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Abstract

Primary T cell immunodeficiency and HIV-infected patients are plagued by non-viral infections
caused by bacteria, fungi and parasites, suggesting an important and underappreciated role for T
lymphocytes in controlling microbes. Here we review recent studies showing that killer
lymphocytes use the antimicrobial cytotoxic granule pore-forming peptide granulysin, induced by
microbial exposure, to permeabilize cholesterol-poor microbial membranes and deliver
deathinducing granzymes into these pathogens. Granulysin and granzymes cause microptosis,
programmed cell death in microbes, by inducing reactive oxygen species and destroying microbial
antioxidant defenses and disrupting biosynthetic and central metabolism pathways required for
their survival, including protein synthesis, glycolysis and the Krebs cycle.
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Introduction

When killer lymphocytes recognize infected or cancerous cells, they release cytotoxic
granules that contain death-inducing proteins to cause programmed cell death that eliminates
the infected or transformed cell without causing undue bystander death or inflammation [1].
Killer lymphocytes are well known to protect against virus infection and cancer by releasing
cytotoxic granules and cytokines, including IFN-y and TNFa.. However, patients with
hereditary or acquired T cell immunodeficiency are highly susceptible to non-viral
infections caused by bacteria (such as mycobacteria), fungi and parasites, suggesting that T
lymphocytes might play an important role in microbial defense. NK cells respond
immediately to infection by recognizing common features of infected target cells, such as
perturbations of major histocompatibility protein expression or molecular signs of cellular
stress, as part of innate immunity. Most killer T cells, as part of the adaptive immune
response, only expand and become cytotoxic about a week after they first encounter target
cells. However, innate-like killer T cells (y8 T cells, NK T cells, mucosal associated
invariant T (MAIT) cells) that have restricted T cell receptors that recognize common
features of infected cells, including pathogenic lipids and microbial metabolites, are often
localized at barrier surfaces where infection enters the body. These killer cells may have
been activated by other infections or commensal organisms in the past and many (like NK
cells) are armed with cytotoxic proteins and stand ready for immediate defense against
infection.
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The cytotoxic granules of human killer cells contain two pore-forming proteins, perforin
(PFN) and granulysin (GNLY), and 5 death-inducing serine proteases, called granzymes
(granule enzyme (Gzm) A, B, H, K, M). PFN, a cholesterol-dependent cytolysin that is
active in cholesterolcontaining host cell membranes, delivers the other granule proteins into
cells, while GNLY is an antimicrobial peptide that is inhibited by cholesterol and much
more efficiently permeabilizes microbial than mammalian membranes (Figure 1). Together
these two pore-forming proteins can in principle disrupt any host cell or pathogen
membrane. GNLY is expressed by most mammals, but not rodents, which may be why it has
been largely ignored. Here we review recent studies that indicate an important role of GNLY
and killer cells in protection from bacteria, fungi and parasites.

Granulysin

GNLY was originally cloned as a late activation marker in T cells [2]. It is located on
chromosome 2 of humans, has 5 exons and encodes for a 15 kDa precursor protein that is
expressed only in killer cells (Figure 2). There is no evidence that the few common single
nucleotide polymorphisms in the promoter and coding regions of human GNLY affect
GNLY expression or function. No GNLY genetic deficiencies have been described. GNLY
belongs to the saposin-like protein (SAPLIP) [3] family that bind to lipid membranes, have a
common 4 a-helical structure with little amino acid homology, suggesting independent
evolution towards a common function. They include poreforming proteins in amoebae (that
kill phagocytosed bacteria) and vertebrate GNLY orthologs. Proteins with significant
homology to GNLY have been described throughout vertebrate evolution, but notably not in
rodents. Pore formation by these GNLY homologs, although likely, has only been
experimentally demonstrated for human, pig and cow GNLY.

GNLY expression is induced by T cell activation, common y-chain binding cytokines
(especially 1L-2, IL-15 and 1L-21) and exposure to bacteria and other microbes, consistent
with its postulated role in antimicrobial immunity [4]. GN/LY enhancer and promoter regions
and transcription factors that regulate its expression have not been mapped (except for a
Statb-binding site in a distal element presumed to be an enhancer [5]). The microbial
molecular components (PAMPs?) or their receptors (TLRs?) responsible for microbial
induction of GN/LY are also unknown. In one paper a small N-terminal lipopeptide from a
M. leprae lipoprotein stimulated dendritic cells to secrete IL-12 and induce GNLY
expression in cocultured T cells [6], suggesting that recognition of microbial PAMPs may
trigger GNLY expression. GNLY is highly expressed in killer cells in the skin and in
decidual NK cells (dNK) in the placenta during the first trimester of pregnancy, again
suggesting a role in protecting the barrier epithelia from infection [7-11].

GNLY is processed in killer cells by proteolytic removal of peptides from both the N- and C-
termini to generate a 9 kDa active pore-forming protein that retains helices 2 and 3. The 15
kDa inactive full length pro-peptide is 145 aa long with a 23 amino acid signal sequence,
while the active 9 kDa peptide is 74 aa long (from G63 to R136) (Figure 2). The 9 kDa
enzyme is only active at neutral pH. The processing enzymes or where processing occurs are
not known. Other cytolytic proteins are processed by cathepsins in cytotoxic granules and an
inhibitor of cytotoxic granule acidification blocks GNLY processing, suggesting that GNLY
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processing to its active form likely occurs in cytotoxic granules. Proteolytic activation and
storage of GNLY within acidic cytotoxic granules (which are maintained at a pH in which
GNLY is inactive) would protect the killer cell from GNLY’s toxic effects on membranes.
GNLY is largely confined to cytotoxic granules, although it can also be found in the cytosol
in very highly expressing cells, such as activated peripheral blood NK cells and decidual NK
cells in the placenta (A. Crespo, S. Mulik and J. Lieberman, unpublished data).

The molecular basis of GNLY pore formation is unclear. Like other cytotoxic granule
proteins, GNLY is cationic (predicted pl of 9 kDa active protein is 10.3). GNLY
permeabilizes liposomes that contain acidic phospholipids [12]. A patch of 4 basic Arg
residues between the two critical amphipathic alpha helices (Figure 2) is postulated to
mediate initial membrane binding and GNLY dimerization is also thought to be important in
pore formation. However, GNLY pores have not been visualized and the size of the
membrane channel and number of monomers that form the pore are not known. GNLY binds
to immobilized phosphatidylinositol phosphates, phosphatidylethanolamine and cardiolipin
[13] and is inhibited by cholesterol, which is abundant in eukaryotic plasma membranes. It is
not known how cholesterol inhibits GNLY membrane damage or facilitates pore formation
by cholesterol-dependent cytolysins (including bacterial toxins like perfringolysin or the
mammalian complement membrane attack complex or the cytotoxic granule pore-forming
protein perforin), but cholesterol decreases membrane fluidity. PFN binds to the same
membrane lipids as GNLY, but doesn’t bind to cardiolipin. Cardiolipin is present only on
mitochondrial and microbial (bacteria, fungi, parasites) membranes and could be especially
important for GNLY pore formation in microbial membranes (Figure 1). Since GNLY binds
to cardiolipin, if active GNLY leaks into the cytoplasm of Killer cells or once in the cytosol
of target cells under killer cell attack, it might also bind to and damage host cell
mitochondrial membranes since mitochondrial membranes resemble bacterial membranes
and are cholesterolpoor and rich in cardiolipin.

Granulysin in human health and disease

Killer cells that express high levels of GNLY, such as decidual NK cells, constitutively
secrete the active protein into culture medium (to levels of ~1 nM = 9 ng/ml). However, in
healthy donors GNLY in plasma is <10 ng/ml (2.5+0.2 ng/ml in one study [14]). The mean
level of serum GNLY in patients with acute, relapsed or chronic tuberculosis, an infection in
which GNLY is likely to have a role, was significantly lower than that in healthy donors, but
in some individuals was slightly elevated, but in all cases <10 ng/ml. In healthy donors, very
few circulating T cells stain above background for GNLY, even though a substantial minority
(~25%) are memory cells that stain for other granule proteins including PFN and GzmB.
However, small populations of circulating -y8 T cells and NK (usually <20%) stain for
GNLY, while virtually all NK cells and close to half of & T cells in the blood stain for PFN.
Thus, GNLY expression is more closely regulated than expression of other cytotoxic
proteins. In leprosy the expansion of CD8 T cells co-expressing GNLY, PFN and granzyme
B is linked to disease control; these antimicrobial CD8 T cells also express many NK cell
surface receptors and can be identified by staining for the activating receptor NKG2C [*15].
Similarly the subset of decidual NK cells that highly express GNLY, also express high levels
of GzmA, GzmB and PFN and NK receptors, including NKG2C. The inhibitory NK

Curr Opin Immunol. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dotiwala and Lieberman Page 5

receptors on decidual NK cells recognize HLA-C, E and G expressed by fetal trophoblasts,
which help maintain tolerance of fetal cells in the placenta [16]. In the skin in some
autoimmune and inflammatory conditions (alopecia areata, psoriasis), GNLY can be so
strongly induced that it can cause keratinocyte death, skin blistering and sloughing, serious
toxicity and even death (Figure 3)[9,10,17-20]. In patients who have severe drug reactions
(Stevens-Johnson Syndrome (SJS) and Toxic Epidermal Necrolysis (TEN)) GNLY can reach
concentrations of 50 pg/ml (~5 pM) in serum and blister fluids (in the same samples GzmB
levels are 1000-fold less). These are the highest levels of GNLY recorded in humans.

Why don’t rodents have GNLY?

It is unclear why rodents, but not other mammals, have deleted GNLY. We can only
speculate. A plausible explanation for why rodents deleted the GALY gene could be that
GNLY skin toxicity was too great a price to pay in exchange for better microbial protection.
Another possibility is that the exceedingly high levels of GNLY in decidual NK cells, which
might be increased even more during inflammation or infection, could lead to placental
damage and pregnancy loss under some conditions. Another possibility is that other
antimicrobial peptides, possibly produced by other types of cells, such as myeloid cells or
epithelial cells, might deliver Gzms or other proteases into microbes to kill intracellular or
cell-free microbes, providing a parallel pathway for anti-microbial defense.

Granulysin is an antimicrobial peptide that disrupts microbial membranes

Twenty years ago a pioneering paper showed that GNLY on its own kills a wide spectrum of
cell free bacteria, including Mycobacteria tuberculosis (MTB), 2 fungi (C. albicansand C.
neoformans) and a parasite (L. major) [21]. GNLY was found to cause blebbing of MTB
membranes and swelling of the periplasm by electron microscopy and to permeabilize
bacterial membranes [21-23]. Microbial killing required very high GNLY concentrations
(>1 uM) - a concentration that is rarely reached in extracellular fluids in vivo except in
severe, life-threatening skin reactions. It is currently unclear whether secreted GNLY, in
contrast to GNLY released from cytotoxic granules by Killer cells directly into immune
synapses, has any physiological antimicrobial role. Negligible numbers of macrophages
were killed even when incubated with 25 pM GNLY, suggesting that GNLY is selective for
microbial membranes (Figure 2C). However, GNLY can bind to cholesterolpoor lipid rafts in
mammalian cell membranes and is actively endocytosed into endosomes and can lyse
intracellular L/steriain phagosomes [24]. However, GNLY endocytosis does not kill the
mammalian cell [23]. Unlike perforin [25], endocytosed GNLY is unlikely to form pores
efficiently in endosomal membranes (which resemble the plasma membrane and contain
cholesterol) to get released into the target cell cytoplasm. In fact, killing of intracellular
Listeria is greatly enhanced in the presence of a sublytic concentration of PFN (not enough
to kill host cells on its own, but enough to deliver other cytotoxic granule proteins into cells)
[26]. Moreover, intracellular mycobacteria within macrophages are killed only if infected
cells are incubated with both PFN and GNLY [21].

Curr Opin Immunol. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dotiwala and Lieberman Page 6

Killer cells not only kill infected cells, but also reduce intracellular microbe

counts

The role of killer cells in defense against microbial pathogens was first studied for
mycobacteria. CD4 and CD8 killer T lymphocyte lines from healthy donors that are PPD
immunoreactive recognize and kill intracellular MTB via cytotoxic granule exocytosis
[27,28]. Infiltration of GNLY- expressing CD4 T cells that lyse M. leprae-pulsed
macrophages and reduce mycobacterial colony formation into tuberculoid leprosy lesions is
strongly correlated with localized disease [20]. However, the most abundant MTB-specific
killer cells in MTB-infected patient blood are y962 T cells that recognize phosphoantigen
intermediates of isoprenoid biosynthesis produced by bacteria and parasites, which are
presented by the immunoglobulin-like B7 family molecule, butyrophilin 3A1 [29-31].
Vy9V&2 T cells are only found in humans and primates (again not in mice!) and represent a
very small proportion of peripheral blood lymphocytes but can expand dramatically during
acute bacterial and parasite infections. NKT cells that express an invariant Va24 T cell
receptor that recognizes lipid antigens presented by a CD1 molecule are another innate-like
killer cell type that recognize MTB-infected macrophages, degranulate and have
antimycobacterial activity. These innate-like T cells reduce bacterial growth in a GNLY-
dependent mechanism using the cytotoxic granule pathway. y962 T cells are also expanded
in blood stageP. falciparum patients and are able to reduce parasite reinvasion in a GNLY-
dependent manner [32,33]. Of note, the only correlate of protection in humans from the
partially effective malaria circumsporozoite vaccine is y962 T expansion in the blood,
suggesting that these innate-like T cells are important in malaria defense [34].

Cytotoxic lymphocytes have also been shown to kill fungi that have not invaded mammalian
cells. NK cells, some of which express GNLY, and IL-15 activated CD8 T cells that up-
regulate GNLY acquire cytotoxic granule-dependent anti-cryptococcal activity [35-37].
Surprisingly some killer lymphocytes, including CD4+ T cells and NK cells, have been
shown to directly bind to cell-free fungi and kill them in a GNLY-dependent manner [38,39].
The NK activating receptors, NKp30 and NKp46, recognize fungal surface molecules and
may act as fungal PAMP receptors that mediate binding and degranulation [40-43].

Thus, a variety of killer cells (CD4 and CD8 T cells, NK cells, NKT and -y8 T cells) can
inhibit intracellular infection in a GNLY-dependent manner by recognizing infected cells and
releasing cytotoxic granules. None of these studies examined what happens to microbes
within target cells undergoing killer cell attack. The reduction in infectious microbial
colonies in these studies could have been the result of direct microbial killing and/or the
destruction of the favorable cellular niche in which these microbes replicate.

Granulysin lysis of mammalian cells

GNLY has about a thousand-fold less activity permeabilizing cholesterol-rich mammalian
cell membranes than microbial membranes. However, injection of the high concentrations of
(even inactivel5 kDa) GNLY released by skin CTL and NK cells into the blister fluids of
patients suffering from severe skin drug reactions (SJS and TEN) on its own causes
keratinocyte death and disease pathology [10]. Moreover, clinical severity, which can be
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fatal, correlates with GNLY levels in blister fluids. The in vivo importance of GNLY can be
evaluated in GNLY transgenic (GNLY-Tg) mice that were engineered using a large bacterial
artificial chromosome with large regions of 5° and 3> GNLY regulatory sequences [44]. As a
consequence, GNLY in these mice is expressed only in killer lymphocytes at levels
comparable to those in humans [44,45]. T cell lines from GNLY- Tg mice kill allogeneic
mouse tumor cells significantly faster than their littermate control WT cells, but the overall
amount of killing is not different. GNLY expression also hads no effect on NK killing. When
these mice were injected with C6VL lymphoma cells, 20% of GNLY-Tg mice survived a
lethal challenge that killed all WT mice, but the GNLY-Tg did not improve the survival of
mice challenged with another lymphoma (RMA-S). Thus, the effect of GNLY on tumor cells
is probably modest.

In one study [12] incubation of Jurkat cells with 50 uM GNLY (a higher concentration than
has ever been measured in humans) killed 50% of Jurkat cells by disrupting membrane
integrity. GNLY at these high concentrations also appeared to cause caspase-independent
mitochondrial damage in cells (cytochrome c release, loss of transmembrane potential),
which may not be surprising since mitochondrial membranes resemble bacterial membranes.
It is also possible that other organelle membranes that have low cholesterol content
compared to the plasma membrane, such as the Golgi, ER or lysosomes, might be damaged
by GNLY in target cells [46,47]. Lysosomal membranes are also damaged to release
cathepsins and cause proteolytic necrotic death when cells are incubated with 50 uM GNLY
[48].

These results suggest that under most circumstances GNLY contributes weakly to killer cell
lysis of mammalian cells. GNLY might work at physiological concentrations by potentiating
the cytolytic activity of perforin and the granzymes. However, in conditions in which GNLY
is superinduced it may become cytotoxic for mammalian cells. It will be worthwhile in the
future to investigate more fully whether and how GNLY affects organelle membrane
integrity and function in targets undergoing killer cell attack.

Granulysin delivers granzymes to cause microbial programmed cell death

During killer cell-mediated death PFN membrane damage of mammalian cells on its own
does not kill cells since the PFN damage is transient and repaired by a ubiquitous plasma
membrane repair pathway. Instead PFN facilitates cell death by delivering the death-
inducing Gzm proteases into the target cell [25,49]. In target cells the granzymes cleave a
number of cytosolic proteins, but also concentrate in and cleave critical substrates in nuclei
and mitochondria. The similarity of microbial membranes to mitochondrial membranes led
us to hypothesize that GNLY might introduce Gzms into intracellular microbes to directly
kill them, much like PFN introduces Gzms into host cells. In fact sublytic nanomolar
concentrations of GNLY, much lower than the concentrations used in the previously
discussed studies, deliver Gzms into the cytosol of a variety of gram positive and gram
negative cell-free bacteria to kill them [50,**51]. Killing of intracellular bacteria requires
not only GNLY and a Gzm (both GzmA and GzmB are equally active but other Gzms have
not been studied), but PFN to deliver the other molecules into the host cell. Killing of
bacteria in cells occurs rapidly before the host cell, requires all 3 types of cytotoxic granule
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proteins (GNLY, PFN and a Gzm) and is independent of host cell killing, which is not
enhanced by GNLY. Mouse CTL control of intracellular bacteria is abrogated in PrfZ~”~ cells
and potentiated by GNLY-Tg, suggesting that killing the host cell reduces bacterial
replication, but direct killing of bacteria potentiates antimicrobial activity.

When the Gzms enter bacteria, they cleave proteins in Electron Transport Chain complex |
(ETC I) to disrupt oxidative phosphorylation and generate superoxide anion, as previously
described in host cell mitochondria when Gzms enter the mitochondrial matrix [50,52-54]
(Figure 3). In fact, the core proteins in electron transport that are targeted by the Gzms in
mitochondria evolved from bacteria. Because microbes need to survive in many diverse and
stressful environments, they have highly elaborated antioxidant defenses. Very strong
oxidants, such as rotenone or paraquat, are bacteriostatic but do not kill bacteria. While
generating reactive oxygen species, GzmB also cleaves and inactivates the key bacterial
antioxidant enzymes, the superoxide dismutases and catalases, to cause bacterial death [50].
Rapid microbial death is inhibited by ROS scavengers and overexpressing antioxidant
enzymes, demonstrating that killer cells orchestrate an oxidative death of bacteria.

Intracellular protozoan parasites ( 7rypanosoma cruzi, Toxoplasma gondii, Leishmania
major) are also killed by killer cells [*45]. These parasites also undergo an oxidative death
that is inhibited by ROS scavengers and overexpressing antioxidant enzymes. Like bacterial
death, parasite death requires PFN to deliver GNLY and the Gzms and is faster than host cell
death (limiting parasite spread when the host cell is killed). GzmB also inactivates
antioxidant enzymes in 7. cruzi. Within targeted cells parasites undergo cell death that
morphologically resembles mammalian cell apoptosis in that mitochondria swell and lose
their characteristic morphology, chromatin condenses and nuclei fragment and the parasite
membrane blebs. However, parasite death is independent of either caspases or paracaspases.
A recent study also shows that CD8 T cells, which are expanded and activated and express
GNLY in patients with blood stage Plasmodium vivax malaria, also Kill intracellular 2 vivax
parasites in red blood cells (RBC) to prevent invasion of fresh blood cells [*55]. CD8 T cells
were previously not thought to recognize RBC, but this strain of malaria infects immature
RBC reticulocytes. HLA class I is induced by malaria infection of reticulocytes, which CD8
T cells recognize. Killing of malaria parasites inside reticulocytes and lysis of infected
reticulocytes does not require PFN. Malaria parasites harvest cholesterol from the RBC
membrane, rendering it susceptible to GNLY. Nonetheless parasite killing is enhanced by
PFN. Falciparum malaria infects mature RBC, which do not express HLA. Hence CD8 T
cells do not recognize P, falciparum-infected RBC. However, they have previously been
reported to be targeted by y& T cells [32]. Our preliminary work confirms this finding and
shows that GNLY and GzmB and v T cells also lyse £ falciparum-infected RBC and
directly kill this fulminant strain.

Microptosis, transkingdom microbial programmed cell death

Treatment of bacteria with ROS scavengers or overexpressing pathogen oxidative defense
enzymes slows down GNLY and Gzm mediated death but doesn’t prevent it, suggesting that
other microbial pathways are also targeted [*45,50,**51]. GzmB substrates in 3 unrelated
bacterial pathogens (L. monocytogenes, E. coliand MTB) were identified using differential
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proteomics [**51]. A few hundred candidate substrates were identified in each species
(about 5-10% of resolved proteins). A subset of these candidate substrates were
experimentally tested and ~90% were experimentally validated, suggesting that the
proteomics used accurately predict substrates. Many of the substrates were common
orthologues in all 3 bacteria that act in essential protein synthesis and central metabolism
pathways, including glycolysis, the TCA cycle, oxidative phosphorylation, nucleotide,
amino acid, and fatty acid biosynthesis, the oxidative stress response, DNA polymerase,
gyrase and protein synthesis, folding and quality control (Figure 3). How the Gzms “know”
to selectively cleave critical enzymes essential for microbial survival is unclear.

Protein synthesis and processing is a dominant shared pathway targeted in bacteria. Most
antibiotics target protein synthesis at different steps including translation initiation
(linezolid), aminoacyl tRNA binding (tetracyclines), peptidyl transfer (chloramphenicol,
macrolides, quinupristin), ribosomal translocation (macrolides, aminoglycosides, fusidic
acid) and termination (macrolides, puromycin, streptogramins), aminoacyl tRNA synthesis
(mupirocin) and ClpP activation (acyldepsipeptide). GzmB cleaves multiple tRNA
synthetases, ribosomal proteins, chaperones of newly synthesized peptides and the Clp
system that degrades misfolded proteins. It simultaneously disrupts all these stages of
protein synthesis and therefore acts like an antibiotic cocktail.

This concerted onslaught by cytotoxic granule effector proteins on essential microbial
pathways triggers microbial programmed cell death, which is termed “microptosis” to
distinguish it from death due to membrane damage caused by GNLY on its own (“microbe
necrosis”).

Can microbes become resistant to microptosis?

Because Gzms disrupt so many critical pathways at the same time during microptosis, it may
be nearly impossible for bacteria to develop resistance by mutating small numbers of genes.
In fact, resistance did not develop when E. coli were serially passaged for 14 cycles in the
presence of GNLY and GzmB [**51]. However, microorganisms could become resistant to
GNLY, for example by reducing GNLY binding to microbial membranes by interfering with
cardiolipin biosynthesis by mutating the genes encoding for cardiolipin synthase or by
developing an impermeant capsule or cell wall in spores or growing cells to block GNLY
and Gzm access to the cell membranes. In fact, increasing capsule thickness or melanization
of cryptococcal capsules reduced, but did not eliminate, GNLY and GzmB killing of
cryptococcus (F. Dotiwala and J. Lieberman, unpublished). Although bacteria are unlikely to
become completely resistant to microptosis if Gzms get through the cell membrane, they
could become less sensitive to Gzms and GNLY or take longer to kill. Mechanisms that
could lead to relative insensitivity to GNLY and Gzms include overexpressing antioxidant
enzymes, turning off aerobic metabolism or adapting a dormant state. In addition, certain
types of growth conditions or certain types of bacteria (i.e. anaerobes) may be less sensitive
or more likely to develop relative resistance. Although we have yet to identify microbes that
completely escape Gzms and GNLY, additional work is needed to determine whether some
microbes are intrinsically resistant to microptosis or can develop resistance and to identify
resistance mechanisms. Of course, intracellular pathogens could also manipulate the host
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cell to evade killer cell recognition or activation by, for example, down-regulating cell
surface expression of TcR or NK activating receptor ligands.

GNLY protection from in vivo infection

Clinical studies of humans infected with mycobacteria and malaria described above hint that
GNLY expression in certain types of killer lymphocytes correlates with better outcome
[14,56,57]. Moreover, some recent studies suggest that in the setting of chronic or relapsing
infections, including HIV, MTB and malaria, GNLY expression is reduced [58,59],
coinciding with other signs of killer cell dysfunction or exhaustion. Higher GNLY mRNA in
cancer patient CD8 T cells is also associated with better survival [60,61]. This association
does not necessarily mean that GNLY contributes to antitumor immunity but could just be an
indicator of less T cell exhaustion. Mice expressing transgenic human GNLY are less
susceptible to bacterial and parasite infections than WT mice [*45,50]. Because mice lack
GNLY and a number of other human immune genes that mediate killer cell recognition or
function, caution should be used when applying information about pathways required for
immune protection in mouse models to human infection.

Because GNLY is not expressed in rodents, GNLY-Tg mice, crossed or not with mice
deficient in individual cytotoxic enzyme genes or cytokines, such as Prf1 or /fng, provide a
powerful tool for exploring the role of GNLY, alone and in conjunction with other cytotoxic
molecules and antiinfectious cytokines, in microbial defense. GNLY-Tg mice are much
better at clearing intracellular bacterial (L. monocytogenes) and protozoan (7. cruzi, T.
gondii) infection than WT mice and GNLY protection depends on PFN [*45,50]. In 7. cruzi
and 7. gondijiinfections, lethal challenges in WT mice were well tolerated in GNLY-Tg
mice, many of which cleared the infection. So far animal studies have been limited to these 3
infections. It is unclear whether this immune defense is physiologically important in vivo in
other infections, including cell-free bacteria (given the high concentration of GNLY needed
to kill bacteria ex vivo), fungi and malaria. It is clear, however, that mouse studies that have
suggested a limited role for cytotoxicity in mouse models of infection need to be revisited to
take into account the antimicrobial effects of GNLY.

Conclusions

GNLY is an exciting new player in microbial immune defense (Figure 4). Although studies
beginning 20 years ago showed antimicrobial functions of GNLY on its own against cell-free
bacteria, the high concentrations needed for GNLY to kill bacteria (and still higher
concentrations to kill mammalian cells) raised questions about whether GNLY is protective
in vivo. The recently discovered ability of GNLY at much lower nanomolar concentrations
to deliver Gzms into microbes and kill them greatly expands its potential role in controlling
infection. Although other GNLY-independent roles of T cells contribute to immune control
of nonviral infections, such as killing of infected host cells and helper function for producing
high affinity antibodies, the high susceptibility of AIDS and primary T cell
immunodeficiency patients to bacterial, fungal and parasite infections suggests that GNLY-
dependent immune defense is indeed important in humans. It is still unclear whether during
some infectious or inflammatory conditions, such as in the synovial fluid of infected joints
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or skin abscesses or other localized infections, such as pneumonia, secreted GNLY and/or
GNLY released during granule exocytosis together with Gzms and PFN, might help contain
cell-free or invasive pathogens. Undoubtedly the local concentration of GNLY in the
immune synapse during killer cell degranulation greatly surpasses the GNLY concentration
in extracellular fluids, suggesting that in some cases GNLY delivered by killer cells to
infected cells might directly kill microbes independently of PFN or Gzms. Recent studies
suggest that NK cells bind to, degranulate and kill cell-free fungi when NK activating
receptors bind to conserved fungal cell surface molecules, suggesting an unexpected role for
killer lymphocytes in directly attacking fungi [62] and possibly some cell-free bacterial
species.

Since microptosis disrupts many vital microbial pathways and bacteria seem unable to easily
develop resistance, one wonders whether GNLY might be used as a novel antibiotic either on
its own or in combination with a Gzm-like protease. The relative selectivity of GNLY for
damaging microbial versus mammalian membranes could mean a reasonable therapeutic
index for an agent that could kill pathogens without destroying host cells. The conserved
Gzm substrates might also point the way to new types of antibiotic drug targets worth
investigating.
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Highlights
. Granulysin is an antimicrobial peptide in CTL and NK cytotoxic granules
. Granulysin permeabilizes cholestrerol-poor microbial membranes to deliver
granzymes
. Granulysin and granzymes activate microptosis, programmed cell death in
microbes
. GNLY-transgenic mice are protected from bacterial and parasite infections

. Human GNLY+ antimicrobial CD8 T cells can be identified by NKG2C
expression
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Fig. 1. GNLY and PFN permeabilize different membranes
GNLY only works in cholesterol-poor membranes, while PFN requires cholesterol. Together

they can permeabilize all cell membranes to deliver Gzms into both microbial and
mammalian cells and potentially into multiple organelles. A Both GNLY and PFN bind to
phosphoethanolamine (PE) and phosphoinositol phosphates, only GNLY binds to
cardiolipin. B GNLY preferentially permeabilizes microbial membranes while PFN
preferentially permeabilizes host cell membranes. However at high concentrations they have
some activity on the other types of membrane.
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Fig. 2. GNLY sequence and structure
A Full length 15 kDa GNLY pro-peptide has an N-terminal 23 aa signal peptide (green). An

unknown enzyme cleaves the N and C terminal peptides after L62 and R136 to produce the
9 kDa active GNLY (red). B 9 kDa GNLY structure (1L9L) from the Protein Data Bank. 9
kDa active GNLY has 5 alpha helices of which helices 2 and 3 and the arginines (R) in the
loop in between are most important for activity.
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Fig. 3. Microptosis in bacteria
GzmB, delivered into bacteria by GNLY, cleaves multiple substrates in essential metabolic

and synthetic pathways to Kill diverse bacterial strains and prevent bacterial resistance. Red
Pacmen indicate GzmB cleaving substrates and red Xes indicate disrupted pathways.
Generation of superoxide radicals and disruption of antioxidant defenses and disruption of
protein synthesis and quality control are microptosis pathways that have been experimentally
verified
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Fig. 4. Killer lymphocyte mechanisms to kill microbes
Killer lymphocytes use GNLY to kill microbes by several mechanisms. Secreted GNLY on

its own can damage bacterial membranes to cause loss of membrane integrity and necrotic
cell death (1) or can deliver secreted GNLY into cell free microbes to cause microbial
programmed cell death (microptosis) (2). Killer lymphocytes have been shown to directly
form an immune synapse with cell free fungi utilizing the activating receptors NKp30 and
NKp46, which bind to fungal glycans and trigger degranulation and fungal death (3). This
mechanism of killing is not defined and presumably depends on GNLY and Gzms. Since
some bacteria bear these glycans, cell-free bacteria may also be killed by this mechanism.
Intracellular bacteria are also killed when killer lymphocytes recognize an infected cell,
degranulate and kill the host cell (4). Intracellular microbes are usually killed before the host
cell. Perforin delivers the Gzms and GNLY into the host cell, which can then kill microbes
in the cytosol or within phagosomes. The relative importance of Gzm-dependent microptosis
and Gzm- independent microbial necrosis is not known. It is still unclear whether secreted
GNLY (with or without secreted Gzms) plays an important role in controlling infection in
vivo and under what circumstances.
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