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Background. Cystatin F is a protein inhibitor of cysteine peptidases, expressed predominantly in immune cells and 
localised in endosomal/lysosomal compartments. In cytotoxic immune cells cystatin F inhibits both the major pro-
granzyme convertases, cathepsins C and H that activate granzymes, and cathepsin L, that acts as perforin activator. 
Since perforin and granzymes are crucial molecules for target cell killing by cytotoxic lymphocytes, defects in the 
activation of either granzymes or perforin can affect their cytotoxic potential. 
Materials and methods. Levels of cystatin F were assessed by western blot and interactions of cystatin F with cath-
epsins C, H and L were analysed by immunoprecipitation and confocal microscopy. In TALL-104 cells specific activities 
of the cathepsins and granzyme B were determined using peptide substrates.
Results. Two models of reduced T cell cytotoxicity of TALL-104 cell line were established, either by treatment by 
ionomycin or by immunosuppressive transforming growth factor beta. Reduced cytotoxicity correlated with increased 
levels of cystatin F and with attenuated activities of cathepsins C, H and L and of granzyme B. Co-localisation of cys-
tatin F and cathepsins C, H and L and interactions between cystatin F and cathepsins C and H were demonstrated. 
Conclusions. Cystatin F is designated as a possible regulator of T cell cytotoxicity, similar to its role in natural killer cells. 
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Introduction 

The ability of cancer cells to avoid immune re-
sponse is one of hallmarks of cancer1 and thus, sev-
eral therapeutic approaches are aimed to enhance 
anticancer immunity. In cancer immunotherapy 
the activation and maintaining of T cells directed 
towards tumour antigens provided promising re-
sults.2 In this case the main players are CD8+ cy-
totoxic T lymphocytes (CTLs), major cell effectors 
of adaptive immunity, since they possess the abil-
ity to kill target cells directly.3 The key pathway 
employed by CTLs in target cell killing involves 
release of perforin and granzymes from cytotoxic 
granules. Perforin is a pore-forming protein that 
enables entry of granzymes into the target cell. 

Perforin deficiency, or failure to deliver fully func-
tional perforin due to its genetic mutations, leads 
to the fatal immunoregulatory disorder, familial 
hemophagocytic lymphohistiocytosis.4 Granzymes 
are a family of serine peptidases that, once in the 
target cell, trigger different cell death signalling 
pathways. In humans there are five granzymes, A, 
B, H, K and M, among them granzymes A and B 
have established cytotoxic roles. Indeed, the cyto-
toxicity of CTLs in mice lacking granzymes A and 
B, even if they possess functional perforin and oth-
er granzymes, is greatly reduced.5 Granzyme B has 
the most potent pro-apoptotic role, since its activity 
to cleave after aspartate residues mimics the func-
tion of caspases. On the other hand, granzyme A 
cleaves substrates after basic residues and induces 
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a slower type of cell death. In addition to different 
substrate specificity, both granzymes differ also in 
their potency; while nanomolar levels of granyzme 
B are cytotoxic, micromolar levels of granzyme A 
are needed for cytotoxicity.5

As well as perforin and granzymes, cytotox-
ic granules contain certain cysteine cathepsins. 
These comprise a group of 11 cysteine peptidas-
es (cathepsins B, C, F, H, K, L, O, S, V, X and W) 
exhibiting different tissue distributions, cellular 
localisations, proteolytic activities and protein le-
vels, all involved in a variety of physiological and 
pathological processes. In CTLs the most notable 
is the role of cathepsin C, which is responsible for 
the activation of pro-granzymes by removing an 
N-terminal dipeptide.6 However, cathepsin C null 
mice, while active granzyme A is completely ab-
sent, still possess active granzyme B in functional 
cytotoxic cells, and it has been shown that cath-
epsin H can act as an additional pro-granzyme 
convertase.7 Furthermore, cysteine cathepsins are 
implicated in the activation of perforin by cleaving 
its C-terminus.8,9 Thus, cathepsin L can cleave per-
forin, although redundancy with other peptidases 
has also been demonstrated.8,10

The activity of cysteine cathepsins is regulated 
by their endogenous protein inhibitors, the cysta-
tins. In immune cells a notable role is attributed 
to cystatin F, a tight-binding inhibitor of cysteine 
cathepsins and legumain, which has several fea-
tures distinguishing it from other members of 
cystatins II family. First, it is synthesised predomi-
nantly in immune cells and its expression depends 
on their activation state or differentiation status.11-14 
Secondly, it presents as a dimer, stabilized by di-
sulphide bonds15 and as a dimer it does not in-
hibit cysteine cathepsins.16,17 Its monomerization 
can be facilitated by proteolytic cleavage of the 15 
N-terminal amino acids, however, this truncation 
significantly changes the inhibitory profile.18 While 
full-length monomeric cystatin F does not inhibit 
cathepsin C, after N-terminal truncation it becomes 
its potent inhibitor.18 Furthermore, cystatin F is, 
apart from cystatin E/M, the only cystatin that is 
glycosylated, a feature crucial for its endosomal/
lysosomal trafficking and internalisation.19 Lastly, 
cystatin F can also function in trans, so that secreted 
cystatin F can be taken up by bystander cells and 
regulate the activity of cysteine cathepsins in the 
endosomal/lysosomal pathway.20,21

Cystatin F can regulate the cytotoxicity of natu-
ral killer (NK) cells by inhibiting the pro-granzyme 
convertases, cathepsins C and H, and cathepsin L 
that is implicated in perforin processing.22,23 The 

result is lower activity of granzymes A and B and, 
consequently, lower cytotoxicity of NK cells.21 
Cystatin F is therefore an upstream regulator of 
split anergy, an NK cell status in which cells lose 
their cytotoxicity but increase their expression 
and secretion of various cytokines.24,25 A similar 
anergic state was also described in CTLs, where 
anergy is defined as a hyporesponsive state that a 
lymphocyte can acquire after it encounters an an-
tigen.26 The minimal requirement for a cell to be 
termed anergic is hypo- or un-responsiveness to at 
least one of its effector functions.27 However, even 
though the regulatory role of cystatin F in NK cells 
is well established, much less is known about its 
role in CTLs. Since both cell types share the same 
molecular machinery for target cell killing, cystatin 
F could affect CTL cytotoxicity. In fact, it has been 
shown that overexpression of cystatin F in mouse 
CTLs leads to lower activity of cathepsin C. In hu-
man CD8+ T cell blasts, cystatin F was found co-lo-
calised with granzyme A, perforin and LAMP-1.18 

A role for cystatin F in regulating human CTL’s 
cytotoxicity has, however, not yet been demon-
strated.

We have investigated both the involvement of 
endogenous cystatin F in the inhibition of intra-
cellular cathepsins C and H and its impact on the 
cytotoxicity of CTLs, using primary human CTLs 
and TALL-104 cells. Treatment with transform-
ing growth factor β (TGFβ) and ionomycin were 
shown to induce anergy of TALL-104 cells, attenu-
ating their cytotoxicity against both NK-sensitive 
K-562 cells and NK-resistant Raji cells. It was fur-
ther shown that the attenuated cytotoxicity cor-
relates with increased levels of cystatin F and de-
creased specific activities of cathepsins C, H and L 
and granzyme B. Our results thus designate cysta-
tin F as a regulator of the cytotoxicity of CTLs.

Materials and methods
Antibodies 

Rabbit anti-cystatin F antibody from Davids 
Biotechnologie GmbH (Regensburg, Germany) 
was used in all experiments except in western 
blots, where rabbit anti-cystatin F antibody from 
Sigma-Aldrich (St. Louis, MO, USA) was used. 
Mouse anti-cathepsin C was from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Other an-
tibodies against human cathepsins were devel-
oped: 1D10 mouse anti-cathepsin H antibody28, 
sheep anti-cathepsin H28 and sheep anti-cathepsin 
L.29 Rabbit and mouse anti-β-actin antibodies 
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were from Sigma-Aldrich, rabbit anti-glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was 
from Santa Cruz Biotechnology and mouse anti-
GAPDH from Proteintech (Rosemont, IL, USA). 
Secondary anti-rabbit, anti-mouse and anti-sheep 
antibodies conjugated with horseradish peroxi-
dase (HRP), were from Jackson Immuno Research 
(West Grove, PA, USA). Secondary anti-rabbit and 
anti-mouse antibodies conjugated with fluorescent 
dyes DyLight 650 and DyLight 550, respectively, 
were from Invitrogen (Carlsbad, CA, USA). For im-
munofluorescence studies all secondary antibod-
ies were from Thermo Fisher Scientific (Thermo 
Scientific, Rockford, IL, USA): donkey anti-rabbit 
Alexa Fluor 488, goat anti-rabbit Alexa Fluor 647, 
donkey anti-mouse Alexa Fluor 555 and donkey 
anti-sheep Alexa Fluor 488.

Cell culture and isolation

TALL-104 cells (CRL-11386) (ATCC, Manassas, 
VA, USA) were cultured in IMDM medium 
(ATCC) with 20% foetal bovine serum (Gibco, 
Carlsband, CA, USA), 100 IU/ml interleukin-2 
(Bachem, Bubendorf, Switzerland), 2.5 μg/ml re-
combinant human albumin (Sigma-Aldrich) and 
0.5 μg/ml D-mannitol (Sigma-Aldrich). TALL-104 
cell line was used as a model of cytotoxic T lym-
phocytes since these cells express markers typical 
of a T-cell phenotype (CD2+, CD7+, CD3+, CD8+, 
TCRα/β+)30, can kill NK-sensitive as well as NK-
resistant target cells and use primarily the perfor-
in/granzyme pathway.31 K-562 (CCL-243) (ATCC) 
and Raji cells (CCL-86) (ATCC) were cultured in 
RPMI-1640 (Lonza) with 10% foetal bovine serum, 
100 U/mL penicillin (Lonza) and 100 U/mL strep-
tomycin (Lonza). The same complete medium, 
but with 30 IU/mL interleukin-2, was used for pri-
mary human CD8+ T cells (pCTLs) that were iso-
lated from buffy coats of healthy volunteers at the 
Blood Transfusion Centre of Slovenia, Republic 
of Slovenia, according to institutional guide-
lines. The National Medical Ethics Committee of 
the Ministry of Health, Republic of Slovenia, ap-
proved the study. Cytotoxic CD8+ T cells were 
isolated by negative selection magnetic beads kit 
(Miltenyi Biotech, Bergisch Glasbach, Germany), 
according to the manufacturer’s protocol. The 
purity of pCTLs was determined by flow cytom-
etry using fluorescence labelled antibodies against 
CD3, CD4, CD8, CD56, CD16, CD19 and TCRα/β 
(all from Miltenyi Biotech) and was always >95%. 
All cells were grown in a humidified incubator at 
37°C in 5% CO2. 

Cell activation, TGFβ and ionomycin 
treatment

TALL-104 and pCTLs were stimulated with anti-
CD3/anti-CD28 antibody coated beads (CD3/CD28 
Dynabeads® human T-Activator, Thermo Fischer 
Scientific), a protocol that mimics the physiological 
activation of T-cells, since immobilised anti-CD3 
antibody triggers signalling through T-cell recep-
tor complex, while anti-CD28 antibody triggers 
the co-stimulatory signalling.32 Stimulation was 
performed according to manufacturer’s instruc-
tions; beads were added to TALL-104 or pCTLs at 
a cell density of 106/mL and at a bead to cell ratio 
of 1:1. Before stimulation, pCTLs were rested in the 
complete medium with interleukin-2 overnight. 
TALL-104 cells were treated with 100 pM TGFβ 
(R&D Systems, Minneapolis, MN, USA) for 24 
hours in the presence or absence of anti-CD3/anti-
CD28 antibody coated beads in complete medium. 
For induction of anergy the cells were treated with 
0.5 μM Ca2+ ionophore ionomycin (Santa Cruz) for 
16h in complete medium. After ionomycin treat-
ment, cells were washed and either analysed or, to 
test if anergy is reversed after full activation, resus-
pended in fresh complete medium and activated. 
pCTLs were activated with anti-CD3/anti-CD28 
antibody coated beads, while TALL-104 cells were 
activated with 1 μM ionomycin and 10 nM phor-
bol 12-myristate 13-acetate (PMA; Sigma-Aldrich), 
a stimulation protocol that similarly to stimulation 
with anti-CD3/anti-CD28 antibody coated beads 
mimics activation of the T-cell receptor, since iono-
mycin triggers signalling pathways of T-cell recep-
tor, while PMA triggers signalling pathways of co-
stimulatory molecules.

Calcein-AM release assay

The calcein-AM release assay33 was used for meas-
uring TALL-104 cytotoxic activity. TALL-104 cells 
were used as effector cells and K-562 or Raji as tar-
get cells. First, the target cells were resuspended in 
serum-free RPMI and loaded with 15 μM calcein-
AM (Sigma) for 30 minutes and after two washes 
in complete RPMI medium the cell density was 
adjusted to 105/ml. Wells of a U-bottom 96-well 
plate were preloaded with sufficient numbers of 
TALL-104 cells in 100 μL of complete IMDM to 
produce the desired effector to target cell ratios 
(E:T). To measure spontaneous and total release of 
calcein-AM, wells were preloaded with 100 μL of 
complete IMDM or 100 μL of lysis buffer (50 mM 
sodium borate, 0.1% Triton X), respectively. Assays 
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were started by adding 5 x 103 target cells in 50 μL 
of complete RPMI to each well. The plate was then 
centrifuged for 2 minutes at 200 x g to enhance con-
jugate formation by amassing the cells at the bot-
tom of the plate, then incubated for 4 hours in a hu-
midified incubator at 37°C with 5% CO2. After in-
cubation the plate was centrifuged for 5 minutes at 
700 x g. 50 μL of supernatant was then transferred 
to a new microtiter plate. Fluorescence of released 
calcein-AM was measured with a microplate reader 
(Tecan M1000) with 496 nm excitation and 516 nm 
emission filters. Fluorescence of each E:T ratio was 
measured in at least three replicate wells. Specific 
lysis (%) was calculated as [(test release – spontane-
ous release)/(total release – spontaneous release) x 
100]. Lytic units (LU30/106 cells) were determined 
by using the inverse of the number of effector cells 
needed to lyse 30% of target cells × 100.34 To inves-
tigate the requirement for extracellular Ca2+, the cy-
totoxicity assay was performed in the presence of 2 
mM EGTA and 1 mM Mg2+. Excess Ca2+ was added 
at 2 mM concentration.

Cell death analysis by Annexin V-FITC/
propidium iodide double-staining

Cell death was assessed using an FITC-conjugated 
Annexin V/propidium iodide kit (Apoptosis de-
tection kit, Beckton Dickinson, Franklin Lakes, 
NJ, USA), according to the manufacturer’s proto-
col. Stained cells were examined by flow cytom-
etry (FACS Calibur, Beckton Dickinson) using Cell 
Quest pro software (Beckton Dickinson). A mini-
mum of twenty thousand cells were analysed per 
sample.

Preparation of whole cell lysates 

Cells were first washed in PBS then lysed in lysis 
buffer. For western blot analysis, cell lysis buffer 
(50 mM Tris-HCl pH 8, 150 mM NaCl, 1% Triton 
X-100, 0.5% sodium deoxycholate, 0.1% SDS and 
1 mM EDTA) with addition of protease inhibitors 
(Roche) was used. For the activity assay of cath-
epsins 0.1 M citrate buffer pH 6.2 with 1% Triton 
X-100 lysis buffer was used, while the lysis buffer 
for granzyme B activity was 25 mM HEPES, 250 
mM NaCl, 2.5 mM EDTA, 0.1% Nonident p-40, 
pH 7.4. Cell lysates were incubated on ice for 30 
minutes then centrifuged at 16,000 x g for 20 min-
utes at 4°C. Supernatants were transferred to fresh 
tubes and protein concentration determined using 
the DC-Protein Assay Kit (Bio-Rad Laboratories, 
Hercules, CA, USA). 

Western blot

Samples containing 30 to 50 μg of cell lysates’ total 
protein were heated for 10 minutes at 100°C in ei-
ther non-reducing or reducing (40 mM dithiothrei-
tol) loading buffer, resolved in SDS-PAGE and 
transferred onto a nitrocellulose membrane (GE 
Healthcare, Chicago, IL, USA) using wet transfer at 
200 mA for 90 minutes. Membranes were blocked 
in 5% non-fat dry milk in PBS (cystatin F) or 5% 
non-fat dry milk in tris-buffered saline (TBS) with 
0.1% Tween-20 (for cathepsins C, H and L and gran-
zyme B) for 1 hour at room temperature. Primary 
antibodies were diluted in blocking solution and 
incubated overnight at 4°C. After washing with 
PBS or TBS with 0.1% Tween-20 the membranes 
were incubated with HRP-conjugated secondary 
antibodies or in the dark with fluorescently la-
belled secondary antibodies (anti-rabbit–DyLight 
650 or anti-mouse–DyLight 550) in blocking solu-
tion. Membranes with HRP-conjugated antibodies 
were incubated with Lumi-Light western blotting 
substrate (Roche). Images were acquired using a 
ChemiDoc MP System (Bio-Rad) and quantifica-
tion analysis was performed in Image Lab, version 
5.1 software (Bio-Rad).

Confocal immunofluorescence 
microscopy and proximity ligation assay

Cells were washed in PBS and left to adhere to 
microscope slides for 30 minutes at 37°C. The 
slides were then fixed with 4% paraformaldehyde 
in PBS for 20 minutes, permeabilized with 0.1% 
Triton X-100 in PBS for 10 minutes and blocked 
with 3% BSA (Sigma-Aldrich) in PBS for 30 min-
utes. Primary antibodies were diluted in 1% BSA 
in PBS and incubated for 90 minutes. Fluorescence 
labelled secondary antibodies were diluted in PBS 
and incubated for 1 hour. Slides were mounted 
with Prolong Gold Antifade Mountant containing 
4’,6’-diamidino-2-phenylindole (DAPI) (Thermo 
Scientific). Control samples were run in the ab-
sence of one or both primary antibodies. Images 
were taken with a Carl Zeiss LSM 710 confocal mi-
croscope (Carl Zeiss, Oberkochen, Germany) with 
ZEN 2011 image software (Carl Zeiss).

For proximity ligation assay (PLA), after incuba-
tion with primary antibodies, PLA was performed 
according to the manufacturer’s protocol (Olink 
Bioscience, Uppsala, Sweden). Briefly, for a single 
recognition experiment for cystatin F, anti-rabbit 
PLUS and anti-rabbit MINUS were used as PLA 
probes, and the PLA probes anti-rabbit PLUS and 
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anti-mouse MINUS for cystatin F–cathepsin C in-
teraction. PLA probes were diluted in 1% BSA in 
PBS and incubated for 1 hour at 37°C. Ligation 
and amplification were performed using Detection 
Reagents Red. Coverslips were mounted on glass 
slides using Duolink In Situ Mounting Medium 
with DAPI. Controls were run in the absence of 
one or both primary antibodies. A cystatin F sin-
gle recognition experiment was performed as a 
positive control. Fluorescence microscopy, using a 
Carl Zeiss LSM 710 confocal microscope, and high 
resolution images (63x 1.4NA) of at least 100 cells 
per condition were acquired. Cell images were ex-
ported using ZEN 2012 SP1 (black edition) version 
8.1 software (Carl Zeiss) in TIF format for further 
analysis and signal quantification in Blobfinder 
3.2 software (Centre for Image Analysis, Uppsala 
University, Uppsala, Sweden).

Immunoprecipitation

TALL-104 cells were washed once in PBS and ly-
sed in ice-cold lysis buffer (50 mM Tris-HCl pH 
7.4, 100 mM NaCl, 0.25% Triton X-100, with pro-
tease inhibitors (Roche)). After incubation on ice 
for 30 minutes, lysates were centrifuged at 16,000 
x g for 20 minutes and supernatants were trans-
ferred into fresh tubes. Dynabeads protein G 
(Thermo Scientific) were coated with either rabbit 
anti-cystatin F antibody (Davids Biotechnologie) 
or an antibody raised against lectin isolated from 
Macrolepiota procera (BioGenes GmbH, Berlin, 
Germany), as a negative control. Dynabeads pro-
tein G with bound antibodies was then added to 
lysates. After rotation at 4°C overnight, beads were 
washed three times with lysis buffer and boiled for 
10 minutes in 1× SDS loading buffer. Eluted pro-
teins were analysed by western blot.

Determination of enzyme activities

Enzyme activities were determined using specific 
fluorogenic substrates: 70 μM H-Gly-Phe-7-amino-
4-methylcoumarin (AMC) (Bachem) for cathepsin 
C, 20 μM H-Arg-AMC (Bachem) for cathepsin H, 
50 μM Z-Phe–Arg-AMC for cathepsin L (Bachem) 
and 50 μM acetyl-Ile-Glu-Pro-Asp-AMC for gran-
zyme B (Bachem). The assay buffers used were 
25 mM MES, 100 mM NaCl, 5 mM cysteine, pH 
6 for cathepsin C, 100 mM MES, 2mM EDTA, 5 
mM cysteine, pH 6.5 for cathepsins H and L and 
50 mM Tris-HCl, 100 mM NaCl, pH 7.4 for gran-
zyme B. Whole-cell lysates were first activated in 
assay buffer for 15 minutes at room temperature 

for cathepsins or for 30 minutes at 37°C for gran-
zyme B. The substrate was then added and for-
mation of fluorescent degradation products was 
measured continuously with excitation at 370 nm 
and emission at 460 nm on a microplate reader 
Infinite M1000 (Tecan, Männedorf, Switzerland). 
To determine cathepsin L activity, 5 μM irrevers-
ible inhibitor of cathepsin B, CA-074 (Bachem), was 
added before the addition of substrate. The rate of 
AMC release was calculated and normalised to the 
enzyme protein levels determined from western 
blot. The activity of the control sample was set to 
100% and activities of other samples were adjusted 
accordingly.

Statistical analyses

Data were analysed using GraphPad Prism 6 
(GraphPad Software, San Diego, CA, USA). 
Differences between groups were analysed with 
the t test when two groups were compared or with 
one-way ANOVA followed by Šidák’s multiple 
comparisons test to assess which groups differed 
significantly when more than two groups were 
compared. Differences were accepted as significant 
when p ≤ 0.05.
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FIGURE 1. Expression of cystatin F in TALL-104 cells and human CD8+ T cells. (A) 
Representative western blot experiment showing expression of the monomeric 
and dimeric form of cystatin F in unstimulated and stimulated TALL-104 cells and 
human CD8+ T cells. Both, TALL-104 and human CD8+ T cells, were stimulated 
with anti-CD3/anti-CD28 antibody coated beads. Multiple bands correspond to 
differently glycosylated forms of cystatin F.21 (B) Quantification of western blot data 
was performed in Image Lab software. Signals for cystatin F were first normalized to 
β-actin signal and TALL-104 control sample intensity was set to 1 arbitrary unit (AU). 
Relative intensities of other bands were calculated accordingly. Error bars represent 
s.e.m between three separate experiments.

** p ≤ 0.01, statistical analysis was performed for total cystatin F levels.
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Results
Cystatin F is expressed in TALL-104 and 
in human primary CD8+ T cells 

Expression of cystatin F in TALL-104 cells and in 
human primary CD8+ T cells (pCTLs) isolated 
from peripheral blood mononuclear cells of healthy 
donors was examined by western blot. Both cell 

types expressed cystatin F but at a higher level in 
TALL-104. Stimulation of cells with anti-CD3/anti-
CD28 antibody coated beads led to a decrease in 
both monomeric and dimeric forms of cystatin F 
(Figure 1).

Cytotoxicity is decreased and cystatin 
F levels increased in response to TGFβ 
and ionomycin 

Since TGFβ has been reported to target the effec-
tor function of CTLs by transcriptional repres-
sion of perforin and granzymes35, we determined 
whether TALL-104 cytotoxic function is affected 
by TGFβ. After TGFβ treatment, the cytotoxicity 
of TALL-104 cells against NK-sensitive targets, i.e. 
K-562 cells, as well as against NK-resistant Raji 
cells, tested by calcein-AM release assay, was sig-
nificantly reduced (Figure 2A). The killing of target 
cells was completely inhibited by the addition of 
Ca2+ chelating agent EGTA to the assay medium, 
while addition of excess Ca2+ restored the cytotoxic 
function (Figure 2B), implying that the loss of cyto-
toxic function was due to the Ca2+ chelating action 
of EGTA. Furthermore, we confirmed, by double 
staining of cells with annexin V-FITC and propidi-
um iodide, that TGFβ treatment did not induce cell 
death of TALL-104 cells. More than 97% of both 
control and TGFβ treated cells were negative for 
both markers of cell death, excluding cell death as 
the cause of the lower cytotoxicity. 

Further, ionomycin was used to induce the aner-
gy and decrease the cytotoxicity of TALL-104 cells. 
TALL-104 cells treated with low concentrations of 
ionomycin displayed a marked decrease in cytotox-
icity against K-562 and Raji targets (Figure 2A) and, 
like that with TGFβ, the addition of EGTA during the 
calcein-AM release assay completely abrogated the 
cytotoxicity, while addition of excess Ca2+ restored 
the cytotoxic activity, confirming the involvement of 
the granzyme/perforin pathway in cell cytotoxicity 
(Figure 2B). Propidium iodide staining confirmed 
that ionomycin treatment does not trigger cell death 
in TALL-104 and pCTLs (data not shown). 

Levels of cystatin F in cell lysates were further as-
sessed by western blot. In TALL-104 cells, total cys-
tatin F levels increased after treatment with TGFβ 
(Figure 3A,B) or with ionomycin (Figure 3C,D). In 
TGFβ treated TALL-104 cells the increase of total 
cystatin F levels was due to an increase of the active 
monomeric form, while the dimeric form, that does 
not inhibit cysteine cathepsins, was decreased. 
Ionomycin treatment on the other hand triggered 
an increase of both monomeric and dimeric forms. 
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Both control and ionomycin treated TALL-104 cells 
were stimulated with PMA/ionomycin, which de-
creased cystatin F levels (Figure 3D). Nevertheless, 
in ionomycin treated cells stimulated with PMA/
ionomycin cystatin F levels remained higher com-
pared to the control TALL-104 cells stimulated with 
PMA/ionomycin (Figure 3D). Similarly, in pCTLs 
cystatin F levels were increased after ionomycin 
treatment in both, unstimulated cells and follow-
ing stimulation with anti-CD3/anti-CD28 beads.

Cysteine cathepsins C, H and L are 
expressed in TALL-104 cells and in 
human CD8+ T cells and co-localise with 
cystatin F

It has been postulated that, in NK cells, the most 
prominent targets of cystatin F are cathepsins C 
and H, that act as pro-granzyme convertases21, and 
cathepsin L, that is implicated in perforin process-
ing.10,21 In this study, both pCTLs and TALL-104 
cells were found to express cathepsins C, H and L 
(Figure 4A-C). Using confocal microscopy, cystatin 
F was shown to be co-localised with cathepsins C, 
H and L in TALL-104 cells (Figure 4D) and pCTLs 
(Figure 4E). Co-localisation of cystatin F with cath-
epsins C and H was confirmed by co-immuno-
precipitation (Figure 4F) and with cathepsin C by 
proximity ligation assay (Figure 4G).

Increased cystatin F levels are 
correlated with decreased specific 
activities of cathepsins C, H and L and 
of granzyme B

We further studied, using specific substrates and 
whole cell lysates, whether cystatin F can affect 
enzymatic activities of cathepsins C, H and L in 
TALL-104 cells (Figure 5). Activities of cathepsins 
C, H and L were significantly decreased in iono-
mycin treated TALL-104 cells and, after stimula-
tion with PMA/ionomycin, their activity remained 
significantly decreased (Figure 5A-C). Similarly, 
activities of cathepsins C and L were significantly 
decreased in TGFβ treated TALL-104 cells both 
unstimulated and stimulated with anti-CD3/
anti-CD28 antibody coated beads (Figure 5E,G). 
However, cathepsin H activity was decreased in 
TGFβ treated TALL-104 cells stimulated with anti-
CD3/anti-CD28 antibody coated beads, but not in 
unstimulated cells (Figure 5F).

It was next determined as to whether lower 
cathepsins C and H activities result in lower gran-
zyme B activities. Indeed, in ionomycin treated 
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CD3/anti-CD28 antibody coated beads granzyme 
B activity was not decreased (Figure 5H).

Discussion

Cystatin F has recently been shown to be an up-
stream regulator of split anergy in NK cells, where 
it inhibits cathepsins C and H, major pro-granzyme 
convertases, resulting in reduced cytotoxicity 
of NK cells.21,34 Even if NK cells and CTLs differ 
greatly in their mechanisms of target cell recogni-
tion and activation, the molecular mechanism, i.e. 
granule dependent cytotoxicity, that they exploit to 
trigger cell death is very similar. Therefore, we hy-
pothesised that cystatin F could also be involved in 
regulating the cytotoxicity of CTLs. It has already 
been shown that, in mouse CTLs, overexpressed 
cystatin F decreases cathepsin C activity and that, 
in human CTLs, it is co-localised with granzyme 
A and perforin18 and granzyme B (unpublished 
observation). The ability of cystatin F to regulate 
the cytotoxicity of CTLs had not, however, been 
addressed before. Here we demonstrate that in-
creased levels of cystatin F correlate with lower 
specific activities of cathepsins C, H and L and 

granzyme B and, consequently, with the decreased 
cytotoxicity of CTLs. 

First, the expression of cystatin F in primary 
human CTLs and the TALL-104 cell line was dem-
onstrated by western blot (Figure 1) and found to 
be significantly higher in TALL-104 than in CTLs. 
On stimulation with anti-CD3/anti-CD28 antibody 
coated beads, cystatin F levels were decreased in 
both cell types. Changes in cystatin F levels fol-
lowing stimulation have been reported and were 
dependent on cell type and stimulation agents. 
Similarly to our findings, the differentiation of 
U937 and HL-60 cells with PMA caused a decrease 
in dimeric and monomeric forms of cystatin F.11,36 
On the other hand, in monocyte-derived dendritic 
cells stimulated with toll-like receptor 3 ligand 
(polyinosinic:polycytidylic acid) or toll-like recep-
tor 4 ligand  (lipopolysaccharide), cystatin F levels 
were increased.18 As in primary human NK cells, 
stimulation with interleukin-2 led to increased 
levels of the dimeric cystatin F, while those of the 
monomeric form remained unchanged.21,34 

Secondly, TALL-104 cells were found to be less 
cytotoxic after treatment with either TGFβ or iono-
mycin (Figure 2). TGFβ is an immunosuppressive 
cytokine present in large amounts in tumour mi-

0

50

100

150

re
la

tiv
e 

ca
th

ep
sin

 C
 a

ct
iv

ity
 (%

)

**
*

ctrl ion ctrl ion
ctrl stim re

la
tiv

e 
gr

an
zy

m
e 

B 
ac

tiv
ity

 (%
)

*******

ctrl ion ctrl ion
ctrl stim

0

50

100

150

re
la

tiv
e 

ca
th

ep
sin

 C
 a

ct
iv

ity
 (%

)

0

50

100

150

* ***

TGFctrl ctrl
ctrl stim

TGF

re
la

tiv
e 

ca
th

ep
sin

 H
 a

ct
iv

ity
 (%

)
ctrl ion ctrl ion

ctrl stim

0

50

100

150
**** ****

re
la

tiv
e 

ca
th

ep
sin

 H
 a

ct
iv

ity
 (%

)

0

50

100

150

****

TGFctrl ctrl
ctrl stim

TGF

re
la

tiv
e 

gr
an

zy
m

e 
B 

ac
tiv

ity
 (%

)

0

50

100

150

TGFctrl ctrl
ctrl stim

TGF

re
la

tiv
e 

ca
th

ep
sin

 L
 a

ct
iv

ity
 (%

)

0

50

100

150
**** *

ctrl ion ctrl ion
ctrl stim

0

50

100

150

re
la

tiv
e 

ca
th

ep
sin

 L
 a

ct
iv

ity
 (%

)

**** *

TGFctrl ctrl
ctrl stim

TGF

****

FIGURE 5. Activities of cathepsins C, H and L and granzyme B in TALL-104 cells. Activities of cathepsins C (A, E), H (B,F), L (C,G) and 
granzyme B (D, H) in TALL-104 whole cell lysates after TGFβ or ionomycin treatment. Error bars represent SD between triplicates. * p 
≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001.

ctrl = control; ion = ionomycin; stim = stimulated; TGF = transforming growth factor beta

A B C D

E F G H



Radiol Oncol 2019; 53(1): 57-68.

Prunk M et al. / Cystatin F in cytotoxic T cells66

croenvironment, its source being the cancer cells 
themselves or various cells of stromal and tumour-
infiltrating cells.37 TGFβ plural: roles in cancer, no-
tably suppressing the anti-cancer immune response 
by its inhibitory action on T cell proliferation, acti-
vation and effector functions.38 Indeed, it has been 
demonstrated that TGFβ directly inhibits the ef-
fector function of CTLs by inhibiting expression of 
perforin, granzymes A and B, interferon-gamma 
and Fas ligand.35 In accordance with this, TGFβ 
was shown here to decrease TALL-104 cytotoxicity 
against NK-sensitive as well as NK-resistant target 
cells (Figure 2). Furthermore, cytotoxicity is com-
pletely inhibited by addition of the Ca2+ chelating 
agent EGTA, indicating that the Ca2+-dependent 
perforin/granzyme pathway is responsible for cy-
totoxicity in the setting of the present assay. This 
finding could be relevant for patient treatment, 
since TALL-104 cells have already been used in 
Phase I clinical trials on patients with refractory 
metastatic breast cancer39 and peritoneal carcino-
sis40 and are currently in Phase II clinical trial in 
patients with ovarian carcinoma.41 

The effect of TGFβ on TALL-104 cells is compa-
rable to that of ionomycin, a compound known to 
trigger T cell anergy.26,42 Ionomycin triggers activa-
tion of Ca2+/calcineurin signalling and activation of 
transcription factor NFAT. Because co-stimulation 
is absent, the PKC/IKK/Ras/MAP kinase arm is not 
activated and, consequently, activation of NFAT co-
operating transcription factor AP1 is absent, lead-
ing to transcription of anergy associated genes.42,43 
Interestingly, in ionomycin induced anergic CD4+ 
T cells, cystatin F was shown to be among the genes 
that were strongly induced.42 In this study we dem-
onstrated that, in TALL-104 cells, ionomycin trig-
gers a hyporesponsive state characterised by their 
reduced ability to kill target cells (Figure 2). In both 
models of reduced cell cytotoxicity we consistently 
found increased levels of active monomeric cys-
tatin F (Figure 3). This is in accordance with our 
previous results where active monomeric form of 
cystatin F was increased in split anergic NK cells.34 
Split anergic NK cells, after interaction with NK-
sensitive targets, lose their cytotoxicity but still 
proliferate and secrete higher levels of cytokines.25 

Among the possible peptidases that could be 
inhibited by cystatin F, we focused on cathepsins 
C, H and L, since these are involved in the activa-
tion of effector molecules of the perforin/granzyme 
pathway. In previous studies it was shown that 
cystatin F is co-localised with cathepsins C and 
H in the same vesicles in NK-92 cells34 and with 
granzyme A and perforin in human CD8+ T cell 

blasts.18 Here, by immunofluorescence staining, we 
report the co-localisation of cystatin F with cathep-
sin C in primary human CTLs and TALL-104 cells 
and confirm its interaction with proximity liga-
tion assay and co-immunoprecipitation (Figure 4). 
Furthermore, we have shown that cystatin F co-lo-
calizes and co-immunoprecipitates with cathepsin 
H, confirming that cystatin F interacts with both 
major pro-granzyme convertases (Figure 4). With 
regard to cathepsin L, in PMA/ionomycin stimu-
lated CD8+ T cells obtained from NOD mice, cath-
epsin L activity was observed.44 In accordance with 
these results we detected cathepsin L protein in 
human CTLs and TALL-104 cells. Furthermore, we 
showed that cathepsin L co-localises with cystatin 
F in both cell types (Figure 4). 

Increased expression of monomeric cystatin F 
in anergic and TGFβ treated TALL-104 cells was 
expected to have an impact on cathepsins’ activ-
ity. Indeed, after treating TALL-104 cells with 
ionomycin, a significant drop in the specific ac-
tivities of cathepsins C, H and L was observed in 
both unstimulated and stimulated TALL-104 cells 
(Figure 5). With TGFβ the effect was similar for 
cathepsins C and L, but less evident for cathepsin 
H (Figure 5). Given that cathepsins C and H are 
pro-granzyme B convertases, decreased levels of 
cathepsins C and H should affect the processing of 
granzymes from their precursor forms. In ionomy-
cin treated TALL-104 cells this impact on granzyme 
B activity was evident, whereas in TGFβ treated 
TALL-104 cells this was the case in unstimulated 
TALL-104 cells. However, in stimulated TALL-104 
cells, granzyme B activity was not affected. It is 
possible that the combination of TGFβ treatment 
and stimulation with anti-CD3/anti-CD28 antibody 
coated beads triggers upregulation of an additional 
activating peptidase that compensates for the de-
creased activities of cathepsins C and H. Indeed, 
in activated lymphocytes from mice lacking either 
cathepsin C or both cathepsins C and H, granzyme 
A activity was absent, but there was still granzyme 
B activity and it was suggested, similarly to our re-
sults, that an additional granzyme B convertase is 
present.7

To conclude, it has been demonstrated that in-
duction of a hyporesponsive state in CTLs, either by 
the immunosuppressive cytokine TGFβ or by iono-
mycin, correlates with decreased specific activities 
of cathepsins C and H and of their substrate, gran-
zyme B. At the same time the expression of cystatin 
F, an inhibitor of cysteine cathepsins, is increased, 
suggesting that cystatin F could be a negative regu-
lator of the cytotoxicity of CTLs. Additional stud-
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ies, including silencing of cystatin F in CTLs and in 
vivo studies using mice lacking cystatin F, would 
be needed to demonstrate unequivocally the role 
of cystatin F in CTLs and its potential as a target to 
improve the immunotherapy of cancer.
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