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Abstract
Programmed cell death (PCD) is an essential mechanism of
antimicrobial defense. Recent work has revealed an unex-
pected diversity in the types of PCD elicited during infection, as
well as defined unique roles for different PCD modalities in
shaping the immune response. Here, we review recent work
describing unique ways in which PCD signaling operates
within the infected central nervous system (CNS). These
studies reveal striking complexity in the regulation of PCD
signaling by CNS cells, including both protective and patho-
logical outcomes in the control of infection. Studies defining the
specialized molecular mechanisms shaping PCD responses in
the CNS promise to yield much needed new insights into the
pathogenesis of neuroinvasive viral infection, informing future
therapeutic development.
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Introduction
Programmed cell death (PCD) is a fundamental cell
biological response to infection and injury. In the setting
of viral infection, the primary purpose of PCD is thought

to be the restriction of replication and dissemination by
depriving viruses of the resources needed to propagate
infection. However, a growing body of work has revealed
that PCD signaling shapes the host response to infec-
tion in complex ways, including through regulation of
both innate and adaptive immunity [1]. These impacts
on host immune responses vary dramatically by the type
of PCD signaling engaged during infection [2]. For
example, nonlytic cell death (e.g. apoptosis) is thought
www.sciencedirect.com
to be relatively noninflammatory, but is a major effector
mechanism of adaptive immunity; in contrast, lytic cell
death (e.g. necroptosis and pyroptosis) is highly in-
flammatory due to the release of damage associated
molecular patterns (DAMPs) and other immunogenic
signals [3]. Given these diverse outcomes, the signaling
that orchestrates PCD is tightly regulated by host cells,
and viruses are under considerable selective pressure to

evade and/or co-opt host PCD signaling to overcome
PCD-mediated immune responses [4,5,6].

Careful regulation of PCD signaling is of particular
importance in the central nervous system (CNS). Cell
death is an especially costly response to infection in this
organ system, as critical cell types, most notably neu-
rons, are postmitotic and/or nonregenerative [7].
Beyond this, the cytoarchitecture of dendritic networks
and myelin sheaths are not easily restored, even when
cellular regeneration is possible [8,9]. Thus, CNS cells

have evolved highly specialized mechanisms that sup-
press their susceptibility to PCD, and in some cases
exhibit alternative outcomes of PCD signaling pathways
that promote both nervous and immune function in the
absence of cell death [10,11,12]. In cases where PCD
does occur, many studies suggest that cell death in the
CNS is more often harmful than helpful, driving dele-
terious neuroinflammation and tissue pathology
[13,14,15]. Understanding the specialized regulation
and outcomes of PCD signaling in the CNS is therefore
a critical area of ongoing discovery, with particular rele-

vance to CNS viral infection. We summarize the three
major PCD modalities to be discussed in this review
in Figure 1.

Apoptosis
The most conventional form of PCD is apoptosis,
during which cells undergo a characteristic pattern of
shrinkage, membrane blebbing, and chromatin
condensation [16]. In contrast to other major PCD
modalities, apoptosis does not result in plasma mem-
brane degradation. Instead, cells fragment into

“apoptotic bodies” that sequester intracellular con-
tents and are cleared efficiently by phagocytic cells.
While phagocytosis of apoptotic bodies does have
immunologic consequences, including the facilitation
of antigen presentation, this process is not generally
regarded as “inflammatory” within the context of the
immediate cellular microenvironment [2]. This feature
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Figure 1

CNS infection elicits multiple PCD modalities, resulting in both protective and pathologic outcomes. Here, we summarize the three major PCD
modalities discussed in this review: apoptosis, necroptosis, and pyroptosis. The major signaling and executioner molecules for each are shown and are
discussed in text. All three modalities have been shown to have diverse and somewhat paradoxical outcomes in the setting of CNS viral infection. While
PCD signaling can contribute to viral restriction and successful pathogen clearance, numerous studies have shown how PCD also contributes to
immunopathology and long-term damage in the CNS. Understanding the molecular mechanisms that promote protective rather than harmful effects of
host PCD responses will facilitate ongoing work to target these pathways for the treatment of CNS viral infection.

2 Crosstalk between neural and immune systems
of apoptosis may, ostensibly, explain its relative fre-

quency compared to other PCDmodalities, particularly
in the setting of development.

Apoptosis can occur downstream of two distinct path-
ways, termed “intrinsic” and “extrinsic.” Both have
relevance to CNS viral infection. As these pathways
have been extensively reviewed elsewhere [2,17,18], we
present only a general overview here. Intrinsic apoptosis
is initiated by a variety of disruptions to cellular ho-
meostasis that are common during infection, including
DNA damage, reactive oxygen species (ROS)-mediated

oxidative stress, endoplasmic reticulum stress, and
others. These intrinsic stimuli initiate cell death
signaling pathways that converge on the phenomenon of
mitochondrial outer membrane permeabilization
(MOMP) [19]. MOMP is mediated by two molecules of
the B cell lymphoma 2 (BCL2) family: BCL2 associated
X protein (BAX) and/or BCL2 antagonist/killer 1 (BAK).
The pore-forming activity of BAX and BAK drives
Current Opinion in Neurobiology 2022, 77:102629
MOMP, stimulating the release of apoptotic factors from

the mitochondria. One of these factors is cytochrome c-
somatic (CYCS). CYCS, with the help of apoptotic
peptidase activating factor 1 (APAF1), forms the apop-
tosome, which activates the initiator caspase 9. Caspase
9, in turn, catalyzes the proteolytic activation of
executioner caspases, most notably Caspase 3. Execu-
tioner caspases proteolytically cleave a variety of cellular
proteins, ultimately resulting in cellular demise [20].

Extrinsic apoptosis is triggered by a variety of external
stimuli, including ligation of “death receptors,” or loss of

activation of “dependence receptors,” which initiate
apoptosis in the absence of their ligands [21]. In the
context of viral infection, activated CD8 T cells are a
common source of extrinsic apoptotic cues, including
their display of Fas ligand (FASL), a protein related to
the tumor necrosis factor (TNF) family of cytokines.
Activation of the death receptor Fas on target cells leads
to recruitment of the Fas associated death domain
www.sciencedirect.com
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protein (FADD), which further recruits procaspase 8,
forming the death-inducing signaling complex (DISC).
Enzymatic cleavage of procaspase 8 by DISC results in
the active form of the initiator caspase 8, which in turn
activates executioner caspases, driving apoptosis. CD8
T cells also mediate apoptosis in target cells through
soluble factors such as perforin and granzyme. When
bound to the plasma membrane of a target cell, perforin

oligomerizes to form pore structures, allowing the
diffusion of granzyme into target cell cytoplasm. Gran-
zyme, in turn, exhibits protease activity capable of
activating pro-apoptotic substrates, including BID and
several caspases [22].

Although apoptosis is recognized as a fundamental
innate immune response to infection, growing evidence
suggests that apoptosis can be counterproductive in the
setting of CNS viral infection. Neuronal apoptosis is a
hallmark of CNS viral infection and is likely a major

source of disease pathogenesis and mortality [23,24].
For example, genetic ablation of caspase 3 extends host
survival and improves clinical disease signs during West
Nile virus (WNV) encephalitis [25]. Notably, while
Casp3�/� mice exhibited markedly reduced neuronal
apoptosis, they exhibited no change in CNS viral
burden, suggesting that neuronal apoptosis does not
serve to restrict viral replication. Mice lacking Casp8
similarly show no deficit in virologic control of WNV in
the CNS [26]. In the setting of Japanese encephalitis
virus (JEV) encephalitis, blockade of protein kinase R-

like endoplasmic reticulum kinase (PERK)-mediated
apoptosis signaling similarly reduced neuropathology
and ameliorated host mortality following infection [27].
Most strikingly, interventions that limit the infiltration
of cytotoxic effector cells during the peak of flavivirus
encephalitis have been shown to greatly reduce
apoptosis in resident CNS cells, and these manipula-
tions extend host survival and improve disease outcomes
[28,29]. Together, these findings suggest that neuronal
apoptosis is not a critical determinant of virologic control
in the CNS, and that interventions that spare neurons
from cell death may limit long-term pathology without

compromising CNS immune function.

Beyond a direct role in neuropathogenesis, apoptosis has
also been shown to have counterproductive effects on
CNS viral clearance by suppressing key antiviral immune
responses. For example, recent work has shown that
neuroinvasive herpes simplex virus-1 (HSV-1) infection
results in apoptosis primarily in microglia, key resident
immune cells in the CNS [30]. Prevention of microglial
apoptosis via pharmacologic inhibition of apoptotic
caspase signaling promoted microglial survival, resulting

in more robust type-I interferon (IFN) responses,
decreased CNS viral burden, and improved disease out-
comes. These findings suggest that, while apoptosis may
serve a purpose in removing infected cells, the death of
key effector cells may blunt the overall neuroimmune
www.sciencedirect.com
response to infection, paradoxically resulting in
decreased virologic control throughout the CNS. The
death of infected microglia and other key glial cell types,
such as astrocytes, may also remove their contributions to
tissue homeostasis, including nutrient import, waste
clearance, and neurovascular regulation, resulting in
enhanced neuropathogenesis [24,31].

Finally, apoptosis may promote worse disease outcomes
during CNS viral infection via direct anti-inflammatory
activity [13]. Upon engulfment of apoptotic cells,
phagocytes have been shown to secret anti-
inflammatory metabolites [32] and cytokines,
including IL-10 [33]. This response is generally critical
for immune homeostasis but may be counterproductive
in the setting of active CNS infection. For example, IL-
10 has been shown to suppress efficient viral clearance
in the CNS, as Il10�/� mice exhibit enhanced viral
burden and accelerated mortality following neuro-

invasive WNV infection [34]. Similarly, increased IL-10
expression has been shown to delay viral clearance and
enhance demyelination in a model of neuroinvasive
coronavirus infection [35]. IL-10 was also shown to be
dispensable for virologic control in a model of alphavirus
encephalitis [36]. However, in this study, IL-10-
deficient animals experienced enhanced immunopa-
thology, including accelerated paralysis and mortality.
Other reports have similarly underscored the important
immunoregulatory function for IL-10 during neuro-
inflammation [37], including important roles in the

modulation of glial cell activation during CNS infection
[38]. Although these studies provide some clues as to
the potential roles for apoptosis-mediated cytokine
production by phagocytes during CNS viral infection,
this idea has not been carefully tested to date (to our
knowledge). Future work carefully defining the cell
type- and disease stage-specific functions for immuno-
regulation by apoptotic cells in the infected CNS are
therefore warranted.

Necroptosis
In contrast to the conventional, non-lytic PCD modality
of apoptosis, several other major forms of PCD employ
various means of plasma membrane permeabilization
[39,40]. Necroptosis, or programmed necrosis, is one
such PCDmodality. During the initiation of necroptosis,
a variety of immunologic stimuli, including pattern
recognition receptor (PRR) and death receptor
signaling, induce the formation of a “necrosome” com-
plex. The defining feature of this complex is the oligo-
merization and activation of the protein receptor
interacting protein kinase-3 (RIPK3), which phosphor-

ylates the executioner protein mixed lineage kinase
domain-like pseudokinase (MLKL) [41]. Activated
MLKL traffics to the plasma membrane, disturbing its
integrity and driving osmotic lysis and cell death [42].
Cellular lysis results in the release of cytoplasmic
DAMPs into the extracellular environment, which is
Current Opinion in Neurobiology 2022, 77:102629
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potently immunogenic. Necroptotic cells also undergo a
burst of de novo production of inflammatory mediators
[43,44] which, intriguingly, may go on for some time
after loss of plasma membrane integrity [45]. Thus,
necroptosis is generally regarded to be a highly inflam-
matory form of PCD.

Notably, many recent reports have identified roles for

necroptosis and RIPK3 signaling in the inflammatory
pathogenesis of neurodegenerative disorders and CNS
trauma [46,47,48]. However, roles for this pathway
during CNS viral infection have not been as thoroughly
explored. Studies to date suggest that necroptosis may
not be a common response to neuroinvasive infection,
and that when it does occur, necroptosis may promote
immunopathology without meaningful impacts on
pathogen control. For example, mice infected with JEV
exhibit robust upregulation of MLKL in neurons, which
is correlated with an increased appearance of propidium

iodideþ necrotic CNS cells following infection [49].
However, necroptosis does not appear to restrict JEV
infection in the CNS, as both Ripk3�/� andMlkl�/�mice
exhibit diminished clinical signs of disease, enhanced
survival, and decreased neuroinflammation following
infection [49,50]. CNS viral burden was actually
decreased in Ripk3�/� animals, concomitant with
increased expression of IFN-stimulated genes (ISGs)
[50]. These findings suggest that, rather than serving a
protective function, necroptosis is actually a driver of
severe disease during JEV encephalitis.

In addition to necroptosis, other recent work has shown
that RIPK3 signaling in the brain has outcomes distinct
from its canonical function in promoting MLKL-
dependent cell death. In models of neuroinvasive
WNV and Zika virus (ZIKV) infection, mice bearing
global or forebrain neuron-specific deletion of Ripk3
exhibited dramatically increased susceptibility to en-
cephalitis, including accelerated and enhanced mortal-
ity [26,51]. Strikingly, however, infection of Mlkl�/�
mice resulted in no change to any clinical, virologic, or
immunologic parameter of disease, suggest that RIPK3

serves a critical neuroprotective function during WNV
and ZIKV infection that is independent of MLKL and
necroptosis. Instead of promoting cell death, neuronal
RIPK3 signaling drove a complex transcriptional pro-
gram that induced a number of antimicrobial responses,
including the recruitment of peripheral leukocytes to
the CNS [26] and the remodeling of neuronal meta-
bolism to restrict viral replication [51]. These findings
identified a previously unknown diversity in the out-
comes of RIPK3 activation in neurons and may reflect a
unique adaptation of a major cell death pathway in a

highly sensitive, post-mitotic cell type [10].

Pyroptosis
Pyroptosis is another form of lytic PCD that is strongly
associated with inflammation. In its canonical form,
Current Opinion in Neurobiology 2022, 77:102629
pyroptosis is initiated by protein complexes termed
“inflammasomes” that sense a variety of pathogenic
stimuli, including DAMPs and microbial PAMPs [52].
Multiple inflammasomes have been described,
including those consisting of Nod-like receptors
(NLRs), DNA receptor Absent in Melanoma 2 (AIM2),
and the Pyrin receptor. Activated inflammasomes recruit
the adapter protein apoptosis-associated speck-like

protein containing a CARD (ASC), facilitating the
cleavage and activation of caspase-1. Active caspase-1
then cleaves and activates the inflammatory cytokines
interleukin (IL)-1b and IL-18, as well as the execu-
tioner molecule gasdermin D (GSDMD). Processed
GSDMD forms pore structures in the plasma mem-
brane, allowing the escape of inflammatory mediators, as
well as eventual lysis and further DAMP release [53].
Noncanonical signaling via capsases-4, 5, and 11 can also
activate GSDMD-mediated pyroptosis [54]. Whichever
pathway is engaged, pyroptosis has been shown to be

highly immunogenic, serving critical functions in path-
ogen control [55,56,57].

Like necroptosis, pyroptosis has been implicated as a
driver of neuroinflammation in a broad variety of CNS
disease states involving sterile inflammation [58].
However, roles for pyroptosis during CNS infection
remain relatively poorly understood. To date, studies
suggest that inflammasome activation and IL-1 cytokine
signaling are important determinants of viral restriction
for multiple neuroinvasive viruses, although the specific

role for GSDMD-mediated cell death and/or the relative
contributions of CNS versus peripheral cell types is
unclear. For example, mice lacking pyroptotic signaling
elements, including NLRP3 (Nlrp3�/�), ASC (Pycard�/

�), and caspase-1 (Casp1�/�) exhibit enhanced mortality
and failure of virologic control in the CNS following
subcutaneous WNV infection [59,60]. Similar observa-
tions have been reported in mice lacking IL-1R (Il1r�/

�) or in those treated with IL-1R neutralizing antibodies
[59,61,62]. However, mice lacking these molecules
universally show no change in disease outcomes
following intracranial infection with WNV, suggesting

that pyroptotic signaling is primarily required for viro-
logic control outside of the CNS, and that this lack of
peripheral control results in worsened CNS disease.
While in vitro studies suggest that flavivirus infection
may be able to induce pyroptosis in CNS cell types
[63,64], direct evidence of GSDMD-mediated pyrop-
totic cell death has not been reported in the CNS in vivo
in a model of flavivirus encephalitis, to our knowledge.
The use of mouse genetic systems and other advanced
tools to selectively modulate pyroptotic signaling in
resident cells of the CNS is therefore needed to clarify

the specific contributions of pyroptosis during flavivi-
rus infection.

In contrast, CNS-specific roles for pyroptotic signaling
during HIV infection are somewhat better defined.
www.sciencedirect.com
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Microglia are major CNS targets of HIV infection, even
in patients whose infection is otherwise well controlled
by antiretroviral therapy [65,66]. Multiple HIV proteins
have been shown to induce inflammasome signaling,
caspase-1 activation, and IL-1 b release in microglia
[67,68,69,70]. However, the resultant neuro-
inflammation from this signaling does not appear effi-
cacious to eliminate chronic HIV infection in the CNS.

Instead, pyroptotic signaling in microglia drives immu-
nopathology and neurotoxicity, contributing to the
chronic neurodegeneration observed in many people
living with HIV (PLWH) [71,72]. Recent work also
suggests that HSV-1 infection can induce microglial
pyroptosis, resulting in deleterious neuroinflammation
during HSV-1 encephalitis [73]. These findings suggest
that pyroptosis may be a common source of immuno-
pathology during CNS viral infection and, therefore,
may represent a promising target for therapeutic
development [15,58]. However, further mechanistic

work is needed to define the beneficial contributions, if
any, of pyroptotic signaling by resident CNS cells to
antiviral neuroimmune function.
Conclusions
The field of PCD has enjoyed a recent explosion of in-
terest and new discovery in the biomedical sciences.
The discovery of new PCD modalities, such as necrop-
tosis and pyroptosis, has revolutionized our under-
standing of the ways in which cell death shapes the
immune response to pathogens. As always, however,
interactions between the immune system and the CNS
often defy traditional paradigms. The recent work we
have reviewed here highlights the difficulty of balancing
the antimicrobial benefits of PCD with its potential for

eliciting deleterious inflammation and long-term tissue
damage. This balance is particularly fraught in the CNS,
wherein appropriate immune responses are essential for
viral clearance and host survival, but in which cell death
often comes at a heavier cost than that faced in other,
more regenerative tissues. As our understanding of the
molecular underpinnings of PCD grows, new opportu-
nities emerge to define the specialized ways that PCD
signaling operates during neuroinvasive infection,
including the unique features these pathways may
display across distinct CNS cell types and regions. The

ongoing description of ever more unique and complex
forms of PCD, including ferroptosis [74], cuproptosis
[75], and others highlights the potential for new dis-
covery in the study of cell death in the CNS. This work
holds tremendous promise as a new frontier in neuro-
immunology and may yield important advancements in
the treatment and prevention of viral encephalitis and
other infectious diseases of the brain and spinal cord.
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