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Abstract Cells can die by distinct mechanisms with
particular impacts on the immune response. In addition to
apoptosis and necrosis, recent studies lead to character-
ization of a new pro-inflammatory form of cell death,
pyroptosis. TLR and NLR, central innate immune sensors,
can control infections by modulating host cell survival. In
addition, TLRs can promote the induction of autophagy,
thus promoting delivery of infecting pathogens to the
lysosomes. On the other hand, activation of some NLR
members, especially NLRC4 and NAIPS, leads to the
infected cell death by pyroptosis, which is accompanied by
secretion of the pro-inflammatory cytokines IL-1f, IL-18,
and IL-33. Data presented here illustrate how the com-
partmentalization of the innate immune sensors can
influence the outcome of infections by controlling the fate
of host cells.

Keywords TLR - NLR - Pyroptosis - Autophagy -
Cell death - Inflammasomes

K. R. Bortoluci (X))

Department of Biological Sciences, Federal University of Sdo
Paulo-Campus Diadema, Rua Arthur Riedel-Jardim Eldorado,
Diadema, SP, Brazil

e-mail: kbortoluci@gmail.com

K. R. Bortoluci
Department of Immunology, Institute of Biomedical Sciences,
University of Sdo Paulo, Sao Paulo, Brazil

R. Medzhitov
Howard Hughes Medical Institute, Chevy Chase, MD, USA

R. Medzhitov
Department of Immunobiology, Yale University School
of Medicine, New Haven, CT, USA

Introduction

Toll-like receptors (TLR) and nucleotide-binding oligo-
merization domain (NOD), leucine-rich repeats (LRR)-like
receptors or NOD-like receptors (NLR), are families of
pattern-recognition receptors (PRR) that play a central role
in host defense by recognizing pathogen-associated
molecular patterns (PAMPs). Several inflammatory genes
are activated through TLR and NLR pathways culminating
in pathogen control, inflammatory response, and induction
of adaptive immune response. Emerging evidence also
suggests that the modulation of host cell death by TLR and
NLR is another important function of these PRRs. As
mediators of the early interaction between pathogens and
host cells, TLR and NLR are able to control the fate of host
cells by distinct mechanisms. Since different forms of cell
death have particular impacts on immune responses, the
modulation of cell death processes by PRRs might be
considered another important feature of innate immune
system. In this review we focused on recent findings
regarding the modulation of pyroptosis and autophagy by
TLRs and NLRs and, in particular, their consequences for
the host resistance to infections.

TLR and NLR: Compartmentalized innate immune
sensors

Initial interaction of microorganisms with innate immune
cells, especially macrophages (MQ) and dendritic cells
(DC), is essential for the induction of the immune response
to invading pathogens. The detection of pathogens occurs
through the PRRs present on M and DC. Among many
families of PRRs, TLRs, and NLRs have been described as
central elements in triggering immune responses.
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TLR are transmembrane proteins that contain an extra-
cellular leucine-rich repeat (LRR) motifs responsible for
ligand recognition and a cytoplasmic Toll/interleukin 1
(IL-1) receptor (TIR) domain responsible for initiating
intracellular signaling [1]. TLR engagement by their ago-
nists induces the recruitment of adaptor molecules such as
myeloid differentiation factor 88 (MyD88), MyD88§-
adaptor  like/TIR-associated protein (MAL/TIRAP),
Toll-receptor-associated activator of interferon (TRIF),
Toll-receptor-associated molecule (TRAM), or Sterile
o- and armadillo-motif containing protein (SARM) [2].
These adaptor molecules transduce TIR signals, thus
activating kinases and transcriptional factors such as
nuclear factor (NF)-xB, mitogen-activated protein kinases
(MAPKs), and IFN-responsive factors (IRF) [3],
culminating in the production of effector molecules,
inflammatory cytokines, and type I interferons, responsible
for the outcomes of immune responses to PAMPs.

Thirteen TLR family members have been identified in
mammals (13 TLR in mice and 11 TLR in humans) [3].
These TLRs sense molecular structures that are distinct
from host molecular pattern but frequently found in bac-
teria, fungi, virus, and some protozoans, such as
lipopolysaccharides (LPS), peptideglycans, zymozan, gly-
cosylphosphatidylinositol (GPI), flagellin, profilin, and
nucleic acids (double-stranded and single-stranded RNA
and unmethylated CpG-DNA).

NLRs have as peculiar characteristic their cytosolic
location and comprise several members representing the
subfamilies CIITA (MHC II transactivator), NOD, NLRP
(NLR family pyrin-domain-containing proteins, also called
NALP), NLRC (NLR family CARD-domain-containing),
NAIP (neuronal apoptosis inhibitor factors) and NLRX [4].
Similar to TLRs, NLR members contain three domains: an
effector and variable N-terminal domain such as the cas-
pase recruitment domain (CARD), the pyrin domain
(PYD), the acidic domain, or the baculovirus inhibitor
repeats (BIRs); a central NOD-like domain crucial for
activation and a C-terminal domain containing leucine-rich
repeats, which is assumed to be responsible for the rec-
ognition of NLR ligands. Interaction of C-terminal domain
with its agonists is thought to induce oligomerization of the
central domain bringing in close proximity the effector
domain of NLR with adaptor molecules such as RICK
(receptor-interacting  caspase-like  apoptosis-regulatory
kinase, also called receptor-interacting protein 2 (Rip2)) or
ASC (apoptosis-associated speck-like protein containing a
CARD). These cascades culminate in the activation of NF-
kB or caspase-1, depending on the type of NLR recruited.

Many aspects of NLR activation remain poorly under-
stood. NOD1 and NOD2, the first described NLR members,
are activated in response to muropeptides, products of
peptidoglycan degradation [5, 6], inducing a signaling

cascade through CARD-CARD  interactions between
NODs and RICK, which leads to the MAPK or NF-xB
activation. Other NLR family members form inflamma-
somes, oligomeric multi-protein complexes composed of a
member of NLR family, and adaptor molecule such as ASC
[7]. Assembly of inflammasomes leads to the recruitment
and activation of pro-caspase-1 resulting in caspase-1-
dependent IL-1p, IL-18, IL-33 secretion and pyroptosis
induction [8, 9].

Four NLR family members have been described as
components of inflammasomes: NLRP1b (also called
NALP1), NLRP3 (also known as NALP3), NLRC4 (or
IPAF), and NAIPS5. To date, the best-characterized in-
flammasome complex is NLRP3. Activation of this NLR
leads to the recruitment of the downstream components,
ASC and caspase-1. Inflammasome assembly occurs
through the interaction between the NLRP3 PYD domain
and the PYD domain present in ASC carboxy-terminal
domain that, in turn, activates pro-caspase-1 through its
amino-terminal CARD domain [8].

NLRP3 inflammasomes are activated in response to
many stimuli, such as ATP and bacterial pore-forming
toxins [10], urate crystals [11] asbestos and silica [12],
bacterial muramyl dipeptide (MDP) [13, 14], LPS [10, 15,
16], bacterial DNA and RNA [17, 18], viral RNA and
imidazoquinolone antiviral compounds R837 and R848
[17, 19], zymosan and mannan, components of fungal cell
wall [20] and hemozoin from the protozoan Plasmodium
[21, 22]. The mechanism by which NLRP3 detects this
diversity of signals is unknown since they are not struc-
turally related [9]. NLRP3 activation in vitro generally
requires two signals: one is provided by a TLR ligand, and
the other by the many stimuli that can cause loss of plasma
membrane or lysosomal membrane integrity. The loss of
membrane integrity appears to be sensed through potas-
sium ion efflux. Induction of potassium efflux by ATP
acting through its receptor P2X7, can also cause NLRP3
inflammasome activation.

NLRP1b inflammasome assembly in response to anthrax
lethal toxin (LT) was recently described to comprise
NLRPI, caspase-1, caspase-11, o-enolase but not ASC
[23]. Surprisingly, LT seem to trigger NLRP1b inflam-
masome formation at the cell membrane, which induces
caspase-1 activation and macrophage lysis. Similar to
NLRP1, NLRC4 can also directly interact and activate
caspase-1 via its amino-terminal CARD domain [8, 24].
However, ASC participation can not be completely dis-
carded since its absence reduces NLRC4-mediated
caspase-1 activation in response to Salmonella infection
[25].

Interactions mediated by NAIPS protein in the assembly
of inflammasome remain to be determined. NAIP5-defi-
cient macrophages have defective caspase-1 activation [26]
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Fig. 1 Compartmentalized innate immune sensors. TLR are trans-
membrane proteins that can be found at plasma membrane (7LRI, 2,
4, 5, 6, and 1]) or at endosomes (TLR3, 7, 8, and TLR9). These
proteins contain an extracellular domain containing leucine-rich
repeat (LRR) motifs responsible for ligand recognition and a
cytoplasmic Toll/interleukin-1 (IL-1) receptor (7IR) domain that
recruits adaptor molecules (not represented here) thereby initiating

but instead of CARD or PYD amino-terminal domain,
NAIPS possesses a BIR domain. One possible explanation
for NAIP5-mediated caspase-1 activation is through its
interaction with NLRC4 [27]. However, NAIP5 does not
share with NLRC4 all caspase-1-mediated functions [26].
Thus, the possibility of interaction between NAIP5 and
another adaptor molecule can not be discarded. Further-
more, the possibility of multiple interactions observed
among NLR members and adaptor molecules supports the
idea that multiple complexes containing more than one
NLR member can be found within the same cell [28].
However, the influence of cross-talk between different
NLR for host cell survival and resistance to infections
remains to be determined.

In contrast to a broad range of diverse stimuli that can
activate the NLRP3 inflammasome, NLRC4 and NAIP5
inflammasomes are activated mainly by cytosolic flagellin,
a monomeric subunit of flagella present in most Gram-
negative and Gram-positive bacteria. The delivery of fla-
gellin to cell cytosol requires a functional secretion system
such as T3SS (type III secretion system) for S. typhimurium
[29, 301, S. flexneri [31], and P. aeruginosa [32, 33], and
T4SS (type IV secretion system) for L. pneumophila
[27, 34]. The intracellular bacterium Listeria monocitogenes
has also been demonstrated to activate NLRC4 through

1

intracellular signaling [1]. NLRs are cytosolic proteins that contain
three domains: a C-terminal domain containing LRR, which is
assumed to be responsible for the recognition of NLR ligands; a
central NOD-like domain crucial for activation; and a diverse effector
N-terminal domain, such as the caspase recruitment domain (CARD),
the pyrin domain (PYD), the acidic domain, or the baculovirus
inhibitor repeat (BIR) domain

@ PYD @@ NOD [ TR

flagellin sensing [35]. Both NLRC4 and NAIPS recognize
the same 35 amino acids of a peptide located in the
C-terminal DO domains of L. pneumophila and S. typhimu-
rium flagellins, distinct from the D1 domain sensed by
transmembrane TLRS [26]. However, NLRC4 inflamma-
some is also activated by certain bacteria such as S. flexneri
[31] and P. aeruginosa [33], independently of flagellin, via
still unknown agonists.

Thus, the recognition of PAMPs by transmembrane TLR
induces activation of anti-microbial innate immune
responses, inflammation, and adaptive immune responses
[4, 36]. Activation of NOD1 and NOD2 can result in
similar outcomes. On the other hand, NLRP1, NLRP3,
NLRC4, and NAIP5 proteins initiate inflammatory
response through caspase-1 activation, secretion of IL-1p,
IL-18 and IL-33 and induction of inflammatory form of
programmed cell death known as pyroptosis [9] (Fig. 1).

Different forms of cell death and their influence
on the outcome of immune responses

Besides the well-known distinctions between apoptosis and
necrosis, recent studies have uncovered additional cell-
death pathways with distinct roles in inflammation and host
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defense. Apoptosis is the best characterized form of cell
death, which is a programmed process regulated at
molecular levels by cysteinyl aspartate-specific proteases
called caspases (discussed in more detail in Schrader et. al.,
in this issue). Morphological features characteristic in
apoptosis include DNA and nuclear fragmentation, loss of
cell volume, formation of cytoplasmic and membrane
blebs, packaging of cellular contents and phosphatidylser-
ine externalization. More importantly, apoptotic cells are
rapidly removed by neighboring phagocytes without
causing inflammatory response.

In contrast to apoptosis, overwhelming stress induces an
uncontrolled process of cell death resulting in morpho-
logical changes capable of causing strong inflammation.
This form of cell death used to be known as necrosis (for
more information we refer to Van Herreweghe et. al., in
this issue). Necrotic cells increase their volume and per-
meability, maintain the uncondensed DNA content, and
lose their cellular contents including uric acid, adenine
triphosphate, purine metabolites, high-mobility group box
1 protein (HMGB-1), heat shock proteins (HSP) among
others, which activate immune cells. However, the
improvement in available technologies to evaluate cell
death and the current understanding of this field permit to
draw another scenario in which a caspase-independent
form of cell death with morphological features from
necrosis has been described as a molecularly regulated
process. RIP1, a death-domain-containing kinase associ-
ated with the death receptors seems to be dispensable for
the induction of death-receptor-mediated apoptosis [37],
but it is essential for this caspase-independent cell death,
suggesting the concept of a distinct mechanism of regu-
lated cell death from apoptosis [38, 39].

Among these polarized processes of cell death, other
pathways retaining morphological features from both
apoptosis and necrosis have been described. Pyroptosis is a
programmed cell death that uniquely depends on the
inflammatory caspase-1 activity [28]. Caspase-1 is not
involved in apoptosis but it is essential for maturation and
secretion of pro-inflammatory cytokines IL-1, IL-18, and
IL-33 [8]. On the other hand, inhibition or deficiency in
effector caspases involved in apoptosis does not rescue
cells from pyroptosis. Like apoptotic caspases, caspase-1 is
synthesized as an inactive pro-caspase and its cleavage and
activation occurs within the inflammasome oligomeric
structure [9]. Since inflammasome complexes comprise a
member from the NLR family that functions as a starter,
pyroptosis has been considered as an infection-induced cell
death. Besides being a caspase-regulated process like
apoptosis, pyroptosis has distinct outcomes for immune
response that might be explained by the morphological
changes induced by this pathway. Pyroptotic cells undergo
DNA fragmentation and nuclear condensation like

apoptotic cells but the most important feature of this pro-
cess is the secretion of inflammatory mediators, including
IL-1p, IL-18, and IL-33, which are responsible for the
inflammatory response that accompanies this form of cell
death.

Autophagy is another programmed process that might
culminate in cell death. In fact, autophagy is mainly a
protective process induced under stress conditions by
which cells engulf large portions of their own cytoplasm or
damaged organelles [40]. This pathway is essential for
nutrient recycling and toxic metabolite degradation, and
therefore important in maintaining cell viability under
starvation and stress conditions. However, when excessive,
autophagy culminates in cell death. Threonine serine
kinase mTOR is the molecular target responsible for the
regulation of autophagy machinery. In the absence of
nutrients or other cellular stress conditions, mTOR is
inhibited, inducing the process of autophagosome forma-
tion orchestrated by the ATG/Beclin proteins. VPS34 [a
class III phosphoinositide 3-kinase (PI3K)]/Beclin complex
initiates phagophore formation, a structure composed by
double membrane. Then, the Atg5/12/16 complex is
recruited to phagophore providing a docking site for LC3
(light chain 3)-II, the product of the second ubiquitin-like
system. The recruitment of LC3-II elongates the phago-
phores, inducing the appearance of a double membrane
organelle called an autophagosome, which fuses with
lysosome originating autolysosome that degrades ingested
cellular contents. Intense vacuolization is the major mor-
phological feature of autophagic cells that do not lose
membrane integrity. Therefore, contrary to pyroptosis and
necrosis, autophagy is a silent cell death process.

In this scenario, each of these cell-death pathways
possesses its own molecular machinery responsible for a
particular influence on the immune response. Emerging
evidence suggests that the influence of TLRs and NLRs in
all of these pathways might occur during infections, in an
independent fashion, or concomitantly. Since the result of
cell death is not always positive for the host, an under-
standing of the molecular mechanisms responsible for
determining the type of cell death after TLR and NLR
engagement is one of the major challenges in this field.

Influence of inflammasomes on infection control
through cell death

Inflammasomes, platforms that culminate in caspase-1
activation, are central in pyroptosis induction. Conversely,
TLRs seem not to be directly involved in the induction of
pyroptosis, since the known signaling pathways activated
by these proteins do not culminate in caspase-1 activation.
However, priming of macrophages with TLR agonists,
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such as LPS and Pam3CSK, can redirect cell death from
apoptosis towards pyroptosis during Yersinia pseudotu-
berculosis infection [41]. Since cell death by pyroptosis is
followed by pro-inflammatory cytokine secretion and cel-
lular contents release, this interaction between TLR and
NLR is an additional illustration of their synergism in order
to improve host resistance to infections. This inflammatory
process of cell death warrants the recruitment of effector
cells to the site of infection, thus contributing to pathogen
clearance. Moreover, by inducing pyroptosis during an
infection, the host could limit microbial dissemination
through the elimination of their niche. However, the idea of
pyroptotic cell death as an effector mechanism of the host
cell to control infections by itself is a matter of debate
[9, 28, 42].

By inducing caspase-1 activation, all known inflamma-
somes can induce pyroptosis, even though the
consequences for the host cell might be distinct in each
case. NLRP1b was reported to recognize anthrax lethal
toxin leading to caspase-1-mediated macrophage cell death
[23, 43]. However, the consequence of this cell death is
controversial. Despite the fact that the pyroptosis mimics
the toxic effect of anthrax lethal toxin, an important
function for the NLRP1b inflammasome in host defense is
suggested by the increased susceptibility to infection with
B. anthracis observed in mice with the Nirplb suscepti-
bility allele [44].

Listeria monocitocitogenes, Staphilococus aureus [10],
Saccharomyces cerevisae [20], Candida albicans [45, 46],
Influenza and Sendai viruses [18] have all been reported to
activate caspase-1 through NLPR3, suggesting an impor-
tant role for the NLRP3 inflammasome during bacterial,
viral, and fungal infections. However, there is no direct
evidence of NLRP3-mediated pyroptosis in the control of
these pathogens. Moreover, during Plasmodium chabaudi
adami [22] and Plamodium berghei ANKA [21] infections,
instead of parasite control, inflammatory response induced
by NLRP3 is implicated in the development of pathology
such as fever, body weight loss, cerebral malaria, and
mortality.

NLRC4-mediated caspase-1 activation has also been
linked to the induction of inflammation and pyroptosis. In
this case, pyroptosis seems to be involved in the macro-
phage clearance of some bacterial pathogens such as
Salmonella typhymurium [29, 30], Pseudomonas aerugin-
osa [47], and Shigella flexneri [31], since the absence of
NLRCH4 or caspase-1 renders macrophages resistant to cell
death and susceptible to infections. An effector role of
pyroptosis was also demonstrated to NAIPS5-dependent
control of Legionella pneumophila [27] in which macro-
phages from NAIP5 mutant mice (A/J) exhibited an
impaired caspase-1 activation followed by defective
pyroptosis and microbial control.

Besides this evidence, it is important to make it clear
that the direct contribution of pyroptosis to macrophage
microbicidal capacity is still restricted only to a few bac-
terial infections and its relevance in vivo is unknown at
present. Furthermore, the activation of NAIP5/NLRC4-
caspase-1 axis by flagellin induces other effector mecha-
nisms to restrict infections, such as phagosome maturation
leading to the inhibition of L. pneumophila replication
[34, 48] and the activation of inducible nitric oxide synthase
(iNOS) by bone marrow-derived (BMDM) and peritoneal
macrophages (Buzzo, CL and Bortoluci, KR; unpublished
data). NLRC4/NAIP5-caspase-1 seems to mediate the
maturation of L. pneumophila-containing phagosome
through caspase-7 activation [48]. BMDM from casp7 '~
mice are permissive to L. pneumophila replication, which
seems to be correlated with the reduced rate of lysosomal-
associated membrane protein-1 (LAMP-1) present in their
phagosomes. Importantly, caspase-1-induced cytokines,
IL-1f and IL-18, are not involved in this feature, since IL-
177/IL-187/~ BMDM are able to induce caspase-7 acti-
vation in response to L. pneumophila. Similarly, iNOS
activation induced by cytosolic flagellin is not inhibited in
the presence of neutralizing antibodies to IL-1f or IL-1R
(Buzzo, CL and Bortoluci, KR; unpublished data). Taken
together, these data suggest that the features mediated by
caspase-1, such as pyroptosis, pro-inflammatory cytokines
secretion, caspase-7, and iNOS activation could occur as
independent events that might assist with the clearance of
pathogens.

Autophagy in the host control of infections

Autophagy is a well-characterized process that protects
host cells from nutrient deprivation and other cellular
stresses. However, increasing evidence indicates the
potential of autophagy in controlling infections by direct-
ing intracellular or ingested pathogens to lysosomes
leading to their destruction [49]. Notably in this regard,
stimulation of macrophages with soluble TLR agonists
such as Pam3CSK4 (TLR1), Pam2CSK4 (TLR2),
poly(I:C) (TLR3), LPS (TLR4), flagellin (TLRS), MALP-2
(TLR6), ssRNA (TLR7) and CpG oligodeoxy nucleotides
(TLRY) was capable to enhance LC3II puncta inside
macrophages, increase LC3-I to LC3-II conversion and the
presence of double membrane-phagosomes, characteristics
of conventional autophagy [50, 51].

Despite the fact of all TLR ligands seem to have an
intrinsic capacity to induce autophagy, they do not all have
the same effect. Among them, TLR7 ligands are the most
potent inducers of autophagy, and the reason for its partic-
ular effect is still not clear [50]. Induction of autophagy
by TLRs involves the activation of both MyDS88 and
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TRIF-mediated pathways by a mechanism that has been
partially elucidated. TLR stimulation induces the interaction
of Beclin-1, a key inducer of autophagosome formation,
with MYD88 and TRIF adaptor molecules. This interaction,
in turn, dissociates Beclin-1 from anti-apoptotic proteins
Bcl-2 and Bcl-XL, thus leading to the induction of autoph-
agy [51].

In addition to the participation of TLR signaling in the
conventional autophagy, these proteins seem to mediate
another unconventional process involving autophagy
machinery named LC3-assisted phagocytosis (LAP) [52].
In LAP, the ingestion of cargos containing TLR ligands
such as zymozan particles or TLR agonists-coated beads,
but not inert ones, induces the rapid recruitment of LC3 to
the surface of the ingested phagosome. Importantly, these
LC3-positive phagosomes do not present the double
membrane that characterizes autophagosomes. Similar to
TLR-induced conventional autophagy, TLR-induced LAP
also results in an accelerated maturation of cargo-con-
taining phagosomes, therefore reducing opportunities for
microorganisms to subvert the phagosome and improving
macrophage control of infections [49].

The role of NLR in the induction of autophagy is not as
clear as TLR. It has been demonstrated that during Shigella

infection, macrophages can undergo autophagy [31]. Inter-
estingly, the induction of autophagy by Shigella requires the
same NLR member NLRC4 implicated in pyroptosis.
However, in this case, there is a regulatory cross-talk
between these two processes in which caspase-1 activation
inhibits autophagy. Moreover, LPS stimulation of macro-
phages deficient in Atgl6L1 (autophagy-related16-like 1), a
critical component of autophagic machinery, induces an
enhanced TRIF-dependent activation of caspase-1 resulting
in the secretion of high levels of IL-1§ [53]. Since the
enhanced production of IL-1f noted in Atgl6L1-deficient
macrophages requires both potassium efflux and the gener-
ation of reactive oxygen species, which activate NLRP3,
autophagy also could negatively regulate inflammasomes.
Despite the little data clarifying the pathways coordi-
nating TLR and NLR with autophagy, emerging evidence
supports the role of this process in host defense. Pathogens
capable of inhibiting the fusion of the phagosome to the
lysosome such as Mycobacterium tuberculosis and Toxo-
plasma gondii have been shown to be controlled by
autophagy [54-56]. Even for infections that efficiently
induce pyroptosis, the autophagic pathway seems to par-
ticipate. This is the case for Salmonella [57, 58],
Legionella [59], Listeria [60], and Francisella [61].

Live cell

Apoptosis

Autophagic death

Fig. 2 Proposed scheme for different forms of cell death. Apoptosis
and necrosis apparently are the most distinct forms of cells death.
Apoptosis is a strictly regulated process of cell death in which cells
undergo some modifications that permits their silent removal by
adjacent cells. These modifications include reduction of cell volume
and packaging of cellular contents, DNA and nuclear fragmentation,
formation of cytoplasmic and membrane blebs, and phosphatidylser-
ine externalization. In contrast, necrotic cells increase their volume
and lose the cell membrane integrity leading to the release of their
cellular contents and consequent inflammation. Note that necrotic
cells preserve the uncondensed DNA content. Autophagy and
pyroptosis could be seen as another polarized scheme of cell death,
since they have opposite consequences to the immune response. Like
necrosis, pyroptosis is a highly inflammatory process in which cells

Necrosis

Pyroptosis

also lose their cell membrane integrity. However, along with cellular
contents, pyroptotic cells secrete inflammatory cytokines such as IL-
18, IL-18, and IL-33. Interestingly, the nuclear modifications
observed during pyroptosis are similar to the DNA fragmentation
and nuclear condensation detected in apoptosis. Similarly to apop-
tosis, autophagy is another silent process by which cells can undergo
death. In this case, cells maintain the membrane integrity and exhibit
a profound vacuolization as a result of the double-membrane
composed autophagosome formation. Since autophagy and pyroptosis
share some molecular characteristics with both apoptosis and
necrosis, we inserted this new scheme in the middle of them.
Moreover, as TLR clearly modulate autophagy and inflammasomes
are the key inducers of pyroptosis, these two families of PRR are
represented in cells undergoing their respective forms of cell death
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However, many pieces of this complex network of effector
mechanisms against infections induced by PRR, especially
TLR and NLR, are still missing. A great challenge in this
scenario is to understand how the host—pathogen interac-
tion works to permit the predominant activation of a
particular effector mechanism.

Concluding remarks

The process by which host cells die has a specific impact
on the immune response. In addition to relatively well-
characterized apoptosis and necrosis, other forms of cell
death have recently gained importance. Moreover, the
families of PRR, TLR, and NLR seem to orchestrate many
aspects of innate immunity by inducing host cell death.
Taken together, the information discussed here suggests to
the following key points:

1. Autophagy and pyroptosis could be included in
another polarized scheme similar than apoptosis versus
necrosis, since they have opposite consequences to the
immune response. Moreover, this new scheme could
be inserted in the middle of the polarized apoptosis
versus necrosis, since they share some molecular
characteristic with both processes (Fig. 2).

2. The influence of TLRs on the induction of autophagy
is evident. On the other hand, cell death by pyroptosis
is orchestrated by inflammasomes, which seem to
negatively modulate autophagy. Since NLR are cyto-
solic sensors, many pathogens must possess virulent
factors that disrupt plasma membranes or phagosomes
to reach cell cytoplasm where they are detected by
these proteins. Then, we can speculate that inflamma-
somes are the sensors mainly for pathogenic
microorganisms. Consequently, the induction of
pyroptosis, a high inflammatory process of cell death
might be considered an aggressive response of the
innate immune system for these pathogens. Maybe
under less dangerous situations the activation of the
non-inflammatory autophagic machinery might lead to
a positive result for the host by controlling the
microorganism without cost of the cell loss.

3. Despite the evidence pointing to the contribution of
pyroptosis and autophagy to pathogen clearance, there
are still many missing pieces. Do these processes have
a role during in vivo infections? Is there an interaction
between these forms of cell death and between them
and other effector mechanisms such as ROIs and RNIs
generation, etc? What are the factors that permit the
prevalence of a particular effector mechanism against
infections? The answers for these questions might not
be so simple and easy but they bring more enthusiasm
to this fascinating innate immune universe.
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