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Abstract: CD8 T cells coordinate immune defenses against viral infections of the central nervous
system (CNS). Virus-specific CD8 T cells infiltrate the CNS and differentiate into brain-resident
memory CD8 T cells (CD8 bTRM). CD8 bTRM are characterized by a lack of recirculation and expression
of phenotypes and transcriptomes distinct from other CD8 T cell memory subsets. CD8 bTRM have
been shown to provide durable, autonomous protection against viral reinfection and the resurgence
of latent viral infections. CD8 T cells have also been implicated in the development of neural damage
following viral infection, which demonstrates that the infiltration of CD8 T cells into the brain can
also be pathogenic. In this review, we will explore the residency and maintenance requirements
for CD8 bTRM and discuss their roles in controlling viral infections of the brain.
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1. Introduction

The brain has long been considered an immune privileged organ. New research that shows that
the brain has conventional lymphatic drainage, anatomical niches that harbor resident populations
of macrophages and dendritic cells, and glia that operate as innate immune cells, runs counter
to this concept [1–4]. The immune privileged hypothesis of the brain arose, in part, from the unique
cells that populate the central nervous system (CNS). Many cells in the brain, such as neurons and
mature oligodendrocytes, are postmitotic and terminally differentiated, creating a fragile environment
that is extremely sensitive to infection and infiltration. Despite this, many virus families, such as
polyomaviruses (e.g., JC polyomavirus (JCPyV)), herpesviruses (e.g., varicella zoster virus (VZV)
and herpes simplex virus (HSV)), enteroviruses (e.g., poliovirus), and flaviruses (e.g., Zika virus
and West Nile Virus (WNV)) are neurotropic or gliatropic. The consequences of these viral brain
infections—e.g., meningitis, myelitis, encephalitis, and demyelination—contribute to a significant
health burden worldwide. Immune responses that can control these viral infections must negotiate
a trade-off between viral control and immune-mediated damage.

For many viral infections of the brain and other organs, viral control is mediated by CD8 T
cells [5]. These cells secrete effector molecules such as granzymes, perforin, and interferon (IFN) γ.
IFNγ is implicated in the control of many neurotropic infections, including DNA viruses such as
HSV and VZV, RNA viruses such as Sindbis virus (SINV) and measles virus (MV), and parasites such
as Toxoplasma gondii (T. gondii) [6–10]. However, IFNγ is also highly harmful to brain-resident cells.
CD8 T cells that respond to infections in non-lymphoid organs can differentiate into tissue-resident
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memory cells (TRM), which remain in the tissue and survey for reinfection [11]. While it is well
documented that CD8 TRM are necessary to protect non-lymphoid tissues from reinfection and
reactivation of latently infected cells, an understanding the processes that influence the formation and
maintenance of CD8 TRM is limited, especially in non-barrier organs such as the brain. This review
explores the role of CD8 T cells in the control of viral infection in the brain, with a specific focus on
the development, maintenance, and function of virus-specific brain CD8 TRM (CD8 bTRM). For clarity,
CD8 bTRM refers to resident memory CD8 T cells in the CNS and TRM refers to resident memory CD8 T
cells in other, non-CNS organs.

2. CD8 T cell Response to Viral Infections of the Brain

Brain-resident innate immune sentinels, such as microglia and astrocytes, are the first responders
to viral infection in the CNS [3,12,13]. In addition to their antimicrobial activities, these and
other cells secrete chemokines that recruit innate and adaptive immune cells, such as CD8 T cells,
into the brain to aid in pathogen clearance or containment [3,12,13]. The activation of CD8 T cells
following brain viral infection occurs peripherally in the majority of viral infections. Antigens and
antigen-specific effector CD8 T cells have been isolated from peripheral blood following infection
from CNS-tropic infections [14,15]. Despite their ubiquitous presence following viral infection,
the migration of T cells into the brain might depend on the virus and the type of cells infected.
For example, following brain WNV infection, IL-1β produced by infiltrating macrophages was crucial
for the recruitment of effector CD8 T cells and their adherence to brain microvasculature endothelial
cells, which allowed the T cells to extravasate into the brain parenchyma [16]. Following brain
vesicular stomatitis virus (VSV) infection, CD8 T cells were found in clusters, presumably at sites
of prior infection, which suggested that virus location dictated the location of VSV-specific effector
CD8 T cells [11]. Conversely, immune reconstitution syndrome in patients with progressive multifocal
leukoencephalopathy (PML-IRIS), a demyelinating disease caused by JCPyV infection of the brain,
was marked by an increase in blood brain barrier (BBB) permeability, suggesting that the extravasation
of these JCPyV-specific CD8 T cells across the BBB may not be as strongly dependent on macrophages
or virus location [17]. However, during coronavirus encephalitis, T cell entry into the brain was
dependent on VCAM-1 expressed by BBB endothelium [18]. Despite robust recruitment of effector
CD8 T cells during early, acute infection, there was little evidence that CD8 T cells continue to infiltrate
the brain during late stages of persistent infection. In recent studies from our laboratory, we found
that CD8 T cells persist in the brain after depletion of circulating CD8 T cells [19]. It is important
to recognize that many factors may affect the magnitude, duration, and site of CNS infiltration by
virus-specific CD8 T cells. These include differences in viral tropism for CNS-resident cells and their
responses to infection, the anatomic location of infectious foci, and interactions with virus-specific
and/or bystander T and B cells, as well as with myeloid cells and innate lymphoid cells. Understanding
the many complex and dynamic elements regulating CD8 T cell infiltration in the CNS is a major
challenge to the viral neuroimmunology field.

Once at the site of infection inside the brain, CD8 T cells contribute to virus control. Effector CD8 T
cells have multiple functions, as depicted in Figure 1, and these functions are carried out through the
production of a number of effector molecules. Effector molecules produced by CD8 T cells fall into two
broad categories: cytotoxic granules and cytokines. Cytotoxic granules are modified lysozymes that
contain perforin, granzymes, and granulysin. These molecules work synergistically on the target cell
to induce apoptosis. Effector CD8 T cells also release cytokines such as tumor necrosis factor α (TNFα),
IFNγ, and IL-2. These cytokines can work in concert with the cytotoxic granules to induce apoptosis
in the target cell. They also have other roles, such as the activation of macrophages or the induction
of MHC I on target cells, which contribute to host defense. The ability of T cells to control neurotropic
and gliatropic infections was demonstrated by the failure to clear CNS infections in T cell-deficient
mice [20]. However, the brain is largely intolerant of immune activity. Thus, CD8 T cell activity must
balance pathogenicity against viral control [21].
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Figure 1. CD8 TRM have multiple effector functions. After stimulation by cognate antigen through 
their T cell receptors TCRs, CD8 TRM may become activated to produce cytotoxic granules such as 
granzyme B and perforin and/or cytokines such as IFNγ. These granules induce apoptosis in target 
cells, but this process may require additional help from cytokines. IFNγ is the most common cytokine 
produced by CD8 TRM, but CD8 TRM can also produce other cytokines, such as TNFα and IL-2. IFNγ 
has many functions in the brain, including increasing MHCII expression of microglia and other 
antigen presenting cells. The figure was created with BioRender.com. 

IFNγ constitutes a critical regulatory checkpoint in the development and progression of 
neuroinflammation. IFNγ signaling is thought to reduce viral spread by promoting an antiviral state 
in infected cells and neighboring uninfected cells (Figure 1) [22]. This potent antiviral activity of IFNγ 
is critical for the control of many CNS-tropic viral infections, such as MV, HSV, SINV, lymphocytic 
choriomeningitis virus (LCMV), and mouse hepatitis virus (MHV) [10,23]. Indeed, other common 
effector mechanisms of CD8 T cells, such as perforin-mediated killing, are not effective during LCMV 
infection of the CNS, but IFNγ is necessary for viral clearance [23,24]. IFNγ is an important 
immunoregulator, as shown by unchecked infiltration of neutrophils and fatal encephalitis in HSV-
infected mice deficient in IFNγ [25]. However, the role of IFNγ in viral infection remains contentious 
because IFNγ is known to promote a proinflammatory state in the brain. Endothelial cells of the BBB 
are susceptible to IFNγ produced by local T cells during neuroinflammation, and IFNγ signaling in 
these cells increases the permeability of the BBB and the trans-epithelial migration of leukocytes 
[26,27]. IFNγ also promotes a proinflammatory state in microglia and other infiltrating innate 
immune cells, which is marked by an increased release of neurotoxic inflammatory cytokines, such 
as IL-1β and TNFα, and phagocytic activity [28]. During brain mouse polyomavirus (MuPyV) 
infection, we found that IFNγ produced by virus-specific CD8 T cells in the brain upregulated the 
expression of MHC class II on microglia, demonstrating that IFNγ from CD8 T cells can directly 
promote inflammation [29]. Furthermore, IFNγ release from CD8 T cells is toxic to brain resident 
cells, as shown by the deafferentation of neurons following brain LCMV infection and CD8 T cell 
infiltration [30]. These studies suggest that IFNγ has simultaneous, conflicting activities during viral 
infection in the brain: (1) constraining neuropathology by controlling the virus and (2) increasing 
neuropathology by promoting inflammation. 

In addition to promoting neuroinflammation, CD8 T cells and other immune cells can potentiate 
demyelination of the CNS [31]. Infection of the brain with the JHM strain of MHV (JHMV) results in 
focal myelin loss, despite viral clearance from the adaptive immune response [32]. Rag1-/- and severe 
combined immunodeficiency disease (SCID) mice do not develop demyelination during JHMV 
infection, but do following transfer of JHMV-specific T cells [33]. CD4 and CD8 T cells responding to 
CNS infection by JHMV are each capable of inducing demyelination [31]. Similarly, the infiltration of 
T cells during PML-IRIS promotes cell death and demyelination, despite efficient control of virus 
infection [34]. During chronic Theiler’s murine encephalomyelitis virus (TMEV) infection, the 
progression of symptoms and demyelination was found to correlate with an increase of virus-specific 
CD8 T cells, which demonstrated that the adaptive immune response influences demyelination in 

Figure 1. CD8 TRM have multiple effector functions. After stimulation by cognate antigen through
their T cell receptors TCRs, CD8 TRM may become activated to produce cytotoxic granules such as
granzyme B and perforin and/or cytokines such as IFNγ. These granules induce apoptosis in target
cells, but this process may require additional help from cytokines. IFNγ is the most common cytokine
produced by CD8 TRM, but CD8 TRM can also produce other cytokines, such as TNFα and IL-2.
IFNγ has many functions in the brain, including increasing MHCII expression of microglia and other
antigen presenting cells. The figure was created with BioRender.com.

IFNγ constitutes a critical regulatory checkpoint in the development and progression
of neuroinflammation. IFNγ signaling is thought to reduce viral spread by promoting an antiviral state
in infected cells and neighboring uninfected cells (Figure 1) [22]. This potent antiviral activity of IFNγ

is critical for the control of many CNS-tropic viral infections, such as MV, HSV, SINV, lymphocytic
choriomeningitis virus (LCMV), and mouse hepatitis virus (MHV) [10,23]. Indeed, other common effector
mechanisms of CD8 T cells, such as perforin-mediated killing, are not effective during LCMV infection
of the CNS, but IFNγ is necessary for viral clearance [23,24]. IFNγ is an important immunoregulator,
as shown by unchecked infiltration of neutrophils and fatal encephalitis in HSV-infected mice deficient
in IFNγ [25]. However, the role of IFNγ in viral infection remains contentious because IFNγ is known
to promote a proinflammatory state in the brain. Endothelial cells of the BBB are susceptible to IFNγ

produced by local T cells during neuroinflammation, and IFNγ signaling in these cells increases the
permeability of the BBB and the trans-epithelial migration of leukocytes [26,27]. IFNγ also promotes
a proinflammatory state in microglia and other infiltrating innate immune cells, which is marked by
an increased release of neurotoxic inflammatory cytokines, such as IL-1β and TNFα, and phagocytic
activity [28]. During brain mouse polyomavirus (MuPyV) infection, we found that IFNγ produced
by virus-specific CD8 T cells in the brain upregulated the expression of MHC class II on microglia,
demonstrating that IFNγ from CD8 T cells can directly promote inflammation [29]. Furthermore,
IFNγ release from CD8 T cells is toxic to brain resident cells, as shown by the deafferentation of neurons
following brain LCMV infection and CD8 T cell infiltration [30]. These studies suggest that IFNγ has
simultaneous, conflicting activities during viral infection in the brain: (1) constraining neuropathology
by controlling the virus and (2) increasing neuropathology by promoting inflammation.

In addition to promoting neuroinflammation, CD8 T cells and other immune cells can potentiate
demyelination of the CNS [31]. Infection of the brain with the JHM strain of MHV (JHMV) results
in focal myelin loss, despite viral clearance from the adaptive immune response [32]. Rag1-/- and
severe combined immunodeficiency disease (SCID) mice do not develop demyelination during JHMV
infection, but do following transfer of JHMV-specific T cells [33]. CD4 and CD8 T cells responding
to CNS infection by JHMV are each capable of inducing demyelination [31]. Similarly, the infiltration
of T cells during PML-IRIS promotes cell death and demyelination, despite efficient control of virus
infection [34]. During chronic Theiler’s murine encephalomyelitis virus (TMEV) infection, the progression
of symptoms and demyelination was found to correlate with an increase of virus-specific CD8 T cells,
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which demonstrated that the adaptive immune response influences demyelination in many different
CNS-tropic viral infections [33]. A molecular understanding of the mechanisms of T cell-mediated
demyelination are unknown. IFNγ and TNFα can induce cell death in oligodendrocytes during
inflammatory conditions, suggesting that these cytokines may cause demyelination [35,36]. In addition
to CD8 T cells, inflammatory demyelinating lesions in TMEV, JCPyV-PML IRIS, and JHMV infections are
enriched with microglia and macrophages, and it is known that microglia and macrophages are primary
contributors to myelin loss [33,34,37]. CD8 TRM secrete numerous chemokines that recruit myeloid cells
to sites of viral infection and inflammation [38]. Collectively, these studies indicate that CD8 T cells must
thread the needle between causing catastrophic damage and maintaining homeostasis in the CNS.

3. Development of CD4 and CD8 TRM

The CD8 T cell response to infection can be divided into four phases: (1) priming; (2) contraction;
(3) memory; and (4) recall [39]. After priming in lymphoid organs, CD8 T cells rapidly proliferate,
acquire an effector function, and migrate to sites of inflammation. About 90–95% of the newly generated
CD8 T cells die during the contraction phase, while the remaining 5–10% of virus-specific CD8 T cells
differentiate into memory cells that self-renew in the absence of antigens [39]. CD8 T cell memory
subsets are defined by their trafficking, localization, and surface marker expression. Memory CD8 T
cells are conventionally categorized into three subsets: Central memory T cells (TCM), effector memory T
cells (TEM), and TRM [40]. Activated T cells infiltrate infected and, potentially, uninfected non-lymphoid
tissue during the effector phase of the T cell response, then may become permanently established
in tissues as TRM [41,42]. The anatomical location of CD8 TRM allows them to protect and rapidly clear
reinfection in their tissue of residence. Similar to other non-lymphoid tissues, infection of the brain
results in the infiltration and persistence of pathogen-specific CD8 bTRM. CD8 bTRM are maintained
independently of the circulation and persist in the brain, presumably at sites of prior infection [11].
The resident CD8 T cell population in the brain represents a bona fide CD8 TRM population that
provides frontline defense against reinfection by attacking infected cells and communicating with
immune cells in the circulation.

Similar to CD8 T cells, CD4 T cells also form TCM, TEM, and TRM subsets. While there are similarities
between CD4 and CD8 TRM, clear differences exist between them. One of the most notable differences
is that CD4 TRM do not express CD103 (αE integrin) [43]. However, mucosal CD4 TRM express most
of the other canonical CD8 TRM phenotypic markers such as CD69 and granzyme B [44]. CD4 TRM are
also similar transcriptionally and functionally to CD8 TRM in terms of recall responses [43]. Most studies
on CD4 TRM focus on peripheral non-lymphoid tissues, leaving many unanswered questions about
CD4 bTRM. Similar to Beura et al., we observed little-to-no expression of CD103 by CD4 T cells in the
brain (HMR, unpublished data), but CD4 and CD8 bTRM have similar expression levels of CD69 thirty
days after MuPyV or VSV brain infections (HMR, unpublished data) [43]. Research on HSV infection
in the skin and female reproductive tract suggest that there may be two populations of CD4 TRM: a static
population that remains parked in the tissue and another dynamic population that migrates between the
tissue, draining lymph nodes, and the blood [45]. While the importance of these two populations of CD4
TRM is unknown, the prevalence of either population seems to depend on the virus and its preferred
location. For example, during vaginal HSV infection, CD4 TRM are maintained independently of the
circulation and are sustained by a network of macrophages, which suggests that reliance on antigen
or the tissue microenvironment may affect CD4 TRM retention [46]. Conversely, HSV-specific CD4
TRM in the skin equilibrate with the circulation during steady state and rapidly re-accumulate upon
reinfection [47]. These studies suggest that CD4 TRM constitute a heterogeneous population that has
some shared and distinct characteristics with CD8 TRM.

4. Phenotype and Transcriptomes of CD8 TRM

CD8 TRM are phenotypically, metabolically, and transcriptionally distinct from other CD8 T cell
subsets [48–50]. CD8 TRM are marked by their expression of CD69 and CD103, although not all
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TRM will express these surface molecules to the same level [38]. As shown in Table 1, the relative
expression of various surface molecules and transcription factors in and on CD8 bTRM vary among
different viral infections. CD8 TRM also adopt a Ly6Clo, CD122lo, CD127-/int, CD62Llo, and granzyme
B+ expression profile, but this can also differ with the tissue and the type of virus infection [49].
TRM share a core gene signature of downregulated tissue-egress genes, such as Krüppel-like factor 2 (Klf2)
and S1pr1 (which encodes a receptor for sphingosine-1 phosphate, S1P1); downregulated cytokine
responsive transcription factors, such as the T-box transcription factors T-bet and Eomesodermin
(Eomes); and upregulated transcription factors Hobit and Blimp-1 [48]. CD8 TRM from different organs
may express some parts of this core signature, but CD8 TRM are heterogeneous and will not express all
of the core CD8 TRM simultaneously, supporting the speculation that multiple CD8 TRM subsets may
exist [49].

Table 1. Description and frequency of resident-memory markers on CD8 bTRM during CNS
viral infections.

TRM Marker Function
Frequency of Marker Expression on CD8 bTRM

during Brain Infection

Acute Infections: Persistent Infections:

CD103 Binds to E-cadherin
VSV: ≤90%

LCMV: ≤60%
MCMV: <40%

MuPyV, T. Gondii: 40–60%
WNV: <20% [11,19,51–54]

CD69 Antagonizes S1PR1
expression

VSV, LCMV: >80%
MCMV: <60%

MuPyV, T. Gondii: >80%
HSV: <40% [19,51–53,55–57]

PD-1
Inhibitory receptor,

antagonizes
TCR engagement

VSV: <1%
MCMV: <25%
JHMV: 20–45%

MuPyV: >90%
T. Gondii: 30–50%

WNV: 20–30%
[11,58–61]

CD62L Lymphocyte-endothelial
cell interactions MCMV: <5% MuPyV: <5% [57,62]

Ki67 General marker
of cellular proliferation JHMV: <5% MuPyV: <20% [19,63]

Granzyme-B Mediates apoptosis
in target cells

LCMV: <60%
VSV: >30%

JHMV: >20%
WNV: <20% [11,16,51,63]

IFNγ

(after stimulation) Pleiotropic cytokine
JHMV: >30%
MCMV: >60%
LCMV: >50%

MuPyV: <60%
WNV: <10% [16,51,57,60,64,65]

The frequency of CD8 bTRM expressing canonical TRM markers during different virus infections of the brain is shown.
Frequencies listed are from CD8 T cells analyzed during days 15 to >30 post infection.

While the factors regulating the phenotypic heterogeneity of CD8 bTRM are only partly known
(e.g., TGFβ induction of CD103), there is evidence that the nature of the virus infection guides
CD8 bTRM development. For example, only 30–40% of CD8 bTRM become CD103+ during persistent
MuPyV infection, but close to 90% of CD8 T cells will express CD103 following brain infection
with VSV, an acutely resolving infection, which suggested that the chronicity of the viral infection
may affect the frequency of CD8 CD103+ bTRM [53,55,60]. A comparison of CD103+ and CD103−

CD8 bTRM to splenic CD103− CD8 T cells revealed increased effector activity and differential regulation
of chemokine and cytokine genes, such as CXCL10, CCL3, and S1P1 during T. gondii infection. Further,
we found that CD103+ and CD103− CD8 bTRM are transcriptionally similar [19,55]. Despite their
genetic similarities, there is speculation that CD103+ and CD103− CD8 bTRM may have different
functions. There is some evidence that CD103 dictates the residency of CD8 T cells in particular tissues,
as shown by the loss of LCMV-specific CD8 TRM from the intestinal epithelium when CD103 expression
was decreased [66]. However, we have found that MuPyV-specific CD103+ and CD103− CD8 bTRM are
maintained equally in the brain following systemic CD8 T cell depletion, which demonstrated that
CD103 expression is not required for maintenance in this infection model [60]. Another hypothesis
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suggested that CD103 may determine the location of CD8 TRM within the tissue parenchyma because
CD103 binds to E-cadherin [67]. This has been shown in other tissues, such as the gut, but no difference
was found in the location of CD103+ and CD103− CD8 bTRM following infection with T. gondii or
LCMV [53,68]. This is possibly because the expression of E-cadherin on normal brain cells, such as
neurons and oligodendrocytes, is minimal [53,69]. It has also been suggested that CD103 may dictate
the degree of motility of CD8 TRM, but this has been shown in just a few non-lymphoid tissues [51,53,70].
Using IFNγ-eYFP reporter mice, which allow in situ visualization of IFNγ production, we found that
CD103+ CD8 bTRM had an increased production of IFNγ compared to CD103− CD8 bTRM following
MuPyV intracerebral rechallenge, despite CD103+ and CD103− bTRM being equally capable of making
IFNγ after ex vivo stimulation with viral peptides [19]. This dichotomy in IFNγ production has also
been shown for CD103+ and CD103− CD8 TRM subsets in the gut [68]. These results suggest that
the CD103+ TRM subset is better poised to respond rapidly upon reinfection. However, the mechanisms
regarding the differentiation of these two subsets are currently unknown and may reflect differences
in proximity to virally infected cells, cytokines exposed to during development, and time of infiltration
into the tissue parenchyma.

5. PD-1 Expression on CD8 bTRM

PD-1 expression is traditionally considered a marker of T cell exhaustion, which is a state of T cell
dysfunction characterized by progressive loss of effector function, metabolic abnormalities, and poor
responses following infection [71]. Recent work suggests that high PD-1 expression may also enable
memory CD8 T cells to survive and retain memory function in the setting of a persistent infection [71].
We found that brain CD8 T cells express PD-1 during MuPyV infection, while memory CD8 T cells
in the spleen do not, despite similar viral loads between the two organs during persistent infection [60].
We further found that the expression of PD-1 was independent of viral dose or inflammatory status and
that the Pdcd1 locus was demethylated in brain CD8 T cells, but not splenic CD8 T cells, which suggested
that increased PD-1 expression is CD8 T cell-intrinsic [60]. This work and the work of others have
shown that high expressions of PD-1 and engagement of the PD-1:PD-L1 pathway promotes CD8 bTRM

differentiation and maintenance [29,58,60]. MuPyV and murine cytolomegalovirus (MCMV) brain
infections establish a PD-1+ CD8 bTRM population (Table 1) [58,60]. During MuPyV infection, high
PD-1 expression was correlated with an improved function in CD8 bTRM upon rechallenge with
homologous virus [29]. Similarly, the expression of PD-1 and engagement of its ligand, PD-L1, led
to improved CD8 bTRM differentiation in mice infected with MCMV, as shown by a reduced frequency
of CD69+CD103+ CD8 T cells in PD-1-/- mice or following PD-L1 blockade [58]. Memory CD8 T cells
also expressed high levels of PD-1 in other non-lymphoid tissues during persistent viral infection,
demonstrating that PD-1 promotes resident memory differentiation in several non-lymphoid tissues [72].

Recent studies suggest that PD-1 restrains neuroinflammation, in addition to its effects on
CD8 bTRM development. We found that MuPyV-specific CD8 T cells expressed more IFNγ when
stimulated with viral peptide in the presence of PD-L1-/- bone marrow-derived dendritic cells [29].
Furthermore, nanostring gene expression analysis of the brain microenvironment in PD-L1-/- mice
revealed increased expression of neuroinflammatory markers during acute MuPyV infection [29].
Similarly, PD-1+ CD8 T cells damaged fewer axons during mouse coronavirus infection compared
to their PD-1lo counterparts [73]. The treatment of mice with a PD-L1 fusion protein, which amplified
PD-1 function during experimental cerebral malaria, a complication marked by excessive CD8 T cell
infiltration into the brain, ameliorated BBB disruption, and reduced CD8 T cell cytotoxicity [74]. The
importance of PD-1 in modulating CD8 T cell responses is underscored by clinical data showing that
JCPyV-specific CD8 T cells have increased PD-1 expression and blockade of PD-1 on JCPyV-specific
CD8 T cells improved T cell responses in patients with PML [75]. The ability of PD-1 expression
in CD8 T cells to contain inflammation has been shown in other nonlymphoid tissues. For example,
CD8 TRM isolated from the lungs of former smokers also expressed high levels of PD-1 [76]. Together,
these results suggested that PD-1 expression on CD8 TRM promotes the maintenance of CD8 T cells,
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improves viral control, and restrains inflammation, thereby protecting the tissue from extensive damage
by both the immune system and virus alike.

Despite its demonstrated role in CD8 T cell memory responses, the mechanisms underlying
PD-1-regulated control of CD8 TRM differentiation remain unknown. Glial cells express PD-L1,
which increases during inflammatory events and viral infections [77]. We have found that MuPyV-infected
glial cells expressed high levels of PD-L1, suggesting that infected glial cells may directly affect the
differentiation of CD8 bTRM through engagement of PD-1 [29]. However, no direct interaction between
PD-L1+ glial cells and PD-1+ CD8 T cells has been reported. Thus, additional studies are warranted
to clarify the importance and complexity of PD-1 signaling and CD8 bTRM differentiation.

6. Factors Influencing the Differentiation of CD8 bTRM

Naïve CD4 and CD8 T cells receive three signals during priming: stimulation of the T cell receptor
(TCR) by antigen; costimulation via surface receptors such as CD28; and inflammatory cytokines. It is
well-documented that the priming of CD8 T cells also requires the help of CD4 T cells, predominately
through CD4 T cell licensing of antigen presenting cells, but recent work has shown that CD4 T cell help
is also necessary during the effector and memory phases of CD8 T cell differentiation [78]. The continued
importance of CD4 T cell help to CD8 T cell responses is underscored by the incidence of opportunistic
infections in HIV/AIDS patients [79]. We recently reported that MuPyV-specific unhelped CD8 T
cells (i.e., CD8 T cells primed in the absence of CD4 T cells) had decreased expressions of canonical
tissue-resident memory surface markers, a continued dependence on CD8 T cells in the circulation,
and a decreased ability to control homologous viral reinfection [19]. Furthermore, acquired CD4 T
cell deficiency, modeled by delaying systemic CD4 T cell depletion, also impacted the differentiation
of CD8 bTRM and decreased the ability of these cells to control reinfection [19]. Together, these findings
reveal an intimate association between CD4 T cells and the homeostasis of functional CD8 bTRM

to persistent brain viral infection. Our findings fit with other studies on WNV infection showing that
unhelped CD8 T cells do not become CD8 bTRM [54]. The exact mechanism by which CD4 T cells
help CD8 T cells become CD8 TRM is unknown. Recent work has identified a few pathways, two
of which are highlighted in this review (Figure 2) as potential CD4 T cell-derived mechanisms driving
CD8 TRM differentiation.

Viruses 2019, 11, x FOR PEER REVIEW 7 of 14 

 

Despite its demonstrated role in CD8 T cell memory responses, the mechanisms underlying PD-
1-regulated control of CD8 TRM differentiation remain unknown. Glial cells express PD-L1, which 
increases during inflammatory events and viral infections [77]. We have found that MuPyV-infected 
glial cells expressed high levels of PD-L1, suggesting that infected glial cells may directly affect the 
differentiation of CD8 bTRM through engagement of PD-1 [29]. However, no direct interaction 
between PD-L1+ glial cells and PD-1+ CD8 T cells has been reported. Thus, additional studies are 
warranted to clarify the importance and complexity of PD-1 signaling and CD8 bTRM differentiation. 

6. Factors Influencing the Differentiation of CD8 bTRM 

Naïve CD4 and CD8 T cells receive three signals during priming: stimulation of the T cell 
receptor (TCR) by antigen; costimulation via surface receptors such as CD28; and inflammatory 
cytokines. It is well-documented that the priming of CD8 T cells also requires the help of CD4 T cells, 
predominately through CD4 T cell licensing of antigen presenting cells, but recent work has shown 
that CD4 T cell help is also necessary during the effector and memory phases of CD8 T cell 
differentiation [78]. The continued importance of CD4 T cell help to CD8 T cell responses is 
underscored by the incidence of opportunistic infections in HIV/AIDS patients [79]. We recently 
reported that MuPyV-specific unhelped CD8 T cells (i.e., CD8 T cells primed in the absence of CD4 T 
cells) had decreased expressions of canonical tissue-resident memory surface markers, a continued 
dependence on CD8 T cells in the circulation, and a decreased ability to control homologous viral 
reinfection [19]. Furthermore, acquired CD4 T cell deficiency, modeled by delaying systemic CD4 T 
cell depletion, also impacted the differentiation of CD8 bTRM and decreased the ability of these cells 
to control reinfection [19]. Together, these findings reveal an intimate association between CD4 T cells 
and the homeostasis of functional CD8 bTRM to persistent brain viral infection. Our findings fit with 
other studies on WNV infection showing that unhelped CD8 T cells do not become CD8 bTRM [54]. 
The exact mechanism by which CD4 T cells help CD8 T cells become CD8 TRM is unknown. Recent 
work has identified a few pathways, two of which are highlighted in this review (Figure 2) as 
potential CD4 T cell-derived mechanisms driving CD8 TRM differentiation. 

 
Figure 2. Potential mechanisms of CD4 T cell help in the brain. (A) When stimulated through their 
TCR, CD4 T cells produce IL-21. TCR stimulation to the CD8 T cells can upregulate their expression 
of IL21R. IL-21 from CD4 T cells binds IL21R on CD8 T cells to induce CD8 TRM differentiation. (B) 
CD4 T cells produce IFNγ after TCR stimulation, which binds the IFNγR on brain endothelium to 
induce CXCL9 production. CXCL9 creates a gradient that CXCR3-expressing CD8 T cells follow to 
arrive at the site of the infection/inflammation. The figure was created with BioRender.com. 

While many reports have documented the role of CD4 T cell-derived IL-21 in modulating the 
effector functions of CD8 T cells during acute and chronic viral infections, CD4 T cell-derived IL-21 
has only recently been linked to CD8 bTRM cell differentiation [80–85]. During early JHMV infection 
of the brain, CD4 T cells produced IL-21 and CD8 T cells upregulated IL21R [84,86]. IL21R deficiency 
had no effect on the number of CD8 T cells in the brain during JHMV infection, but CD8 T cells had 
impaired granzyme B and IFNγ production, which made the normally acute JHMV infection 

Figure 2. Potential mechanisms of CD4 T cell help in the brain. (A) When stimulated through their
TCR, CD4 T cells produce IL-21. TCR stimulation to the CD8 T cells can upregulate their expression
of IL21R. IL-21 from CD4 T cells binds IL21R on CD8 T cells to induce CD8 TRM differentiation.
(B) CD4 T cells produce IFNγ after TCR stimulation, which binds the IFNγR on brain endothelium
to induce CXCL9 production. CXCL9 creates a gradient that CXCR3-expressing CD8 T cells follow
to arrive at the site of the infection/inflammation. The figure was created with BioRender.com.

While many reports have documented the role of CD4 T cell-derived IL-21 in modulating
the effector functions of CD8 T cells during acute and chronic viral infections, CD4 T cell-derived IL-21
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has only recently been linked to CD8 bTRM cell differentiation [80–85]. During early JHMV infection
of the brain, CD4 T cells produced IL-21 and CD8 T cells upregulated IL21R [84,86]. IL21R deficiency
had no effect on the number of CD8 T cells in the brain during JHMV infection, but CD8 T cells
had impaired granzyme B and IFNγ production, which made the normally acute JHMV infection
persistent [84,86,87]. Similarly, IL-21-/- mice had fewer IFNγ-producing CD4 and CD8 T cells during
brain T. gondii infection, which coincided with increased parasite burdens [87]. While not in the
context of brain viral infection, IL-21 has been shown to modulate CD103 expression on CD8 T cells
in lymphopenic and homeostatic conditions in the small intestine [88]. While the link between IL21R
signaling and CD8 bTRM differentiation has not been clearly established, it is worth noting that the
effector functions of CD8 T cells, such as granzyme B expression and IFNγ production, have been
correlated with the CD8 TRM phenotype, suggesting that the changes in CD8 T cells observed during
IL-21 deficiency may be due to alterations in CD8 TRM differentiation (Figure 2A) [19,53,55,60,88].

IFNγ from CD4 T cells has also been shown to modulate CD8 TRM development (Figure 2B).
However, unlike IL-21, CD4 T cell-derived IFNγ may act by primarily promoting CD8 T cell entry
into the site of infection [89,90]. For example, IFNγ from CD4 T cells stimulated the production of the
chemokines CXCL9 and CXCL10, trafficking chemokines that bind to CXCR3, a receptor commonly
expressed by effector CD8 T cells, during HSV infection of the female reproductive tract [89]. CXCR3 has
been shown to be important for the entry of CD8 T cells into the brain during WNV encephalitis and
experimental cerebral malaria [8,91]. Additionally, a loss of IFNγ from CD4 T cells was associated
with a reduced frequency of virus-specific CD8 T cells localized to the airway epithelium following
influenza infection [90]. The authors further found that CD4 T cell-derived IFNγ was responsible
for the upregulation of CD103 on virus-specific lung CD8 TRM, suggesting that CD4 T cell-derived IFNγ

may also directly affect CD8 TRM differentiation [90]. The efficacy of IL-21 and IFNγ in modulating
CD8 TRM differentiation may vary based on the duration of infection and the cells in the surrounding
tissue parenchyma. These and other studies highlight that the nature of CD4 T cell help to CD8 TRM

development is complex.
The differentiation and maintenance of CD8 TRM may also depend on the tissue microenvironment.

For example, memory CD8 T cells favor oxidative phosphorylation for their maintenance. Pan et al.
recently demonstrated that CD8 TRM in the skin express the fatty acid-binding proteins Fabp4
and Fabp5, which are required for free fatty acid uptake; deletion of these receptors significantly
decreased the number of skin TRM, but did not affect other memory CD8 T cells, such as those in the
spleen [50]. While circulating memory CD8 T cells also primarily utilize oxidative phosphorylation,
CD8 TCM and TEM make their own fatty acids, which suggested that CD8 TRM are uniquely dependent
on the tissue microenvironment in which they reside. Tissue microenvironments vary widely,
which may affect not only the metabolites available to CD8 TRM, but also the maintenance, function,
phenotype, and longevity of these cells within the tissue. Indeed, it is well documented that the
maintenance requirements for CD8 TRM differ based on the type of virus and the tissue infected [92].
For example, CD8 T cells in the skin after HSV infection and in the salivary gland and kidney
after LCMV infection require IL-15 for their maintenance [93,94]. However, IL-15 is not required
for the maintenance of LCMV-specific CD8 TRM in other non-lymphoid tissues such as the female
reproductive tract and small intestine [94,95]. Likewise, TGFβ is required for the development
of CD8 TRM in the skin following HSV infection [93]. Not all CD8 TRM require TGFβ, as shown
by the development and maintenance of a TGFβR-deficient CD103− TRM population in the gut
following Yersinia pseudotuberculosis infection [68]. Cells in the surrounding tissue parenchyma and
immune cells can secrete these cytokines, especially TGFβ, suggesting that the local tissue environment
and other immune cell subsets affect CD8 TRM differentiation.

The virus infection itself can also dictate the development of CD8 TRM. In most non-lymphoid
tissues, such as the gut, female reproductive tract, and brain, the differentiation of CD8 TRM occurs
in an antigen-independent manner [60,66,70]. However, in the lung, local antigen encounter is required
for the differentiation of CD8 TRM [76]. Furthermore, the high and persistent antigen loads found
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during chronic viral infections promote CD8 T cell exhaustion, which affects the function of CD8 TRM

and their ability to survive in persistently infected tissue [78]. The impact of chronic antigen exposure
on the stability of CD8 TRM is poorly defined, with most studies focusing on CD8 TRM development
following acutely resolving viral infections. Clearly, additional studies are needed to understand the
differences in the requirements for differentiation and maintenance of CD8 TRM generated during
chronic and acute viral infections.

7. Importance of CD8 bTRM in the Control of Virus Reinfection and Viral Latency in the CNS

Studies in parabionts have shown that CD8 TRM mediate the efficient control of reinfection
in non-lymphoid tissue, which is even more effective than that mediated by their circulating
counterparts [92]. CD8 TRM possess many unique capabilities that allow them to respond rapidly
during reinfection. Upon recognition of cognate antigen, CD8 TRM immediately increase IFNγ

expression, which recruits circulating antigen-experienced CD8 T cells and other innate immune
cells to the tissue [96]. The antigen-experienced CD8 T cells recruited from the periphery do not
displace the original CD8 TRM, thus ensuring durable protection in tissues prone to reinfection [97,98].
Additionally, CD8 TRM amplify the response of the recruited cells by proliferating in response to antigen
exposure, despite having low levels of homeostatic proliferation [97]. Concurrently, the IFNγ released
from CD8 TRM induces a broadly active antipathogen response in the entire tissue, enhancing pathogen
control [99]. However, although efficient, this alarm function of CD8 TRM is dependent on their ability
to detect antigens. It has been shown that CD8 TRM continuously survey the non-lymphoid tissue
in which they reside, thereby increasing the probability of encountering a pathogen or an antigen
presenting cell [100]. These characteristics of CD8 TRM underscore their role as first responders upon
reinfection in non-lymphoid tissue.

Similar to other non-lymphoid tissues, CD8 bTRM are an autonomous barrier against reinfection
or resurgence of latent infection. It has been shown that CD8 T cells block HSV-1 reactivation
in the ophthalmic branch of the trigeminal nerve, demonstrating a dynamic interaction between
CD8 T cells and infected cells [101]. Similarly, CD8 bTRM are essential for protection from reinfection
by other CNS-tropic viruses, such as MuPyV, LCMV, and VSV [11,51,62]. Indeed, following depletion
of circulating CD8 T cells, CD8 bTRM were able to control LCMV reinfection, which demonstrated that
CD8 bTRM can exert viral control independently of the circulation [51]. The importance of CD8 bTRM

is underscored by their ability to balance viral control and immunopathology. CD8 bTRM-mediated
control of LCMV and HSV-1 reinfection exhibited minimal neuropathology, unlike the extensive
immunopathology that resulted from the infiltration of circulating memory CD8 T cells from
the periphery [24,51,102]. These studies demonstrate that CD8 bTRM are essential for long-term
protection against viral infections in the brain.

8. Concluding Remarks

CD8 T cells infiltrating the brain during viral infection promote neuroprotection, but may also
trigger neurotoxicity. For example, antiviral effector mechanisms deployed by CD8 T cells, such as IFNγ

release, are essential for viral control. Yet, IFNγ also increases neuroinflammation and the recruitment
of circulating immune cells, which may cause collateral neuropathology. Virus-specific CD8 T cells
remain in the brain and often differentiate into CD8 bTRM. These virus-specific CD8 bTRM prevent
reinfection and check reactivation of latent viral infections in the CNS. However, recent evidence
indicating that the development of autoimmune lesions in the brain may be attributed to CD8 bTRM

generated from viral infection early in life suggests that CD8 bTRM may also promote pathogenicity [103].
A rapidly accumulating body of evidence supports the concept that the tissue itself directs

the differentiation pathway of CD8 TRM, leading to context-dependent differences in phenotype,
master transcription factor regulators, metabolism, and requirements for maintenance. Superimposed on
these tissue-specific effects are those involving viral infections, such as differences between viruses in cell
tropism, whether infections are acutely resolved or persistent (and if so, whether persistence is latent
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or in a chronic infectious state), and variation in innate responses. Thus, there is a pressing need to fill
many gaps in our understanding of the delicate balance CD8 bTRM must strike between controlling viral
infections while minimizing pathology in the CNS.
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Pugel, E.; Tomac, J.; et al. Brain-resident memory CD8+ T cells induced by congenital CMV infection prevent
brain pathology and virus reactivation. Eur. J. Immunol. 2018, 48, 950–964. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.coviro.2016.11.011
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141548
http://dx.doi.org/10.1146/annurev.immunol.22.012703.104702
http://dx.doi.org/10.4049/jimmunol.1701272
http://www.ncbi.nlm.nih.gov/pubmed/29288198
http://dx.doi.org/10.1126/science.1058867
http://www.ncbi.nlm.nih.gov/pubmed/11264538
http://dx.doi.org/10.1084/jem.20181365
http://www.ncbi.nlm.nih.gov/pubmed/30923043
http://dx.doi.org/10.1038/s41590-018-0298-5
http://www.ncbi.nlm.nih.gov/pubmed/30692620
http://dx.doi.org/10.1111/imm.12929
http://www.ncbi.nlm.nih.gov/pubmed/29570776
http://dx.doi.org/10.1126/science.1257530
http://www.ncbi.nlm.nih.gov/pubmed/25170048
http://dx.doi.org/10.1038/ncomms11514
http://www.ncbi.nlm.nih.gov/pubmed/27160938
http://dx.doi.org/10.1016/j.it.2016.11.004
http://dx.doi.org/10.1016/j.immuni.2014.12.007
http://dx.doi.org/10.1038/nature21379
http://dx.doi.org/10.1084/jem.20151916
http://www.ncbi.nlm.nih.gov/pubmed/27377586
http://dx.doi.org/10.1002/iid3.221
http://dx.doi.org/10.3389/fimmu.2017.00335
http://www.ncbi.nlm.nih.gov/pubmed/28424687
http://dx.doi.org/10.4049/jimmunol.1202153
http://www.ncbi.nlm.nih.gov/pubmed/24337378
http://dx.doi.org/10.4049/jimmunol.1201305
http://www.ncbi.nlm.nih.gov/pubmed/22922816
http://dx.doi.org/10.1016/j.bbi.2007.01.005
http://www.ncbi.nlm.nih.gov/pubmed/17349776
http://dx.doi.org/10.1002/eji.201847526
http://www.ncbi.nlm.nih.gov/pubmed/29500823


Viruses 2019, 11, 842 13 of 15

58. Prasad, S.; Hu, S.; Sheng, W.S.; Chauhan, P.; Singh, A.; Lokensgard, J.R. The PD-1: PD-L1 pathway promotes
development of brain-resident memory T cells following acute viral encephalitis. J. Neuroinflamm. 2017, 14,
82. [CrossRef] [PubMed]

59. Phares, T.W.; Ramakrishna, C.; Parra, G.I.; Epstein, A.; Chen, L.; Atkinson, R.; Stohlman, S.A.; Bergmann, C.C.
Target-dependent B7-H1 regulation contributes to clearance of central nervous system infection and dampens
morbidity. J. Immunol. 2009, 182, 5430–5438. [CrossRef] [PubMed]

60. Shwetank; Abdelsamed, H.A.; Frost, E.L.; Schmitz, H.M.; Mockus, T.E.; Youngblood, B.A.; Lukacher, A.E.
Maintenance of PD-1 on brain-resident memory CD8 T cells is antigen independent. Immunol. Cell. Biol.
2017, 95, 953–959. [CrossRef]

61. Bhadra, R.; Gigley, J.P.; Khan, I.A. PD-1-mediated attrition of polyfunctional memory CD8+ T cells in chronic
toxoplasma infection. J. Infect. Dis. 2012, 206, 125–134. [CrossRef] [PubMed]

62. Frost, E.L.; Kersh, A.E.; Evavold, B.D.; Lukacher, A.E. Cutting edge: Resident memory CD8 T cells express
high-affinity TCRs. J. Immunol. 2015, 195, 3520–3524. [CrossRef] [PubMed]

63. Phares, T.W.; Stohlman, S.A.; Hwang, M.; Min, B.; Hinton, D.R.; Bergmann, C.C. CD4 T cells promote
CD8 T cell immunity at the priming and effector site during viral encephalitis. J. Virol. 2012, 86, 2416–2427.
[CrossRef] [PubMed]

64. Kapil, P.; Atkinson, R.; Ramakrishna, C.; Cua, D.J.; Bergmann, C.C.; Stohlman, S.A. Interleukin-12 (IL-12),
but not IL-23, deficiency ameliorates viral encephalitis without affecting viral control. J. Virol. 2009, 83,
5978–5986. [CrossRef] [PubMed]

65. Aguilar-Valenzuela, R.; Netland, J.; Seo, Y.J.; Bevan, M.J.; Grakoui, A.; Suthar, M.S. Dynamics of tissue-specific
CD8+ T cells responses during West Nile virus infection. J. Virol. 2018, 92, e00014-18. [CrossRef] [PubMed]

66. Casey, K.A.; Fraser, K.A.; Schenkel, J.M.; Moran, A.; Abt, M.C.; Beura, L.K.; Lucas, P.J.; Artis, D.; Wherry, E.J.;
Hogquist, K.; et al. Antigen-independent differentiation and maintenance of effector-like resident memory T
cells in tissues. J. Immunol. 2012, 188, 4866–4875. [CrossRef]

67. Corgnac, S.; Boutet, M.; Kfoury, M.; Naltet, C.; Mami-Chouaib, F. The emerging role of CD8+ tissue
resident memory (TRM) cells in antitumor immune: a unique functional contribution of the CD103 integrin.
Front. Immunol. 2018, 9. [CrossRef]

68. Bergsbaken, T.; Bevan, M.J. Proinflammatory microenvironments within the intestine regulate the
differentiation of tissue-resident CD8+ T cells responding to infection. Nat. Immunol. 2015, 16, 406–414.
[CrossRef]

69. Lewis-Tuffin, L.J.; Rodriguez, F.; Giannini, C.; Scheithauer, B.; Necela, B.M.; Sarkaria, J.N.; Anastasiadis, P.Z.
Misregulated E-cadherin expression associated with an aggressive brain tumor phenotype. PLoS ONE 2010,
5, e13665. [CrossRef]

70. Bergsbaken, T.; Bevan, M.J.; Fink, P.J. Local inflammatory cues regulate differentiation and persistence
of CD8+ tissue-resident memory T cells. Cell Rep. 2017, 19, 114–124. [CrossRef]

71. Attanasio, J.; Wherry, E. Costimulatory and coinhibitory receptor pathways in infectious disease. Immunity
2016, 44, 1052–1068. [CrossRef] [PubMed]

72. Blackburn, S.D.; Crawford, A.; Shin, H.; Polley, A.; Freeman, G.J.; Wherry, E.J. Tissue-specific differences
in PD-1 and PD-L1 expression during chronic viral infection: Implications for CD8 T-cell exhaustion. J. Virol.
2010, 84, 2078–2089. [CrossRef] [PubMed]

73. Phares, T.W.; Stohlman, S.A.; Hinton, D.R.; Bergmann, C.C. Enhanced CD8 Tcell anti-viral function and
clinical disease in B7-H1-deficient mice requires CD4 T cells during encephalomyelitis. J. Neuroinflamm. 2012,
9, 269. [CrossRef] [PubMed]

74. Wang, J.; Li, Y.; Shen, Y.; Liang, J.; Huang, Y.; Liu, X.; Jiang, D.; Yang, S.; Zhao, Y.; Yang, K. PDL1 fusion
protein protects against experimental cerebral malaria via repressing over-reactive CD8+ T cell responses.
Front. Immunol. 2018, 9. [CrossRef] [PubMed]

75. Tan, C.; Bord, E.; Broge, T.; Glotzbecker, B.; Mills, H.; Gheuens, S.; Rosenblatt, J.; Avigan, D.; Koralnik, I.
Increased program cell death-1 expression on T lymphocytes of patients with progressive multifocal
leukoencephalopathy. J. Acquir. Immune Defic. Syndr. 2012, 60, 244–248. [CrossRef] [PubMed]

76. Hombrink, P.; Helbig, C.; Backer, R.A.; Piet, B.; Oja, A.E.; Stark, R.; Brasser, G.; Jongejan, A.; Jonkers, R.E.;
Nota, B.; et al. Programs for the persistence, vigilance and control of human CD8+ lung-resident memory T
cells. Nat. Immunol. 2016, 17, 1467–1478. [CrossRef]

http://dx.doi.org/10.1186/s12974-017-0860-3
http://www.ncbi.nlm.nih.gov/pubmed/28407741
http://dx.doi.org/10.4049/jimmunol.0803557
http://www.ncbi.nlm.nih.gov/pubmed/19380790
http://dx.doi.org/10.1038/icb.2017.62
http://dx.doi.org/10.1093/infdis/jis304
http://www.ncbi.nlm.nih.gov/pubmed/22539813
http://dx.doi.org/10.4049/jimmunol.1501521
http://www.ncbi.nlm.nih.gov/pubmed/26371252
http://dx.doi.org/10.1128/JVI.06797-11
http://www.ncbi.nlm.nih.gov/pubmed/22205741
http://dx.doi.org/10.1128/JVI.00315-09
http://www.ncbi.nlm.nih.gov/pubmed/19339350
http://dx.doi.org/10.1128/JVI.00014-18
http://www.ncbi.nlm.nih.gov/pubmed/29514902
http://dx.doi.org/10.4049/jimmunol.1200402
http://dx.doi.org/10.3389/fimmu.2018.01904
http://dx.doi.org/10.1038/ni.3108
http://dx.doi.org/10.1371/journal.pone.0013665
http://dx.doi.org/10.1016/j.celrep.2017.03.031
http://dx.doi.org/10.1016/j.immuni.2016.04.022
http://www.ncbi.nlm.nih.gov/pubmed/27192569
http://dx.doi.org/10.1128/JVI.01579-09
http://www.ncbi.nlm.nih.gov/pubmed/19955307
http://dx.doi.org/10.1186/1742-2094-9-269
http://www.ncbi.nlm.nih.gov/pubmed/23237504
http://dx.doi.org/10.3389/fimmu.2018.03157
http://www.ncbi.nlm.nih.gov/pubmed/30693001
http://dx.doi.org/10.1097/QAI.0b013e31825a313c
http://www.ncbi.nlm.nih.gov/pubmed/22549384
http://dx.doi.org/10.1038/ni.3589


Viruses 2019, 11, 842 14 of 15

77. Schachtele, S.J.; Hu, S.; Sheng, W.S.; Mutnal, M.B.; Lokensgard, J.R. Glial cells suppress postencephalitic
CD8+ T lymphocytes through PD-L1. Glia 2014, 62, 1582–1594. [CrossRef]

78. Laidlaw, B.J.; Craft, J.E.; Kaech, S.M. The multifaceted role of CD4+ T cells in CD8+ T cell memory.
Nat. Rev. Immunol. 2016, 16, 102–111. [CrossRef]

79. Berger, J.R.; Pall, L.; Lanska, D.; Whiteman, M. Progressive multifocal leukoencephalopathy in patients
with HIV infection. J. Neurovirol. 1998, 4, 59–68. [CrossRef]

80. Yi, J.S.; Du, M.; Zajac, A.J. A vital role for interleukin-21 in the control of a chronic viral infection. Science 2009,
324, 1572–1576. [CrossRef]

81. Fröhlich, A.; Marsland, B.J.; Sonderegger, I.; Kurrer, M.; Hodge, M.R.; Harris, N.L.; Kopf, M. IL-21 receptor
signaling is integral to the development of Th2 effector responses in vivo. Blood 2007, 109, 2023–2031.
[CrossRef] [PubMed]

82. Novy, P.; Huang, X.; Leonard, W.; Yang, Y. Intrinsic IL-21 signaling is critical for CD8 T cell survival and
memory formation in response to vaccinia viral infection. J. Immunol. 2011, 186, 2729–2738. [CrossRef]
[PubMed]

83. Cui, W.; Liu, Y.; Weinstein, J.S.; Craft, J.; Kaech, S.M. An interleukin-21-interleukin-10-STAT3 pathway is
critical for functional maturation of memory CD8+ T cells. Immunity 2011, 35, 792–805. [CrossRef] [PubMed]

84. Phares, T.W.; DiSano, K.D.; Hinton, D.R.; Hwang, M.; Zajac, A.J.; Stohlman, S.A.; Bergmann, C.C.
IL-21 optimizes T cell and humoral responses in the central nervous system during viral encephalitis.
J. Neuroimmunol. 2013, 263, 43–54. [CrossRef]

85. Tian, Y.; Zajac, A.J. IL-21 and T cell differentiation: Consider the context. Trends Immunol. 2016, 37, 557–568.
[CrossRef] [PubMed]

86. Phares, T.W.; Marques, C.P.; Stohlman, S.A.; Hinton, D.R.; Bergmann, C.C. Factors supporting intrathecal
humoral responses following viral encephalomyelitis. J. Virol. 2011, 85, 2589–2598. [CrossRef] [PubMed]

87. Stumhofer, J.S.; Silver, J.S.; Hunter, C.A. IL-21 is required for optimal antibody production and T cell responses
during chronic Toxoplasma gondii infection. PLoS ONE 2013, 8, e62889. [CrossRef]

88. Tian, Y.; Cox, M.A.; Kahan, S.M.; Ingram, J.T.; Bakshi, R.K.; Zajac, A.J. A context-dependent role for IL-21
in modulating the differentiation, distribution, and abundance of effector and memory CD8 T cell subsets.
J. Immunol. 2016, 196, 2153–2166. [CrossRef]

89. Nakanishi, Y.; Lu, B.; Gerard, C.; Iwasaki, A. CD8+ T lymphocyte mobilization to virus-infected tissue
requires CD4+ T-cell help. Nature 2009, 462, 510–513. [CrossRef]

90. Laidlaw, B.J.; Zhang, N.; Marshall, H.D.; Staron, M.M.; Guan, T.; Hu, Y.; Cauley, L.S.; Craft, J.; Kaech, S.M.
CD4+ T cell help guides formation of CD103+ lung-resident memory CD8+ T cells during influenza viral
infection. Immunity 2014, 41, 633–645. [CrossRef]

91. Villegas-Mendez, A.; Greig, R.; Shaw, T.N.; de Souza, J.B.; Gwyer Findlay, E.; Stumhofer, J.S.; Hafalla, J.C.;
Blount, D.G.; Hunter, C.A.; Riley, E.M.; et al. IFN-γ-producing CD4+ T cells promote experimental cerebral
malaria by modulating CD8+ T cell accumulation within the brain. J. Immunol. 2012, 189, 968–979. [CrossRef]
[PubMed]

92. Jameson, S.; Masopust, D. Understanding subset diversity in T cell memory. Immunity 2018, 48, 214–226.
[CrossRef] [PubMed]

93. Mackay, L.K.; Wynne-Jones, E.; Freestone, D.; Pellicci, D.G.; Mielke, L.A.; Newman, D.M.; Braun, A.;
Masson, F.; Kallies, A.; Belz, G.T.; et al. T-box transcription factors combine with the cytokines TGF-β
and IL-15 to control tissue-resident memory T cell fate. Immunity 2015, 43, 1101–1111. [CrossRef] [PubMed]

94. Schenkel, J.M.; Fraser, K.A.; Casey, K.A.; Beura, L.K.; Pauken, K.E.; Vezys, V.; Masopust, D. IL-15-independent
maintenance of tissue-resident and boosted effector memory CD8 T cells. J. Immunol. 2016, 196, 3920–3926.
[CrossRef] [PubMed]

95. Skon, C.N.; Lee, J.Y.; Anderson, K.G.; Masopust, D.; Hogquist, K.A.; Jameson, S.C. Transcriptional
downregulation of S1PR1 is required for the establishment of resident memory CD8+ T cells. Nat. Immunol.
2013, 14, 1285–1293. [CrossRef] [PubMed]

96. Schenkel, J.; Fraser, K.; Vezys, V.; Masopust, D. Sensing and alarm function of resident memory CD8+ T cells.
Nat. Immunol. 2013, 14, 509–513. [CrossRef] [PubMed]

97. Park, S.L.; Zaid, A.; Hor, J.L.; Christo, S.N.; Prier, J.E.; Davies, B.; Alexandre, Y.O.; Gregory, J.L.; Russell, T.A.;
Gebhardt, T.; et al. Local proliferation maintains a stable pool of tissue-resident memory T cells after antiviral
recall responses. Nat. Immunol. 2018, 19, 183–191. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/glia.22701
http://dx.doi.org/10.1038/nri.2015.10
http://dx.doi.org/10.3109/13550289809113482
http://dx.doi.org/10.1126/science.1175194
http://dx.doi.org/10.1182/blood-2006-05-021600
http://www.ncbi.nlm.nih.gov/pubmed/17077330
http://dx.doi.org/10.4049/jimmunol.1003009
http://www.ncbi.nlm.nih.gov/pubmed/21257966
http://dx.doi.org/10.1016/j.immuni.2011.09.017
http://www.ncbi.nlm.nih.gov/pubmed/22118527
http://dx.doi.org/10.1016/j.jneuroim.2013.07.019
http://dx.doi.org/10.1016/j.it.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27389961
http://dx.doi.org/10.1128/JVI.02260-10
http://www.ncbi.nlm.nih.gov/pubmed/21191015
http://dx.doi.org/10.1371/journal.pone.0062889
http://dx.doi.org/10.4049/jimmunol.1401236
http://dx.doi.org/10.1038/nature08511
http://dx.doi.org/10.1016/j.immuni.2014.09.007
http://dx.doi.org/10.4049/jimmunol.1200688
http://www.ncbi.nlm.nih.gov/pubmed/22723523
http://dx.doi.org/10.1016/j.immuni.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29466754
http://dx.doi.org/10.1016/j.immuni.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26682984
http://dx.doi.org/10.4049/jimmunol.1502337
http://www.ncbi.nlm.nih.gov/pubmed/27001957
http://dx.doi.org/10.1038/ni.2745
http://www.ncbi.nlm.nih.gov/pubmed/24162775
http://dx.doi.org/10.1038/ni.2568
http://www.ncbi.nlm.nih.gov/pubmed/23542740
http://dx.doi.org/10.1038/s41590-017-0027-5
http://www.ncbi.nlm.nih.gov/pubmed/29311695


Viruses 2019, 11, 842 15 of 15

98. Beura, L.; Mitchell, J.; Thompson, E.; Schenkel, J.; Mohammed, J.; Wijeyesinghe, S.; Fonseca, R.; Burbach, B.;
Hickman, H.; Vezys, V.; et al. Intravital mucosal imaging of CD8+ resident memory T cells shows
tissue-autonomous recall responses that amplify secondary memory. Nat. Immunol. 2018, 19, 173–182.
[CrossRef]

99. Ariotti, S.; Hogenbirk, M.A.; Dijkgraaf, F.E.; Visser, L.L.; Hoekstra, M.E.; Song, J.Y.; Jacobs, H.; Haanen, J.B.;
Schumacher, T.N. T cell memory. Skin-resident memory CD8+ T cells trigger a state of tissue-wide pathogen
alert. Science 2014, 346, 101–105. [CrossRef] [PubMed]

100. Ariotti, S.; Beltman, J.B.; Chodaczek, G.; Hoekstra, M.E.; van Beek, A.E.; Gomez-Eerland, R.; Ritsma, L.;
van Rheenen, J.; Marée, A.F.; Zal, T.; et al. Tissue-resident memory CD8+ T cells continuously patrol skin
epithelia to quickly recognize local antigen. Proc. Natl. Acad. Sci. USA 2012, 109, 19739–19744. [CrossRef]
[PubMed]

101. Khanna, K.M.; Bonneau, R.H.; Kinchington, P.R.; Hendricks, R.L. Herpes simplex virus-specific memory
CD8+ T cells are selectively activated and retained in latently infected sensory ganglia. Immunity 2003, 18,
593–603. [CrossRef]

102. Liu, T.; Khanna, K.M.; Carriere, B.N.; Hendricks, R.L. Gamma interferon can prevent herpes simplex virus
type 1 reactivation from latency in sensory neurons. J. Virol. 2001, 75, 11178–11184. [CrossRef] [PubMed]

103. Steinbach, K.; Vincenti, I.; Egervari, K.; Kreutzfeldt, M.; van der Meer, F.; Page, N.; Klimek, B.; Rossitto-Borlat, I.;
Di Liberto, G.; Muschaweckh, A.; et al. Brain-resident memory T cells generated early in life predispose
to autoimmune disease in mice. Sci. Transl. Med. 2019, 11, eaav5519. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41590-017-0029-3
http://dx.doi.org/10.1126/science.1254803
http://www.ncbi.nlm.nih.gov/pubmed/25278612
http://dx.doi.org/10.1073/pnas.1208927109
http://www.ncbi.nlm.nih.gov/pubmed/23150545
http://dx.doi.org/10.1016/S1074-7613(03)00112-2
http://dx.doi.org/10.1128/JVI.75.22.11178-11184.2001
http://www.ncbi.nlm.nih.gov/pubmed/11602757
http://dx.doi.org/10.1126/scitranslmed.aav5519
http://www.ncbi.nlm.nih.gov/pubmed/31243152
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	CD8 T cell Response to Viral Infections of the Brain 
	Development of CD4 and CD8 TRM 
	Phenotype and Transcriptomes of CD8 TRM 
	PD-1 Expression on CD8 bTRM 
	Factors Influencing the Differentiation of CD8 bTRM 
	Importance of CD8 bTRM in the Control of Virus Reinfection and Viral Latency in the CNS 
	Concluding Remarks 
	References

