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Abstract

Granzymes (granule-secreted enzymes) are a family of serine 
proteases that have been viewed as redundant cytotoxic enzymes 
since their discovery more than 30 years ago. Predominantly produced 
by cytotoxic lymphocytes and natural killer cells, granzymes are 
delivered into the cytoplasm of target cells through immunological 
synapses in cooperation with the pore-forming protein, perforin. On 
internalization, granzymes can initiate cell death through the cleavage 
of intracellular substrates. However, evidence now also demonstrates 
the existence of non-cytotoxic, pro-inflammatory, intracellular and 
extracellular functions that are granzyme specific. Under pathological 
conditions, granzymes can be produced and secreted extracellularly 
by immune cells as well as by non-immune cells. Depending on the 
granzyme, accumulation in the extracellular milieu might contribute 
to inflammation, tissue injury, impaired wound healing, barrier 
dysfunction, osteoclastogenesis and/or autoantigen generation.
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Granzymes: a family of pleiotropic serine 
proteases
A persistent challenge in granzyme research is the complexity of trans-
lating lessons learned from mouse models to human pathological con-
ditions, notably because human and mouse GzmA and GzmB might 
differ in their substrate specificities and preferred cleavage sequences. 
This suggestion is mostly based on results from studies of cell death in 
which mouse GzmB preferentially cleaved caspase-3 in the apoptotic 
signalling cascade whereas human GzmB more efficiently truncated 
the pro-apoptotic Bcl-2 family member Bid (BH3 interacting-domain 
death agonist)3,4. Both caspase-3 and Bid are key pro-apoptotic pro-
teins, and their cleavage activates downstream apoptotic cascades. 
However, it is important to note that these findings were derived from 
biochemical studies performed with recombinant proteins produced 
in various cell types (Escherichia coli, yeast, human YT cells) and the 
limitations of in vitro modelling (potentially resulting from variation in 
post-translational modification or protein refolding) were not always 
considered. Regardless, despite their cleavage preferences, mouse5,6 
and human GzmB7 can both cleave caspase-3 and Bid, and both path-
ways are involved in GzmB-mediated apoptosis. Human and mouse 
GzmK also exhibit small differences in their optimal cleavage sites, 
but they have similar substrate specificities8, as do human GzmH and 
its closest mouse orthologous protein, GzmC (although the wild type 
mouse GzmC is inactive and requires mutation to enable its cleavage 
activity)9.

Other findings (unrelated to cell death) demonstrate similarities 
in the regulation of cell signalling pathways by human and mouse gran-
zymes. For example, mouse and human GzmA can promote IL-1β, TNF 
and IL-6 production in mouse macrophages10,11 and human monocytes11, 
respectively. Additionally, immune cells from both species typically 
demonstrate a similar profile of granzyme expression, especially for 
GzmA and GzmB, with the notable exception of GzmB-producing B cells 
that have only been identified in humans12. These observations neces-
sitate careful translation of findings between human and animal models 
and emphasize the importance of confirming, as much as possible,  
murine findings in human cells, tissues and models of disease.

Granzyme A
Human GzmA, the only granzyme that forms homodimers, is encoded 
by the GZMA gene, which is located at chromosome 5q11.2 in a region 
clustered with the gene encoding its closest homologue, GzmK13. Simi-
lar to GzmK, GzmA exhibits tryptase-like activity, cleaving substrates 
preferentially after arginine or lysine residues8. In contrast to GzmK, 
GzmA proteolytic activity is regulated by an exosite (a secondary 
regulatory site resulting from the dimeric structure)14, whereby small 
changes in the cleavage site sequence translate to different proteolytic 
efficiencies between GzmA and GzmK8. GzmA optimally cleaves sub-
strates with Arg, Ala and Gly in the P1, P1ʹ and P2ʹ positions8. Cleavage 
occurs between residues at P1 and P1ʹ and other residues are numbered  
outward relative to the cleavage site, usually from P4 to P4ʹ.

Shortly after its discovery, a cytotoxic role for human GzmA 
was proposed based on its colocalization with perforin in the cyto-
toxic granules of NK and CD8+ T cells. Despite results showing that 
perforin-mediated intracellular delivery of mouse GzmA results in 
double-stranded DNA fragmentation and cell death in vitro, GzmA−/− 
mice exhibited neither impairment of lymphocyte-mediated cyto-
toxicity nor predisposition to viral or bacterial infection (as reviewed 
elsewhere15,16). Results from a subsequent study showed that human 
GzmA promotes single-stranded DNA nicking by cleaving the 

Key points

•• Granzymes are serine proteases with both cytotoxic and non- 
cytotoxic functions; phenotypic and mechanistic characterization 
of granzymes in rheumatic diseases is required to delineate their 
specific roles.

•• The five human granzymes have unique substrate specificities 
and functional roles as determined by granzyme-specific cleavage 
preferences, location of accumulation (intracellular or extracellular), 
and exposure to substrates in tissues.

•• Extracellular granzyme activity can contribute to tissue injury, 
inflammation, autoimmunity, epithelial and endothelial barrier 
dysfunction, bullae formation, impaired wound healing, and 
degenerative or pathological aging.

•• In addition to cytoplasmic proteins involved in apoptosis, granzyme 
B substrates include extracellular matrix proteins, hemidesmosomal 
or desmosomal proteins, pro-inflammatory cytokines, cell surface 
receptors and autoantigens.

•• Granzyme A and granzyme B are elevated in synovial fluid, tissues 
and plasma of people with rheumatoid arthritis; in an arthritis model, 
Gzma−/− mice have lower disease severity than wild type.

•• CD8+ T cells expressing granzyme B and granzyme K are enriched 
in the peripheral blood and inflamed tissues of people with 
rheumatoid arthritis, systemic lupus erythematosus or Sjögren 
syndrome.

Introduction
Granzymes constitute a family of
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 serine proteases long assumed to 

exert redundant roles as cytotoxic initiators of target-cell death. Gran-
zymes were first characterized as intracellular proteases produced 
by cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells, and 
internalized by target cells with the pore-forming protein perforin to 
promote caspase-dependent and caspase-independent apoptosis. 
Over the past decade, increasing evidence has emerged in support of 
non-cytotoxic roles for these proteases in various pathological con-
texts. Under conditions associated with aging, chronic injury and/or 
dysregulated immunity and/or inflammation (Box 1), granzymes can 
accumulate in the extracellular milieu, and (depending on the tissue, 
localization and access to substrates) contribute to pathogenesis, 
irrespective of their ability to induce cell death, a concept that is still 
controversial for some granzymes1,2.
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The human genome encodes five granzymes (GzmA, GzmB, GzmH, 
GzmK and GzmM), each possessing unique cleavage preferences, 
substrate specificities and functionalities (Table 1). Although GZMA, 
GZMB, GZMK and GZMM possess direct orthologues in mice, duplica-
tion of mouse Gzmb and Gzmh during evolution created paralogues, 
for a total of ten granzyme-encoding genes in the mouse genome. Much  
of our understanding pertaining to granzymes is derived from the use of  
genetic knockout mouse models alongside in vitro and ex vivo stud-
ies using purified enzymes and tissues. Recent advancements in our 
understanding of granzymes in disease have prompted an examination 
of their roles in rheumatic diseases.
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nucleosome assembly protein SET17. Furthermore, human GzmA 
contributes to the release of reactive oxygen species through the 
degradation of mitochondrial NDUFS3 (an iron-sulphur subunit of 
the NADH–ubiquinone oxidoreductase complex I)15,16. GzmA derived 
from mouse NK cells and CTLs, as well as recombinant human and 
mouse GzmA, can also convert non-inflammatory apoptosis into a 
pro-inflammatory form of cell death known as pyroptosis through the 
cleavage of gasdermin B18, resulting in pore formation and the release 
of pro-inflammatory cytokines19. Collectively, mechanisms underlying 
GzmA-mediated cytotoxicity still require further elucidation (Fig. 1).

Beyond cytotoxicity, human GzmA can also be released extracellu-
larly by CTLs in the absence of target-cell engagement20. In vitro analy-
ses have identified several non-apoptotic substrates of mouse GzmA 
including extracellular matrix (ECM) proteins (fibronectin and col-
lagen IV), coagulation proteins (pro-urokinase), thrombin receptors, 
cytokines (IL-1β) and cytoskeletal proteins (dystrophin, myosin and 
nebulin)21. However, validation of GzmA cleavage of these substrates 
in vivo requires further exploration, especially where human substrate 
cleavage was assessed using mouse GzmA rather than human GzmA.

In 2008, a pro-inflammatory role for extracellular GzmA was pro-
posed. Extracellular human and mouse GzmA were shown to stimulate 
pro-inflammatory cytokine production by human monocytes and 
mouse macrophages, respectively11. These observations were con-
firmed in subsequent in vitro experiments10,22 and in in vivo23 studies 
demonstrating a reduction of inflammation and organ damage in 
response to bacterial and polymicrobial sepsis in Gzma-knockout 
mice without affecting the capacity to control bacterial load10, suggest-
ing intact cytotoxic function in the absence of GzmA. More recently, 
extracellular GzmA-mediated inflammation has been reported in 
mouse models of colitis24, colorectal cancer24 and rheumatoid arthri-
tis (RA)25, including correlative studies using samples from human 
patients. As extracellular GzmA is inhibited by antithrombin-III26 and 
α2-macroglobulin27 in plasma, further investigation into the regula-
tion of the extracellular activity of human GzmA is required. However, 
intraperitoneal injection of serpinb6b, a mouse extracellular inhibitor 
of GzmA28, produced similar results to GzmA deletion, and attenuated 
inflammation in disease models of abdominal sepsis and colorectal 
cancer in vivo10,24.

Although some results suggest that cytokine production associ-
ated with human GzmA or GzmK is an artefact of lipopolysaccharide 
contamination29, it should be emphasized that results obtained with 
recombinant GzmA produced in prokaryotic cells have been confirmed 
using GzmA expressed in eukaryotic systems10,22. Furthermore, inactive 
or inhibited GzmA produced in prokaryotic cells did not induce IL-6 
production by macrophages, contradicting the hypothesis of a role 
for lipopolysaccharide contamination10.

Granzyme B
Human GzmB is a 27.7-kDa monomeric aspase-like protease encoded 
by the GZMB gene, which is located at chromosome 14q11.2. Following 
its discovery in the mid-1980s, GzmB has been extensively studied for 
its role in CTL-mediated apoptosis (of infected and tumour cells), and it 
remains the best-characterized granzyme. Similar to other granzymes, 
once delivered into target-cell cytoplasm, GzmB cleaves substrates to 
induce both caspase-dependent and caspase-independent apoptosis, 
as reviewed elsewhere30. Preferentially cleaving at aspartic acid (and to a 
lesser extent, glutamate) residues31, human GzmB is also involved in the 
conversion of non-inflammatory apoptosis into immune-stimulatory 
pyroptosis through the cleavage of gasdermin E32 (Fig. 2).

In response to environmental stimuli or cytokine stimulation, 
GzmB expression can be induced in many cell types, including immune 
cells (T cells, B cells, NK cells, NKT cells, mast cells, macrophages, baso-
phils and plasmacytoid dendritic cells) and non-immune cells (keratino-
cytes, retinal pigment epithelial cells, chondrocytes and pneumocytes), 
as reviewed elsewhere33,34. In addition to its perforin-mediated inter-
nalization, GzmB is released extracellularly by CTLs in the absence 
of target-cell engagement20,35 and it is secreted by cells that do not 
form immunological synapses and/or that do not express perforin34,36. 
Based on these observations, increasing efforts have been devoted to  
understanding the extracellular functions of GzmB.

Extracellular GzmB concentrations are minimally detectable to 
absent in healthy individuals, but are elevated in plasma in RA and 
atherosclerosis37,38; synovial fluid in RA38; bronchoalveolar lavage fluid 
(BALF) in chronic obstructive pulmonary disorder39; blister fluid in 
bullous pemphigoid40; cerebrospinal fluid in multiple sclerosis41; and 
inflammatory skin lesions42–44. Notably, recombinant human GzmB 
retains its proteolytic activity when incubated with human plasma45. 
Furthermore, none of the serine proteinase inhibitors found in human 
BALF (such as 




alpha-antitrypsin, elafin and secretory leukocyte pro-

tease inhibitor) inhibit GzmB46. In fact, no endogenous extracellu-
lar inhibitors of GzmB have been identified in humans45. As such, 
GzmB accumulation in the extracellular milieu34 coupled with unim-
peded proteolytic activity45,46 exacerbates inflammatory conditions 
through the cleavage of ECM molecules43,47–61, coagulation proteins62, 
cell-surface receptors63,64, cell adhesion and/or dermal–epidermal 
hemidesmosomal proteins42,58,65, and cytokines such as IL-1α and IL-18 
(refs. 66,67) (Fig. 2).

A perforin-independent extracellular role for mouse GzmB 
was first demonstrated in vivo in 2010 (ref. 49). In an experimental 

Q7

Box 1

Conditions exacerbated by 
extracellular granzymes

•• The effects of extracellular activities of granzymes on these 
conditions are demonstrated in vivo in mouse models using 
genetic deletion and/or pharmacological inhibitors

Granzyme A
•• Rheumatoid arthritis24, colitis23, abdominal sepsis10, 
colitis-associated colorectal cancer23

Granzyme B
•• Atopic dermatitis41, atherosclerosis198, interface dermatitis187, 
cardiac fibrosis64, autoimmune blistering diseases39, abdominal 
aortic aneurysm48,49, pressure injuries42, allergic asthma62, 
diabetic wounds184, inflammatory bowel disease68, scarring 
(thermal injury)56, vaginal epithelial ulceration67, skin aging50, 
photoaging55

Granzyme K
•• Atopic dermatitis92, thermal wound healing
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model of abdominal aortic aneurysm, the absence of GzmB led 
to reduced aneurysmal rupture and increased survival, whereas 
perforin deficiency provided no protective effect, underscoring a 
perforin-independent role for extracellular GzmB in medial disrup-
tion through the cleavage of the ECM protein fibrillin-1. In addi-
tion, elevation of human GzmB co-localization with immune cells in  
abdominal and thoracic aortic aneurysm tissues was observed49.  
In a follow-up study50, systemic administration of a mouse extracel-
lular GzmB inhibitor (serpinA3N) prevented aneurysmal rupture 
by inhibiting GzmB-mediated decorin cleavage, and phenocop-
ied GzmB deletion by improving adventitial collagen remodelling 
and circumferential strength. Human and mouse GzmB-dependent 
cleavage of decorin has been confirmed in many other in vivo mod-
els, including photoaging56, pressure injury43, age-impaired wound 
healing51 and scarring57. As human GzmB-dependent cleavage of 
decorin releases bioactive transforming growth factor-β (TGF-β) 
from human smooth muscle cell-derived decorin and biglycan52, 
this mechanism could link GzmB to scarring and fibrosis. In a similar 
manner, human GzmB cleavage of fibronectin can generate bioac-
tive fragments that induce matrix metalloproteinase-1 (MMP-1) 
expression by dermal fibroblasts56. GzmB also induces the release 
of fibronectin-sequestered vascular endothelial growth factor 

(VEGF), which in turn contributes to pathological angiogenesis and 
endothelial permeabilization55. The latter observation has been 
confirmed in vivo in a mouse model of aging and pressure injury, 
in which GzmB-deficient mice exhibited a reduction of fibronectin 
cleavage in association with decreased vascular permeability, micro-
haemorrhaging and tissue injury, relative to GzmB-expressing mice43. 
In addition, human and mouse CTLs can release GzmB to cleave 
basement-membrane proteins around blood vessels, thereby facili-
tating diapedesis48, promoting their transmigration and extravasa-
tion under inflammatory conditions. In the airways, NK cell-derived 
extracellular mouse GzmB activates proteinase-activated recep-
tor 2 (PAR-2) in the epithelium to induce IL-25 production and a  
type 2 immune response, leading to allergic airway disease in off-
spring as a result of maternal exposure to diesel exhaust particles63. 
Human GzmB can also induce IL25 transcription in vitro63. Collec-
tively, the proteolytic activity of GzmB in the extracellular space 
triggers the activation of numerous downstream pro-inflammatory 
cascades.

Newly recognized roles for extracellular GzmB in epithelial dys-
function have prompted intense study as roles in the disruption of 
skin43, airway63, retinal58, vaginal68, gut69 epithelial as well as vascular65 
barrier function have been revealed. In the context of dermatitis42, 

Table 1 | Overview of the human granzyme family

Granzyme Cell sources Cleavage 
specificity

Classification of direct substrates Nullizygous mouse phenotypea Refs.

Granzyme A CD4+ and CD8+ T cells, NK 
cells, NKT cells, mast cells, 
pneumocytes, platelets

Tryptase-like 
(Arg, Lys)

Intracellular
Cell death proteins, cytoskeletal 
proteins, myelin protein

Healthy, normal haematopoiesis; 
unchanged cytotoxic lymphocyte 
activity; intact capacity to control 
viral and bacterial load as well as 
tumour progression

34,196

Extracellular
ECM components, cell surface 
receptors, plasma proteins, 
coagulation proteins, cytokines

Granzyme B CD4+ and CD8+ T cells, NK cells, 
NKT cells, B cells, macrophages, 
mast cells, neutrophils, 
basophils, plasmacytoid 
dendritic cells, haematopoietic 
progenitors, keratinocytes, 
retinal pigment epithelial cells, 
chondrocytes, pneumocytes, 
spermatocytes, trophoblasts, 
granulosa cells, platelets

Aspase-like 
(Asp > Glu)

Intracellular
Cell death proteins, viral replication 
(host and viral proteins)

Healthy, normal haematopoiesis; 
reduced rate of DNA fragmentation 
and cytotoxic lymphocyte activity; 
delayed clearance of some viral and 
bacterial infections

33,34,197

Extracellular
ECM components, cell adhesion/
basement membrane, cell surface 
receptors, plasma proteins, 
coagulation proteins, cytokines, 
autoantigens

Granzyme H NK cells » CD4+ and CD8+ T cells, 
mast cells

Chymase-like 
(Phe, Tyr)

Intracellular
Cell death proteins, viral replication 
(host and viral proteins)

No direct mouse orthologue 
identified for human GZMH; murine 
Gzmc believed to be most closely 
related

34,75,76

Granzyme K NK cells, CD4+ and CD8+ T 
cells, CD56+ T cells, γδ T cells, 
M1 macrophages, MAIT cells, 
mast cells

Tryptase-like 
(Arg, Lys)

Intracellular
Cell death proteins

Healthy, normal haematopoiesis; 
unchanged cytotoxic lymphocyte 
activity; capacity to clear viral and 
bacterial infections as well as tumour 
cells intact

34,82,83,198

Extracellular
Cell surface receptors, 
proteoglycans

Granzyme M NK cells, CD3+CD56+ T cells, γδ T 
cells, CD4+ and CD8+ T cells

Met-ase-like 
(Leu, Met)

Intracellular Cell death proteins, 
viral replication (host and viral 
proteins)

Healthy, normal haematopoiesis; 
unchanged anti-tumoural activity; 
increased susceptibility to murine 
cytomegalovirus infection (higher 
viral burden) though unchanged NK 
cell cytotoxic potential

34,103,105

Extracellular
Plasma proteins

aPhenotypes of nullizygous mouse strains assessed with different autoimmune and inflammatory models can be found in Box 1. ECM, extracellular matrix; MAIT cell, mucosal-associated 
invariant T cell; NK, natural killer.
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macular degeneration58 and vascular disease65, human and mouse 
GzmB both disrupt cell–cell junctions through the cleavage of cad-
herins, desmogleins, junctional adhesion molecule A and/or zonula 
occludens-1, promoting the loss of barrier integrity and subse-
quent trans-epithelial water loss42, retinal pigment epithelial barrier 
disruption58 or vascular leakage55. Independent of perforin, mouse 
GzmB also induces enterocyte shedding in Crohn’s disease69 and  
genital epithelial ulceration in HSV infection68. An important pathologi-
cal role for extracellular GzmB in the degradation of hemidesmosomal 
dermal–epidermal junction proteins also exists. In three independent 
mouse models of autoimmune sub-epidermal blistering (pemphigoid) 
diseases, Gzmb knockout or GzmB topical inhibition prevented separa-
tion of the dermal–epidermal junction and blister formation through 
the cleavage of hemidesmosomal proteins40.

A pivotal role for GzmB in autoantigen generation was proposed 
over two decades ago70. Since then, an extensive list of known human 
autoantigens has been identified as GzmB substrates40,71,72. How-
ever, despite much evidence supporting the generation of human 
autoantigens in vitro, progress in the field has been hindered by limi-
tations in establishing predictive, spontaneously occurring murine 
models of autoimmune disease, as well as by the subtle differences 
between murine and human GzmB substrate specificities. These dif-
ferences could provide a possible explanation for the lack of com-
parable GzmB-generated autoantigens in mice. GzmB-mediated 

autoantigen generation in rheumatic disease is discussed in more 
detail below.

Granzyme H
Human GzmH is encoded by the GZMH gene located on chromosome 
14q11-q12, flanked by the GZMB gene and the gene encoding cathepsin 
G (CTSG)73. Although GzmH shares more than 70% amino acid similarity 
with GzmB73, GzmH is distinguished by its chymase-like activity, pref-
erentially cleaving polypeptides with bulky aromatic phenylalanine 
or tyrosine residues at the P1 position74.

Human GzmH is highly expressed by NK cells and mast cells, and 
it is expressed at low levels by unstimulated CD4+ and CD8+ T cells75,76. 
Perforin-dependent, intracellular delivery of GzmH into target cells 
promotes caspase-dependent and caspase-independent apoptosis, 
as well as virus inactivation, through the cleavage of host and viral 
substrates77. Notably, the human La phosphoprotein, an autoantigen 
in RA (and a protein involved in viral RNA metabolism), was the first 
identified non-apoptotic substrate for human GzmH78.

As the only known human granzyme without a direct mouse 
orthologue73, GzmH function remains largely unexplored. Nonethe-
less, the use of proteomic approaches has enabled identification of 
GzmH production in NK cells of people with age-related atherosclerotic 
cerebral small-vessel disease, suggesting a role for NK cell-derived 
extracellular GzmH in a rat model of neuronal damage79.

CTL/NK/NKT cell

Target cell

Lytic granule

Granzyme A

Perforin

Extracellular granzyme A
(perforin-independent)

Intracellular granzyme A
(perforin-dependent)

Cytokines
Alarmins

Osteoclastogenesis

Muscle fibre damage

Multiple organ
inflammation

Thrombin receptor
activation

Pro-inflammatory
cytokine production

Antithrombin-III
α2-macroglobulin

Pneumocytes

Leakage from the
immunological synapse?

Pyroptosis

Cell death
ssDNA nicking

dsDNA fragmentation

Mitochondrial
ROS

Gasdermin B

Fig. 1 | Proposed intracellular and extracellular 
functions of granzyme A. Intracellular 
functions: granzyme A is secreted by cytotoxic 
T lymphocytes (CTLs), natural killer (NK) and 
NKT cells and delivered into the cytoplasm of 
targeted cells through a perforin-dependent, 
pore-forming mechanism. On internalization, 
granzyme A cleaves intracellular substrates 
leading to cell death. Granzyme A cleavage of 
gasdermin B promotes pyroptosis, leading to 
pore formation and release of pro-inflammatory 
cytokines. Extracellular functions: granzyme A 
that leaks from the immunological synapse or is 
produced by non-cytotoxic cells is released into 
the extracellular space. Through the cleavage of 
extracellular substrates, extracellular granzyme 
A can contribute to osteoclastogenesis, pro-
inflammatory cytokine production, muscle 
fibre damage, multiple-organ inflammation 
and thrombin receptor activation. In humans, 
granzyme A can be inhibited by antithrombin-III 
and α2-macroglobulin in the extracellular milieu. 
Solid and dotted lines denote published and 
postulated mechanisms, respectively. dsDNA, 
double-stranded DNA; ROS, reactive oxygen 
species; ssDNA, single-stranded DNA.
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Granzyme K
Human GzmK and GzmA were discovered simultaneously as the genes 
encoding both granzymes map close to each other at chromosome 
5q11.2. Similar to GzmA, GzmK exhibits tryptase-like activity and cleaves 
after lysine and arginine amino acids80; however, human GzmK pos-
sesses a rigid active site in its resting state that is activated by specific 
substrate sequences81, preferentially with Arg, Ser and Leu residues in 
the P1, P1ʹ and P2ʹ positions8.

In humans, GzmK is expressed by CD56bright NK cells and 
mucosal-associated invariant T (MAIT) cells, as well as subsets of CD4+ 
T cells, CD8+ T cells, CD56+ T cells and γδ T cells82,83. Extracellularly, 
elevated soluble GzmK concentrations occur in the serum of peo-
ple with viral infections84, sepsis85 or abdominal aortic aneurysm86. 
Soluble GzmK is also increased in the BALF of people with acute bron-
chopneumonia or allergic asthma triggered by allergen challenge87. 
In the first study investigating its non-cytotoxic role, mouse GzmK 
promoted the secretion of IL-1β from macrophages88. In subsequent 

studies, a role for extracellular human GzmK in the activation of  
PAR-1, PAR-2 and PAR-4 was demonstrated, leading to the release of pro- 
inflammatory cytokines IL-6, IL-8, CCL2 or CXCL1, depending on the cell 
type88–94. Mounting evidence supports that GzmK is a pro-inflammatory 
protease with the ability to induce pro-inflammatory cytokine pro-
duction through both perforin-dependent (intracellular) and 
perforin-independent (extracellular) mechanisms (Fig. 3).

Although GzmK is not detectable in healthy skin, its expression 
is elevated in inflammatory skin tissue from people with burn injuries 
or atopic dermatitis. Using a mouse model of second-degree ther-
mal injury, GzmK was found to contribute to scarring and delayed 
wound closure through the impairment of matrix remodelling, 
re-epithelialization and resolution of inflammation89. In a mouse 
model of dermatitis, GzmK impaired angiogenesis and increased 
microvascular damage93.

GzmK is proposed to have a role in inflammaging, as dem-
onstrated by the existence of a subset of GZMK+ CD8+ T cells that 

CTL/NK/NKT cell

Target cell

Lytic granule

Granzyme B

Perforin

PAR-1 and PAR-2 activation

Autoantigen generation

Cytokine processing

Epithelial/endothelial dysfunction

Extracellular matrix remodelling

Growth factor release

Anoikis

Basement  membrane disruption
(dermal–epidermal junction separation)

T cells, NK cells, basophils,
pDCs, B cells, macrophages,

neutrophils, mast cells,
RPE cells, keratinocytes,

pneumocytes, chondrocytes

Extracellular granzyme B
(perforin-independent)

Leakage from the
immunological synapse

Intracellular granzyme B
(perforin-dependent)

Apoptosis

Caspase-dependent and
caspase-independent
apoptotic pathways
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Cytokines
Alarmins
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Fig. 2 | Proposed intracellular and extracellular functions of granzyme B. 
Intracellular functions: granzyme B is secreted by cytotoxic T lymphocytes 
(CTLs), natural killer (NK) and NKT cells and internalized into target cells 
in a perforin-dependent manner. On internalization, granzyme B cleaves 
intracellular substrates, leading to apoptosis. Granzyme B cleavage of gasdermin 
E promotes pyroptosis. Extracellular functions: granzyme B that leaks from the 
immunological synapse, is secreted by cytotoxic cells in the absence of target-cell 
engagement, and/or is produced by other cells, is released into the extracellular 

space. Through the cleavage of extracellular substrates, extracellular granzyme B  
contributes to anoikis, autoantigen production, dermal–epidermal junction 
separation, cytokine processing, epithelial barrier dysfunction, extracellular 
matrix remodelling and growth factor release. To date, no endogenous inhibitor 
of extracellular granzyme B has been identified in humans. Solid and dotted lines 
denote published and postulated mechanisms, respectively. pDC, plasmacytoid 
dendritic cell; RPE cells, retinal pigment epithelial cells.
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expand with age in multiple human and mouse tissues, linking GzmK 
secretion to: increased circulating pro-inflammatory cytokine con-
centrations (IL-6, IL-8 and TNF) observed in aging; the presence of 
age-related inflammation markers across tissues; and the induction 
of senescence-associated secretory phenotype (SASP) components 
(IL-6, CCL2 and CXCL1) in fibroblasts94. A caveat to the interpretation 
of the SASP-induction experiments is that the cells were treated with 
a truncated recombinant protein consisting of residues 22–227 of 
the 263-amino acid mouse GzmK that was expressed in a prokaryotic 
system, rather than with native protein. Additional evidence of the 
involvement of GzmK in inflammaging is provided by the associa-
tion of GzmK expression with aging in CD8+ T cells95,96. Enrichment  
of GZMK+ CD8+ T cells is also observed in the synovial tissue and fluid of  
people with RA92, BALF of people infected by SARS-CoV-2 (ref. 92), 
atherosclerotic plaques of aging individuals97, inflamed bowel in 
people with Crohn’s disease or ulcerative colitis92, pleural fluids of 
people with tuberculosis98, labial gland and peripheral mononu-
clear blood cells of people with Sjögren syndrome99, and kidney and 

skin of people with systemic lupus erythematosus (SLE)100,101. As we 
continue to unravel the pro-inflammatory roles of GzmK in aging 
and inflammatory disorders, future investigations using genetic 
ablation or pharmacological inhibition are necessary to decipher 
whether intracellular and/or extracellular GzmK inhibition affects  
pathology.

Granzyme M
Human GzmM, which is encoded by the GZMM gene, located on chro-
mosome 19p13.3, shares less than 40% amino acid sequence homology 
with other granzymes and is a Met-ase-like protease that preferentially 
cleaves substrates after methionine and leucine residues102.

Human GzmM is constitutively highly expressed by NK cells, 
CD3+CD56+ T cells and γδ T cells103. Characterization of GzmM has 
focussed on its cleavage of intracellular substrates involved in cell death, 
as well as host and viral proteins implicated in viral replication104, mostly 
in human models. Nevertheless, the consequences of extracellular  
GzmM accumulation remain largely unexplored.
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Fig. 3 | Proposed intracellular and extracellular functions of granzyme K. 
Intracellular functions: granzyme K is secreted by cytotoxic T lymphocytes 
(CTLs), natural killer (NK) and NKT cells and internalized into target cells 
in a perforin-dependent manner. On internalization, granzyme K cleaves 
intracellular substrates implicated in cell death and viral replication. 
Extracellular functions: granzyme K that leaks from the immunological 
synapse or is produced by non-cytotoxic cells as well as cells that do not 
express perforin, is released in the extracellular space. Through the cleavage 

of protease-activated receptors PAR-1, PAR-2 and PAR-4, extracellular granzyme 
K contributes to pro-inflammatory cytokine production and impairment of 
re-epithelialization, as well as pathological angiogenesis and microvascular 
permeabilization. In humans, granzyme K can be inhibited by the bikunin D2 
subunit of inter-α inhibitor protein in the extracellular milieu. Solid and dotted 
lines denote published and postulated mechanisms, respectively. MAIT cells, 
mucosal-associated invariant T cells.
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Although GzmM-deficient mice have normal NK cell and T cell 
development and NK cell-dependent anti-tumoural activity, they have 
a transient higher viral burden and increased infection susceptibility 
to cytomegalovirus105. GzmM also seems to have a pro-inflammatory 
role, and compared with wild type mice, Gzmm−/− mice exhibit reduced 
serum levels of IL-1α, IL-1β, TNF and IFNγ following lipopolysaccharide 
injection106, as well as decreased liver secretion of MIP-1α, impair-
ing recruitment of NK cells107. In contrast to GzmA, GzmB and GzmK, 
the role of GzmM in inflammatory cytokine production is poorly 
understood.

Granzymes in rheumatic diseases
Arthritis
RA is a chronic autoimmune disease characterized by severe inflamma-
tion of the joint synovium, resulting in cartilage degradation, bone ero-
sion and autoantibody production. Although GzmA was first detected 
in biospecimens of people with RA >30 years ago108, application of 
single-cell-based approaches combined with a greater understanding 
of granzyme biology has shed new light on the roles of granzymes in 
the pathogenesis of RA (Fig. 4).

GzmB in RA. Accumulating clinical evidence supports a pathological 
role for GzmB in RA. In people with RA, extracellular GzmB levels are 
elevated in plasma, synovial fluid and synovial tissue38,109. Serum GzmB 
levels correlate with multiple markers of disease activity and joint 
damage110, in addition to serving as an independent predictor of radio-
graphic erosions in rheumatoid factor-positive individuals111. Consist-
ently, the presence of the rs8192916 single-nucleotide polymorphism 
in the GZMB gene is associated with higher GZMB mRNA expression and 
correlates with joint destruction in RA lesions112. Notably, reduction 
of GzmB serum levels occurs in people with RA who respond to the 
targeted anti-CD28 antibody therapy abatacept, an immunomodulator 
that is currently used for the management of RA symptoms113, thereby 
indicating that GzmB is a potential biomarker for disease activity.

In RA tissues and fluids, GzmB is expressed by CD8+ T cells92,114,115, NK 
cells and NKT cells116, macrophages117, CD19+ B cells118,119, TNF-activated 
synovial cells120 and articular chondrocytes121. In seropositive individu-
als harbouring anti-citrullinated protein antibodies (ACPAs, which are 
an early diagnostic marker for RA), the GZMB-expressing CD8+ T cell 
subset was expanded compared with healthy individuals92,115. Similarly, 
stimulation of fresh whole blood from people with ACPA+ RA with citrul-
linated antigens increased the proportion of GZMB+ CD8+ T cells and 
promoted degranulation, thereby enhancing cytotoxicity in vitro115.

Despite the proposed role for GzmB in autoantigen processing 
>20 years ago70, peptidylarginine deiminase 4 (PAD4) remains the only 
substrate of human GzmB confirmed as an autoantigen in the context of 
RA122. PAD4 is an enzyme involved in protein citrullination, generating 
citrulline-containing epitopes that are responsible for the production 
of ACPAs. Additionally, PAD4 peptides are established autoantigens in 
RA123, and the presence of PAD4 peptide-specific T cells is associated 
with high levels of C-reactive protein in RA72. As PAD4 localizes intracel-
lularly but is believed to leak into the extracellular space after loss of 
membrane integrity during cell death124, the precise location of PAD4 
cleavage by GzmB is yet to be confirmed. Whether GzmB-induced 
gasdermin pore formation is involved in this release is unknown.

Extracellularly, GzmB contributes to cartilage degrada-
tion by cleaving the major articular proteoglycan aggrecan from 
chondrocyte-derived matrix61, resulting in the release of its branched 
glycosaminoglycans60. It might be possible to extrapolate lessons 

learned from the proteolytic cleavage of GzmB substrates in other tis-
sues to RA (Table 2). For instance, GzmB cleaves collagen IV58, a minor 
network-forming collagen located at the pericellular matrix of articular 
chondrocytes125. Additionally, through direct proteolysis, fibronectin 
fragments generated by GzmB might contribute to bone erosion by 
promoting MMP-1 expression in fibroblasts56. Although the role of 
TGF-β is still debatable in the context of RA, GzmB might increase its 
bioavailability by cleaving decorin and/or biglycan52.

Further investigations into the role of GzmB in autoantigen 
generation and ECM remodelling in the context of RA could be 
addressed through the use of animal models as well as novel N-terminal 
degradomics-based approaches126.

GzmB in other arthritides. Expansion of GzmB-expressing NK cells 
occurs in the peripheral blood of people with pauciarticular or pol-
yarticular juvenile idiopathic arthritis relative to systemic juvenile 
idiopathic arthritis127. Multiple subsets of GZMB+ NK cells and γδ T cells 
are also present in people with gouty arthritis and they correlate with 
disease severity128. In parallel, GzmB is mostly absent or undetectable 
in biospecimens from people with OA (synovial fluid and plasma)38, 
reactive arthritis (synovial fluid and plasma)38,109, psoriatic arthritis 
(synovial fluid)129 and Behçet’s disease (synovial fluid)129.

GzmK in RA. Emerging roles for GzmK in inflammaging (SASP induc-
tion)94 and inflammatory disease89,91,93 have generated increased inter-
est around GzmK in RA and other rheumatic conditions. Dissociation 
of leukocyte-rich synovial tissue followed by single-cell RNA sequenc-
ing (scRNA-seq) revealed three CD8+ T cell subpopulations with dis-
tinct granzyme expression profiles in people with RA: GZMK+ T cells, 
GZMK+GZMB+ T cells and GNLY+ (encoding granulysin) GZMB+ CTLs, 
with intracellular GzmK protein detectable in the majority of synovial 
CD8+ T cells114. These CD8+ T cell subsets were also observed in the 
synovial fluid and tissues of people with RA92, with approximately 70% 
of the CD8+ T cell population in RA synovial fluid and tissue being char-
acterized by high expression of GzmK and intermediate expression of 
GzmB and perforin-1 (ref. 92). The predominance of GZMK-expressing 
cells in RA synovial tissue is further demonstrated by the observation 
of higher GzmK concentrations in synovial fluid (≃175 pg/ml) than in 
serum (≃75 pg/ml) collected from people with RA130. Altogether, these 
observations suggest that granzyme expression is compartmentalized 
in RA people, with GZMK+ CD8+ T cells localizing to the synovial tissue 
(and GZMB+ CD8+ T cells enriched in the circulation).

Unique CD8+ T cell subsets stratified on the basis of differen-
tial GzmK and GzmB expression might have distinct phenotypes. 
GZMB+GZMK+ CD8+ T cells express less GzmB and perforin-1 and might 
therefore have lower cytotoxic potential than the GZMB+ CD8+ T cell 
cluster92. In contrast to the GZMB+ CD8+ T cell population that expresses 
cytotoxic molecules115, and in line with their localization, GZMK+ CD8+  
T cells show higher expression of genes associated with tissue resi-
dency, cell proliferation and pro-inflammatory cytokine stimulation92. 
Instead of inducing apoptosis, human GzmK stimulates synovial fibro-
blast production of IL-6 and CCL2 in a perforin-independent manner92. 
Human GzmK also potentializes IFNγ-dependent production of IL-6 
and CCL2 by synovial fibroblasts92. These observations strongly sug-
gest that GzmK and GzmB are expressed by distinct human CD8+  
T cell populations in a tissue-specific manner and exert dichotomous 
functions in RA.

Collectively, GzmK could be an important mediator of local 
inflammation in RA joints through its extracellular functions (Table 2). 
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GzmK-mediated synovial inflammation might be a consequence of its 
ability to cleave and activate PAR-1 and PAR-2, a phenomenon previ-
ously linked to IL-6 production by human epithelial91 and endothelial 
cells90. As IL-6 has been linked to T cell infiltration in inflamed tissues131, 
extracellular GzmK might contribute to immune cell chemoattraction 
into the synovium in people with RA.

GzmA in RA. More than 30 years ago, elevated concentrations of GzmA 
were reported in plasma38, synovial fluid38,108 and synovial tissues116,132,133 
from people with RA. Currently, documented cell sources of GzmA 
in arthritic lesions include CD8+ T lymphocytes92,114,115,132,134 and CD4+  
T lymphocytes134, as well as NK cells and NKT cells116,132,133,135. GzmA was 
also detected in serum and joint extracts from two different mouse 

models in which inflammatory arthritis was induced by type II collagen 
injection25 or Chikungunya virus infection136.

To date, GzmA is the only granzyme that has been investigated 
using genetic deletion in an in vivo experimental model of arthritis25. 
Using the collagen-induced arthritis model, GzmA−/− animals had atten-
uated disease severity compared with wild type or perforin-deficient 
mice, suggesting that the protease contributes to RA through a 
perforin-independent extracellular mechanism25. At late-stage RA  
(6 weeks post-induction), GzmA−/− mice show reductions of tissue dam-
age in paws and knees, pannus formation, bone and cartilage erosion and 
osteoclastogenesis compared with wild type mice. In vitro, treatment 
of osteoclast progenitors with mouse GzmA stimulates production of  
TNF, promoting osteoclast maturation and differentiation25. 
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Fig. 4 | Potential involvement of granzymes in rheumatoid arthritis. In the 
pathogenesis of rheumatoid arthritis (RA), extracellular granzyme A contributes 
to bone erosion through the potentiation of TNF-dependent osteoclast 
differentiation from progenitor cells. Alongside granzyme A, extracellular 
granzyme B might promote cartilage degradation through the proteolysis of 
key cartilage extracellular matrix (ECM) components. Granzyme B-mediated 
fibronectin fragmentation might generate bioactive fragments involved in 
matrix metalloproteinase-1 (MMP-1) induction, leading to bone erosion. In 
parallel, intracellular or extracellular granzyme B can induce chondrocyte 
apoptosis or anoikis and exposure of peptidylarginine deiminase 4 (PAD4) 

cryptic epitopes, promoting cartilage degradation and autoantigen generation, 
respectively. Granzyme B-mediated autoantigen generation can stimulate 
autoantibody production. CD8+ T cell-derived granzyme B and granzyme A 
directly contribute to the RA amplification phase by promoting bone erosion, 
cartilage degradation and autoantigen generation, but the role of granzyme H in 
RA is unknown. Extracellular granzyme K can contribute to local inflammation by 
stimulating pro-inflammatory cytokine production (of IL-6 and CCL2) by synovial 
fibroblasts in a perforin-independent manner. Solid and dotted lines denote 
published and postulated mechanisms, respectively. Gzm, granzyme; MMP-1, 
matrix metalloproteinase-1; NK, natural killer.
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This finding has been confirmed in vivo in a mouse model of 
osteoclastogenesis related to chronic apical periodontitis137.

Additional mechanisms for GzmA in RA could be attributed to its 
perforin-independent role in ECM remodelling, because mouse GzmA, 
similar to GzmB, cleaves collagen IV138 and fibronectin139 (Table 2). Nota-
bly, aggrecan is also cleaved by human GzmA, although this proteolytic 
activity is 2,000-fold lower than that of human GzmB61. Evidence indi-
cates that human GzmA can be inhibited in the extracellular space by 
antithrombin-III26 and α2-macroglobulin27, but notably the protease 
retains most of its proteolytic activity in BALF46. Consequently, further 
investigation of GzmA extracellular activity in the biospecimens of 
people with RA is required139.

GzmA in other arthritides. GzmA is detectable in the plasma and 
synovial fluid of people with OA38,133, as well as in synovial fluid from 
individuals with reactive arthritis38,108. Notably, GzmA concentrations 

in OA are lower than those in people with RA. Additionally, enrichment 
of NK cells expressing GzmA (but not GzmB or perforin) is observed 
in the synovial fluid of people with OA135, suggesting a potential but as 
yet unexplored role for GzmA in OA.

GzmH and GzmM in RA. In general, pathophysiological roles of GzmH 
and GzmM are poorly understood. Increased GZMH mRNA expression 
was detected in CD8+ T cells from people with ACPA+ RA after stimula-
tion with citrullinated antigens115. Further investigations are required 
to elucidate the relevance of these granzymes with respect to arthritis.

Systemic lupus erythematosus
SLE is an autoimmune disorder characterized by the presence of patho-
genic anti-nuclear antibodies, chronic inflammation and tissue damage 
affecting multiple organs, most commonly skin (in cutaneous lupus 
erythematosus (CLE)) and kidneys (in lupus nephritis (LN))140.

Table 2 | Non-cytotoxic granzyme substrates relevant to rheumatic disease

Granzyme Substrate Tissue and cellular 
localization

Potential role in pathology Refs.

Granzyme B Peptidylarginine deiminase 4 (PAD4) Intracellular (and 
extracellular?)

Structural changes in PAD4; exposure of 
immunogenic cryptic epitopes; recruitment of 
PAD4-peptide-specific T cells

72,122

Unidentified intracellular substrate(s) Intracellular Chondrocyte apoptosis 199
Aggrecan Extracellular (cartilage ECM) Cartilage degradation 61
Cartilage proteoglycan Extracellular (cartilage ECM) Release of glycosaminoglycans; cartilage 

degradation
60

Collagen IV Extracellular (articular 
chondrocyte pericellular 
matrix)

Impairment of chondrocyte homeostasis; 
cartilage degradation

48,58

Fibronectin Extracellular (cartilage ECM) Fibronectin fragmentation resulting in cartilage 
degradation; MMP-1 production leading to bone 
erosion, release of VEGF from fibronectin

56

Decorin and biglycan Extracellular (cartilage ECM) Impaired collagen fibrillogenesis (decorin); 
release of bioactive TGF-β

52

AHNAK, α-fodrin, B23, CENP-B and -C, 
fibrillarin, HERV-K10, Ku-70, La/SSB, lamin B, 
M3R, NOR-90/UBF, NuMA, PARP1, RNA pol I 
and II, SRP-72, topo-1, U1-70 kDa, Ufd2p, XRCC4

Intracellular (cytosol, 
nucleus, nuclear membrane) 
and extracellular (plasma 
membrane)

Exposure of immunogenic cryptic epitopes; 
autoantibody production; immune tolerance 
breakdown

71

α6β4 integrin, collagen VII, collagen XVII, 
desmoglein-1 and -3, E- and VE-cadherin, 
filaggrin, ICAM-1, JAM-A, laminin-332 
(laminin-5), laminin-511 (laminin-10), fibrillin-1, 
occludin, vitronectin, ZO-1, pro-IL-1α, pro-IL-18

Intracellular (cytosol) 
and extracellular (plasma 
membrane, ECM, basement 
membrane)

Epithelial/endothelial barrier dysfunction/
permeability; microvascular leakage; basement 
membrane disruption; bullae formation; ECM 
remodelling; cytokine processing/activation

33,34

Granzyme A Aggrecan Extracellular (cartilage ECM) Cartilage degradation 61
Unidentified cell surface receptor(s) Extracellular Stimulation of TNF production by osteoclast 

precursors; osteoclastogenesis; bone erosion
25

Collagen IV Extracellular (articular 
chondrocyte pericellular 
matrix)

Impairment of chondrocyte homeostasis; 
cartilage degradation

138

Fibronectin Extracellular (cartilage ECM) Fibronectin fragmentation leading to cartilage 
degradation

139

Lamin A, B and C Intracellular (nuclear 
membrane)

Nuclear lamina disruption (apoptosis); exposure 
of immunogenic cryptic epitopes (autoantibody 
production)

200

Pro-IL-1β Intracellular (cytosol) Cytokine processing/activation 34
Granzyme K Protease activated receptors 1, 2 and 4 Extracellular IL-6 and CCL2 production by synovial fibroblasts; 

potentiation of IFNγ-dependent IL-6 and 
CCL2 production by synovial fibroblasts; local 
inflammation and chemoattraction

90–93

ECM, extracellular matrix.
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Several studies have reported elevation of extracellular GzmB 
concentrations in the peripheral blood of people with SLE141–143. These 
concentrations, along with the presence of GzmB-expressing CD4+ 
and CD8+ T cells, correlate positively with disease susceptibility and 
severity141,144,145. Expansion of GzmB+ CD8+ T cells occurs in chronic 
CLE101,146, including discoid lupus erythematosus147, tumid lupus 
erythematosus148 and lupus erythematosus profundus101,146–152. In LN, 
although infiltration of GZMB+ CD8+ (but not GZMB+ CD4+) T cells occurs 
in the kidneys of patients100,101,153, the frequency of GzmB-expressing 
MAIT cells is increased in the peripheral blood, most notably in people 
with intractable disease154. As MAIT cells can also infiltrate the kidneys155, 
GzmB secretion from these cells could contribute to tissue inflam-
mation and damage in people with LN. Together, these observations 
suggest a pathological role for GzmB in SLE (as well as CLE and LN).

GZMK+ CD8+ T cells infiltrate the kidneys and skin of individuals 
with LN and CLE100,101. Circulating cytotoxic GZMH+ CD8+ T cell and 
GZMK+ CD8+ T cell populations can be identified in people with SLE 
through scRNA-seq156, revealing clonal expansion of a GZMH+ CD8+  
T cell subset that constitutes up to 50% of all lymphocytes and exhib-
its heterogeneous expression of cytotoxic, exhaustion and type 1 
interferon-stimulated-gene signatures156. These GZMH+ CD8+ T cells, 
which also express GZMB, are expanded in people with SLE compared 
with healthy individuals156, warranting further investigation into the 
potential pathogenic role of GzmH in SLE.

Environmental triggers that are associated with the exacerbation 
of SLE (including ultraviolet irradiation, viral infection, smoking and 
air pollution) also increase granzyme concentrations in stimulated 
organs or peripheral blood39,95,157–159. Moreover, upregulation of type I  
interferon signalling (an established mediator of disease progres-
sion)160 induces GZMB expression in CD8+ T cells through stimulation 
of the JAK–STAT signalling pathway in both humans and mice161,162. 
Given the ability of GzmB to promote perforin-dependent apoptosis 
and perforin-independent anoikis163, GzmB likely contributes to cell 
death in SLE, thereby leading to disease progression and exacerbation. 
Additionally, GzmB cleaves numerous intracellular proteins that are 
recognized SLE autoantigens in vitro, including AHNAK, HERV-K10, 
Ku-70, La, Lamin B, PARP1, SRP-72, U1-70kDa and XRCC4 (Table 2). As 
such, GzmB might trigger immune-tolerance breakdown and contrib-
ute to disease onset by unmasking cryptic epitopes71. However, in mice, 
GzmB is dispensable for autoantibody production in a pristane-induced 
model of lupus in vivo164. As human and mouse GzmB exhibit discrep-
ancies in substrate preferences as well as cleavage specificities4, this 
finding might not translate to humans.

In the pristane-induced model of lupus, a protective role for GzmB 
was suggested, as GzmB-deficient mice exhibited higher disease sever-
ity than wild type counterparts164. A GzmB protective role might involve 
regulatory B cells, as both the quantity and quality of GzmB-producing 
regulatory B cells are impaired in the peripheral blood of people with 
active SLE, with the numbers of these cells correlating negatively with 
clinical severity165,166. This observation is in line with the reported pro-
tective role of CD19+ B cell-derived GzmB in the context of RA118. In 
summary, the precise implications of granzymes in SLE pathology 
remains to be elucidated. Whereas GzmB and GzmK from effector  
T cells and MAIT cells might have pathological roles in SLE, regulatory 
B cell-derived GzmB could be protective.

Sjögren syndrome
Sjögren syndrome is one of the most common autoimmune diseases, 
and is characterized by progressive, immune-mediated damage of the 

exocrine glands (primarily lacrimal and salivary glands), resulting in 
ocular and oral dryness167. As Sjögren syndrome is often accompanied 
by other autoimmune diseases such as SLE and systemic sclerosis (SSc), 
the disease presenting on its own is referred to as primary Sjögren 
syndrome (pSS).

Granzyme (GzmA, GzmB and GzmK)-producing CD8+ T cells are 
expanded in both lesional exocrine glands and peripheral blood of peo-
ple with pSS, according to results from studies using scRNA-seq, immu-
nohistochemistry and flow cytometry, and multi-omic studies99,168–170. 
In damaged labial glands in pSS, scRNA-seq identified elevated infil-
tration of resident memory GZMB+GZMK+ CD8+ T cells99. A distinct 
aging-associated population of circulating CD8+ T cells co-expressing 
GzmB and CX3CR1 is present in pSS169, consistent with findings linking 
circulating GzmB-expressing T cells and aging84. In people with pSS, 
although GZMB+ CD4+ T cells are also expanded in the peripheral blood 
and correlate positively with disease severity171, their precise contribution  
to pathogenesis is unclear.

As CD8+ CTLs are the predominant cell type producing GzmB in 
pSS lesions, GzmB might contribute to tissue damage through both 
intracellular (apoptotic) and extracellular mechanisms (Fig. 2). Similar 
to SLE, GzmB might contribute to autoantibody production through 
the generation of cryptic autoantigenic epitopes71. Specifically, the 
presence of a 27-kDa fragment of the La protein, which can be gener-
ated by GzmB cleavage in vitro, is observed in the serum of people with 
pSS172. Further investigations should delineate the in vivo role of GzmB 
in the induction of autoantigens, including in relation to its established 
substrates α-fodrin, M3R, NuMA and La70,71.

Systemic sclerosis
SSc is a rare autoimmune disease presenting vasculopathy, immune 
abnormalities and prominent multi-organ fibrosis, with skin 
involvement a hallmark feature173.

Granzyme (GzmA, GzmB and/or GzmK)-expressing CD8+  
T cells174–176 are observed in the peripheral blood, skin and lungs of 
people with SSc. Expansion of CD4+ CTLs expressing GzmA and GzmB 
in the peripheral blood and skin lesions of patients also occurs177. These 
effector CD4+ CTLs (CD28lowCD57hiCD4+), which are clonally expanded 
in the blood of people with pSS, have elevated expression of GZMA, 
GZMB, GZMM, GZMH and PFN1, and cell numbers correlate with skin 
and lung fibrosis177. Consistently, a CD16+CD56dim NK cell population 
expressing GzmB is enriched in the lungs of people with SSc176 (although 
reportedly not in the circulation178,179). Finally, elevation of GzmA and 
GzmB expression also occurs in CD27+ γδ T cells180, a T cell subpopu-
lation that is expanded in people with pSS, and that demonstrates 
cytotoxicity against endothelial cells in vitro181. As this cytotoxicity is 
inhibited by anti-GzmA antibodies, these observations support a role 
for GzmA in pSS tissue damage.

In vitro mechanistic and immunohistochemistry-based studies 
support the potential roles of CD4+ CTLs, effector CD8+ T cells and γδ  
T cells in vasculopathy and tissue fibrosis in SSc via granzyme-mediated 
targeted endothelial cell killing175,177,181. As the roles of granzymes were 
assessed through a perforin-dependent, pro-apoptotic perspective 
in earlier studies, it remains to be determined whether non-cytotoxic 
granzyme mechanisms pertaining to vascular permeability and fibrosis 
contribute to these events. Granzymes might also contribute to SSc 
initiation and flares through the generation of cryptic autoantigenic 
epitopes, as suggested in earlier in vitro studies70,71,182,183. As such, our 
understanding of granzymes in SSc requires more research linking 
observations to mechanisms and causation.
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Granzymes as therapeutic targets
Proteases represent one of the largest families of enzymes in humans 
and an important class of proteins for drug development184. Among the 
proteases, granzymes remain one of the few protease families for which 
therapeutics have not been developed despite mounting in vivo and 
ex vivo evidence supporting their pathogenic role in numerous human 
pro-inflammatory disorders. Current systemic and topical granzyme 
inhibitors are discussed below.

Systemic inhibitors
Although to our knowledge no publications have reported the systemic 
use of granzyme-specific small-molecule inhibitors or monoclonal 
antibodies, serpins (a superfamily of irreversible serine protease inhibi-
tors) have been administered as investigative tools to attenuate the 
extracellular activity of some mouse granzymes in vivo.

In 2006, serpin A3N was identified as a potent and irreversible 
extracellular inhibitor of both human and mouse GzmB185. Serpin A3N 
is a serine protease inhibitor that is endogenously expressed in mice. 
Often associated with its human paralogue α1-antichymotrypsin, 
which is encoded by the SERPINA3 gene, serpin A3N is encoded by 1 of 
13 closely-related mouse genes generated through diversification and 
duplication events and has no human orthologue186. Of the 13 clade 3 A 
serpins encoded by the mouse genome, serpin A3N is the only serpin 
with the capacity to inhibit human and mouse extracellular GzmB186. 
Serpin A3N has demonstrated therapeutic efficacy in inhibiting extra-
cellular GzmB in mouse models of abdominal aortic aneurysm50, dia-
betic wound healing187, ischaemic stroke188, multiple sclerosis189 and 
interface dermatitis190. Unfortunately, translation of these findings to 
humans is limited by serpin A3N immunogenicity (owing to its mouse 
origin) and lack of specificity186. In an alternative approach to GzmB 
inhibition, intravenous injection of GzmB siRNA attenuated late or 
chronic experimental autoimmune encephalomyelitis in vivo through 
a PAR-1-dependent mechanism191.

A serpin-based approach has been used to target the extracel-
lular activity of GzmA. Systemic administration of the mouse-derived 
GzmA inhibitor serpinb6b improved survival in an in vivo mouse model 
of sepsis by reducing TLR4-dependent expression of IL-6 and TNF 
by macrophages10,192. Serpinb6b also reduces gut inflammation and 
development of colitis-induced colorectal cancer in vivo24. In vitro 
reduction of GzmA-induced pro-inflammatory cytokine production 
by human monocytes and mouse macrophages was similarly achieved 
using antithrombin-III10 or serpinb6b, which are specific endogenous 
inhibitors of human and mouse GzmA, respectively193.

Compound 20 is a reversible granzyme B inhibitor194. Although it is 
effective in vitro, efficacy of Compound 20 has not been demonstrated 
in vivo, possibly because of pharmacokinetic and solubility challenges.

Topical inhibitors
To date, VTI-1002 is to our knowledge the only specific extracellular GzmB 
inhibitor developed for potential clinical application that has demon-
strated efficacy in vivo. VTI-1002 is a potent, first-in-class, small-molecule 
inhibitor of human GzmB with minimal activity against other proteases57. 
Formulated as a gel, VTI-1002 can penetrate the stratum corneum and 
exhibits no adverse events when topically applied to mice daily for 
30 days57. Although optimized for human GzmB, VTI-1002 also inhibits 
mouse GzmB57. Through the inhibition of extracellular GzmB, VTI-1002 
effectively reduces disease severity in mouse models of scarring57, auto-
immune blistering (bullous pemphigoid and epidermolysis bullosa 
acquisita)40, atopic dermatitis42 and vaginal epithelial ulceration68.

Unmet needs and future perspectives
Despite being discovered more than 30 years ago, a considerable gap 
remains between the in situ detection of granzymes (intracellular or 
extracellular) and the understanding of their mechanisms of action with 
respect to injury, inflammation and rheumatic disease. One explanation 
for this gap is the long-standing view of granzymes only as functionally 
overlapping, cytotoxic proteases secreted by CTLs and NK cells and 
internalized into target cells through a perforin-dependent process, 
a concept that has been refined following the advent of scRNA-seq and 
the recent identification of GZMB+, GZMK+ and GZMB+GZMK+ CD8+ T cell 
subsets. As novel, non-cytotoxic, perforin-dependent intracellular as 
well as perforin-independent extracellular roles of granzymes emerge 
and continue to reshape the field, the contributions of granzymes to 
immune-mediated pathogenesis should be re-examined.

Although recent findings have brought increased attention to 
the field, they have also raised additional challenges and questions. 
Notably, the use of specific granzyme knockout approaches does 
not distinguish between intracellular and extracellular proteolytic 
activities. Extracellular pharmacological approaches are beginning to 
address this issue for GzmA and GzmB, but further studies (and tools) 
are required to elucidate the extracellular roles and substrates of other 
granzymes. Here, it should be reiterated that the relevance of results 
obtained using mouse models should be confirmed (at least in vitro) in 
human models, as differences are observed between some human and 
mouse granzyme substrate specificities and enzymatic activities, the 
biological relevance of which is currently unclear. In vivo confirmation 
of physiologically relevant substrates coupled with better functional 
characterization in health and disease will provide greater clarity. The 
dysregulation and/or addition of a single protease can considerably 
affect other proteolytic, signalling and/or metabolic pathways within 
the tightly regulated and interconnected protease web195. As such 
mechanisms are delineated, the full involvement of granzymes within 
this network will be revealed.

Moving forward, we anticipate that single-cell transcriptomic 
and proteomic approaches will continue to identify the presence of 
perforin-deficient, granzyme-positive subsets of lymphocytes in rheu-
matic and other diseases. However, research will ultimately have to shift 
towards understanding the functional roles of granzymes and move 
beyond the mere observation of their expression to understanding 
the role of these proteases in pathogenesis. This change will be accom-
plished through the development of better research tools, includ-
ing antibodies, in vitro, ex vivo and in vivo granzyme-specific activity 
assays, and intracellular and extracellular inhibitors. Characterization 
of granzymes in larger animals, such as pigs or non-human primates, will 
be an important step for preclinical research and development. These 
tools would enable further progress and investigation into granzymes, 
which at present remain one of the largest and most poorly understood 
families of immune-secreted proteases in the human proteome.

Conclusions
The observation that granzymes are elevated in conditions associated 
with increasing age, autoimmunity and/or acute or chronic inflamma-
tion is not new. As the knowledge pertaining to the roles of granzymes 
continues to expand beyond cytotoxicity into injury, inflammation, 
epithelial dysfunction, impaired healing, aging and other pathologi-
cal events, a re-evaluation of these proteases (in particular GzmB) and 
their potential as therapeutic targets is warranted.
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