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Abstract

Cysteine cathepsins are lysosomal peptidases involved in the regulation of innate and adaptive immune responses. Among the
diverse processes, regulation of granule-dependent cytotoxicity of cytotoxic T-lymphocytes (CTLs) and natural killer (NK)
cells during cancer progression has recently gained significant attention. The function of cysteine cathepsins is regulated by
endogenous cysteine protease inhibitors—cystatins. Whereas other cystatins are generally cytosolic or extracellular proteins,
cystatin F is present in endosomes and lysosomes and is thus able to regulate the activity of its target directly. It is delivered
to endosomal/lysosomal vesicles as an inactive, disulphide-linked dimer. Proteolytic cleavage of its N-terminal part leads to
the monomer, the only form that is a potent inhibitor of cathepsins C, H and L, involved in the activation of granzymes and
perforin. In NK cells and CTLs the levels of active cathepsin C and of granzyme B are dependent on the concentration of
monomeric, active cystatin F. In tumour microenvironment, inactive dimeric cystatin F can be secreted from tumour cells or
immune cells and further taken up by the cytotoxic cells. Subsequent monomerization and inhibition of cysteine cathepsins
within the endosomal/lysosomal vesicles impairs granzyme and perforin activation, and provokes cell anergy. Further, the
glycosylation pattern has been shown to be important in controlling secretion of cystatin F from target cells, as well as inter-
nalization by cytotoxic cells and trafficking to endosomal/lysosomal vesicles. Cystatin F is therefore an important mediator
used by bystander cells to reduce NK and T-cell cytotoxicity.
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mechanism they are classified as aspartic, cysteine, serine,
metallo or threonine peptidases [1, 2]. While peptidases
from different classes are involved in the immune response
[3], in this review we focus primarily on cysteine peptidases,
i.e. the cysteine cathepsins, due to their important roles in
diverse immune processes, such as antigen presentation,
T-cell activation and migration, cytokine activation and
regulation of cytotoxicity of cytotoxic lymphocytes [3, 4].
In addition, we present the regulation of their activity by
cystatins, a group of protein inhibitors that can regulate the
immune response by inhibiting enzyme activities and, also,
independently from their inhibitory function [5].

Cysteine cathepsins comprise a group of 11 lysosomal
peptidases, cathepsins B, C,F, H, K, L, O, S, V, X and W, all
related to papain and classified as clan CA [6]. Cathepsins B,
C, H and L are expressed ubiquitously, while that of others is
tissue and cell specific. In addition to their different expres-
sion profiles they differ from each other in their expression
levels, cell localization and substrate specificities, resulting
in their various physiological roles [6, 7].

In the immune response the cysteine cathepsins are prob-
ably best known for their role in antigen processing and
presentation. They are involved in the degradation of both
endocytosed and endogenous antigens, and in the generation
of antigenic peptides that can then be presented to T cells by
MHC class II molecules located on antigen-presenting cells.
Furthermore, the action of cysteine cathepsins is essential
for the degradation of invariant chain (Ii) chaperone and for
its removal from major histocompatibility complex (MHC)
molecules, a prerequisite step prior to peptide binding [3, 8].

In innate immunity, cysteine cathepsins are responsible
for activating Toll-like receptors (TLR). TLRs recognize
pathogen-derived material, and their activation leads to
inflammation, so their activity needs to be tightly regulated,
again by proteolytic activation by cysteine cathepsins [9, 10].
In addition, cysteine cathepsins can activate/inhibit cytokine
signalling or, conversely, their activity can be regulated by
cytokines [11, 12].

Moreover, cathepsin X has been shown to interact with
integrin receptors and, thus, modulate cell migration and
adhesion and other events contingent on adhesion. It can
either cleave integrin receptors at the C-terminal and/or can,
independently of its enzymatic activity, bind to integrins
via the arginyl-glycyl-aspartic acid (RGD) motif in its pro-
region [13, 14]. Modulation of integrin activation by cath-
epsin X is important in several types of immune cells. In
dendritic cells, proteolytic cleavage of f2-integrin receptor
Mac-1 (CD11b/CD18) regulates their adhesion and, conse-
quently, their activation [15]. Similarly, cathepsin X regu-
lates the adhesion of monocytes and macrophages and, thus,
phagocytosis and T-cell activation [16]. Finally, cathepsin
X has been shown to be important for the migration, inva-
siveness and homotypic aggregation of T-lymphocytes [17].
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The effector functions of cytotoxic T-lymphocytes
(CTLs), natural killer (NK) cells, mast cells and neutrophils
depend on the activation of their granule-localized serine
peptidases by cysteine cathepsins [3]. The first cathepsin
shown to activate serine peptidases was cathepsin C, which
removes two amino acid residues at the N-terminus. This
activation is crucial in neutrophils and mast cells while, in
cytotoxic lymphocytes (CTLs and NK cells), other cath-
epsins can substitute for this cathepsin C function. This was
first demonstrated in cathepsin C null mice, in which gran-
zyme B activity is reduced, but not absent [18]. Addition-
ally, Papillon-Lefévre syndrome, a human genetic disorder
caused by a mutation in the cathepsin C gene, is character-
ized by skin infections and periodontitis but not by general
T-cell immunodeficiency [19]. It was discovered, at least for
granzyme B, that the additional convertase is cathepsin H
[20]. However, even in mice lacking both cathepsins C and
H, the granzyme B activity was still not absent, suggesting
that other convertases might be involved [20]. Granules of
cytotoxic cells contain, in addition to granzymes, perforin,
a potent pore-forming protein crucial for killing target cells.
Similarly to the granzymes, perforin is also synthesized as
an inactive form that needs to be processed proteolytically at
the C-terminus for its activation [21]. In this process several
peptidases are involved, among the cysteine cathepsins a
role in perforin processing was demonstrated for cathepsin
L [22].

The role of cystatins in the immune response

Cystatins constitute a protein superfamily with members
present in all living organisms. The human cystatins can be
grouped into three types, according to their structure. Type
I cystatins contain approximately 100 amino-acids, with no
disulphide bridges or glycosylation. They also lack signal
peptides and are mainly cytosolic, but can be secreted. This
group includes stefins A and B. Type II cystatins are syn-
thesized containing signal peptides and are mainly secreted
in the extracellular space. They comprise 120 amino-acids,
contain at least two disulphide bridges and can be glyco-
sylated. The members of this group are cystatins C, D,
E/M, F, S, SA, SN, cystatins 11, 12, 13, 14, cystatin-related
epididymal spermatogenic protein (CRES) and testatin.
The most complex of the cystatins are type III cystatins, the
kininogens. They are multifunctional proteins, containing
three tandemly repeated type II-like cystatin domains and
are present in blood and other body fluids, where they pro-
vide systemic protection from endogenous and exogenous
cysteine peptidases [23]. Besides other functions they have
been shown to act as prototypic danger signals inducing full-
fledged maturation of dendritic cells [24].
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Irrespective of their type, cystatins act mainly as revers-
ible, tight-binding inhibitors of cysteine peptidases. They
are predominantly inhibitors of cysteine peptidases from the
C1 family, although some cystatins can inhibit peptidases
from the C13 family, utilizing a second reactive site [25].
Cystatins are involved in the immune response by regulating
several processes in which cysteine cathepsins are involved.
Furthermore, they can inhibit pathogen-derived cysteine
peptidases, thus strengthening the immune response against
microbes [23]. In addition, cystatins can act independently
of their inhibitory function [26].

Since cysteine cathepsins are well known for their
involvement in antigen presentation, it is not surprising that
the majority of studies have focused on the role of cysta-
tins in the modulation of antigen presentation, especially
in dendritic cells. The first cystatin shown to be implicated
in antigen presentation was cystatin C. During maturation
of dendritic cells, cystatin C expression and protein levels
were found to decrease [27, 28]. In addition, different popu-
lations of mouse dendritic cells have different levels of cys-
tatin C [29]. However, using dendritic cells from cystatin
C-deficient mice, cystatin C was found not to be essential
for regulating antigen presentation [29]. Another candidate
proposed as being implicated in antigen presentation is cys-
tatin F. Compared to other type II cystatins, it is present in
significantly higher levels inside cells [30] and is targeted
to the endosomal/lysosomal vesicles through the mannose-
6-phosphate pathway [31], making it a likely candidate for
direct regulation of cathepsin activity. Indeed, it was shown
that cystatin F inhibits, at least in vitro, peptidases involved
in antigen presentation, such as cathepsins S and V and legu-
main [25, 32, 33]. Accordingly, the localization of cystatin
F was found to change during maturation of primary human
dendritic cells; in immature dendritic cells it is strongly
co-localized with cathepsin S whereas, during maturation,
it is translocated to endosomes and lysosomes, remaining
only partially co-localized with cathepsin S in mature den-
dritic cells. Conversely, cystatin F is not co-localized with
cathepsin L in immature dendritic cells but only in mature,
adherent dendritic cells [34]. By inhibiting cathepsin L, cys-
tatin F can regulate the adhesion and maturation of dendritic
cells through the processing of procathepsin X, as described
above. Furthermore, in monocyte-derived dendritic cells
stimulated with ligands for TLR3 (poly I:C) or TLR4
(LPS), cystatin F is strongly upregulated [27, 35] while, in
the U937 cell line differentiated towards the granulocytic
pathway by trans-retinoic acid or towards macrophages by
phorbol ester cystatin F is downregulated [30]. Similarly
to cystatins C and F, cystatin D was also found in antigen-
presenting cells and, because of its preferential inhibition of
cathepsin S, it was proposed to play a role in antigen presen-
tation [36]. Another prominent role of cysteine cathepsins
in the immune response is the activation of granzymes by

cathepsins C and H, which is important in the cytotoxicity
of NK and T cells. This process is regulated by cystatin F
and will be explained below.

In addition, the importance of cystatins in infectious dis-
eases has been underlined in several studies. Although the
precise mechanism is yet to be elucidated, it has been shown
that cystatins can modulate the activity of exogenous pepti-
dases derived from pathogens and the pro-apoptotic reac-
tions initiated by endogenous cysteine peptidases [8]. Stefin
A is expressed selectively in cells associated with the first
line immune response, such as skin epithelial cells [37] and
polymorphonuclear granulocytes [38] and, probably, inhibits
pathogens invading the skin. Stefin B has been suggested as
playing a role in the response to bacterial infections, since
it is upregulated in LPS-stimulated human monocytes [39].
The cystatins D, SN and SA, found in saliva and tears [40],
inhibit cysteine peptidases from parasites such as cruzipain
from Trypanosoma cruzi [41]. In viral infections, salivary
cystatins were shown to suppress the infectivity of influenza
A virus [42] and of herpes simplex virus 1 [43], while cysta-
tin C was shown to inhibit the replication of herpes simplex
virus [44]. Furthermore, cystatin F was demonstrated to be
important for successful clearance of the nematode parasite
Brugia malayi, since cystatin F null mice were unable to
eliminate the infection [45]. In the same study, in a model
of allergic lung inflammation, cystatin F was shown to be
involved in eosinophil-mediated allergic pathology. Cystatin
F was demonstrated to be a critical factor for the survival of
eosinophils, for normal granule biogenesis and for eosino-
phil development [45].

Finally, cystatins are also associated with inflammation
in several diseases. For example, in systemic lupus erythe-
matosus, cystatin C was found to be associated with inflam-
mation [46] and, in chronic obstructive pulmonary disease,
it was shown to be an acute-phase reactant [47]. Biochemi-
cal markers of inflammatory processes accompanying lung
disorders are associated with increased cystatin F levels in
pleural effusions [48].

Regulation of cell cytotoxicity by cystatin F

Cytotoxic lymphocytes, namely CTLs and NK cells, are
major cell effectors of anti-microbial and anti-tumour
immune responses. Although these cells are activated by
different signals, the mechanisms by which they kill target
cells are the same. The key one is the perforin/granzyme
pathway, where cytotoxic lymphocytes first recognize
a virus-infected or a transformed cell as a target cell and
release the content of their cytotoxic granules, also termed
“secretory lysosomes” [49], into the lytic synapse between
the killer cell and target cell. The most important cargo of
the cytotoxic granules comprises perforin and granzymes.
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Perforin is a pore-forming protein, crucial for the penetra-
tion of granzymes into the target cells. Granzymes are ser-
ine peptidases that, once in the target cell, trigger apoptosis
through activation of caspases, but can also trigger cell death
in the absence of activated caspases [50-52]. In addition to
perforin and granzymes, there are several other important
granule constituents, among them cysteine cathepsins C, H
and L [4].

The most important role of cysteine cathepsins in cyto-
toxic cells is to activate granzymes. As noted above, the
main cathepsin in this process is cathepsin C, although cath-
epsin H is an additional convertase, at least for granzyme
B. However, even in mice lacking both cathepsins C and
H, the active granzyme B is present, implying considerable
redundancy among the peptidases involved in this process
[20]. Similarly to granzymes, perforin is also synthesized in
an inactive form with a C-terminal propeptide that prevents
oligomerization of perforin monomers [21]. In cytotoxic
granules, perforin is activated by proteolytic removal of the
C-terminal peptide [53]. Among the cysteine cathepsins,
cathepsin L was shown to be involved in perforin activa-
tion [22]. However, even inhibition of the entire family of
cysteine cathepsins with inhibitor E64 does not completely
abolish perforin activation, suggesting again that multiple
peptidases are involved in perforin processing [21, 53].

Cystatin F has been proposed to be the most important
candidate for regulating the activity of cysteine cathepsins
in cytotoxic lymphocytes. It is expressed specifically in
immune cells such as neutrophils, eosinophils, mast cells,
macrophages, dendritic cells, CTLs and NK cells [33, 54,
55]. It is synthesized as an inactive dimer and has to be
converted to the monomeric form to inhibit cathepsins [32].
Furthermore, to gain the inhibitory function, cystatin F is
cleaved at the N-terminus, supposedly by cathepsin V [56].
Cleavage facilitates conversion of the dimeric form into a
monomeric one and also changes the inhibitory profile of
the monomeric form. In fact, full-length monomeric cystatin
F does not inhibit cathepsin C, while the N-terminally trun-
cated monomeric form does [35]. Moreover, different forms
of cystatin F are found at different cell localizations—the
inactive dimeric form is localized in the Golgi apparatus,
endoplasmic reticulum and extracellular fluids, while the
monomeric form is localized in lysosomes and endosomes
[31, 35]. Interestingly, cystatin F can also function in trans,
meaning that the secreted inactive dimeric form can be inter-
nalized and activated in bystander cells [31]. Preferential
expression in immune cells, existence of different forms with
different inhibitory profiles, endosomal/lysosomal localiza-
tion and the ability to function in trans are features that sug-
gest an important regulatory role of cystatin F in the immune
response. Indeed, in mouse CTLs, overexpression of cysta-
tin F attenuates the activity of cathepsin C, and, moreover,
it has been shown that cystatin F null CTLs can take up
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cystatin F secreted by wild-type CTLs, confirming its abil-
ity to function in trans. In addition, the internalized cysta-
tin F decreased the activity of cathepsin C [31]. In human
CDS8+T cell blasts, cystatin F was shown to co-localize with
granzyme A, perforin and LAMP-1 [35]. Co-localization of
cystatin F with cathepsin C in cytotoxic granules of CTLs
has been demonstrated by our group (Fig. 1).

In NK cells, cystatin F expression is even higher than
in CTLs [55]. In NK-92 cells, cystatin F co-localized with
cathepsins C and H [58] and is N-terminally processed in
both NK-92 cells and primary human NK cells [58]. It is
thus not unexpected that increased levels of cystatin F in
NK cells were associated with lower cytotoxicity in anergic
NK cells [58]. NK cells become anergic following inter-
action with NK-sensitive targets and undergo functional
and phenotypic changes that lead to lower cytotoxicity and
increased cytokine secretion—the status called split anergy.
These cells also display different functions: non-anergized
NK cells are implicated in the selection of stem cells, while
anergized NK cells are important for resolution of inflam-
mation and for differentiation and regeneration of tissues
[59]. As demonstrated by our group, anergized NK cells
exhibit lower levels of cathepsin C, decreased processing of
cathepsin C from the pro-form to the mature form, and lower
levels of cathepsin H and granzyme B. In contrast, levels of
the truncated monomeric form of cystatin F are significantly
increased and consequently able to reduce the convertase
activity of cathepsins C and H [58]. To test the hypothesis
that cystatin F is a key regulator of granzyme activation,

Cystatin F and Cathepsin C

Fig. 1 Co-localization/interaction of cystatin F and cathepsin C in
TALL-104 cells determined by proximity ligation assay. Blue: DAPI
stained nuclei; red: proximity ligation assay signals. The method was
carried out as described in Soderberg and collaborators [57]. Images
were taken on a Carl Zeiss LSM 710 confocal microscope. DAPI
4',6'-Diamidino-2-phenylindole, LSM laser scanning microscope
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different mutants of cystatin F were prepared. They were
analysed for cell uptake, inhibition of intracellular pepti-
dases and changes in subcellular trafficking. Furthermore,
their impact on the cytotoxicity of NK-92 cells and primary
NK cells was evaluated [60]. In HeLa and Hek293 cells, the
N-glycosylation pattern was found to direct the secretion,
uptake and subcellular sorting of cystatin F. Besides dimeric
cystatin F, active, N-terminally truncated monomeric form
can also be internalized by recipient cells and targeted to
endosomes/lysosomes, and may affect granzyme activation
and cell cytotoxicity in cells with low contents of endog-
enous cystatin F or those lacking the cystatin F activating
peptidase. The cystatin F mutants capable of entering the
cells and the endosomal/lysosomal pathway, either by trans-
fection or in trans by using conditioned media, significantly
decreased cathepsin C and H activities in HeLa and Hek293
cells. Further, these mutants suppressed granule-mediated
cytotoxicity in IL-2 stimulated NK-92 and primary NK cells.
These results designate cystatin F as an important mediator
that is used by tumour cells or bystander immune cells to
impair NK cell cytotoxicity and to escape the anti-tumour
immune response [61] (Fig. 2).

Analysis of the promoter region of the cystatin F gene,
CST7, showed that it is devoid of the elements typical of
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Fig. 2 Increasing extracellular concentration of cystatin F negatively
affects the granule-mediated cytotoxicity of NK cells and CTLs.
Cystatin F originating from macrophages, mast cells, dendritic cells
and/or tumour cells can be taken up by NK cells and CTLs and trans-
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a house-keeping gene such as multiple Sp1 and GC-box
elements. However, it has been shown that CST7 contains
a unique C/EBP o binding site that might account for
restricted expression in immune cells [30]. C/EBP a is a
member of a family of transcription factors that promote
the expression of certain genes by interaction with a spe-
cific cytosine—cytosine—adenosine—adenosine—thymidine
(CCAAT) box motif, CCAAT enhancer-binding proteins
(C/EBP) [62]. In unstimulated promonocytic U937 and
promyeloblastic HL-60 cells, this transcription factor
was shown to bind to the promotor region of cystatin F
(Dautovi¢ et al., unpublished results), which strengthens
the role of C/EBP «a as a possible regulator of cystatin F
expression.

Finally, high levels of cystatin F could, in addition,
decrease the activity of other cathepsins such as cathepsin
L and of legumain. It has been reported that NK cells from
legumain null mice display lower cytotoxicity, implying
an important role for legumain in cell cytotoxicity [63].
Cathepsin L has been shown to be involved in perforin pro-
cessing and lower levels of active perforin could further
impair the cytotoxic function of NK cells [22].

Internalization of Cystatin F

Apoptosis
of target cells

[0 Active granzymes

[ Inactive granzymes

<z Cathepsins C and H
Cathepsin V

Q Inactive cystatin F

Q Active cystatin F

ported to secretory lysosomes where it is activated. In secretory lys-
osomes, cystatin F inhibits the cathepsins C and H needed for proteo-
lytic activation of granzymes—the major cytotoxic mediators of NK
cells and CTLs
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Conclusions

Cysteine cathepsins are involved in several immune processes,
among them activation of granule serine peptidases, a mecha-
nism essential for the activation of the cytotoxicity of NK and
T cells. The mechanism is regulated by cystatin F, the only
cystatin that is localized in endosomal/lysosomal vesicles and
capable of direct regulation of the granzyme convertases cath-
epsins C and H. Cystatin F inhibitory activity depends on the
rate of monomerization from the inactive dimeric form that is
enhanced by proteolytic cleavage of the N-terminal peptide by
the activating peptidase. As an inactive dimer, cystatin F can
be secreted by bystander cells and internalized by cytotoxic
lymphocytes, targeting cathepsins in endosomes/lysosomes
and impairing their cytotoxic function. In NK cells we showed
that increased levels of cystatin F correlate well with split
anergy, a status of NK cells characterized by loss of cytotox-
icity and associated with failure of the anti-tumour immune
response. Moreover, it was demonstrated that the level of cys-
tatin F is higher in tumour tissue of patients with colorectal
cancer and that these levels correlate with liver metastasis and
a poorer prognosis [64]. Likewise, in patients with glioma, the
association between cystatin F expression and worse prognosis
has also been reported (Cancer Genome Atlas of Glioblastoma
Multiforme and Low Grade Glioma Data Collection, http://
gliovis.bioinfo.cnio.es).

The function of cystatin F could be regulated in several
ways. Modification of its glycosylation profile could alter its
cell trafficking and/or prevent its internalization. Additionally,
regulation of transcription factors could decrease its expres-
sion. Finally, its activation and monomerization could be pre-
vented by targeting the activating peptidase. The opportunity
for precise regulation of cystatin F activity makes it a promis-
ing target for improving cancer immunotherapy.
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