role in the local response to infections either as

antigen-presenting cells or as phagocytes capable of killing mi-

croorganisms. The interactions of pathogen specific T cells with

accessory cells (DC and/or microglia has also been visualized

using intravital imaging of CD8+ T cells responding to infection

with T. gondii (John et al., 2011; Schaeffer et al., 2009). During

infection with LCMV, microglia are a major reservoir of infection,

and antiviral CD8+ T cells can stably engagemicroglia in anMHC

I-dependent manner. In contrast, CD4+ T cells have less sus-

tained interactions with microglia, likely as consequence of the

relative abundance of cognate peptide–MHC I versus MHC II

complexes (Herz et al., 2015). A functional role for microglia in
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modulating CD8 T cell responses was illustrated via pharmaco-

logical deletion of microglia during dengue virus infection that re-

sulted in reduced CD8+ T cell responses and increased viral

replication (Tsai et al., 2016). The fundamental advances in un-

derstanding microglial development combined with ability to

visualize how these cells interact with pathogens and other im-

mune cells and the use of genetic approaches to manipulate mi-

croglial immune function will provide the opportunity to better

understand the contribution of these cells to resistance to infec-

tion or resolution of local inflammation.

T cell production of IFN-g induces a wide range of anti-micro-

bial effector molecules, often in a cell-type-specific fashion (see

earlier sections on astrocytes and neurons) and is a key cytokine

for neuroinfectious diseases (Griffin, 2003). This principle was

established in murine models of toxoplasmosis in which CD4+

and CD8+ T cells in the CNS produce IFN-g that, in combination

with other effectors such as TNF-a and CD40L, mediate local

parasite control (Denkers et al., 1997; Gazzinelli et al., 1992;

Reichmann et al., 2000; Suzuki et al., 1989; Yap and Sher,

1999). In this system, in addition to effects on astrocytes, the

production of IFN-g drives local macrophage activation, with

production of toxic oxygen intermediates such as nitric oxide

(NO) required to control intracellular parasites (Deckert-Schl€uter

et al., 1998; Nansen et al., 1998; Scharton-Kersten et al., 1997).

The neuroimmunology literature has focused on the contribu-

tion of T helper 17 (Th17) cells to the development of autoim-

mune pathology (Korn et al., 2009), but less is known about their

function during CNS infection. Perhaps the strongest indication

that these cells are protective in theCNS is in the setting of fungal

infections where there is a high prevalence of invasive candi-

diasis of the brain in patients with primary genetic defects in

CARD9, an adaptor required for the development of Th17 re-

sponses (Alves de Medeiros et al., 2016; Glocker et al., 2009;

Herbst et al., 2015). While these patients have reduced Th17

responses, the observation that other genetic deficiencies asso-

ciated with diminished IL-17 production are not susceptible to

Candida suggest that another mechanism might underlie sus-

ceptibility. Indeed, these patients also have a reduced ability to

produce GM-CSF, a cytokine associated with Th17 responses

that promotes macrophage and microglial function. The idea

that a reduced ability to make GM-CSF might underlie suscepti-

bility to invasive candidiasis is supported by the success of GM-

CSF in these patients as an adjunctive therapy with anti-fungal

agents (Gavino et al., 2014). Because T-cell-derived GM-CSF

is important in the recruitment of CCR2+ inflammatory mono-

cytes to the CNS during experimental allergic encephalomyelitis

(EAE) (Croxford et al., 2015), this pathway might be relevant to

models in which monocytes are important for local control of

CNS infection (Benevides et al., 2008; Biswas et al., 2015;

Chen et al., 2001).

Adaptive Mechanisms to Target Neurons

The neuron, as a long-lived cell with a unique biology that en-

sures that a single cell can traverses extensive areas of the

CNS, seems an ideal refuge formany pathogens. Indeed, several

viruses in the CNS are not cytolytic and have evolved strategies

to interfere with anti-microbial pathways and to remain latent in

neurons. This is illustrated with HSV in which latency associated

transcripts generate miRNAs that target immunomodulatory

genes that facilitate viral latency (Boss and Renne, 2011). This
ability to target neurons is not exclusive to viruses and a

select group of apicomplexan parasites (notably T. gondii)

have specialized cyst stages that persist in neurons. It has

been proposed that the cellular stress associated with the

immune response drives cyst formation and extracellular aden-

osine (likely released from damaged cells) signaling through

CD73 promotes cyst formation (Mahamed et al., 2012). It is

notable that cysts are typically restricted to neurons, but the

loss of STAT1 in astrocytes results in cyst formation in these cells

in vivo, a finding that suggests IFN-g can actively prevent cyst

formation (Hidano et al., 2016). The ability to study how neurons

respond to infection in vivo remains challenging but there are two

examples where the ability to genetically modify pathogens to

express the Cre recombinase combined with host reporters

has provided novel tools that have advanced this topic. Thus,

the use of rabies that express Cre has shown that the majority

of RABV-infected neurons survive infection and clearance

and these have been transcriptionally profiled (Gomme et al.,

2012). Similarly, the use of T. gondii strains that secrete Cre

into host cells has been used to visualize neurons infected with

Toxoplasma (Cabral et al., 2016).

While there is a role of type I IFNs in limiting viral replication in

neurons, there are open questions about the mechanisms used

by T cells to target these cells. For example, the non-cytolytic

clearance of Measles (the cause of sub-acute sclerosing panen-

cephalitis) and Sindbis from neurons is IFN-g dependent (Binder

and Griffin, 2001; Patterson et al., 2002) and there appears to be

abystander role forCD4+Tcells in someof theseevents (Solomos

et al., 2016). In ‘‘carrier mice’’ that have an established LCMV

infection in neurons, there is a literature that identifies ‘‘therapeu-

tic’’ CD8+ T cells as being important in elimination of this virus

pool through the production of IFN-g that licenses microglia to

purge virus, present antigen, and amplify the local antiviral T cell

response (Herz et al., 2015; Oldstone et al., 1986; Pinschewer

et al., 2010). How microglia mediate these effects is uncertain,

but is associated with a number of STAT1-dependent processes

and the presence of a GM-CSF signature (Herz et al., 2015).

While there has been a long-held belief that neurons express no

MHC class I (which would make them an ideal cell type to evade

CD8+ T cells), the application of more sensitive technologies has

led to the recognition that different subsets of these cells can ex-

pressMHCclass I in the developing andadult brain and that these

molecules have a role in neurological function (Cullheim and

Thams, 2010; Shatz, 2009). There are reports of the induction of

neuronal class I during infection (Neumann et al., 1995), but there

remains a major knowledge gap in our understanding of whether

neuronal antigen presentation influences resistance or suscepti-

bility to infection in vivo. There is in vitro and in vivo evidence for

CD8+ T cells interacting directly with infected neurons during

Theiler’s virus, LCMV, Borna and picornavirus infection (Chevalier

et al., 2011; Huseby Kelcher et al., 2017; McDole et al., 2010; Rall

et al., 1995) and there is evidence that the ability of HSV to inhibit

class I expression in neurons in basal ganglia is key to avoid CD8+

T cell responses (Orr et al., 2007). Unexpectedly, imaging studies

indicate thatCD11c+cells (likelymicrogliaorDC),butnotparasite-

specific CD8+ T cells, frequently interact with cysts of T. gondii

(John et al., 2011; Schaeffer et al., 2009). The ability to

generate parasites with altered expression of stage-specific anti-

gens (cyst versus non-cyst), has demonstrated that antigens
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associated with latency do not trigger the same immune re-

sponsesas thoseproducedduring active infection (KimandBoot-

hroyd, 2005). These results highlight an immune evasion strategy

to promote parasite persistence that would likely be relevant to

many pathogens that have latent stages.

Tissue-Resident Memory Populations in the CNS

For many of the pathogens discussed here, the control of the

acute phase of the disease is mediated by T cells and as antigen

load is reduced the number of pathogen-specific T cells con-

tract. One consequence of these events is the generation of a

long-lived pool of tissue-resident memory T (Trm) cells, which

reside in barrier tissues like the lung, skin reproductive tract,

and gut where they maintain post-infection homeostatic surveil-

lance (Ariotti et al., 2012; Schenkel et al., 2014; Steinert et al.,

2015). Identification of these populations has been based

on the expression of CD103 (the aE integrin) and CD69 (a prox-

imal marker of TCR activation and tissue retention). In several

models, viral-specific CD8+ Trm are maintained in the CNS in

the absence of detectable virus. Thus, in mice challenged with

neurotopic influenza virus, CD8+ T cells were present at this

site 320 days after infection (Hawke et al., 1998). Similarly,

following clearance of VSV from the brains of mice, clusters of

CD103+ CD8+ T cells persist at likely sites of previous infection

(Wakim et al., 2010). LCMV-specific brain Trm are also found

close to epithelial cells of the ventricular lining, within the choroid

plexus, and in themeninges (Steinbach et al., 2016). The ability to

generate CNS-specific Trm is not specific to viral infection or

dependent on antigen clearance and increasing chronicity of

toxoplasma infection is associated with an enrichment of cells

that co-express CD103 and CD69 and which are transcription-

ally similar to VSV-specific Trm (Landrith et al., 2017).

With the recognition that pathogen-specific Trm populations

are present in the CNS there has been interest in understanding

the processes that influence their formation. Following WNV

infection, the production of TGF-b results in increased expres-

sion of CD103 by CD8+ T cells, which allows a large pool of

resident memory T cells to be maintained (Graham et al.,

2014). During acute infection with the mouse polyoma virus the

high-affinity effector cells give rise to high-affinity Trm. Func-

tional studies have shown that virus-specific Trm have a TCR af-

finity that is approximately 20-fold higher in CD8+ T cells derived

from the brain versus those of the spleen (Frost et al., 2015). This

selection for high TCR affinity could improve the ability of Trm to

detect infected cells that express low levels of pathogen derived

MHC-peptide complexes. Concrete evidence that Trm are of

functional significance in the CNS is provided by the use of

mice that had cleared LCMV. In this setting, intracerebral inocu-

lation of virus resulted in LCMV specific CD8+ Trm entering cell

cycle and mediating viral control independently of peripheral

CD8+ T cells via production of IFN-g and perforin (Steinbach

et al., 2016). These types of experimental systems will help un-

derstand the rules that govern these populations and aid with

the development of strategies to promote the generation of

Trm that could limit pathogen reactivation within the CNS.

Limiting Inflammation in the CNS: Immunomodulatory
Cytokines, Inhibitory Receptors, and Treg Cells
While the presence of inflammatory cells in the CNS is critical for

local control of infection, this immune response is often patho-
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logical and regardless of the initiating factor, will frequently

converge on pathways that induce neurotoxicity. A variety of

models can be used to distinguish the immune processes

required for resistance to infections from those that induce

bystander damage or post-infectious sequelae. Indeed, there

are numerous examples in which altered chemokine signaling

or reduction of T cell numbers in the setting of CNS infection

results in unexpected but improved outcome (Campanella

et al., 2008; Christensen et al., 2006; Reichmann et al., 1999).

During murine infections with WNV, CCL-dependent accumu-

lation ofmonocytes is associatedwith development of pathology

(Bardina et al., 2015; Getts et al., 2008; Lim et al., 2011), whereas

in mice infected with HSV, innate cell infiltration is associated

with fatal disease (Lundberg et al., 2008). Similarly, the

CCCR2-dependent monocytes associated with Theiler’s murine

encephalitis virus (TMEV) mediate the demyelination that char-

acterizes this infection (Bennett et al., 2007). The intra-cerebral

challenge with LCMV results in immunopathologic CD8+ T cell

responses in the meningeal compartment that is characterized

by the recruitment of neutrophils and monocytes that mediate

the vascular injury and the onset of seizures (Kim et al., 2009).

In the latter model, the type I IFN have a key role in priming the

pathological monocyte response (Nayak et al., 2013) and can

lead to edema, neuronal death, and herniation (Matullo et al.,

2011; Matullo et al., 2010). A similar phenotype is apparent in

mice infected with picornovirus (Huseby Kelcher et al., 2017)

and in murine models of cerebral malaria. In the latter system,

CD8+ T cell responses are associated with alterations in TJs

and vascular breakdown in the meninges and parenchyma, re-

sulting in edema, neuronal cell death within the brainstem, and

cerebral herniation (Huggins et al., 2017; Swanson et al., 2016),

reminiscent of the disease process observed in humans (Seydel

et al., 2015). Thus, inflammation that results in bystander

neuronal death or damage to regions of the brain that control

autonomic functions can significantly impact host survival.

Another possible consequence of local inflammation is the

release of autoantigens and breakdown of tolerance that might

lead to a bona fide autoimmune process mediated by T or

B cells. For example, after HSV encephalitis the development

of auto-antibodies specific for N-methyl-D-aspartate receptor

(NMDAR) can lead to a post-viral encephalitic syndrome charac-

terized by seizures and psychosis (Höftberger et al., 2013; West-

man et al., 2016). Similarly, damaged oligodendrocytes during

MHV infection promote the recognition of Myelin Basic Protein

by auto-reactive CD4+ T cells, leading to epitope spreading

and the development of demyelinating disease that is reminis-

cent of MS (McMahon et al., 2005). It seems likely that the true

prevalence and consequences of these types of post-infectious

sequlae in patients is not fully appreciated (Klein et al., 2017).

While the development of neuroinflammation is important to

respond to local infections, there are also conserved regulatory

processes that help with the resolution of CNS inflammation or

which exist to limit the development of overwhelming immune

pathology (Galea et al., 2007). The cytokine IL-10 is important

negative regulator of inflammation, which acts directly on DCs,

microglia, andmacrophages to downregulate expression of cos-

timulatory molecules and the ability to present antigen and pro-

duce inflammatory cytokines. While there aremultiple sources of

IL-10, in the setting of many infections, the ability of T cells to
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produce IL-10 provides a critical negative regulatory loop that

prevents T cell hyper-activity (Couper et al., 2008). Inmice chron-

ically infected with T. gondii the absence of IL-10, leads to lethal

CNS inflammation mediated by CD4+ T cells and characterized

by elevated IL-17 production (Wilson et al., 2005). For LCMV,

the presence of IL-10 promotes viral persistence in the CNS

(Brooks et al., 2006), while IL-10 deficient mice infected with

Sindbis develop an aberrant Th17 response associated with

neuronal cell death (Kulcsar et al., 2014) and IL-10 derived

from CD8+ T cells protect from pathology during coronavirus

infection (Trandem et al., 2011).

IL-27 is a cytokine produced by microglia and other macro-

phage populations in the inflamedCNS that has emerged as hav-

ing an important role in limiting neuroinflammation. Thus, in the

absence of IL-27 signaling, mice infected with T. gondii, Corona-

viruses, or Sindbis are characterized by elevated production of

IL-17 and GM-CSF in the CNS, which correlate with the develop-

ment of T cell-mediated immune pathology (de Aquino et al.,

2014; Kulcsar et al., 2014; Stumhofer et al., 2006; Tirotta et al.,

2012; Young et al., 2012). While there is good evidence that IL-

27 can directly limit T cell production of IL-17 and GM-CSF, it

can also promote T cell production of IL-10, Treg cell responses,

and T cell expression of inhibitory receptors (Do et al., 2016; Hall

et al., 2012; Hirahara et al., 2012). The enhanced CNS pathology

observed in the absence of IL-10 or IL-27 suggests that while

they might target different cell populations and have fundamen-

tally different mechanisms of action, these cytokines are shared

components of an immunoregulatory cassette that acts to

temper T cell mediated CNS inflammation.

Many of the overarching principles that have guided the

study of ‘‘inhibitory receptors’’ (PD-1, PD-L1, CTLA-4, TIGIT,

Tim-3, LAG-3) that provide cell-intrinsic signals that limit T cell

responses emerged from studies of peripheral responses to

LCMV (Jin et al., 2010; Wherry, 2011). One model suggests

that serial engagement of T cells in the context of persistent an-

tigen results in a hierarchical acquisition of inhibitory receptors

that results in ‘‘exhaustion’’ but allows détente between viral

persistence and the pathological consequences of T cell re-

sponses (Wherry, 2011). During neural involvement of LCMV

there is increased T cell expression of PD-1 in the CNS (Black-

burn et al., 2010), but there is a paucity of studies that have

dissected the impact of inhibitory receptors on local responses

in the brain. Similarly, during HSV infection in mice, viral-specific

CD8+ T cells express increased levels of LAG3, TIM3, and PD-1,

which is associated with an inability to control viral replication in

the CNS (Menendez et al., 2016). During toxoplasmosis, para-

site-specific CD8+ T cells recruited to the brain downregulate

their ability to produce IFN-g and granzyme over time, which cor-

relates with increased expression of PD-1, LAG3, and TIGIT (Hi-

dano et al., 2016; Wilson et al., 2009). The potential significance

of these observations is emphasized by the report that the

blockade of PD-1 during the chronic phase of this infection re-

sults in enhanced parasite clearance (Bhadra et al., 2011). This

is clearly a topic where additional studies are required to deter-

mine the relative impact of diverse inhibitory receptors on anti-

microbial effector activities and whether they promote microbial

persistence.

Treg cells are defined by the expression of the tran-

scription factor Foxp3 and maintain homeostasis within the
T cell compartment through direct antagonism of T cell function,

as well as effects on DC populations (Josefowicz et al., 2012).

These suppressive activities are attributed to multiple mecha-

nisms that include the production of IL-10 as well as expression

of inhibitory receptors. Treg cells are absent from the uninflamed

CNS, but during infection are co-recruited with effector T cells.

Given their prominent role in other inflammatory diseases set-

tings, there have been questions about whether these regulatory

populations contribute to the outcome of CNS infection. In mice

infected with measles virus, expansion of Treg cells resulted in

enhanced viral levels in neurons while the transient depletion of

Foxp3+ Treg cells led to expanded populations of virus-specific

CD8+ T cells and improved viral control (Reuter et al., 2012).

Following challenge with MHV, virus-specific Treg cells are pre-

sent in the CNS and have a role in limiting immune-pathology

(Anghelina et al., 2009). These MHV-specific Treg cells inhibit

the expansion of viral specific CD4+ T cell effector responses,

which is associated with reduced microglial activation and

decreased mortality, without affecting virus clearance (Zhao

et al., 2014). Intravital imaging of Treg cells has shown that

they are highly migratory in secondary lymphoid tissues but dur-

ing TE they appear restricted to perivascular regions where they

form sustained interactions with DC (O’Brien et al., 2017).While it

is possible that Treg cells might lose expression of Foxp3 as they

migrate into the CNS, this exclusion from the parenchyma might

allow enhanced effector cell functionwithin the brain. This obser-

vation also supports the idea that perivascular compartments

represent a site where regulation of T and B cell effector func-

tions occurs (Durrant et al., 2014; Durrant et al., 2013; Phares

et al., 2013).

Future Directions
Can CNS Infection Be Beneficial through Innate Immune

Activation?

While persistent immune activation in the brain is associatedwith

a number of infectious, autoimmune, and neurodegenerative

conditions, it is unclear whether all inflammatory pathways are

detrimental for brain function. There is evidence that many of

the innate immune molecules discussed above in the context

of infection, are required for normal CNS development, function,

and repair. Ontology studies have shown that microglia are

derived from erythromyeloid precursors in the yolk sac,

migrating, and proliferating within the CNS early during embry-

onic development, via processes that requires CSF-1R, its ligand

IL-34 and TGF-b. Mice deficient in these molecules exhibit

severely decreased numbers of microglia in many brain regions

(Colonna and Butovsky, 2017). Activated, CD68+ microglia are

normally present in the developing forebrain subventricular

zone, where neural precursors reside. Treatment of mice with

minocycline, a broad-spectrum antibiotic that decreases micro-

glia activation, or genetic deficiency in CSF-1R, is associated

with disruption of periventricular cellular architecture, decreased

neurogenesis, and oligogenesis, the latter of which produces

myelinating cells of the CNS (Erblich et al., 2011; Farmer et al.,

2013). Similarly, TLRs and TAM receptor signaling is critical for

adult neurogenesis within the dentate gyrus, a process that is

essential for learning and memory (Ji et al., 2013; Matsuda

et al., 2015; Moraga et al., 2014). There are also numerous re-

ports that link the microbiota with neural development that is
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covered in depth in this issue by Yoo and Mazmanian (2017)

but is exemplified by the link between microbiome-driven TLR4

signaling in EC that leads to cerebral cavernous malformations

(Tang et al., 2017). Neuronal differentiation is further associated

with expression of IRF9, IFNAR, and STAT1 (Farmer et al., 2013).

Moreover, mice deficient in IFNAR signaling develop defects in

neuronal autophagy, suggesting a critical role for this molecule

in CNS homeostasis (Ejlerskov et al., 2015). TAM signaling within

neural cells might also exhibit synergistic effects on type I IFN-

mediated cellular processes (Miner et al., 2015), supporting the

notion that baseline activation of IFNAR supports normal brain

function.

Previous sections have emphasized the development of pro-

tective inflammatory response and themechanisms that limit pa-

thology but there are also regenerative processes that serve to

restore neural function. Given the role of immune pathways in

normal neuronal development, it is not surprising that innate re-

sponses triggered during infection are also involved in CNS ho-

meostasis, repair, and recovery. Chemokines can also promote

expression of anti-inflammatory molecules and growth factors,

such as transforming growth factor (TGF)-b, insulin growth factor

(IGF)-1, fibroblast growth factor (FGF)2, and platelet derived

growth factor (PDGF)-A (Church et al., 2016; Wattananit et al.,

2016). Myeloid cells are instrumental in CNS repair by virtue of

their phagocytic and cytokine expression functions (London

et al., 2013) (Herz et al., 2017). Activation of PRRs on myeloid

cells, including TLRs 1 and 2, CR3, Dectin-1 and 2, promotes

phagocytosis, oxidative burst, and cytokine production.

Phagocytic receptors CD14, CD36, TREM2, and TLR4 are crit-

ical for pathogen clearance while complement opsonins C1q,

C3 and iC3b and PRRs, TAMs, and TREM2 facilitate removal

of apoptotic cells (reviewed in Colonna and Butovsky, 2017).

Studies using mice deficient in TREM2 or TLR4 demonstrate

that lack of debris elimination results in defects in repair of demy-

elination and axonal regeneration, respectively (Cantoni et al.,

2015; Rajbhandari et al., 2014). CNS region-specific effects of

macrophage-specific PRRs have also been observed; activation

of dectin-1, a C-type lectin receptor, promotes optic nerve,

but not spinal cord, axon regeneration via Erk1/2 MAP-kinase

signaling and cAMP response element-binding protein (CREB)

activation, while TLR2 activation has the reverse effects during

injury of these two CNS regions (Baldwin et al., 2015; Gensel

et al., 2015). Cooperative signaling between CD14, TLRs, and

dectin-1 in activated myeloid cells also leads to expression of

type I IFN, which can limit glial scar formation, remove degener-

ating axons and promote their regrowth (Hosmane et al., 2012;

Nishimura et al., 2013; Zanon et al., 2010). The identification of

innate immune pathways that promote recovery from path-

ogen-mediated brain injury could provide new targets for the

development of therapies to treat non-infectious CNS disorders.

Can Immune-Mediated Strategies Be Developed to

Better Manage CNS Infections?

From a clinical perspective, the management of patients with

neuroinfectious disease is complicated by the lack of treatment

options available to suppress inflammation without compro-

mising protective responses. Moreover, the concept that boost-

ing anti-pathogen responses in the CNS is a clinically viable

strategy runs counter to the perception that inflammation of

the CNS should be avoided. The use of clinically relevant models
902 Immunity 46, June 20, 2017
described throughout this review have already provided insights

into the balance between stringent regulation of immune cell

access to the CNS and the need for anti-pathogen immunity.

The natural history of human infections and the use of anti-

body-based therapies to treat inflammatory diseases illustrates

the importance of surveillance and effector mechanism that

are relevant to immunity in the CNS but also the ability to balance

therapeutic dose to allow clinical benefit versus compromise of

CNS surveillance (Ali et al., 2013; Berger and Koralnik, 2005).

One area where there might be an opportunity to augment

anti-pathogen responses in the CNS relates to the function of

inhibitory receptors. The clinical success of targeting PD-1,

PD-L1, and CTLA-4 to reinvigorate pre-existing anti-tumor

T cell responses has the potential to determine whether these

pathways operate constitutively in the CNS. There is an expand-

ing cancer patient base that are treated with these therapies, but

it is not yet clear whether these treatments will impact the im-

mune response to latent infections of the CNS. In one scenario,

treatments that target inhibitory pathways might lead to silent

clearance of pre-existing chronic infections of the CNS and/or

result in overt or transient immune pathology, perhaps associ-

ated with pathogen clearance. The latter findings would argue

that immunotherapy is a viable approach to target latent of

persistent infections of the CNS. The utility of this type of

approach is illustrated by the success of CAR T cell therapies

to target cancer and which might be applicable to infectious dis-

eases (Parida et al., 2015). The willingness to target CNS infec-

tions would need to be based on the belief that T cells are part

of the normal surveillance in the brain, and that these populations

could be engineered to traffic into the CNS and function there

with specificity and minimal bystander damage.
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Bauer, A., Nolden, T., Schröter, J., Römer-Oberdörfer, A., Gluska, S., Perlson,
E., and Finke, S. (2014). Anterograde glycoprotein-dependent transport
of newly generated rabies virus in dorsal root ganglion neurons. J. Virol. 88,
14172–14183.

Beaman, B.L., and Ogata, S.A. (1993). Ultrastructural analysis of attachment
to and penetration of capillaries in the murine pons, midbrain, thalamus, and
hypothalamus by Nocardia asteroides. Infect. Immun. 61, 955–965.

Beiting, D.P., Hidano, S., Baggs, J.E., Geskes, J.M., Fang, Q., Wherry, E.J.,
Hunter, C.A., Roos, D.S., and Cherry, S. (2015). The Orphan Nuclear Receptor
TLX Is an Enhancer of STAT1-Mediated Transcription and Immunity to Toxo-
plasma gondii. PLoS Biol. 13, e1002200.

Benevides, L.,Milanezi, C.M., Yamauchi, L.M., Benjamim, C.F., Silva, J.S., and
Silva, N.M. (2008). CCR2 receptor is essential to activate microbicidal mecha-
nisms to control Toxoplasma gondii infection in the central nervous system.
Am. J. Pathol. 173, 741–751.

Bennett, J.L., Elhofy, A., Charo, I., Miller, S.D., Dal Canto, M.C., and Karpus,
W.J. (2007). CCR2 regulates development of Theiler’s murine encephalomy-
elitis virus-induced demyelinating disease. Viral Immunol. 20, 19–33.

Berger, J.R., and Koralnik, I.J. (2005). Progressive multifocal leukoencephal-
opathy and natalizumab–unforeseen consequences. N. Engl. J. Med. 353,
414–416.

Bernard, S.C., Simpson, N., Join-Lambert, O., Federici, C., Laran-Chich, M.P.,
Maı̈ssa, N., Bouzinba-Ségard, H., Morand, P.C., Chretien, F., Taouji, S., et al.
(2014). Pathogenic Neisseria meningitidis utilizes CD147 for vascular coloniza-
tion. Nat. Med. 20, 725–731.

Bhadra, R., Gigley, J.P., Weiss, L.M., and Khan, I.A. (2011). Control of Toxo-
plasma reactivation by rescue of dysfunctional CD8+ T-cell response via
PD-1-PDL-1 blockade. Proc. Natl. Acad. Sci. USA 108, 9196–9201.
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Drögem€uller, K., Helmuth, U., Brunn, A., Sakowicz-Burkiewicz, M., Gutmann,
D.H., Mueller, W., Deckert, M., and Schl€uter, D. (2008). Astrocyte gp130
expression is critical for the control of Toxoplasma encephalitis. J. Immunol.
181, 2683–2693.
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