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All cells possess a diverse array of cell-autonomous immune responses that
candetect and restrict infections by intracellular pathogens. These intrinsic
responses (both passive and active) enable individual cells to autonomously
block bacterial and viral invasion and replication. Epithelial and endothelial

cellsactas afirstline of defence, coordinating immune responses that
preserve host barrier integrity. These cells can also mount specialized
innate immune responses (many of which are triggered by antimicrobial
cytokines, such as interferons) to limit the replication and motility of
intracellular bacteria and viruses. To counteract these, bacteria and viruses
have developed strategies to avoid or antagonize host defences, driving
anevolutionary arms race that shapes every aspect of host-pathogen
interactions. This Review provides an overview of current knowledge of
cell-autonomous immunity against bacteria and viruses. We emphasize
the factors underpinning host cell surveillance and restriction of cytosolic
pathogens and mechanisms of immune evasion deployed by the invading

microorganism.

All cells have the capability to detect and individually respond to micro-
bial infections in a process known as cell-autonomous immunity*,
which can operate independently from specialized innate immune
cells, yet they cooperate to provide a potent antimicrobial response.
Cell-autonomous immunity includes passive and active mechanisms
thatare particularlyimportant againstintracellular pathogens, includ-
ingbacteriaand viruses, which replicate in host cells and are therefore
partially protected from extracellular immunity. Passive responses
constitute the firstline of defence against the invading pathogen and
imply physical (for example, host cell membranes) and biochemical
mechanisms (for example, secretion of antimicrobial molecules, such
as lectins?) to prevent the invading microorganism from interacting
and crossing the plasma membrane'. In many cases, these defences
cannot prevent invasion of the cell and hosts have developed more
active mechanisms to sense and block bacterial and viral infections.

Active cell-autonomous immune responses rely on pattern recogni-
tion receptors (PRRs) and other sensory machineries that activate
sophisticated defence systems against pathogens when their ligands
aredetected.

In this Review we focus on cell-autonomous immune responses
that protect against intracellular pathogens and highlight com-
mon principles that operate across bacterial and viral infections.
We discuss mechanisms of pathogen sensing, including PRRs and
emerging pathways that detect infection-induced perturbations
of cellular homeostasis rather than microbial molecules directly.
We examine major effector responses triggered by intracellular
bacteria and viruses, including inflammasome activation and cell
death, autophagy-mediated defences, guanylate binding proteins
(GBPs), self-guarding immune mechanisms and recently identified
proteasome-dependent antimicrobial pathways. Rather than operating
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BOX1

Homeostasis disturbances as pathogen-sensing mechanisms

More than a century ago, llya Mechnikov spoke of the concept of
harmony and disharmony to refer to a homeostasis-inflammation
spectrum that defined the biological status of an organism'"'®%,

In this Review we would like to underline the emerging model in
which pathogen detection and disruption of homeostatic status are
more closely interlinked than previously thought. Intriguing recent
work proposes that during SARS-CoV-2 and encephalomyocarditis
virus (ECMV) infections, the RNA sensor MDAS detects threat by
recognizing unspliced host RNA transcripts that bear retained
intronic sequences with immunogenic Alu elements'® (a).
Furthermore, epigenetic reprogramming-driven Alu elements, as
well as long 3' untranslated regions resulting from RNA-processing
defects, can elicit MDA activation'®*"®°, These findings suggest

a new paradigm in RLR sensing: rather than detecting viral RNA,
these receptors can detect host RNA that has been expressed

or mislocalized owing to infection-mediated disruptions in RNA
homeostasis. Bacteria also induce DAMP production and can be
shown to regulate their own activities to avoid innate immune
activation. L. monocytogenes encodes a chaperone that regulates
activity of its pore-forming toxin listeriolysin O, limiting it to the
phagosomal compartment'®’. This suggests a bacterial mechanism
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to prevent excessive cellular damage and reduce activation of PRRs.
A recent study revealed that a cellular metabolite was also involved
in the sensing of altered processes by pathogens'®®. The levels of
oxaloacetate (metabolic intermediate in cell bioenergetics) increase
during influenza virus infection, which is sensed by cytosolic malate
dehydrogenase MDH1 and leads to increased transcription of TBK1
(b). TBK1, a key kinase in PRR signalling, subsequently amplifies

IFN production. Interestingly, the pyrin inflammasome can detect
inactivating modifications of Rho GTPases (crucial molecular
switches in different signal transduction pathways) caused by
Clostridium difficile (c). During infection, C. difficile exotoxins
glucosylate and inactivate Rho GTPases, including those involved in
the organization of the actin cytoskeleton. Glucosylation is detected
by the pyrin inflammasome, eliciting its activation and immunogenic
pyroptosis'®. This is a prime example of PRR detection of virulence
activities instead of the pathogen itself. We argue that delicately
balanced homeostatic equilibria act as effective tripwires to detect
pathogens when disturbed but also drive disease when dysregulated
even in the absence of pathogens. Thus, understanding these
processes and particularly how they are regulated should be a rich
source of therapeutic innovation.
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Disturbance of homeostasis as a driver of innate immunity. a-c, Different pathogens disrupt distinct cellular processes. This is exemplified
by RNA splicing disruption in SARS-CoV-2 and EMCV infection (a), the influenza A virus-mediated increase of oxaloacetate (b) and

glucosylation induced by C. difficile exotoxins (c).

asindependentantimicrobial modules, the host responses we describe
herereveal how cell-autonomous immunity functions as anintegrated
surveillance network hierarchically coordinated to detect and respond
to the invading microorganism or infection-dependent disruption of
cellular homeostasis. We also discuss the importance of the timing
during host manipulation by pathogens, and how intracellular bacteria
and viruses evade or exploit cell-autonomous immune responses.

Patternrecognition receptors

PRRs are germline-encoded sensors that detect conserved microbial
molecules or signs of cellular damage®. Once activated, they trigger
immune signalling pathways (including cell-autonomous responses)
thatenableinfected cellstorestrict pathogenreplication and spread.
PRRs can be classified into five major groups: Toll-like receptors
(TLRs), nucleotide-binding oligomerization domain-leucin rich
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repeat-containing receptors (NLRs), retinoic acid-inducible gene
1-like receptors (RLRs), C-type lectin receptors and cytoplasmic DNA
sensors (including absent in melanoma 2 (AIM2)-like receptors)®>.
Critically, there are also PRRs — such as CARDS, pyrin, caspase-4 and
-5, and protein kinase R — that do not fall within these categories. Fol-
lowing activation, PRR signalling pathways activate interferon (IFN)
regulatory factors to drive type I and Il IFNs as well as NF-kB or the
inflammasome, which induces pro-inflammatory cytokine expression®.
Importantly, PRR activation links to adaptive immunity viainduction
of chemokine and cytokine expression, which attract and regulate the
adaptive immune response at the site of infection.

Textbooks explain how PRRs sense the presence of pathogens
through the recognition of non-self molecules present in pathogens
(pathogen-associated molecular patterns, PAMPs) and self molecules
mislocalizedinthe cell or released by damaged cells as aconsequence
of the infection (danger-associated molecular patterns, DAMPs)>’.
However, the distinction between PAMPs and DAMPs is becoming
less clear because pathogen manipulation or perturbation of host cell
processes caninduce an array of different molecules usually described
as DAMPs, suchas mitochondrial DNA, oxidized phospholipids or ATP,
which activate innate immune sensing. This more nuanced reality
undermines the notion of detection of self versus non-self and under-
lines the importance of homeostasis regulation. In Box 1 we explore
somerecently described examples of cellular homeostasis disturbance
duringinfectionthat drive antimicrobial responses through the detec-
tionof the pathogen’s footprint rather than the pathogenitself. This is
important because inflammation downstream of homeostasis distur-
bance, or infection, is a major cause of human disease.

Despite sophisticated host defences, pathogens replicate and
transmit. This suggests that manipulation of innate immune sens-
ing, particularly its timing, is a prerequisite for transmission success.
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) exem-
plifies this strategy; by suppressing early IFN while promoting late
inflammation, it exploits the kinetic window before immunity can
constrain spread®’. The clinical consequences follow a similar logic,
thatis, early sufficient IFN correlates with viral control and mild disease,
whereas a deficient early response permits unchecked replication,
culminating in the delayed and excessive IFN induction that drives
severe pathology'®".

Underscoring their importance in host defence, PRR deficien-
cies can result in increased susceptibility to microbial infections. To
overcome this barrier, both bacteria and viruses have evolved similar
sophisticated mechanisms to counteract PRRs. General mechanisms
underlying microbial PRR antagonism include: avoidance of PAMP
exposure and antigen remodelling, direct inhibition or degradation
of PRRs, sequestration or mislocalization of PRRs, and disruption of
signalling pathways (shared by many PRRs) and blockage of their final
output (for example, IFN-mediated responses). For a more detailed
mechanistic analysis on PRR sensing and pathogen counteracting
mechanisms the reader is referred to specific works on this topic'* ™.

Inflammasomes and cell death

Inflammasomes are cytosolic multiprotein complexes that detect
signs of infection or tissue damage and are key drivers of defensive
inflammatory processes including cytokine release and cell death
(Fig.1aand Figurein Box 1). This is thought to limit pathogen replication

by killing infected cells and is driven by a series of protein cleavage
events"'. The NLR family contains most of the proteins with inflam-
masome capability, including NLRP1, 3, 6 and 10, NIrp9b and NLR
caspase-activation-and-recruitment-domain (CARD)-containing pro-
tein 4 (NLRC4)""*, These are complemented by CARDS, AIM2, pyrin,
and caspase-4 and -5 in humans or caspase-11in mice'. The canonical
complexesinclude thesensor (NLR, CARDS8, AIM2 or pyrin), the macro-
molecular scaffold apoptosis-associated speck-like protein containing
a CARD (ASC) and the effector caspase-1that will cleave cytokines,
including pro-interleukin (IL)-1B, pro-IL-18 and pore-forming proteins
including gasdermin D (GSDMD). When cleaved, the GSDMD amino
terminus (N-GSDMD) oligomerizes in the plasma membrane forming
pores that facilitate the release of IL-18 and IL-18, and simultaneously
driveinflammatory cell death (pyroptosis)”. Conversely, non-canonical
inflammasome activation can occur through detection of lipopolysac-
charide (LPS) by caspase-4,-5and -11, which triggers auto-processing,
followed by cleavage of GSDMD? (Fig. 1a). Subsequently, N-GSDMD
perturbs intracellular homeostasis, resulting in NLRP3 activation®.
Importantly, recent work challenges the idea that N-GSDMD-mediated
rupture of the plasma membrane inevitably dictates cell death, and
suggests that GSDMD can facilitate cytokine secretion in the absence
of pyroptosis?> .

Inflammasomes are tightly regulated to avoid inflammation-driven
disease. Autophagy clears active AIM2 and NLRP3 inflammasomes®,
and their regulation seems to be spatially coordinated, with the dynein
adaptor histone deacetylase 6 (HDAC6) and microtubules suggested
to be controlling both NLRP3 and pyrin inflammasomes from the
microtubule-organizing centre?. Inflammasome regulatory proteins
can also undergo post-translational modifications (PTMs) that alter
function and stability”’. For example, NLRP3 assembly and activation
is facilitated by palmitoylation®®, and SUMOylation (covalent modifi-
cation of proteins by the ubiquitin-like modifier SUMO) of NLRP3 by
the SUMO E3 ligase MAPL maintains homeostatic NLRP3 activation
levels®. It is still mostly unknown how NLRP3 senses perturbations
in cellular homeostasis or how inflammasome sensitivity to PAMPs
isregulated. We envisage that complex PTM patterns provide regula-
tory mechanisms to control inflammasome homeostasis, preventing
an inappropriate pro-inflammatory state while effectively respond-
ing to diverse alarm signals. When dysfunctional or dysregulated,
inflammasome-driven inflammation causes a wide spectrum of auto-
immune diseases'****, Inflammasomes are also emerging as critical
pathwaysinthe development of post-viral syndromes exemplified by
long COVID or Hendravirus-associated inflammatory disease®**. Argu-
ably, inflammation drives, or at least exacerbates, almost all human
diseases. We therefore propose that studying how pathogens regu-
late inflammasomes and the consequent downstream inflammatory
mediators can help understand human disease generally to facilitate
therapeuticinnovation.

Pathogens have evolved convergent, multilayered strategies to
modulate inflammasome signalling. Both bacteria and viruses can
modulate the sensing and availability of PAMPs and DAMPs. In bacte-
rial infections this is exemplified by Staphylococcus aureus, which
O-acetylatesits peptidoglycan viathe enzyme OatA to limit the genera-
tionofligands thatare detected by innate immune receptors, and sub-
sequently activate NLRP3 and lead to IL-1B production, akey molecule
in the host defence against this species® (Fig. 1a). Similarly, Listeria

Fig.1|Host cells deploy multiple cell-autonomous immune responses to
restrict infections by intracellular bacteria and viruses. a-e, Representative
examples of cell-autonomous immune responses to restrict infections by
intracellular bacteriaand viruses. a, Inflammasomes and cell death. dsDNA,
double-stranded DNA. b, Autophagy, ubiquitin and ubiquitin-like PTMs (top).
Role of SUMO in SARS-CoV-2 replication (bottom). ¢, Septin cage entrapment,
GBPs and apolipoprotein L3. Anti-Shigella activity of GBPs and septins (Box 2),
and bacterial counteracting mechanisms (top). Representative examples

depicting the antiviral activity of GBPs (middle) via (1) alteration of viral
intracellular trafficking, (2) targeting of viral replication complexes (RCs) and (3)
inhibition of viral glycoprotein maturation. Septin cage entrapment of vaccinia
virus and viral counteraction mechanism (bottom; Box 2). d, Self-guarding
immunity. e, Proteasome-mediated immunity. Note that most of the host cell
responses restrict both bacterial and viral replication or motility. Red and orange
boxes represent mechanisms employed by bacterial pathogens and viruses,
respectively, to block or avoid cell-autonomous immune responses.
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a Inflammasomes and cell death

b Autophagy, ubiquitin and ubiquitin-like PTMs
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BOX2

Other cell-autonomous responses

Septin cage entrapment

Septins are host-cell cytoskeletal proteins that interact with cellular
membranes and have important roles in cell physiology'”® and
disease'”'. Septins also participate in the cell-autonomous immune
response against S. flexneri'? and vaccinia virus'®, preventing
actin-based motility (Fig. 1c). Recent work using in vitro cell-free
reconstitution assays suggests that septins sense physicochemical
properties on the S. flexneri pole (including membrane curvature)
to entrap bacteria in cage-like structures that restrict motility'.
Septin-bacteria stable interactions require bacterial growth

and the presence of IcsA protein on the S. flexneri pole that may
create ‘holes’ in the LPS, which normally protects S. flexneri from
septin recognition' (Fig. 1c). In addition to septins, intracellular
growth of S. flexneri is also sensed by the host TRAF-interacting
forkhead-associated protein A (TIFA). In this case, cytosolic TIFA
detects increased levels of the metabolite heptose-1,7-bisphosphate
produced during the intracellular growth of S. flexneri, ultimately
leading to NF-kB production and inflammation'”>.

As described for other host cell responses, septin caging
coordinates with other cell-autonomous immune responses.
Entrapped bacteria co-localize with the canonical xenophagy
markers LC3B and K63-chain ubiquitin, with ubiquitin and septins
forming distinct patches on the bacterial surface'®. Septins also
coordinate with GBPs to restrict S. flexneri actin tail motility. Whereas
GBP-mediated inhibition of bacterial motility depends on IFN-y to
induce GBP expression, septin expression and function are entirely
independent of this cytokine'”'”’. Intriguingly, recent work suggests
that septin cages may be composed not only of septins but also host
cell membranes of unknown nature'.

Septins are recruited to cell-associated enveloped vaccinia
(CEV) viruses before actin polymerization and suppress the release
and cell-to-cell spread of vaccinia virus (Fig. 1c). In contrast to S.
flexneri, in which actin promotes cage entrapment and stability'?,
the recruitment of septins to CEVs is independent of actin'. The
molecular cues that recruit septins to the plasma membrane to
block vaccinia actin-based motility remain unknown. Considering
that other cell-autonomous immune responses, such as GBPs and
RNF213, exploit common principles to sense and target bacteria
and viruses, it would not be surprising if septins recognize the
micrometre-scale curvature of the host-cell plasma membrane (as
they do during recognition of the S. flexneri cell pole) generated
during egress of CEVs. In addition, septins can have protective roles
during viral infections independently of their cage entrapment
activity. The 3CL proteases of human coronaviruses cleave different
septins, altering their functionality, location and ultimately leading
to abnormal cilia'®. As respiratory viruses face ciliated epithelial
cells in the first stages of infection and defects in cilia structure
are associated with an increased risk of being infected by these
viruses'”, these findings highlight how coronavirus-mediated
manipulation of septins can benefit viral spread.

To counteract septin cage entrapment, S. flexneri uses multiple
evasion mechanisms including mitochondrial fission (organelles
that surround this bacterial species and promote septin assembly
into cages)'®’, LPS-mediated avoidance of septin binding to the
bacterial surface”* and disruption of septin assembly (secreting
the T3SS effector OspG, which associates with host E2 ligases,
promotes the ubiquitination of septins and probably disrupts filament
assembly into cages™’; Fig. 1c). Similarly to S. flexneri, vaccinia can

counteract septin cage entrapment. In this case, vaccinia exploits
dynamin- and formin-mediated actin polymerization to displace
septins from CEVs to facilitate actin tail formation. Future work should
address how septins and the autophagy machinery, particularly
ubiquitin, ‘communicate’ on the S. flexneri surface to block bacterial
infection and the impact that cage entrapment has in vivo. It is
unknown whether septins can sense and entrap Rickettsia. Some of
these obligate intracellular bacteria, such as R. parkeri, exhibit two
different types of actin-based motility: short curved (mediated by the
bacterial protein RickA) and long straight actin tails (via the bacterial
formin-like protein Sca2) during the early and late intracellular
infection stages, respectively. Similarly, it is also unknown whether
septins can also block the release of other viruses (for example, HSV).

Apolipoprotein L3

The human apolipoprotein L (APOL) gene family encodes six
lipid-interacting proteins (APOL1-APOLS6) involved in mitochondrial
dynamics'®. APOL proteins also function as IFN-y-sensitive

innate immune effectors during the host response to bacterial
(Mycobacterium and Listeria) and viral (hepatitis C virus and
poliovirus) infections'®*"%4, Within the APOL family, APOL3 contains
a highly flexible double-stranded hydrophobic hairpin helix with
transmembrane potential and a pore-forming domain that enables
membrane remodelling™°.

Notably, APOL3 has broad-spectrum antibacterial activity'®.

A genome-wide CRISPR-Cas9 screen of IFN-y-induced genes
identified APOL3 as a key factor restricting S. Typhimurium
replication in epithelial cells'™’. It coats cytosolic S. Typhimurium
and transitions into a folded apolipoprotein scaffold that solubilizes
the bacterial inner membrane by forming nanodisc-like structures
(Fig. 1c). APOL3 discriminates between self and non-self through
sensitivity to inhibition by cholesterol, which is more typically
found in eukaryotic membranes'®. APOL3 recruitment can also be
triggered by endolysosomal rupture during S. Typhimurium infection,
linking APOLS3 targeting to DAMPs generated during disruption

of the Salmonella-containing vacuole'. Determining whether
APOLs can restrict obligate intracellular pathogens residing in the
cytosol (for example, Rickettsia) represents an important avenue for
future research. APOL3 also cooperates with IFN-y-induced GBP1.
Destabilization of LPS by GBP1 facilitates APOL3-mediated bacterial
killing'® (Fig. 1c). The examples of GBPs, septins, the proteasome
and APOLS illustrate a recurring strategy in cell-autonomous
immunity: leveraging mechanical force and membrane remodelling
as host antimicrobial defences. With these proteins, host cells sense
biophysical properties such as curvature, lipid composition or
compartmentalization and respond by mechanically destabilizing
pathogens or constraining their intracellular niches.

Intriguingly, in some RNA virus infections, such as Zika virus,
APOL3 may have a proviral activity®*'*®. Considering that several
members of the APOL family are ISGs and execute cellular functions
associated with membrane remodelling, they might be involved
in host-virus interactions. However, APOL functions during viral
infection remain poorly characterized. The most prominent evidence
identifies another class, apoliprotein E (APOE), as an important
restriction factor in lung epithelial cells against influenza A virus'’.
This is mechanistically linked to deficient cellular cholesterol levels
in APOE-depleted cells that promote attachment of influenza A virus.
We interpret the pro- and antipathogen functions of APOL proteins to
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(continued from previous page)

reflect Red Queen evolutionary dynamics, with the host and pathogen
constantly evolving to gain advantage by evading cell-autonomous
immunity. Interestingly, the positive selection of an APOL3
loss-of-function variant in certain African populations'® suggests

monocytogenesregulates the production of specificenzymesto avoid
sensing and inflammasome activation®?°, Viruses often avoid direct
inflammasome recognition by limiting the availability of canonical
PAMPs, such as cytosolic viral nucleic acids, through sequestration
and replication within protected compartments®. Pathogens can pro-
duce factors thatinhibit sensor activation or maintaininflammasome
components in inactive conformations. Some bacterial metabolites
can suppress NLRP3 assembly to promote persistence® . Yersinia
pestisinhibits pyrininflammasome activation by promotinginhibitory
phosphorylation through the effector YopM*° (Fig. 1a). Analogously,
viral proteins can block inflammasome activation, for example, influ-
enzaAvirus protein PB1-F2 binds NLRP3 to stabilize its inactive state*.
Similarly, several RNA viruses, including Zika, Sendai and measles
viruses, inhibit NLRP3 inflammasome formation**"**, Another strat-
egy is the disruption of inflammasome effector functions to prevent
pyroptosis. Bacterial pathogens frequently inject effectorstoinactivate
the pyroptotic machinery. Shigella flexneri uses its type lll secretion
system (T3SS) to inject: OspC3, which ADP-riboxanates (a variant of
ADP-ribosylation) caspase-4 and -11to block caspase auto-processing
after LPS detection®; OspC2, which targets caspase-5 (ref. 46); and the
E3 ligaseIpaH7.8, which targets GSDMD degradation (Fig.1a). Thisis
further exemplified by poxviruses, whose Spi-2 family of serine pro-
teaseinhibitors (serpins) directly occupies the active sites of caspase-1,
-4, -5 and -8, preventing the death of infected cells and allowing viral
propagation*®. Human picornaviral proteases cleave NLRP1, leading
to activation or inhibition of inflammasomes*’; enteroviral protease
3CP™ cleaves and activates NLRP1, driving IL-1f release (Fig. 1a). By
contrast, other picornaviruses vary substantially in the NLRP1 pep-
tides they produce, facilitating sensor escape or attenuating NLRP1
inflammatory response®®”’. These findings are consistent with Red
Queen evolutionary dynamics between viruses and inflammasome
processing, with viruses evolving to inhibitinflammasomes by cleaving
key proteins and the host responding by evolving to detect and react
tothe cleavage eventitself.

Timing of host innate immune manipulation by the pathogen is
crucial. A good example is the avoidance of CARDS8 inflammasome
activation by human immunodeficiency virus (HIV)-1. The viral pro-
tease does not cleave CARD8 when expressed ininfected cellsbecause
itis not activated until dimerization during particle formation after
cellular egress. However, artificial activation of the protease with
protease dimerizing reverse transcriptase inhibitors drives CARD8
cleavage and inflammasome activation®’. Protease activation is also
suppressed by Gag in infected cells, and mutations in Gag associated
with human adaptation enhance evasion of inflammasome-driven
pyroptosis®®. A further study linked human disease to the sensing
of HIV-1 protease activity by CARDS8, demonstrating that a unique
motifin human CARD8—whichis absentin Old World monkeys—facili-
tates cleavage by the viral protease’. This observationillustrates how
CARDS cleavage can be animportant species-specific determinant of
lentiviral-driven disease®. Timing of host manipulationis also impor-
tant during bacterialinfections. In macrophages, Salmonella can switch
from a flagellin-high phenotype early in infection (which seems to
promote systemic dissemination via TLRS-driven inflammation)* to
aflagellin-low phenotype at later times (which avoids NLRC4 inflam-
masome activation)*’. This mechanism relies on the early type I IFN
signalling, which downregulates NLRC4 expression, making flagellin
expressioninversely proportional to Salmonella susceptibility in mice.

that its membranolytic activity can be detrimental, potentially
driving pro-inflammatory diseases'®. Future research on this will
clarify whether such adaptations confer differential susceptibility or
protection against infection and inflammatory disorders.

Y. pestis attenuates earlyimmune activation by inducing the expression
of hostIL-1receptor antagonist (IL-1RA), allowing for replication before
it triggers robust inflammatory responses at later phases®. A recent
report showed how herpes simplex virus (HSV)-1 manipulates innate
immune activation not only in a time- but also a context-dependent
manner. The HSV-1 protein UL12.5 drives cytosolic release of mito-
chondrial DNA and RNA to activate the cGAS-STING and RIG-I-mito-
chondrial antiviral-signalling protein (MAVS) pathways to trigger viral
reactivation fromlatency. Although this triggers an antiviral response
thatrestrictsviral replicationinnon-neuronal cells, it exerts a proviral
function in neurons, emphasizing the context-dependent dual roles
of innate immunity®.

Autophagy, ubiquitin and ubiquitin-like
post-translational modifications

Ubiquitylation is a PTM that regulates diverse immune signalling
pathways, from the activation of NF-kB to the regulation of major
histocompatibility complex (MHC) classes I and II (ref. 60). Its
importance in immune homeostasis is emphasized by the various
inflammatory diseases that arise when ubiquitin-mediated immune
signalling is disrupted and by the number of pathogens, both bacte-
rial and viral, that interfere with the ubiquitin machinery. Bacteria
encode ubiquitin-modifying secreted effectors, including E3 ligases
(enzymes that recognize and covalently modify lysines on target
proteins with ubiquitin), which are important for immune evasion®'.
Legionella pneumophila utilizes host cell machinery to mediate an
unusual phosphoribosyl-linked serine modification, which is both
highly potentand irreversible®. Interestingly, certain host cell proteins
can sense the activity of specific pathogen-encoded E3 ligases. The
NLRP1B inflammasome acts as a decoy receptor that mimics features
of Gasdermin proteins to subvert the activity of the S. flexneri E3 ligase
IpaH7.8 and promote inflammasome activation®. It isunknownwhether
viruses encode for novel ubiquitin chemistry. Viruses do, however,
encodeE3ligases. For example, HSV-1exploits the ubiquitin-mediated
degradation of host restriction factors®**, and coronaviruses encode
apapain-like protease (PLpro), whichis crucial for viral replicase poly-
protein processing and the subversion of host defence mechanisms by
its deubiquitylating and delSGylating (removal of IFN-stimulated gene
15 (ISG15), an IFN-induced small ubiquitin-like modifier) activities®® .
Such viral adaptations and PTM manipulations, which allow viruses
to avoid immune signalling by major host immune receptors and
adaptor proteins, have also been documented in studies on MDAS or
cGAS ISGylation™”",

Both xenophagy (targeting bacteria) and virophagy (targeting
viral capsids, proteins or replication complexes) represent a special-
ized subset of autophagy that mediates the enclosure of intracel-
lular pathogens into a de novo double-membrane autophagosome
(Fig.1b).Subsequent fusion of autophagosomes with lysosomes leads
to pathogen clearance’. Although primarily characterized for bacte-
rialinfections, this highly selective process seems to be evolutionarily
conserved inviralinfections, where specific ‘destroy me’ signals mark
target cargo for destruction. Examplesinclude the sensing of host gly-
cans by the danger receptor galectin-8. These glycans become exposed
tothe host cell cytosol following damage to the pathogen-containing
vacuole, allowing the indirect sensing of bacteria”, non-enveloped
viruses’ and ubiquitin”. Autophagy receptors such as SQSTM1/
p62 (ref. 76) and NDP52 (ref. 77) bridge ubiquitin-labelled bacteria
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to the autophagosome membrane and induce the assembly of the
autophagosome on the cargo’®’® (Fig. 1b (top)). Interestingly, p62
functions in autophagy-mediated control of Sindbis virus®® and
another autophagy receptor, optineurin (OPTN), targets HSV-1 (ref.
81). Whether this is ubiquitin-dependent is unclear but the E3 ubig-
uitin ligase SMURF1is required for efficient targeting of both Sindbis
virus and HSV-1to autophagosomes®. Further parallels to xenophagy
can be drawn as SMURF1 mediates antibacterial autophagy against
Mpycobacterium tuberculosis®.

The enigma of how the host initiates the primary ubiquitin ‘coat’
on cytosolic Salmonella was elucidated following the identification
of ring finger protein 213 (RNF213) as the first E3 ligase to target the
non-proteinaceous substrate bacterial LPS via an ester-linked bond®
(Fig.1b (top)). Additional examples of non-canonical (ester-linked) ubig-
uitylationinclude the modification of Myd88, akey immune-related pro-
tein, as well as sugars (glycogen and maltoheptaose) by haem-oxidized
IRP2 ubiquitin ligase 1 (HOIL-1)**. HOIL-1 is an E3 ubiquitin ligase and
a core component of the linear ubiquitin chain assembly complex
together withHOIL-1L interacting protein (HOIP) and SHANK-associated
RH domain-interacting protein (SHARPIN). These examples imply that
non-lysine-linked ubiquitylation (a covalent modification that links
ubiquitin to lysine residues) may be more common than previously
appreciated®. LPS ubiquitylation and the generation of Metl-linked
ubiquitin by linear ubiquitin chain assembly complex couples patho-
gendetection with xenophagy and a pro-inflammatory response®**°,
Interestingly, LPS also induces a pro-inflammatory immune response
via TLR4 and the non-canonical caspase-4 and -11 inflammasomes to
induce pyroptosis®>®. Therefore, LPS is a PAMP repeatedly detected
by diverse systems to initiate hostimmune responses.

RNF213 detects agrowinglist of pathogens displaying distinct sur-
face compositions and occupying diverse subcellular compartments
including the cytosol (for example, L. monocytogenes® and M. tuber-
culosis®®) and membrane-bound vacuoles (for example, Chlamydia
trachomatis® and the protozoan parasite Toxoplasmagondii’®). Certain
viruses®**?2, such as Kaposi’s sarcoma-associated herpes virus, are
alsorestricted by RNF213 through K48-linked proteasomal ubiquityla-
tion of the RTA protein®* (Fig. 1b (top)). This highlights the breadth of
RNF213, with repeated adaptation through positive selection driving
substrate selection’. Given that several bacteria-secreted effectors
suppress RNF213-mediated immunity (including Burkholderia TssM**,
S.flexnerilpaH1.4 (refs. 95,96) and C. trachomatis GarD®; Fig. 1b (top)),
we speculate that selective pressures may have givenrise to yet to be
identified viral RNF213 inhibitors.

ATP enhances RNF213 E3 ligase activity®”, with ISG15 also promot-
ing RNF213 activity®, by regulating the levels of cellular ATP”. Further-
more, ISG15 shapesimmunity through several pathways’®, highlighting
the crosstalk of PTMsinhostimmunity. Once activated, RNF213 induces
NF-kB activation and pyroptotic cell death in hypoxic cancer cells*. In
Moyamoya disease (arare cerebrovascular disorder), mutationsin the
RNF213 RING domain are also linked to enhanced NF-kB activation'®.
Growing evidence therefore suggests that infection or autoimmune
disease might trigger the onset of Moyamoya disease by amplifying
inflammationin genetically susceptible individuals. Investigationinto
therelationship between inflammation-driven pathogenicinfections,
NF-kB activation and RNF213 genetics might therefore help clarify
Moyamoya disease pathogenesis.

Of course, other ubiquitin-like PTMs (for example, SUMOyla-
tion, ISGylation and UFMylation) participate in the cell-autonomous
immune response to both bacteria and viruses, and these are often
hijacked to dampen host immunity'”. UFMylation, a ubiquitin-like PTM
mediated by the E3 enzyme UFM1-protein ligase 1 (UFL1) isimportant
forviralassembly processes of certain orthoflaviviruses such as Dengue
virus and Zika virus'®. Viruses can also drive UFMylation of impor-
tant innate immunity proteins to shut down the antiviral response.
The Epstein-Barr virus-encoded G-protein-coupled receptor BILF1

associates with MAVS and UFL1to promote MAVS UFMylation and selec-
tively degrade mitochondrial membrane cargo'®. Furthermore, UFL1
represents an emerging immune effector against cytosolic bacteria
actinginaubiquitin-and autophagy-independent manner'** (Fig. 1b).
S.flexneriprotectsitselffrom UFMylation using bothits LPS O-antigen,
presumably blocking UFL1recognitioninamanner analogoustoitsrole
in preventing recognition by septins during cage entrapment (Box 2),
and the T3SS effector IpaH9.8 (ref.104). However, whether UFM1 modi-
fiesbacterial, viral or host proteins and its exact mechanisms of action
requires furtherinvestigation. Unlike the recently appreciated UFMyla-
tion layer of innateimmune regulation, SUMOylation is comparatively
better characterized, with several documented examples of bacteria-'%
and virus-mediated'*° disruption and/or hijacking the pathway. As
an example, the host SUMO E3 ligase TRIM28 supports SARS-CoV-2
replication by SUMOlyation of viral nucleocapsid protein, promoting
liquid-liquid phase separation, self-association and innate immune
inhibition'”” (Fig. 1b (bottom)). Overall, it is evident that ubiquitin
and ubiquitin-like modifiers are important regulators of the fate of
pathogenicinfections.

Guanylate binding proteins

GBPs are IFN-induced GTPases that contain an N-terminal GTPase
domainand acarboxy-terminal helical domain that can containapre-
nylation motif'°, GTP hydrolysis induces the exposure of the prenylated
motif and enables certain GBPs (GBP1,2 and 5) to associate with mem-
branes, whereas non-prenylated paralogues interact with prenylated
GBPs'*'% Itisunknown whether other PTMs beyond farnesylation (for
example, ubiquitination) can modulate GBP activity. GBPs and septin
cages (Box 2) exemplify another class of cell-autonomous immune
proteins that blur the classical distinction between pathogen sensing
and antimicrobial effectors. They act asinnate immune sensors (detect-
ing physicochemical properties on pathogens rather than specific
molecular traits) and as direct antimicrobial effectors (remodelling
membranes of the host and the pathogen). In addition, GBPs collabo-
rate with other cell-autonomous responses such asinflammasomes or
apolipoprotein L3 (Box 2) to restrict microbial infections'*’.

GBPs recognize a broad spectrum of intracellular pathogens,
including cytosolic bacteria, viruses and pathogen-containing vacu-
oles (for example, T. gondii)"*"". Bacterial recognition is mediated
by the C-terminal motif that establishes electrostatic interactions
with LPS on Gram-negative bacteria™' (or free LPS in the cytosol)
and negatively charged surface components (lipoteichoic acid and
peptidoglycan) on Gram-positive bacteria™. GBP-mediated defence
mechanisms vary across pathogens. Cryo-electron microscopy stud-
ies showed that GBP1 stably docks on the surface of S. flexneri and
Salmonella Typhimurium, generating a multilayered coat that alters
membrane curvature, increases outer membrane permeability and
enhances the susceptibility of bacteria to antimicrobial peptides™¢.
Coating of S. flexneriby GBP1disrupts the LPS-dependent polar locali-
zation of IcsA (a protein that drives actin polymerization) and blocks
actin-based motility""'>"""1'8 (Fig, 1c (top)). GBPs promote inflamma-
some activation by exposing bacterial PAMPs'%1319°122_ A representa-
tive example is the activation of inflammasomes during Francisella
novicida infection'?. In this case, GBPs help recruit the IFN-induced
immunity-related GTPase B10 (IRGB10) to bacteria, which disrupts
bacterial integrity, leading to the ejection of DNA and LPS. Released
DNA is detected by the AIM2 inflammasome, whereas LPS is sensed
by the caspase-11-NLRP3 inflammasome, resulting in caspase-1activa-
tion, pyroptosis and secretion of pro-inflammatory cytokines (IL-1f
and IL-18; refs. 123-125; Fig. 1a). During macrophage infection, GBP1
disrupts the L. pneumophila-containing vacuole and exposes bacteria
to cytosolic inflammasome detection'”, but the molecular cues that
guide GBP1to the Legionellavacuole remainundefined. This needs to
be addressed to understand how GBPs evolved to recognize and target
different pathogens.
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Furthermore, GBPs restrict a wide range of viruses via four main
mechanisms. First, they can alter viral intracellular trafficking. For
example, GBP1 can block Kaposi’s sarcoma-associated herpes virus
infection because GBP1 associates with and remodels host cytoskel-
eton (including microtubules), which inhibits intracellular trafficking
of the virus by preventing the nuclear delivery of incoming virions'*
((1) in Fig. 1c). GBPs can target virus-containing membranes or viral
replication complexes. Similarly to the host response against L. pneu-
mophila, GBP1 recognizes and disrupts viral-associated membranes.
Many positive-strand RNA viruses generate replication complexes on
rearranged endomembranes, which canbe decorated by components
of the autophagy machinery such as LC3, facilitating the recruitment
of IFN-induced GTPases to thereplicationsite. In this context, GBP1can
localize to the replication complex and control viral replication' ((2)
inFig.1c). GBPs can also inhibit viral glycoprotein maturation. Human
GBP2 and 5 (GBP2/5) canrestrict both furin-dependent (HIV-1Env and
SARS-CoV-2 spike) and furin-independent (SARS-CoV spike) matura-
tion of viral glycoproteins'®*™*', GBP2/5 interfere with furin-mediated
cleavage of glycoproteins (SARS-CoV-2 spike) and limit the incorpora-
tion of processed glycoproteinsinto virions'*"° ((3) in Fig. 1c). Inaddi-
tion, GBP2/5 interfere with the trafficking and N-linked glycosylation
of viral envelope glycoproteins, acting upstream of furin proteolytic
processing. Structural studies indicate that this activity depends on
the conformational flexibility of the hinge region that connects the
middle and GTPase domains of GBP2/5 (ref.132). Finally, GBPs regulate
IFN-dependent and -independent antiviral mechanisms'***, During
HSVinfection, GBPlinteracts with STING, promoting viral degradation
independent of typelIFN production®**. GBP1also restricts hepatitis C
virus by interacting with viral RNA polymerase at the membranous rep-
licationweb'™ and has been implicated in limiting SARS-CoV-2 replica-
tion'”’; however, the precise mechanism remains incompletely defined.
Intriguingly, GBP1 may also exert proviral functions. During later stages
ofthe hepatitis C virus cycle, GBP1seems to promote virionassembly and
egressthroughitslocalizationtolipid droplet-associated membranous
webs™. Similarly, GBP1facilitates the replication of Japanese encepha-
litis virus by suppressing the innate immune response via the JAK-STAT
pathway". These observations underscore the context-dependent and
functional complexity of GBPs, and highlight how GBPs restrict both
bacterial pathogens and viruses through common principles (that is,
membrane remodelling, targeting of pathogen-derived membranes
and amplification of innate immune signalling).

Pathogens have developed diverse mechanisms to counteract
GBP-mediated cell responses. One mechanism is the modification
or targeting for destruction of GBPs. The T3SS effector and E3 ligase
IpaH9.8 of S. flexneriubiquitinates and promotes proteasomal degrada-
tion of GBP1, 2,4 and 6, dismantling GBP coat and restoring actin-based
motility"”"®"_ Influenza A virus NS1 binds GBP1K51 (critical for GTP
binding and dimerization), reducingits GTPase activity and attenuat-
ing GBP1 antiviral activity”®. Another mechanism is the modification
orremodelling of the substrate to evade GBP-mediated restriction. The
D614G mutationin SARS-CoV-2 spike enhances spike incorporationand
infectivity, contributing to reduced sensitivity to GBP2/5-mediated
restriction, partly compensating for GBP2/5-mediated inhibition of
furin cleavage'”. Pathogens can also interfere with GBP-mediated
responses dependent on IFN signalling. Similar to viruses that ben-
efit from inflammasome-mediated antagonism of IFN-I (ref. 140), the
obligate intracellular bacterial pathogen Rickettsia parkeri can also
trigger inflammasome activation (via caspase-1 and caspase-11) to
promote pyroptosis and prevent dying cells from producing antibacte-
rial IFN-1. By dampening IFN-I signalling and the downstream expres-
sion of antirickettsial ISGs (GBPs and inducible nitric oxide synthase),
inflammasome activation enables hostimmune evasion by R. parkeri
and itsreplication''*, Interestingly, the percentage of R. parkeri cells
decorated with GBP1is extremely low, which may suggest bacterial
effectors targeting GBPs.

Self-guarding immunity

First described in plant pathogens', effector-triggered immunity is
the detection of pathogen-induced enzymatic or virulent activities by
host cells and the subsequentimmune response. This type of defence
isexemplified by the activation of inflammasomes (NLRP1B; discussed
in the ‘Autophagy, ubiquitin and ubiquitin-like post-translational
modifications’ section)®. In addition, a study uncovered a unique
‘self-guarded’ effector-triggered immunity mechanism in human
monocytes mediated by the protein MORC family CW-type zinc finger 3
(MORC3). This protein has evolved to anticipate its own viral-mediated
shutoff to safeguard its defensive role (Fig. 1d). The primary antiviral
capacity of MORC3 seems to be related to its presence in the nuclear
bodies (membraneless subnuclear organelles that concentrate specific
proteins and RNA)"* that are associated with suppression of HSV-1
genome expression through recruitment of promyelocytic leukaemia
protein as well as other suppressive nuclear body components'*'*°,
However, MORC3 also represses the transcription of the /FNBI gene.
Thus, ifavirus disablesMORC3 to evadeits antiviral effects,atype lIFN
responseis triggered. The HSV-1protein ICPO targets MORC3 for deg-
radation. Loss of MORC3 leads to de-repression of aMORC3-regulated
DNA element near the IFNBI gene, resulting in robust, IFN regulatory
factor-independent IFN production' (Fig. 1d). Experimentally, MORC3
deficiency triggers IFN induction; however, the simultaneous knockout
of IFNARrescues viral replication. Inaddition, because wild-type virus
utilizes ICPO to degrade MORC3, MORC3 deletion exclusively enhances
the replication of ICPO-null HSV-1. The antiviral capacity of MORC3
is also observed in HSV-1and human cytomegalovirus infections of
fibroblasts inwhich MORC3 does not inhibit IFN induction'®, E4ORF3
encoded by adenovirus 5 also seems to regulate MORC3, underlin-
ing the importance of this pathway. Further research will clarify the
monocyte-specific regulation of IFN by MORC3.

Other antiviral effectors and negative regulators of type I IFNs
implicated in self-guarding mechanisms include ADAR1, SAMHD1,
TREX1, RNASEH2 and ISG15-USP18 (ref. 147), which suggests that
self-guarding is more common than previously appreciated. For
instance, SAMHD1-, TREX1- and RNASEH2-deficient cells have been
shown to spontaneously activate cGAS and drive IFN responses'’.
Self-guarding can also work the other way around. For example, besides
its antimicrobial role, GBP1 can impact the integrity of cellular mem-
branes, leading to necrosis if not regulated. IFN-y induces both GBP1
and the kinase PIM1. PIM1 phosphorylates and suppresses the activity
of GBP1, preventing its association with membranes and cellular dam-
ageinuninfected bystander cells. Duringinfection, the T. gondii TgIST
proteinsequesters STAT1and disrupts IFN-y signalling, leading to rapid
PIM1depletion and dephosphorylation of GBP1, which then exertsits
antimicrobial function to counterattack microbial evasion*°. Thus,
IFN-y acts as a dead man’s switch.

Effector-triggered immunity is not only restricted to IFN produc-
tion. Arecentstudy revealed a novel self-guarding immune mechanism
involving NF-kB during myxoma virus infection. Myxoma protein M3.1
disables key antiviral host factors (zinc finger antiviral protein and
TBK1, akinase that playsakey partininduction of type I IFN responses).
These host proteins not only restrict viral infection but also function
as negative regulators of NF-kB, a major inflammatory transcription
factor. By disabling these proteins, M3.1 unintentionally removes the
inhibition of NF-kB, leading to astrong NF-kB activation and induction
of antiviral and inflammatory gene expression™'.

Host cells have evolved to distribute key antiviral mediators, such
as MAVS or STING, to different subcellular compartments including
mitochondria, peroxisomes and endoplasmic reticulum. This spatial
distribution mitigates pathogen-mediated disturbances. For exam-
ple, L. monocytogenes infection leads to a peroxisomal MAVS-based
IFN-A response with the RLR signalling initiating exclusively from
peroxisomes'. Given that the Listeria listeriolysin O toxin disrupts
mitochondria'®, MAVS-mediated signalling from the mitochondrial
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hub may be suppressed™*, requiring peroxisomal MAVS to elicit IFN-A.
Weargue that, asin other areas of cell defence, self-guarding is strongly
selected by Red Queen dynamics with increasing complexity as the
inevitable consequence.

Proteasome-mediated cell-autonomous immunity
Recent findings reveal novel antimicrobial roles for the proteasome,
demonstrating that this essential host-cell machinery caninitiate a
cell-autonomous immune response against bacterial pathogens. The
AAA-ATPase VCP/p97 component of the proteasome targets cytosolic
K48-ubiquitinated bacterial pathogens (Fig. 1e) ina process dependent
onthe cofactors NPLOC4 and UFD1 (p97 itself has weak binding affin-
ity to ubiquitin)™. In vitro reconstitution assays using ubiquitinated
bacteriaand purified p97, NPLOC4 and UFD1showed extensive rupture
ofbacterial membranes mediated by this protein complex. Strikingly,
the ATPase activity of p97 transforms energy from ATP hydrolysis into
mechanical force to extract ubiquitinated proteins tethered to bacterial
surfaces, resultinginmembrane lysis and the autophagy-independent
killing of diverse bacterial pathogens™ (Fig. 1e). Despite having a differ-
entbacterial surface composition, p97 targets both Gram-negative and
Gram-positive bacteria. It also targets and restricts T. gondiivacuoles™®
and facilitates TRIM21-mediated viral capsid degradation'”. These data
reflect how cell-autonomous immune mechanisms evolve to broaden
their role in the host antimicrobial response.

Proteasome activity is important in host-cell physiology and a
dysfunctional proteasome can have severe implications in autoim-
munity, inflammation and infectious diseases™®. A primary role of
proteasome-derived peptides is the processing and presentation of
antigens via the MHC-I (ref. 159). However, a recent report identified
proteasome-derived defence peptides (PDDPs) as a new type of anti-
microbial peptide produced constitutively or induced by bacterial
infection. Followinginfection of epithelial cells with Salmonella enterica,
the tryptic-like activity of the proteasome (that leads to PDDP produc-
tion) is enhanced, whereas the chymotryptic-like activity (that leads
to the production of peptides associated with MHC-I presentation) is
reduced™. The shift to the tryptic-like activity of the proteasome is
partly controlled by the regulatory subunit PSME3, which associates
more frequently with the proteasome complex following infection'.
Unlike classical antimicrobial peptides, which are encoded in the host
genome as independent functional entities, hundreds of novel PDDPs
were found to be encoded within host proteins, some of which have no
immune function (for example, transcriptionfactors). This provides host
cellswithalarge arsenal of defence molecules™. As an example, a PDDP
contained in PPP1CB (catalytic subunit 3 of serine-threonine-specific
phosphatase1) restricts the replication of multiple Gram-negative and
Gram-positive bacterial pathogens both in vitro and in vivo' (Fig. 1e).
PDDPs exhibit bacteriolytic activity by permeabilizing bacterial mem-
branes. The production of PDDPs, alongside the role of proteasome in
the presentation of antigens via MHC-I, places this protein complex asan
important defence mechanism that bridgesinnate and adaptive immu-
nity. The mechanisms driving altered proteasomal cleavage and whether
some PDDPs canbe retained in the host cell to target cytosolic bacteria
remain unclear. It is also unknown whether all cell types (for example,
macrophages and epithelial cells) produce the same repertoire of PDDPs.

General principles and concluding remarks
Cell-autonomous immunity againstintracellular bacteria and viruses,
ranging from pathogen sensing to specialized antimicrobial effector
mechanisms, are far more interconnected and dynamic than previ-
ously appreciated, forming an integrated antimicrobial surveillance
network. Pathogen sensing can operate ona‘detection of activity, not
identity’ principle, challenging the classical PAMP-centred immunity by
monitoring cellular homeostasis and responding to infection-triggered
perturbations. This allows host cells to attack bacterial or viral patho-
gens using similar responses.

A novel theme in cell-autonomous immunity is the deployment
of physical force through membrane remodelling (GBPs and APOL3),
mechanical constraint and energy-dependent extraction (protea-
some) as important antimicrobial strategies, frequently enabling
otherresponses such asinflammasome activation or autophagy. These
pathways operate in a highly cooperative manner in which individual
sensors and effectors amplify one another to ensure arobust response
tointracellular pathogens.

Pathogens, in turn, have evolved sophisticated strategies to
subvert or exploit these pathways, giving rise to a continuous host-
pathogen arms race shaped by Red Queen dynamics. An additional
layer of this interplay lies in the precise timing of immune manip-
ulation, whereby pathogens actively delay or reprogramme host
responses to favour their replication. In addition, the discovery of
self-guarding mechanisms underscores the delicate balance between
protection and pathology that defines innate immunity. The potency
of cell-autonomous responses necessitates multilayered regulatory
and self-guarding mechanisms that anticipate pathogen-mediated
sabotage and simultaneously limit collateral damage to host tissues.
Dysregulation of cell-autonomous immunity may contribute asmuch
to inflammatory disease as their failure contributes to infection.

Understanding how cell-autonomous immunity is coordinated
and regulated during host-microbe interactions using animal mod-
els or co-cultures of different cell types, where multiple mechanisms
are simultaneously studied, can provide fundamental principles
underlying inflammation and autoimmunity, and help develop novel
therapeuticinterventions.
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