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Complement activation

‘Complement-ing’ tissue inflammation  
via granzyme K?

Dimitrios C. Mastellos & John D. Lambris

Distinct proteolytic pathways share 
convergent activation patterns in many 
pathological contexts. Two new studies in 
Nature report on how effector memory-like 
CD8+ T cells infiltrate inflamed tissues 
in various disease states and drive 
tissue-restricted complement activation via 
the release of granzyme K.

Various innate and adaptive immune systems forge intricate inter-
actions that drive disease pathology in a context-dependent way. 
Precisely how the adaptive immune compartment taps into innate 
immune effector pathways and inflammatory circuits that drive 
homeostatic tissue adaptation or disease pathology has garnered 
increasing attention1.

The complement system engages in intricate crosstalk with mul-
tiple humoral and cellular elements of innate and adaptive immu-
nity, shaping inflammatory responses in the context of autoimmune, 
age-related and immune-mediated pathologies2. Complement effec-
tors, operating either in the intravascular space or in the intracellular 
milieu of lymphocytes, guide B cell and T cell responses pertinent to 
tissue homeostasis, immunosurveillance and disease progression3. 
In addition, several studies have described a non-canonical ‘bypass’ 
pathway of complement activation mediated by proteolytic enzymes 
of the contact, fibrinolytic, coagulation or lysosomal pathways, includ-
ing thrombin, kallikrein and cathepsins2. These ‘extrinsic’ proteases 
can directly cleave complement proteins and generate bioactive frag-
ments, and thereby emulate the action of multi-protein enzymatic 
complexes, known as C3 or C5 convertases. The ‘extrinsic’ protease 
pathway was first introduced in 2006 (ref. 4); since then, several stud-
ies have attempted to address its underlying biology and broader 
implications5,6.

Granzymes constitute a family of tryptase-like enzymes that are 
stored in secretory granules within CD8+ T cells, natural killer (NK) cells 
and innate-like lymphocytes (for example, γδ Τ cells and MAIT cells)7. 
During cytotoxic responses, these proteases eliminate malignant or 
virus-infected cells by initiating apoptotic cell death. Several studies 
have indicated the ability of these proteases to modulate inflammation 
and tissue remodeling by targeting both intracellular substrates and 
extracellular substrates8. Of note, a convergence point between gran-
zymes and complement biology was first reported in a study showing 
that granzyme B can cleave complement proteins C3 and C5, releasing 
bioactive C3a and C5a, respectively9.

Two recent studies by Donado et al.10 and Lan et al.11 report a previ-
ously unknown converging node between the granzyme family and the 
complement cascade, addressing the function of granzyme K (GZMK), 

a less-well-studied protease of this family. They describe a specific 
subset of effector memory CD8+ T cells with abundant expression of 
GZMK that infiltrate inflamed tissues. Beyond mediating pathologi-
cal memory, these GZMK+ T cells contribute to disease pathology and 
recurrence through the proteolytic action of GZMK that seems to drive 
complement activation in a tissue-restricted way (Fig. 1).

Donado et al. studied the role of GZMK+ CD8+ T cells in autoim-
mune inflammatory pathologies exemplified by rheumatoid arthri-
tis (RA) and osteoarthritis10. By staining human synovial tissue and 
interrogating publicly available RNA-sequencing datasets, they found 
that GZMK is expressed by tissue-infiltrating CD8+ T cells and also by 
NK cells and innate-like T cells. Abundant GZMK expression in CD8+ 
T cells was confirmed in patients with RA, lupus nephritis, ulcerative 
colitis, Crohn’s disease and COVID-19 (ref. 12). They also found that 
GZMK was constitutively expressed by peripheral blood CD8+ T cells 
regardless of stimulation of T cell antigen receptors10, which suggests 
that continuous production of GZMK ensures uninterrupted access to 
putative extracellular substates within the tissue microenvironment. 
In searching for putative new substrates and a plausible mechanism by 
which GZMK promotes inflammation, Donado et al. found structural 
similarity between GZMK and the complement serine proteases factor 
D, C1s and MASP-1 (ref. 10). They went on to show that GZMK directly 
cleaves C2 and C4, similarly to the initiator proteases of the classical 
pathway (CP) and lectin pathway (LP), C1s and MASP-1, respectively. 
Despite its structural similarity to the alternative pathway protease 
factor D, GZMK was unable to cleave complement factor B (CFB) in 
solution in the presence of C3b. However, the authors did not test the 
ability of GZMK to cleave CFB under conditions that promote the for-
mation of a stable C3 pro-convertase complex (C3bB) (for example, in 
the presence of Ni2+). This would have addressed any conformational 
or orientation-related constraints that might differentially modulate 
GZMK’s cleavage activity on CFB. Of note, the rate of cleavage of C2 
by GZMK was considerably slower than that of the CP protease C1s. 
This finding raises the possibility that GZMK may provide a limited 
contribution to the generation of C3 convertases under conditions 
that favor strong CP or LP activation via canonical routes. Strikingly, 
GZMK did not directly cleave C3, unlike what was shown in the study by  
Lan et al.11. The recombinant GZMK preparations used in both studies 
were produced in different expression hosts with possibly variable 
activity profiles. They may have also included impurities or trace con-
taminants that interfere with GZMK’s proteolytic activity or substrate 
selectivity or even mediate the C3 cleavage reported by Lan et al.11. 
These factors cannot be overlooked, as they could probably explain 
the divergent cleavage profile of GZMK against C3.

Given that GZMK triggered the C4b2b-dependent cleavage of C3, 
resulting in opsonization of HUVEC target cells by C3b, Donado et al. 
showed that GZMK promoted the assembly of active C5 convertases 
that cleaved C5 and led to the formation of C5b-9 complexes on tar-
geted cells10.
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Donado et al. supported the in vitro studies above by showing 
colocalization of C3b deposits with GZMK+ cell-enriched tissues 
from patients with RA10. They studied the role of GZMK in promoting 
disease-exacerbating complement activation in two mouse models that 
resemble human RA and psoriasis. Arthritic Gzmk–/– mice exhibited less 
complement activation within the inflamed synovium and soft tissues 
and had attenuated clinical scores. The ‘GZMK–complement’ con-
nection was also implicated in a mouse model of imiquimod-induced 
dermatitis, with Gzmk–/– mice exhibiting a less-severe disease pheno-
type that correlated with reduced deposition of complement in the 
inflamed dermis.

The conceptual framework put forth by Donado et al.10 was largely 
confirmed by the study of Lan et al.11. These authors, however, inves-
tigated the ability of pathogenic memory T cells to sustain disease 
recurrence in patients with chronic rhinosinusitis or comorbid asthma 
who frequently develop nasal polyps (NPs). By examining mucosal tis-
sue from successive surgeries for polyp removal, Lan et al. discovered 
a memory CD8+ T cell subset that expresses GZMK and is continually 
deployed from the memory pool of the periphery to the inflamed nasal 
tissue of these patients11.

To identify a potential source of complement proteins within the 
inflamed synovium, Donado et al. interrogated patient RNA-sequencing 
datasets and stained RA tissue sections, showing that synovial fibro-
blasts were a major source of C2, C4 and C3, both constitutively and 
following IFNγ stimulation10. These observations extend previous 
studies showing abundant C3 expression by synovial or intestinal 
fibroblasts13,14. Donado et al. then showed that GZMK promoted the 
assembly of a C3 convertase (C4b2b) by cleaving complement proteins 
secreted by synovial fibroblasts10 (Fig. 1, left). The resultant C3a induced 
LAMP-1-dependent mast cell degranulation to levels comparable to 
those of serum-derived C3a.

To address whether GZMK can bind to synovial cell surfaces and 
act as a scaffold for C3b opsonization, Donado et al. showed binding 
of GZMK to HUVECs, fibroblasts and monocytes that correlated with 
increased deposition of C3b10. By virtue of its heparin-binding domain, 
GZMK bound to cells with a higher surface density of glycosaminogly-
cans and heparan sulfate. Exogenously added heparin could compete 
with GZMK for binding to endothelial surfaces and also decrease the 
deposition of C3b. However, the possibility that heparin could exert com-
plement inhibition independently of GZMK’s activity cannot be excluded.
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Fig. 1 | GZMK mediates tissue inflammation by triggering extrinsic, non-
canonical complement activation. Effector memory-like CD8+ T cells 
infiltrate pathological tissues and mediate tissue inflammation by releasing 
GZMK, a serine protease that cleaves complement proteins independently 
of the canonical convertases. The classical complement pathway and the 
multiple cleavage targets of GZMK (C3, C4 and C5) are shown at top; left, GZMK 

mediates tissue inflammation in RA (arthritic joint); and right, a role for GZMK 
in chronic airway inflammation (asthma, rhinosinusitis). Question marks 
indicate conversions for which data are conflicting between the two studies 
(that is, C3)10,11, or cleavage patterns (that is, C5) that yield unusual fragments of 
questionable physiological relevance. MAC, membrane attack complex.
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Immunohistochemical analysis of tissues from patients with NPs 
showed that the levels of GZMK in the NP tissue closely correlated 
with disease severity and served as better prognostic markers than 
tissue eosinophilia and IL-5 expression, all assessed using predictive 
modeling algorithms.

To furnish a mechanism by which tissue-restricted GZMK fuels 
inflammatory pathology in this airway disease, Lan et al. probed NP 
tissue lysates for potential GZMK substrates via immunoprecipita-
tion on inactive GZMK-coated beads11. They identified C3 as a previ-
ously unknown binder, and showed that recombinantly expressed 
GZMK directly cleaved C3 into bioactive C3a and C3b fragments. GZMK 
also cleaved C4 and C2 into bioactive fragments that can support 
the assembly of a functional CP C3 convertase, C4b2b. Of note, the 
C3a-converting efficiency of GZMK was significantly lower than that 
of the canonical C4b2b and C3bBb convertases, which indicates that 
this conversion might be more relevant in contexts in which CP or AP 
activity is stringently regulated or suppressed. However, this concept 
was not formally tested in this study. Furthermore, GZMK cleaved C5, 
but did so in an unconventional manner that raises questions about its 
physiological relevance.

Lan et al. found that C3 mRNA expression was higher in tissue 
areas with abundant GZMK+ CD8+ T cell clones; these GZMK-rich areas 
featured cell aggregates that resembled tertiary lymphoid structures 
close to vessels11. The close proximity of GZMK to C3 was considered 
supportive of a local interaction that promotes C3 activation. The pos-
sibility of a putative role for GZMK-driven activation of C3 in enhanc-
ing antigen retention by dendritic cells, B cell activation via C3d-CR2 
signaling2, affinity maturation or antigen-specific CD8+ T cell expan-
sion within this lymphoid tissue cannot be excluded and warrants 
further investigation. C3a produced locally through the action of GZMK 
was suggested to serve as a chemoattractant for C3aR-expressing 
type 2 effector cells (for example, mast cells and eosinophils) that 
infiltrate the lungs and exacerbate tissue inflammatory damage15. To 
provide in vivo evidence of a role for complement in GZMK-mediated 
airway inflammation, Lan et al. employed a mouse asthma model with 
ovalbumin challenge11. The proposal of a disease-promoting role for 
T cell-derived GZMK was supported by the observation that conditional 
silencing of the gene encoding GZMK in T cells resulted in reduced infil-
tration of neutrophils, macrophages and eosinophils into the airways of 
ovalbumin-challenged mice and improved lung function. C3 signaling 
was implicated in driving GZMK-dependent airway inflammation in 
this model (Fig. 1, right) by the reduced eosinophilic infiltration in the 
airways after adoptive transfer of antigen-specific T cells overexpress-
ing GZMK into C3–/– recipients11.

Collectively, these studies10,11 offer a nuanced view of the complex 
landscape of interactions between innate and adaptive immune com-
partments in inflamed tissues. They address ways by which cytotoxic 
lymphocytes promote inflammation by deploying unconventional 
routes of complement activation that exploit lymphocyte-derived pro-
teases, such as GZMK. Such pathways may be operative in inflamed tissue 

microenvironments, modulating — under certain circumstances —  
the magnitude of inflammation or driving disease recurrence through 
the deployment of memory T cells.

At the same time, these studies raise important questions. To what 
extent is GZMK-mediated complement activation physiologically rel-
evant, given that canonical complement-activating routes may also 
contribute to tissue inflammation or disease recurrence? Is GZMK 
the driving factor in these pathologies, or do canonical complement 
pathways have a dominant pathologic role? The moderate cleavage effi-
ciency of GZMK, compared with that of typical C3 convertases, implies a 
likely auxiliary or contextual role of this protease in fine-tuning homeo-
static, low-level complement activation within tissues. The authors used 
in vitro reconstitution studies with purified complement components 
to assess GZMK-driven convertase formation. Are such functional con-
vertases formed in situ in tissue areas with abundant GZMK? What 
could be the relative contribution of other GZMK-expressing cell types 
(such as NK cells) to complement activation or disease exacerbation? 
Although complement deposition was colocalized with tissue areas rich 
in GZMK+ T cells, whether GZMK has a causative role in driving comple-
ment activation in the clinical setting needs to be further elucidated. 
Finally, in view of the potential contribution of intracellular complement 
signaling to inflammatory tissue priming and disease recurrence13, it 
would be worth investigating whether granzymes can target comple-
ment proteins within the intracellular space.
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