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Abstract

NK cells are innate lymphoid cells that exert a key role in immune surveillance through the recognition and elimination
of transformed cells and viral, bacterial, and protozoan pathogen-infected cells without prior sensitization. Elucidating
when and how NK cell-induced intracellular microbial cell death functions in the resolution of infection and host
inflammation has been an important topic of investigation. NK cell activation requires the engagement of specific
activating, co-stimulatory, and inhibitory receptors which control positively and negatively their differentiation,
memory, and exhaustion. NK cells secrete diverse cytokines, including IFN-y, TNF-o/f, CD95/FasL, and TRAIL, as
well as cytoplasmic cytotoxic granules containing perforin, granulysin, and granzymes A and B. Paradoxically, NK cells
also kill other immune cells like macrophages, dendritic cells, and hyper-activated T cells, thus turning off self-immune
reactions. Here we first provide an overview of NK cell biology, and then we describe and discuss the life—death signals
that connect the microbial pathogen sensors to the inflammasomes and finally to cell death signaling pathways. We focus
on caspase-mediated cell death by apoptosis and pro-inflammatory and non-caspase-mediated cell death by necroptosis,
as well as inflammasome- and caspase-mediated pyroptosis.
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Thl polarization of CD4 T cells. In addition, the direct
cell-to-cell contact of NK cells with accessory cells such
as dendritic cells (DCs), neutrophils, macrophages,
mast cells, and epithelial cells, as well as B and T lym-
phocytes, is fundamental to their immune function.’ In
this context, NK cells and DCs directly influence each
other through the production of cytokines such as
IFN-y and/or type I IFNs. DC maturation and subse-
quent IL-12 production lead to the generation of highly
protective CD8 T cells. On the other hand, DC activa-
tion and production of IL-18 can prime NK cells and
increase their cytolytic effector function. However,
excessive amplification or inhibition of NK cells
immune response may have detrimental effects to the
host.® Indeed, the NK, accessory, and adaptive func-
tions of NK cells in some specific microbial and path-
ological conditions are not entirely understood.'>

Recent studies have demonstrated how dead cells
and their constituents are recognized and processed
by immune cells, such as phagocytes and DCs, leading
to innate and adaptive responses.” NK cells trigger
multiple interconnected molecular mechanisms for the
killing and elimination of pathogens and infected-host
cells. A variety of pathogen-associated factors called
PAMPs and infected cell-endogenous factors called
DAMPs (damaged-associated molecular patterns),
released by dying cells, activate intracellular innate
immune receptors called PRRs. Depending on the
immunogenicity of dying cells and their products, the
host responds to a weak or strong inflammation and/or
immunization.” Here we attempt to describe in more
detail how and when NK cells could potentially
regulate cell death pathways and differentially influ-
ence, positively and/or negatively, the host’s
immune defense.

We will first provide a short update on NK cell biol-
ogy. Next, we will describe the similarities and differ-
ences of the molecular mechanisms used for killing
intracellular virus, bacteria and parasites in host
infected cells. In the second part, we will describe the
interconnected signaling pathways that control pro-
grammed cell death via apoptosis, necroptosis and
pyroptosis along with how and when NK cells can con-
tribute to these processes. Finally, we will describe
some examples of how pathogen virulence factors
manipulate inflammasomes and cell death signaling
pathways to avoid immediate innate and late adaptive
host immune responses.

NK subtypes and functional properties

NK cells develop and begin maturation in the bone
marrow, then migrate and continue to mature in

peripheral tissues.®” NK precursor cells are also
found in the liver, thymus and Iymph nodes.
The transcription factors runt-related transcription
factor (RUNX3), T-bet, Eomes, and Blimp-1 play spe-
cific roles at distinct stages of NK cell development and
maturation, whereas STATI1, STAT4, Zbtb32, and
AhR are examples of transcription factors that regulate
the different effector functions of NK cells."'*!" NK
cell precursors, upon stimulation with IL-15, differen-
tiate towards immature NK (iNK) and mature NK
(mNK) cells.!” Three distinct subsets of NK cells,
with respect to expression levels of CD56 glycoprotein
and CDI16 (the Fc receptor that binds the Fc portion of
Abs), have been identified (Table 1). Around 10% of
the NK cell population exhibit high levels of CD56 and
low or no expression of CDI16. The circulating
CDS6™EM CD16™#" "™, CD62L+ NK cell subset is
predominantly present in lymphoid nodes and sites of
infection and inflammation. In addition, it is a potent
producer of cytokines (mainly IFN-y). The canonical
CD56%™m™er CD16P°% Y NK cell subset is highly cyto-
toxic and comprises around 90% of the NK cell pop-
ulation. Tissue-resident NK cells predominately consist
of CD56°MEht CD16" e cells. NK cells expressing
CD56™81/CD16P°Y are normally present in a
low percentage of healthy individuals, but in an
increasing percentage in elderly people and individuals
infected by HIV and the human cytomegalovirus
(HCV).*1%13 Continuous maturation of peripheral
NK cells enables the formation of these heterogeneous
subsets with slight differences in the expression of
germ-line encoded activating and inhibitory receptors,
adhesion molecules, chemokines, cytokines, and
growth factor receptors in addition to key functional
capacities, as listed in Table 1.'>!*

Activation of NK cells is tightly regulated by the
expression of specific activating and inhibitory recep-
tors containing ITIM (immunoreceptor tyrosine-based
inhibition motif) and ITAM (immunoreceptor
tyrosine-based activation motif) molecules, which
serve as intracellular docking sites for members of the
spleen tyrosine kinase (SYK) and (-chain-associated
protein kinase of 70 kDa (ZAP-70) family. The NK
receptor families include the natural cytotoxicity recep-
tors (NCRs), which are integral type 1 transmembrane
proteins pertaining to the immunoglobulin-like super-
family receptors (KIRs). These KIRs bind to MHC
class I molecules (HLAs) in humans and the Ly49
(also known as KLRA) receptors in mice, encoded by
KLR genes located in the NK—gene complex (NKC)
locus on chromosome 6 in mice and on chromosome 12
in humans. Inhibitory KIR receptors such as KIR2DL,
KIR3DL, and CD94/NKG2A, among others, function
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Table I. Relative expression patterns of activating and inhibiting
receptors, differentiation markers, cytokines, chemokines, and
functional capabilities in NK cell subsets.

Receptors/markers/cytokines® CD56°8" CD56%™ CD56"%

Adhesion receptors

CD56/N-CAM +++ ++ -
CD57 - +++ +
LFA-1, -2, -3 — N 4
L-Selectin - +++ +
Activating receptors
CDI16/FcyRllla - +++ +
NKG2A +++ ++ +
NKG2C +++ ++ +
NKG2D ++ ++ ++
NKp30 +++ +++ ++
NKp44 - +++ -
NKp46 +++ ++ +
Inhibitory receptors
KIRs — —/+ +++
LILRBI + ++ +++
Siglec-7 +++ +++ -
LAMP-| +++ ++ —I+
Pore-forming proteins and proteases
Perforin —/+ ot 4
Granulysin — +++ +
Granzymes —/+ +++ +
Cathepsins — +++ -
Cytokine/chemokine/receptors
IL-2Ro +++ + -
IL-7Ra +++ - -
CXCRI - +++ ND
CXCR3 +++ +++ ND
CXCR4 +++ +++ ND
CXCL8 +++ ++ ND
GM-GSF +++ + +
TNF-o +++ + +
TNF-p +++ + ND
IFN-y +++ ++ +
IL-6 ++ + ND
IL-10 +++ + ND
IL-13 +++ + ND
CCL3 + + +
CCL4 + ++ +
CCL5 + ++ +
MIP-1o + ++ +
Biological activities
Cytotoxicity —/+ +++ —I+
Proliferation +++ +-+ +
Degranulation + +++ +
ADCC + +++ +
LAK + +++

*Relative expression levels and activities (graded as —/+, +, ++, or
+-++) were obtained from a compilation of results found in the litera-
ture.

ADCC: Ab-dependent cellular cytotoxicity, LAK: lymphokine-activat-
ed killer.

to detect self-MHC class I ligands (HLA-A, HLA-B,
HLA-C) in healthy cells.'*'> CD94/NKG2 (hetero-
dimers), a C-type lectin family receptor, is conserved
in both rodents and primates and recognizes
non-classical MHC 1 molecules such as HLA-E.
When inhibitory phosphorylated receptors interact
via ITIM molecules with cytosolic SHP-1 and SHP-2
tyrosine phosphatases, the downstream signaling path-
way is inhibited. KIRs and their cognate MHC class 1
ligands are critical for the educating or licensing pro-
cesses by which NK cells achieve self-tolerance.® Thus,
they exert dominant inhibitory effects on NK cells and,
in their absence, NK cells promote the killing of
target cells.

NKG2D, DNAM-1, NKp46/NCRI1 (mouse/
human), NKp44/NCR2 (human), and NKp30/NCR3
(human) are members of the NCR family of germ-line
encoded genes. NCRs interact, via ITAM molecules,
with ZAP-70 and SYK, or other protein kinases, to
initiate downstream signaling.'*'> Molecules associat-
ed with infection, transformation, or DNA damage can
bind and activate these receptors NKG2D is a NCR
receptor expressed on the surface of all NK cells as well
as cytotoxic CD8+ T and 96 T cells. MICA/MICB
(humans), RAEI family (rodents), ULBP-1, -2 and -3
(only in humans) are proteins expressed on the surface
of stressed, malignant, transformed, and infected cells
that bind to the NKG2D receptor and activate NK
cells.'>!> NKp44/NCR?2 is induced upon activation of
resting NK cells with IL-2 and can bind to viral hemag-
glutinins. NK cells interact with DCs via NKp30/
NCR3 and this may result in down-regulation of NK
activating receptors upon their death.’

NK cell-mediated immune responses are also con-
trolled by immune checkpoint molecules, which are
also present in cytotoxic T cells.'®!” The expression
of the cytotoxic T lymphocyte associated antigen 4
(CTLA4), programmed cell death protein receptor
(PDCDI1 or PD-1), TIM-3, lymphocyte-activation
gene 3 (LAG3), TIGIT, and B and T lymphocyte atten-
uvator (BTLA/CD272) receptors and their cognate
ligands triggers immunosuppressive signaling pathways
to prevent excessive activation of T cell cytotoxicity
activity.'®!” Various mAbs that block these receptors
or their ligands have been successfully used to restore T
cell cytotoxic activity and promote a potent immune
response in patients with advanced cancers.'’
Inhibition of these receptors may enhance the efficacy
of antiviral and cancer therapies.'®!? With this idea,
one clinical trial is underway to evaluate if pembrozi-
lumab, an inhibitor of the PD-1 pathway, can restore
cytotoxicity to exhausted PD-1 expressing NK cells.?°
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NK cell exhaustion is caused by different factors
including chronic exposure to endogenous or foreign
antigens; this can lead to cell death, hypoxia and met-
abolic deprivation of essential amino acids.'®*'** The
expression of different, multiple combinations of KIR
receptors has also been associated with NK dysfunc-
tion or exhaustion.?'** Clinical studies in patients with
acute myeloid leukemia have suggested that the lack of
response due to down-regulation in the expression of
activating receptors NKp46/NCR1, NKp30/NCR3,
CD226, 2B4, CD94/NKG2C, and NKG2D was
caused by NK cell exhaustion.”® This dysfunction
could not be overcome with an up-regulation in their
ligands MICA and MICB.?* Posttranslational altera-
tions can also decrease the affinity of MICA for
NKGD2, blocking the activation signaling triggered
by this receptor.”> In addition, CD4"CD25"Foxp3™"
regulatory T cells (Treg) and myeloid-derived suppres-
sor cells (MDSCs) as well as their products TGF-p,
prostaglandin E2 (PGE2), or indoleamine 2,3-dioxyge-
nase (IDO) contribute to maintaining a highly suppres-
sive environment that limits NK cell activities. Treg
cells are able to inhibit NKG2D expression leading to
NK cell activation failure.”® MDSCs induced by the
hepatitis C virus inhibit the release of IFN-y by NK
cells via the arginase-1 dependent mechanism.?’

Repeated TCR stimulation leads to activation-
induced cell death (AICD), a well-known mechanism
for the regulation of T cell homeostasis.”® Recent stud-
ies have demonstrated that activated T cells are elimi-
nated by necroptosis and not apoptosis.”® Exhausted
NK cells may undergo cell death after repeated Ag
stimulation, but this has not been established yet.?
Another mechanism that can lead to the inhibition of
NK cell-mediated cytotoxicity is split anergy, defined
as the cellular responses mediated by NK cells after
engagement with target cells within a tumor or inflam-
matory microenvironment.? These anergized or regu-
latory NK (NKreg) cells are characterized by the
CD16 /9mCD56%™*CD69" phenotype, and, despite
the low cytotoxicity activity, NKreg cells have
increased cytokine production and promote the differ-
entiation of stem cells and cancer stem cells.*

NK cytotoxicity can be triggered by IgG1 Abs that
recognize with high-affinity cell surface Ags in tumor
and infected cells via a mechanism known as Ab-
dependent cellular cytotoxicity (ADCC).*! Three clas-
ses of receptors that recognize the Fc portion of the
IgG Ab (FcyR) have been identified.*® They can acti-
vate or inhibit the effector function of the immune
cells.’> Human NK cells can express FcyRIlc
(CD32c) and FcyRIlla (CDl16a), which is highly
expressed in the CD56%™/CD16" NK subset.>
FcyRIIla usually associates with FceRI-y chains or
CD3-{ chains to activate distinct cellular signaling

pathways, including NF-xB, PI3K, and ERK via a
tyrosine based activating motif (ITAM) phosphoryla-
tion, leading to NK degranulation, cytokine produc-
tion and cell death.?' In HIV positive patients, Chung
et al. have demonstrated that ADCC responses are pre-
sent in NK cells after exposure to gpl140 Env or HIV
peptide pool proteins, although no correlation with dis-
ease progression was observed.*® In cancers, ADCC
has been used as a part of the antitumor immune
response with mAbs, improving their efficacy by block-
ing ligand binding and cell signaling inhibition.?**!
Considerable efforts have been made toward identi-
fying the phenotypic and functional features of
memory NK cells.***> A subset of NK cells expressing
the activating Ly49H receptor have been found to
acquire memory-like or adaptive immune features
that mediate a recall response following cytomegalovi-
rus (CMV) infection in mice.*® Infection with CMV in
humans is associated with expansions in potential
memory NK cell subsets expressing NKG2C or self-
specific inhibitory KIRs.*” NK cell memory for
CMV infection is induced by IL-12, and requires
microRNA-155 expression.*®*** Exposure of human
NK cells to IL-12, IL-15, and IL-18 causes stable
demethylation of the IFNG locus regulatory region
suggesting that epigenetic imprinting and not gene
rearrangement is responsible for NK cell memory.**%

NK cells activate multiple molecular
pathways to control intracellular viral,
bacterial, and protozoal infections

NK cells can be activated directly by pathogens, includ-
ing influenza virus, immunodeficiency virus, bacteria
and protozoan after binding to specific surface recep-
tors or cytokine receptors (Figure 1).>'*4° NK cell acti-
vation depends on direct contact with accessory cells,
including DCs, monocytes and macrophages. These
cells provide cytokines such as IL-1, IL-2, IL-12,
IL-15, IL-18, IL-21, and type I IFNs, which are key
factors necessary for their proliferation, complete acti-
vation, and effector function.>'**" Activated NK cells
initiate the production of IFN-y, cytotoxic cytokines
TNF-o/f5, CD95/FasL, and TRAIL/Apo2L (TNF-
related apoptosis-inducing ligand) and small cytotoxic
granules in their cytoplasm.

NK cell recognition of host infected cells occurs
through immunological synapse formation which is
mediated by mobilization, fusion and delivery of exo-
cytic granules (Figure 1).*** Cytotoxic granules are
acidic secretory lysosomes (pH = 5) that contain the
death effector proteins perforin (PFN), granzymes
(Gzms), and granulysin (GNLY), in addition to lyso-
somal associated membrane glycoproteins, such as
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Figure I. NK cell-mediated signaling pathways to intracellular pathogen and infected cell death. The formation of immunological
synapse between a NK cell and the target cell occurs upon identification of specific self-deficiencies by an array of either paired
activating (AR) or inhibitory membrane receptors (IR) and their ligands. NK cells release cytotoxic granules containing the pore-
forming protein perforin, granulysin and serine proteases known as granzymes. Granzymes promote the cleavage and activation of a
family of protease known as caspases. Caspases promote proteolytic cleavage of cellular substrates leading to apoptosis. Alternatively,
the assembly of the channels and pores formed by MLKL and GSDMD promote the exchange of Ca*", Na*, and K ions that
contribute to osmotic perturbation and ultimately cell death by necroptosis or pyroptosis, respectively. Infected cells may die by
autophagy, which is a process that can inhibit or activate programmed cell death. Finally, sustained expression and activation of IRs
promotes NK cell exhaustion whereas over-activation of ARs leads to activation-induced cell death (AICD). Concomitantly, survival
NK cell clones expand to make a memory repertoire of NK cells for a specific pathogen. Extracellular and intracellular pathogens or
their products (PAMPs and DAMPs) activate the inflammasome signaling pathways and production of pro-inflammatory cytokine IL-1
and IL-18. Production of the immune suppressive cytokines TGF-f; and IL-10 and indoleamine 2,3-dioxygenase (IDO) abolish NK cell
activation and tissue damage.

Abbreviations: GM-CSF, granulocyte-macrophage CSF; CD95/FasL (Fas ligand); TRAIL, TNF-related apoptosis-inducing ligand; TNFR,
TNF receptor; DAMPs, danger-associated molecular patterns; MLKL, mixed lineage kinase domain-like; GSDMD, gasdermin D.

LAMP-1 (CD107a), LAMP-2, and LAMP-3, among
other membrane proteins.** PFN belongs to a family
of pore-forming proteins that share a domain with the
C9 complement protein.***> PFN monomers undergo
homopolymerization in a calcium-dependent manner
moving into the plasma membrane to produce
pores.**4¢47 Gzms are serine proteases delivered to
the target cell by PFN and contain a conserved His-
Asp-Ser catalytic triad in their active site. Gzms are
synthesized as pro-enzymes and become active after

processed by cathepsin C. There are five isoforms in
humans and the Gzm family members A, B, H, K
and M. They recognize and cleave hundreds of extra-
cellular and intracellular proteins.***"*® GNLY is pre-
sent in cytotoxic granules together with PFN and
Gzms. GNLY is produced as an inactive 15 kDa pro-
peptide that is processed in killer cell cytotoxic granules
to a 9 kDa peptide.*” GNLY itself possesses antiviral
and antimicrobial effects against a variety of pathogens
including bacteria, fungi, and parasites.
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The role of NK cells in controlling viral infections
was first recognized in 1999.°° Many viruses modify the
surface membrane of their host cells, leading to down-
regulation of MHC class I molecules or up-regulation
of host-derived, stress-related molecules that serve as a
target for infected cells by NK cells. For example,
expression of viral envelope proteins such as the influ-
enza virus hemagglutinins (H1-7) are recognized by
NKp30, NKp44, and NKp46 receptors which then
induce NK cell cytotoxicity. Co-stimulatory accessory
cell-derived signals contribute to NK activation and
control of viral infections.” Secretion of IFN-y by
NK cells increases the production of IFN-inducible
anti-viral proteins including dsSRNA-dependent protein
kinase (PKR) and IFN regulatory factors (IRF-1 to
-9). PKR induces apoptosis of viral infected cells medi-
ated by the elF2alpha NF-xB and p53 pathways.’!>
The transcription factor p53 induces the expression of
hundreds of genes simultaneously, including ATM
(ataxia-telangiectasia-mutated) and ATR (ataxia, and
rad3 related), which mediate DNA repair, cell-cycle
arrest, senescence, and apoptosis of target cells.
Nonetheless, many viruses have evolved strategies to
evade pS3-mediated apoptosis in order to increase
progeny virus production in infected cells.”

Recent in vitro and in vivo studies have shown that
NK cells can directly promote the killing of the
intracellular bacteria Listeria monocytogenes and
Mycobacterium tuberculosis,>* as well as the protozoan
parasites Trypanosoma cruzi, Toxoplasma gondii, and
Leishmania major.”>>° Walch and collaborators have
shown that GNLY delivers Gzms A and B into cytosol
of infected cell.>* These proteolytic enzymes generate
reactive oxygen species (ROS) to trigger rapid death of
aerobic Escherichia coli.>* Gzm A cleaves various intra-
cellular proteins, including electron transport chain
(ETC) complex I proteins, which leads to the genera-
tion of superoxide anions and peroxide.”” In addition,
Gzm B promotes the degradation of multiple ribosom-
al proteins, including aminoacyl tRNA synthetases,
ribosome-associated chaperone trigger factor, heat
shock protein DnaK, and chaperonin GroEL.’® Thus,
NK cells delivery of Gzms leads to the inactivation of
multiple proteins involved in the cellular oxidative
stress defense as well as biosynthetic and metabolic
pathways of the intracellular pathogens.>*>°

Gzm B is known to activate the classical caspase-
dependent apoptotic pathway in mammalian cells.*
HeLa cells infected with intracellular L. monocytogenes
are killed by the cooperative actions of Gzm A and B,
GNLY and PFN; however, death occurs independently
of caspase activation.®® Huang et al. generated a
human GNLY expressing transgenic mouse strain to
evaluate the role of NK and CD8+T cells in tumor
rejection.”® The authors demonstrated that GNLY

mice showed improved survival rates in an experimen-
tal lymphoma model in relation to wild type controls.>®
As expected, Walch et al. showed that GNLY trans-
genic mice had a reduced intracellular L. monocyto-
genes load when compared to wild type mice.”* The
in vivo cytotoxic effect of GNLY was not observed in
transgenic mice deficient of PrfI gene.

NK cells also kill T. cruzi, T. gondii, and L. major
which are obligate intracellular parasites.”> PFN is nec-
essary for GNLY and Gzm mediated protozoan
death.>® Dying cells displayed apoptosis-like features,
including increased production of mitochondrial super-
oxide radicals, DNA damage, mitochondrial outer
membrane breaks, blebbing, as well as phosphatidyl-
serine exposure and chromatin condensation in para-
sites and dead cells. Again, all these events were
independent of intracellular caspase activation.>
Mice genetically engineered to express human GNLY
gene in NK cells and CD8+ T cells™® were also partially
protected from lethal infection by 7. cruzi and
T. gondii.>

NK cells also play a relevant role in combating
fungal infections in vivo.”® Different fungal species
can be recognized and eliminated by NK cells,
although the specific receptors involved in this recog-
nition remains poorly understood. Li et al. have dem-
onstrated that the NKp30 receptor is essential for
identification and elimination of C. neoformans. In
addition, the decreased NK cell cytotoxicity in HIV
infected patients against fungi is dependent on the
NKp30 receptor and can be restored with IL-12.
NKp46 (human) or NCR1 (mouse) recognize the C.
glabrata virulence protein as Epal, Epa6, and Epa7
in order to clear fungal infections in vivo.®

NK cells modulate cell death pathways
and inflammasome activation in
microbial infected cells

Host cells have a variety of ways to deal with a wide
range of pathogens that cause intracellular infection,
including bacteria, viruses, fungi and protozoa. The
death of professional phagocytes, like macrophage,
monocytes and DCs and neutrophils, are considered
a defense mechanism against infection.®' Dying cells
stimulate an inflammatory response (sterile or non-
sterile) with broad biological impact on the host’s path-
ophysiological response.®'**> Apoptosis, necroptosis,
pyroptosis, netosis, efferocytosis, and autophagic cell
death are distinct cell death processes that cooperate
in the presentation and clearance of various microbial
pathogens.®!-63°63
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We will now examine how and when NK cell-
induced microbial and infected cell death could help
innate and adaptive immune cell responses.

Apoptosis is the major cell death that depends on
the activity of the cysteine aspartyl proteases of the
caspase family.®® Apoptosis is triggered by two distinct
signaling pathways, the extrinsic pathway and the
intrinsic pathway.®® The intrinsic pathway is mediated
by cytotoxic cytokines TNF-o, TRAIL, and CD95/
FasL after their interaction with specific membrane
receptors. It is followed by the formation of a large
structure called DISC (death-inducing signaling com-
plex) containing TNFR-associated death domain
(TRADD), RIPK1 (the receptor-interacting protein
kinase 1), cellular inhibitor of apoptosis 1 (cIAP1),
clAP2, FLIP (Flice-like inhibitory protein), TNFR-
associated factor 2 (TRAF2) and TRAFS, and an
apical, either procaspase-8 or -10.°® Caspase-8 cleaves
and activates the executioner procaspase-3, -6, and -7,
which in turn cleave and activate or inactivate
hundreds of cellular proteins, leading to the morpho-
logical and biochemical features of the apoptotic
process.53:66:67

The intrinsic pathway of apoptosis is controlled by a
relative abundance of BCL-2 (B cell lymphoma) family
proteins in which anti-apoptotic member BCL-2, BCL-
XL, MCL-1, and other members prevent the release
and/or activation of the pro-apoptotic proteins BAX
(BCL2 Associated X) and BAK (BCL2-antagonist/
killer 1). Once released, BAX and BAK take part in
the molecular composition of multi-complex mem-
brane pores leading to inner and outer mitochondrial
permeabilization and the release of cytochrome ¢ which
catalyzes the cleavage and activation of initiator pro-
caspase 9/apaf-1 complex.®® Caspase 9 promotes the
cleavage and activation of executioner procaspase-3,
-6, and -7, which act together to promote
apoptosis.®366-¢7

Necroptotic cell death is triggered by ligands of the
TNF family of receptors, TLRs, TCR, DAI/ZBP1/
DML-1 (DNA-dependent activator of IFN-regulatory
factors), and IFN receptors. Necroptosis does not
depend directly on caspases and is negatively regulated
by caspase-8, FLIP, and inhibitors of apoptosis pro-
teins (IAPs).%*7% Necroptosis was originally charac-
terized in cells treated with the pan-caspase inhibitor
Z-VAD-fmk.”! Caspase-8 inhibits necroptosis via
cleavage of the RIPK1 at Asp324. However, when
caspase-8 is inhibited or eliminated, un-cleaved
RIPK1 interacts and oligomerizes with RIPK3 through
their respective RIP homotypic interaction motifs
(RHIMs). This leads to the assembly of a large,
signal-induced  multiprotein ~ complex  named
necrosome.’> RIPK3 promotes the phosphorylation
and activation of mixed lineage kinase domain-like

protein (MLKL) at Thr357 and Ser358.”> MLKL
binds the inner membrane phospholipids, particularly
phosphoinositides and cardiolipin. The N-terminal
coiled-coil domain of MLKL folds into four-helix bun-
dles, and these bundles form transmembrane pores
allow the exchange of Nat, CI™, and K".”* Increases
in the osmotic concentration and cell swelling cause
them to burst and die.

Pyroptosis is a programmed inflammatory cell death
that occurs in macrophages and DCs infected with
intracellular bacterial pathogens such as Salmonella
typhimurium, Francisella tularensis, and Bacillus
anthracis.”*’® A genetic screen with ethyl-N-nitro-
sourea (ENU) mutant mice revealed that the gasdermin
D genes (GSDMD) act as critical mediators of host
response to excessive LPS and Gram-negative bacterial
infection.”” GSDMD is a member of the gasdermin
family of conversed proteins which include gasdermin
A, B, C, D, E (DFNA5) and DFNB59.”® GSDMD was
recently discovered as one substrate of pro-
inflammatory caspases-1, -4, -5, and -11.7376.79°81 The
cleavage of GSDMD releases its N-terminal domain
from the inhibitory C terminal domain.’> GSDMD-
N-terminal domain displays an «-helix structure that
interacts with cardiolipin or phosphorylated head
groups (phosphatidylinositol phosphates PIP1 and
PIP2) of inner leaflet of plasma membrane of infected
cells, forming non-selective permeable pores.®
Permeabilization of the endoplasmic reticulum allows
Ca’" release and activation of endonucleases leading to
nuclear condensation and DNA fragmentation.”®-5-83
GSDME (also known as DFNAS, deafness, autosomal
dominant 5) is cleaved and activated specifically by
caspase-3, but, in this case, the cells die by pyroptosis.®*
More importantly, overexpression of the N domain of
all members of the gasdermin family is capable of trig-
gering pyroptosis in many types of mammalian
cells.®*3% It is interesting that GSDMD itself is an anti-
microbial peptide and can kill bacteria within the cyto-
sol as well as free-bacteria outside of cells.®

There is no clear evidence that pyroptosis kills intra-
cellular bacteria in vivo, thus suggesting that other
mechanisms are required for intracellular clearance of
infections.®"”* Previous studies have shown that pyrop-
tosis causes intracellular bacteria to escape to the extra-
cellular  environment, thereby allowing their
destruction via neutrophils, antimicrobial peptides,
Ab immune complexes and complement system.’*7>%
Neutrophils kill free pathogens through the release of
extracellular traps (NETs) and pore-induced intracellu-
lar traps (PITs), which are formed by a meshwork of
chromatin fibers, proteases, and antimicrobial
peptides.”+83

NK cells induce apoptosis of infected cells by either
the extracellular release of cytotoxic cytokines or the
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intracellular release of cytotoxic granules containing
Gzm A and B, GNLY, and PFN.*7%8¢ PEN pores
allow the translocation of Gzms A and B into targeted
cells.*”®® Gzms A and B promote direct cleavage and
activation of caspase-3, -7, -8, and -10. Gzms A and B
also promote the cleavage of BID, leading to the
release of cytochrome ¢ from mitochondria, initiating
the intrinsic pathway of apoptosis. The combination of
recombinant Gzm A with PFN induces a new form of
cell death, which has many of the features of apoptosis,
but is independent of caspase activation.®® Gzms A and
B can also cleave many intracellular and extracellular
proteins, including cell surface receptors and extracel-
lular matrix (ECM) components.®®® Mutations in
PFN locus at 10g22 disrupt normal PFN levels
contributing to the development of the fatal human
hyper-inflammatory disease designated familial hemo-
phagocytic lymphohistiocystosis.*> Gzm B-deficient
mice are as resistant to infection by the poxvirus and
herpes simplex virus as wild type mice, whereas Gzm
A-deficient mice are highly susceptible to these
viruses,*>57-48

GNLY is a membrane-perturbing saposin-like pro-
tein which causes lipid degradation.***® Human CTLs
and NK cells produce the largest GNLY precursor of
15 kDa and a shorter form of 9 kDa. Both molecules
show the highest amount of activity against cancer
cells.”’*2 GNLY activates an apoptosis cell death path-
way that is distinct from those induced by CD95/FasL
or Gzms.”* Caspase 3, but not caspase 9, is processed in
GNLY treated cells. NK cells expressing GNLY
(whole protein) induce endoplasmatic reticulum (ER)
damage and activation of caspase-7, which in turn acti-
vates caspase-12.”> On the other hand, the recombinant
9 kDa form of GNLY promotes mitochondrial damage
through activation of caspase-3, -7, and -9.%% Diversely,
the GNLY 15 kDa form is able to activate monocytes
and cause their differentiation into immature DCs.”***
It has been demonstrated that pores formed by GNLY
molecules promote Ca’" and K' ion translocation
which activates the intracellular signal pathway for
DC activation and maturation.’®”* Transgenic mice
expressing human GNLY in T and NK cells respond
normally to infection.>® However, they are much more
resistant to lethal doses of bacteria, fungi and parasite
infection, including M. tuberculosis, when compared to
wild type mice.” Thus, these two GNLY isoforms have
major implications in the control of intracellular path-
ogen infection. It is important to mention here that the
role of NK cells in pyroptosis is very limited and
require further investigation.

Apoptosis is characterized by nuclear shrinkage,
plasma membrane blebbing and formation of apoptotic
bodies.”>®” A hallmark of apoptotic cells is their
engulfment by phagocytic cells. Apoptotic cells release

soluble “find me”, “catch me,” and “eat me” molecules,
which are distinct molecules that attract phagocytes
that help with their fast removal.”” Apoptotic bodies
containing microbial debris are engulfed by monocytes
and macrophages, leading to rapid degradation of both
the apoptotic cell and the intracellular pathogen, a pro-
cess referred to as efferocytosis.”® The process is
highly regulated and begins with the exposure to phos-
phatidylserine (find me) and terminates with macro-
phage engulfment (eat me) of the dying cell.”®"’
Macrophages increase the synthesis of IL-10 and
TGF-p, which participate in the resolution of inflam-
mation. However, apoptotic cells that were not
rapidly efferocytosed acquire a cell phenotype related
to that of necrosis which can lead to a pro-
inflammatory response.’®

Fundamental differences exist in the plasma mem-
brane permeability of pyroptotic and necroptotic
cells.®*72979 pyroptotic and necroptotic cells elicit an
inflammatory response thought the release PAMPs and
DAMPs and other endogenous danger factors through
plasma membrane pores. A variety of DAMPs have
been identified with potential pro-inflammatory activi-
ty. The best studied are ATP, HM GBI, heat-shock pro-
teins, uric acid, single-stranded RNA, genomic DNA,
and IL-1a. These molecules are recognized by PRRs,
including TLRs, NLRs, RIG-I-like receptors (RLRs),
and AIM2-like receptors (ALRs). These distinct
families of sensors are found on the plasma membrane,
cytoplasm and endosomes of epithelial cells in tissues
with mucosal surfaces and in immune cells of the mye-
loid lineage.'*'°!

Extracellular and intracellular PAMPs and DAMPs
are also recognized by the inflammasome-associated
molecules which act as specific sensors and effectors
that activate immune responses.'°® ' The inflamma-
some multiprotein complexes are organized under the
scaffold of NLR family proteins, including ALR
proteins, pyrin domain-containing 3 (NLRP3),
CARD-containing 4 (NLRC4), and pyrin and the
IFN-inducible p200-protein IFI116, which share a pro-
tein—protein interaction pyrin domain (PYD) in the
N-terminus region.®"'° Pyrin is able to find bacterial
modifications induced by Rho GTPases, mainly gluco-
sylation, adenylylation, ADP-ribosylation, and deami-
dation.'® Specifically, these complexes detect the
contamination in the cytosol by foreign DNA, bacterial
flagellin, type 3 secretion system (T3SS) needle and rod
subunits, crystalline structures, toxins and cellular per-
turbations. RIG-I and MDA-5 helicases and AIM2
and IFI16 are RNA and DNA sensors that initiate
transcription of type I IFNs via STING (stimulator
of IFN genes). IF116 detects intracellular HIV viral
nucleic acids in CD4+ cells.'”® Certain inflammasome
are activated directly by oxidative free radicals and K*
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efflux either through potassium channels (P2Xs 1-7),
hemichannels pannexin-1 or various bacterial pore-
forming toxins, including T3SS.'%%1%3

Macrophages and DCs require at least two signals for
activation; the first drives the synthesis of both pro-IL-
1-f and pro-IL-18, and the second drives the assembly
of one specific inflammasome.'**'°> The most intensely
studied complex of the inflammasome is formed by the
NLR family member NLRP3 and the adapter protein
ASC (apoptosis-associated speck-like protein). ASC
contains a CARD domain and an N-terminal pyrin
domain (PYD) that allows its interaction with one
NLR or ALR member and the pro-caspase-1 protein.
This interaction drives the intermolecular cleavage and
enzymatic activation of caspase-1. Caspase-1 promotes
the cleavage of pro-inflammatory cytokines IL-1f and
IL-18, which are then released from secretory lysosomes
or through cellular membrane leakage.'%*'*!% Murine
caspase-11 and its human homologs’ caspase-4 and -5
are activated directly by the binding of bacterial LPS
that enter the cytosol of the host cells.”>5%17
Macrophages from caspase-11 knockout mice normally
secrete IL-1f in response to ATP and monosodium
urate, indicating that caspase-11 activates a non-
canonical inflammasome pathway.'*” Caspase-11 is crit-
ical for the host’s systemic lethal sepsis. Transgenic mice
deficient of caspase-1, -11, and -12 are all resistant to
LPS-induced shock.

NK activation also enhances the production of pro-
inflammatory cytokines through the release of Gzms.®
Gzm A released in the extracellular space can re-enter
and promote the activation of macrophages and pro-
duction of IL-14.3¢' Gzm B can cleave both human
and mouse IL-10."" However, Gzm B itself does not
cleave IL-1f or IL-18.'" Wild type mice or mice defi-
cient of the Gzm B gene are resistant to viruses, but
mice deficient of Gzm A are highly susceptible to pox-
viruses and herpes simplex virus infection.''”

The different inflammasome platforms have redun-
dant roles during infection and their activation can be
modulated specifically by many bacterial and virus vir-
ulence factors.'”’ For example, Yersinia enterocolitica
YopE, YopK, and YopT proteins inhibit caspase-1
activation and prevent secretion of mature IL-1f or
IL-18 and pyroptosis.''" However, YopJ induces
rapid macrophage cell death through regulation of
the caspase-8, RIPK1, and RIPK3 signaling path-
ways.''? Pseudomonas aeruginosa, through the viru-
lence factor called exoenzyme (ExoU) and
phospholipase, can block inflammasome-mediated cas-
pase-1 activation. Similarly, viruses can either acceler-
ate or inhibit apoptosis cell death pathways. The
COWpox virus protein cytokine response modifier A
(CrmA) is one of many viral coding natural caspase
inhibitors that acts as a pseudo substrate and inhibits

caspase-1, -6, and -8.'° Vaccinia virus also expresses
potent apoptosis inhibitors that block caspases as well
as the BCL-2 protein family.'"?

Apoptosis and necroptosis cell death pathways are
interconnected by the axis formed by pro-caspase-8,
RIPK-1, and RIPK-3.63100-114115 The gpecific role of
necroptosis in resolving bacterial infection is not well
established, but its participation in the control of viral
infection is well defined.”*?”!'® RIP1 is the molecular
target for certain viruses to impair the necroptosis cell
death defense initiated by dsRNA through TLR3.%!
The murine cytomegalovirus M45 protein interacts
directly with RIPK-1 and RIPK-3 via RHIM to sup-
press cell death. HSV can also manipulate
caspase-8-induced apoptosis and RIP3-induced nec-
roptosis.' "' HSV and many other pathogenic viruses
suppress apoptotic response via the production of the
anti-apoptotic viral proteins gD, gJ, Us3, and latency-
associated transcript (LAT). Nonetheless many viruses
use apoptotic caspase activity to facilitate their own
proliferation.''¢

Pyroptosis and apoptosis pathways are linked via a
direct interplay between the inflammatory and apopto-
tic caspases. GSDMD cleavage by caspase-1, -4/-5,
and/or caspase-11 at D276 in a linker between the
N-terminal and C-terminal domains of GSDMD is
essential for the induction of pyroptosis.®® Two recent
studies have shown that the cleavage site for caspase-3
and 7 in GSDMD is also located between the N-and
C-terminal domains.'"®!"” In these studies, the authors
used DPP8 and DPP9 (DPP8/9), two non-selective
inhibitors of the S9 cytosolic serine peptides, and
potent immune and anti-cancer agents in vivo.''® As
shown in this research, treatment with DPP8/9 inhib-
itors increases the production of caspase-1 that cleaves
GSDMD thereby inducing pyroptotic cell death in
murine and human monocytes and macrophages.''s!!°
In addition, the authors showed that caspase-1 directly
cleaves caspase-3 and -7 thus delaying the onset of apo-
ptotic cell death. Notably, GSDMD molecules were
cleaved at the Asp275 site by caspase-1, and at Asp87
by caspase-3 and-7, as recognized by the presence of
p30 and p22 fragments, and a p43 fragment, respective-
ly. Therefore, the authors proposed that p43 fragments
promote the blockade of pyroptosis which is induced
by caspase-1 activation, thereby preventing an inflam-
matory response.' %119

In accordance with these studies, Lamkanfi et al.
have shown that the stimulation of macrophages with
LPS plus nigericin or their infection with S. typhimu-
rium and L. pneumophila can activate caspase-3 and
-7.12% They had also previously demonstrated that
caspase-3 and -7 induce apoptosis in macrophages defi-
cient of the Gsdmd gene.®' Therefore, these two cleav-
age sites in the GSDMD protein are now considered
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Figure 2. Caspases-mediated cleavage and the switch in programmed cell death signaling pathways. In response to pathogen invasion,
RIPK I is activated either directly, by ligation of the TNF receptor, or indirectly, by ligation of TLRs (via TRIF) or IFN receptors.
Cleavage of RIPKI| at Asp324 and RIPK3 at Asp328 by caspase-8 induces apoptosis. Inhibition of caspase-8 by chemical or viral
inhibitors leads to the formation of RIPK-1/RIPK-3 complex (necrosome). RIP3 phosphorylates its substrate MLKL and this event
drives MLKL oligomerization and translocation to the plasma membrane, leading to necroptosis. Silencing of RIPK| under both
normal and starvation conditions enhances autophagy. NK cells and cytotoxic lymphocytes (CTLs) deliver cytotoxic molecules,
including perforin, granulysin and granzymes (Gzm), into the cytosol of infected cells. Gzm B mediates the cleavage and activation of
caspase-3 and -7. Microbial pathogens and inflammatory agents or LPS via interaction cytosolic sensor proteins or with caspase -4, -5
and -1 1, can activate the canonical and non-canonical inflammasome pathways, respectively. Inflammasome complexes activate
caspase- |, which promotes the cleavage and activation of IL-1f and IL-18. In parallel, caspase-| cleaves the protein gasdermin-D
(GSDMD) at Asp275 to induce pyroptosis cell death events. If GSDMD is cleaved at Asp87 by caspase-3 or -7 pyroptosis events are

put on hold and cells switch to apoptosis.

checkpoints for controlling whether infected cells will
undergo pyroptosis or apoptosis (Figure 2). Thus, it
remains to be proven if these checkpoints ensure com-
plete and efficient elimination of microbes and infected
cells during pathological conditions.

Concluding remarks

In the last decade we have gained new insights into NK
cell biology through definition of the roles of the mul-
tiple transcription factors responsible for surface mem-
brane receptors and signaling pathways maturation,
education, memory, exhaustion, and cytotoxicity activ-
ity. Many more studies are needed to gain a more com-
plete understanding of how, when and which NK
activating and inhibitor receptors act in the NK-
mediated innate and long-lived (memory) adaptive
responses to viral, bacterial, and protozoal antigens.
This knowledge will help us to develop new strategies
for immunization via vaccines.

NK cells trigger various cell death signaling path-
ways to kill pathogens and host infected cells through
the release of cytokines, cytotoxic granules and

inflammasome-induced caspase activation and cyto-
kine synthesis (Figure 1). Apoptosis is a cell death pro-
gram dependent on caspase-8 with low inflammatory
response whereas necroptosis and pyroptosis are two
pro-inflammatory cell death programs which are
caspase-8-independent ~ and  caspase-1-dependent,
respectively. Type of cell death might positively or neg-
atively influence how the immune system cells will rec-
ognize and eliminate the intracellular pathogen during
infection. Reciprocal interaction of inflammasome-
dependent cell death and cytokines is likely to elicit
protective inflammation and resolution of certain infec-
tions. In vitro and in vivo studies have revealed that
many pathogens have evolved strategies to inhibit dif-
ferent types of cell death to stimulate their replication
and cause diseases.

Caspases act as key regulators of multiple signaling
nodes for cell death programs by apoptosis, necroptosis
and pyroptosis. Cleavages of RIPK 1 and RIPK3 by
caspase-8 works as a checkpoint control between apo-
ptosis and necroptosis. Meanwhile cleavage of
GSDMD by caspases -1, -11, -3, and -7 works as check-
point control and decision point between the
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pyroptotic and apoptotic cell death pathways
(Figure 2). On the other hand, inhibition of caspase-
8 may direct cells towards autophagic cell death.
Microbial factors may interfere in the regulation of
these events in infected cells and this seems to contrib-
ute to remarkable differences in host cell death and the
induction of different outcomes during one
immune response.

Future studies aimed at gaining a further under-
standing of when and how NK induces host cell
death and the killing of virus, bacteria, fungi and pro-
tozoan parasites may help us develop new strategies to
increase or limit our body’s self-defense during over-
whelming infection or sepsis.
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