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Background: Cystatin F is a protease inhibitor normally found within the endocytic pathway, but can be secreted.
Results: Secreted cystatin F can be internalized thereby inhibitingmultiple targets and causing the accumulation of cathepsin L.
Conclusion: Cystatin F inhibits the CatL convertase AEP and stabilizes CatL protein levels.
Significance: Secreted cystatin F can be activated in trans expanding its inhibitory potential beyond its site of synthesis.

Cystatin F is an unusual member of the cystatin family of pro-
tease inhibitors, which is made as an inactive dimer and
becomes activated by proteolysis in the endo/lysosome pathway
of the immune cells that produce it. However a proportion is
secreted and can be taken up and activated by other cells. We
showhere that cystatinF acquired in thisway induces adramatic
accumulation of the single-chain form of cathepsin L (CatL).
Cystatin F was observed in the same cellular compartments as
CatL and was tightly complexed with CatL as determined by
co-precipitation studies. The observed accumulation of single-
chain CatL was partly due to cystatin F-mediated inhibition of
the putative single-chain to two-chain CatL convertase AEP/
legumain andpartly to general suppressionof cathepsin activity.
Thus, cystatin F stabilizes CatL leading to the dramatic accumu-
lation of an inactive complex composed either of the single-
chain or two-chain form depending on the capacity of cystatin F
to inhibit AEP. Cross-transfer of cystatin F from one cell to
another may therefore attenuate potentially harmful effects of
excessive CatL activity while paradoxically, inducing accumula-
tion of CatL protein. Finally, we confirmed earlier data (Beers,
C., Honey, K., Fink, S., Forbush, K., and Rudensky, A. (2003) J.
Exp.Med. 197, 169–179) showing a loss of CatL activity, but not
of CatL protein, in macrophages activated with IFN�. However,
we found equivalent loss of CatL activity in wild type and cysta-
tin F-null macrophages suggesting that an inhibitory activity
other than cystatin F quenches CatL activity in activated
macrophages.

Cystatins are low molecular weight cysteine protease inhibi-
tors that target the cysteine cathepsins including L, B, S, H, C,

and K. Some cystatins also inhibit the unrelated cysteine prote-
ase asparagine endopeptidase (AEP),3 also known as legumain,
through a second binding site (1, 2). There are 12 cystatins in
humans and the largest group known as type 2 cystatins are
made with signal sequences and can therefore be secreted (1).
In principle, these cystatins can regulate intracellular protease
activity although the fact that they are secreted would make
extracellular proteases their likely targets. Although the func-
tions of most of the cystatins remain to be fully revealed their
loss or mutation can cause serious pathology. For example,
mice lacking cystatin E/M show abnormalities in the develop-
ment of the epidermis, which ultimately prove fatal (3). Simi-
larly, patients with hereditary cystatin C amyloid angiopathy
(HCCAA) suffer paralysis and dementia due to brain hemor-
rhages (4). This condition is caused by a point mutation in cys-
tatin C (Leu-68 to Gln), which results in misfolding and aggre-
gate accumulation. Whereas the canonical family member
cystatin C is widely expressed, the expression of other cystatins
ismore tissue restricted. For example, cystatin E/M is expressed
in lung epithelia, skin keratinocytes and sweat glands (5, 6)
while cystatin F, also known as leukocystatin, is expressed
almost exclusively in immune cells, particularly CD8 T cells,
NK cells, neutrophils, dendritic cells, and mast cells (7–9). The
expression of some other cystatins is confined to the salivary
glands (1).
We and others have recently shown that cystatin F diverges

from other family members in several important respects. Cys-
tatin F is the only family member to form a di-sulfide linked
dimeric structure (10), a configuration that renders the mole-
cule inactive because ofmutual steric hindrance of one protease
inhibitory site by the other subunit (9, 11). Although the dimer
can be rendered active in vitro by reduction (12), high levels of
reducing agent are required and the monomeric form gener-
ated can inhibit some but not all physiological targets of cysta-
tin F (9, 12). Moreover, the endogenous monomeric form
detectable in cells is N-terminally truncated by 15 residues con-
sistent with a proteolytic activation mechanism (9). Activation
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of cystatin F takes place following targeting from the secretory
to the endocytic pathway. This step depends on N-linked gly-
cosylation of either of two adjacentmotifs one being an unusual
Asn-X-Cys motif (13). Although most cystatin F is directed to
the endocytic pathway, a significant proportion is secreted in
the inactive dimeric form. We recently showed that this form
can be internalized and activated by other cells using the man-
nose-6-phosphate receptor system (13). However the conse-
quences for the recipient cell were not investigated in detail.
The cysteine cathepsins that are targeted by cystatin F and

other cystatin family members are now known to have a range
of biological functions that extend beyond catabolism of pro-
teins that enter the endocytic and phagocytic pathway (14–17).
Cathepsin L (CatL) is a key lysosomal cysteine protease. In addi-
tion to its role in generalized lysosomal proteolysis it has spe-
cific roles in epidermal homeostasis (18), regulation of hair fol-
licle morphogenesis and cycling (19), class II MHC restricted
antigen processing, particularly in cortical thymic epithelial
cells (20), normal cardiomyocyte function (21), and neovascu-
larization of ischemic tissue (22).
Autoactivation of the lysosomal pro-form generates single-

chain CatL (30 kDa) which is then converted to varying degrees
depending on cell type, to a two-chain form consisting of a
24/25 kDa heavy chain and a 5 kDa light chain. The two-chain
form of CatL is not found in cells lacking AEP indicating that
AEP may be the convertase responsible for single to two-chain
conversion (23). Other cell type specific factors can also regu-
late the levels of CatL: the p41 isoform of the class II MHC
chaperone invariant chain (Ii) binds to the CatL active site and
acts as a chaperone, boosting the levels of two-chain CatL in
macrophages and in the macrophage conditioned extracellular
milieu (24, 25). In addition, CatL protease activity can be influ-
enced by pro-inflammatory signals, although the mechanism
remains unresolved (26).
Several cysteine cathepsins, including CatL, have been impli-

cated in a variety of pathologies such as cancer and uncon-
trolled inflammation and some enzymes are undergoing trials
as drug targets. In principle, the cystatins might counter the
adverse effects of excessive cysteine cathepsin activity but how
this would be achieved and which family members might be
most important is unknown.
We show here that cells exposed to exogenous cystatin F

show striking changes in both the level and configuration of
CatL and we dissect the mechanisms involved. Our studies
demonstrate that lysosomal protease activity is not only regu-
lated by biosynthesis, turnover and the expression of endoge-
nous chaperones such as p41 Ii, but additionally regulation can
be achieved in transby cystatin F. The production and secretion
of cystatin F by immune cells may modulate protease activity
and stability in bystander cells.

EXPERIMENTAL PROCEDURES

Chemical Reagents—Antibodies used for Western blots
include; goat anti-CatB and mouse anti-cystatin C (R&D sys-
tems), sheep polyclonal antibodies toCatL andCatH (described
in Ref. 27, rabbit anti-ERK2 (Santa Cruz Biotechnology), rat
anti-tubulin (Abcam), rabbit anti-cystatin F (9), and sheep anti-
AEP (28). Secondary antibodies include those that were HRP

conjugated (Jackson Immunoresearch) and Alexa-488 or
Alexa-594 conjugated (Clontech). The pan-specific protease
inhibitor E-64d was purchased from Calbiochem. The AEP
inhibitor MVO26630 was synthesized as described elsewhere
(29).
Cell Isolation and Culture—Spleen dendritic cells and bone

marrow dendritic cells (BMDC) from C57Bl6 femurs and tibia
were derived exactly as described (30). Bone marrow macro-
phages (BMM) were derived from bone marrow precursors
essentially as described (31). Briefly, precursor cells were cul-
tured in conditioned media (RPMI (Invitrogen), L-glutamine,
penicillin, and streptomycin, 10% (v/v) low endotoxin calf
serum containing 10% (v/v) L-929 conditionedmedia for 3 days.
Nonadherent cells were transferred to low attachment 6-well
plates (Costar 3471) and cultured at a density of 2 � 105 cells
per well. BMM were fully adherent and were F4/80 positive by
day 8. BMM from AEP KOmice (32) and Ii KO mice (kind gift
of Dr. Liz Bikoff) were grown as described above.
Recombinant Proteins—Recombinant cystatin c was pur-

chased from Genway Biotech. His-tagged cystatin F and AEP
were produced as previously described by gene amplification
and secretion from CHO cells (9). Dimeric cystatin F was puri-
fied from culture supernatants by sequential Ni-NTA-agarose,
size exclusion and cation exchange chromatography as previ-
ously described (9). Mutagenesis of AEP at residue Asn-65 to a
lysine was performed using the QuikChange Site-directed
Mutagenesis kit (Stratagene) targeting the following sequence
5�-GTTCAACAACTGCACGAAAGACATGTTCTTGTTC-
AAGGAGTC-3� (mutated site underlined). Mutant protein
was purified from culture supernatant following transient
transfection of 293T cells. Recombinant proteins were found to
be free of endotoxin contamination both by Limulus Amoebo-
cyte Lysate assay (BioWhittaker) and by lack of cell surface
CD40 up-regulation upon incubation with BMDC. CatL
expression in MyD88 and TRIF knock-out BMM and BMDCs
exposed to recombinant proteins displayed equivalent pheno-
types aswild-type cells (data not shown). Recombinant proteins
were added to culture media for the indicated times and con-
centrations and were allowed to internalize. Pilot experiments
were performed to establish the concentration range over
which changes in cathepsin L levels occurred. Activation of
internalized cystatins and AEP was followed by Western blot
and active-site labeling as described below. Densitometry of
autoradiographs were performed using ImageJ. Cell permeable
small molecule inhibitors of cathepsins (E64d) and AEP
(MVO26630) were added to cultured cells at 5 �M and 20 �M,
respectively for 24 h.
Immunoprecipitation and Nickel Chromatography—Cell

lysates were prepared by the addition of ice-cold lysis buffer (20
mM Tris, 150 mM NaCl, and 1% Triton-X-100, pH 7.4). For
immunoprecipitation, post-nuclear supernatants containing
equivalent total protein were pre-cleared using protein G (GE
Healthcare) coupled to non-immune antibody (SantaCruz Bio-
technology). Complexes of recombinant cystatin F and endog-
enous CatL were identified by purification of His-tagged cysta-
tin F using Ni-NTA chromatography (Qiagen) according to the
manufacturer’s instructions.
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Protease Activity—For active-site labeling of cathepsins in
intact cells, 125I-labeled JPM-OEt (a generous gift from Matt
Bogyo, StanfordUniversity)was used as described in detail else-
where (33). BMM were left untreated or were treated with 20
nM cystatin F or 1 ng/ml recombinant IFN� (R&D Systems) for
48 h. Cells were then exposed to 80 nM 125I-JPM-OEt for 2 h.
Labeled cathepsins were liberated from cells by glass bead
homogenization (34) followed by centrifugation to remove
intact nuclear and cellular debris. Equivalent total cellular pro-
tein (5–20 �g) was separated by 4–20% SDS-PAGE. Labeled
CatL was further purified by immunoprecipitation (as
described above) using protein G coupled to a sheep polyclonal
antibody recognizing both the pro- and processed forms of the
protease.
AEP activity was determined by following the hydrolysis of

the AEP/legumain-specific substrate Z-Ala-Ala-Asn-7-ami-
no-4-methylcoumarin (AMC) (Bachem) (35). Cells were
lysed in sodium citrate buffer (pH 5.5) containing 100 mM

citrate, 150 mM NaCl, and 0.5% Triton-X-100. The rate of
hydrolysis was followed in assay buffer containing 10 �g of
total protein, citrate buffer containing 20 mM citric acid, 60
mM Na2HPO4, 1 mM EDTA, 1 mM DTT, pH 5.5, and 50 �M

substrate at 37 °C for 90 min. Fluorescence was quantified by
measuring excitation at 360 nm and emission at 460 nm on
the Fluostar Optima (BMG Labtech) plate reader and
expressed as rate of hydrolysis.
Molecular Modeling/Docking—Molecular modeling of mono-

meric cystatin F (PDB:2CH9) with CatL was previously
described elsewhere (11) using the stefin B-papain complex
(PDB: 1STF). Surface display and highlighting of putative AEP
interaction sites were performed in Pymol.
Immunofluorescence Microscopy—BMM were transferred

from low adherence plates to Teflon-coated glass slides using
Versene (Invitrogen). Cells were plated at a concentration of
2–4 � 104 per well and allowed to adhere to the glass slides.
Cells were cultured with 20 nM cystatin F or solvent control for
an additional 24 h. Cells were washed in PBS, fixed in 4% PFA,
and permeabilized in 0.2% Triton-X-100. Cells were blocked in
2% BSA and stained with antibodies to cystatin F, and AEP or
CatL, as described above. Stained cells were analyzed on the
LCM510 confocal microscope (Zeiss) as described previously
(13).
Quantitative Real Time PCR—RNA was extracted from

BMM using the RNeasy RNA kit (Qiagen) and contaminating
DNA was removed using DNase I (Qiagen). RT-PCR was per-
formed with qScript cDNA synthesis kit (Quanta) using prim-
ers containing poly-dT and random hexamers. Real time PCR
was performed on an iCycler (Bio-Rad) using iQ SYBR Green
detection (Bio-Rad). Primers include; CatL: Forward: 5�-ATC-
AAACCTTTAGTGCAGAGTGG-3� Reverse: 5�-CTGTATT-
CCCCGTTGTGTAGC-3�; and normalization primers for
GAPDH; Forward: 5�-TGAAGGTCGGTGTGAACGGATT-
TGG-3� Reverse: 5�-ACGACATACTCAGCACCGGCCT-
CAC-3� and HPRT; Forward: 5�-AGGTTGCAAGCTTGCT-
GGT-3� Reverse 5�-TGAAGTACTCATTATAGTCAAGG-
GCA-3�.

RESULTS

Exposure to Cystatin F Induces an Accumulation of Single-
chainCatL—In contrast to other cystatinswhich are thought to
engage proteases in the extracellular space, the protease bind-
ing site of secreted cystatin F is protected due to its dimeric
structure (11). Although inactive dimer to active monomer
conversion could occur extracellularly, a more likely scenario is
that secreted cystatin F is internalized by adjacent cells and
activated. To assess the consequences of exposure to cystatin F
we cultured murine bone marrow-derived dendritic cells
(BMDC) or macrophages (BMM) with graded doses of recom-
binant dimeric cystatin F. The effect on potential cysteine pro-
tease targets in the recipient cells was initially monitored by
Western blotting. Exposure to cystatin F had a dramatic effect
on the configuration of CatL in both BMDC and BMM. Under
normal conditions in BMM, BMDC and spleenDC (sDC), CatL
is almost exclusively found in its fully mature two-chain form
albeit at rather modest levels (Fig. 1A). However, exposure to
cystatin F levels as low as 5 nM induced a clear accumulation of
both the two-chain (p24/25) and the single-chain (p30) form in
BMDC (Fig. 1B, left panel) and BMM (Fig. 1B, right panel).
Further increases in cystatin F concentration to as little as 10 nM
eliminated the two-chain form inBMMand induced a dramatic
accumulation of p30CatL (Fig. 1B, right panel). Quantitation of
multiple experiments confirmed that low nM concentrations of
cystatin F induced an accumulation of two-chain CatL (more
evident in BMDC than in BMM) with higher levels inducing a
progressive and dramatic accumulation of single-chain CatL
(Fig. 1B, lower panels). CatB andHare also found in both single-
chain and two-chain forms and like CatL accumulate in their
single-chain forms in the absence of AEP (23). CatB was found
mostly in its single-chain form in BMM and BMDC, however
exposure to cystatin F did not result in any further accumula-
tion (Fig. 1B). CatH was present in both forms in BMDC but
cystatin F had no discernable effect on either its configuration
or level. In BMMCatHwasmostly present in its pro and single-
chain form, which was modestly increased upon exposure to
cystatin F (Fig. 1B, right panel). Thus the impact of exposure to
cystatin F was rather selective: CatL accumulated and under-
went a major change in its configuration while CatB & H were
minimally affected. Importantly, the cystatin F-induced accu-
mulation of CatLwas not replicatedwhen cells were exposed to
similar concentrations of cystatin C even though this inhibitor,
like cystatin F, was taken up by cells (supplemental Fig. S1).
We next assessed the kinetics of CatL accumulation. Expo-

sure to cystatin F for 4 hwas sufficient to induce the appearance
of the single-chain form and by 24 h this was the only form
discernable (Fig. 1C). We also tested the effect of transient
times of exposure to cystatin F over a 48 h period. As shown in
Fig. 1D, cells exposed to cystatin F for 18 h and then cultured in
the absence of cystatin F for a further 30 hmaintained substan-
tial amounts of CatL single-chain form, while a 24 h exposure
followed by 24 h culture in the absence of cystatin F gave a
stronger signal. Thus once induced, cystatin F induced CatL
single-chain is stable and does not depend on continuous expo-
sure to cystatin F. The accumulation of CatL is similar to what
has been observed previously in p41 Ii knock-out macrophages
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(24, 25). However, the perturbation of CatL levels by cystatin F
was not due to indirect effects on p41 invariant chain expres-
sion or stability since BMM lacking both p31 and p41 isoforms
still accumulated 30 kDa single-chain CatL upon exposure to
cystatin F (supplemental Fig. S2).
Exposure to cystatin F might induce CatL accumulation by a

number of non-mutually exclusive mechanisms. First, cystatin
F might induce increased synthesis of CatL, which might
explain or partly explain its accumulation. Second, uptake and
activation of cystatin F could lead to blockade of normal CatL
single-chain to two-chain conversion. Third, the normal turn-
over of CatL might be attenuated by cystatin F blockade of one
or more of the proteases normally involved in CatL turnover.
Fourth, cystatin Fmight bind to CatL stabilizing it and protect-
ing it from degradation. Given the dramatic and selective accu-
mulation of CatL observed, we decided to investigate these var-
ious possibilities.
Activation of Cystatin F Following Uptake by Primary

Immune Cells—Interestingly, cystatin F exposure induced a
modest increase in CatL mRNA levels (supplemental Fig. S3)
but this did not reach significance and was not enough to
explain the accumulation of CatL observed. To confirm that
cystatin F was converted to an active protease inhibitor, we first
looked to see if internalized cystatin F was converted from its
inactive dimeric form to its active monomeric form. Cystatin F
secreted by and purified from 293T cells is exclusively in the

dimer configuration (supplemental Fig. S4). As shown previ-
ously in fibroblasts (13), cystatin F internalized by BMDC is
indeed partially converted to the active monomeric form (sup-
plemental Fig. S4). Next we performed protease active-site
labeling studies with 125I-labeled JPM-OEt (34). This reagent is
cell permeable and reacts with the active sites of most cysteine
cathepsins (34). As shown in Fig. 2A, cathepsins X, B, H, S, and
L were readily labeled with this reagent in untreated cells but
following exposure to 20 nM cystatin F, labeling of most of
cathepsins was substantially reduced. (Note that CatL labeling
was analyzed following immunoprecipitation.) Despite the dra-
matic accumulation of 30kD CatL protein in the presence of
cystatin F, no increase in labeling of this formwas observed and
labeling of the 24/25 kDa formwas undetectable.We alsomeas-
ured the level of AEP activity since this protease does not react
with 125I-JPM-OEt, but has been shown previously to be a tar-
get of type II cystatins (2). Exposure to either 20 or 40 nM cys-
tatin F reduced the activity of AEP in cell lysates by �50% (Fig.
2B). Thus, consistent with our earlier studies using fibroblast
cell lines, cystatin F enters primary cells, becomes activated and
occupies the active site of several lysosomal cysteine proteases.
To explore further the possibility that blockade of AEP by

cystatin F contributes to p30 CatL accumulation, we repeated
the experiment using cells that lack AEP. As already noted, in
these cells CatL is already present entirely in the single-chain
p30 form (23). Nonetheless, exposure of AEP null BMM to cys-

FIGURE 1. Exogenous cystatin F induces the accumulation of single-chain CatL. A, CatL processing in untreated BMM, BMDC, and sDC monitored by
SDS-PAGE gel under reducing conditions. CatL migrates at a zymogen (pro), single-chain (SC), and two-chain (TC) form. B, BMDC (left panel) or BMM (right panel)
were co-cultured with varying doses of cystatin F (nM) for 48 h. Note accumulation of TC CatL at low cystatin F concentrations and more dramatic SC CatL
accumulation at higher concentrations. Quantitative data from 3 (BMDC) or 4 (BMM) experiments are shown below the gel panels (means � S.E.) (black
diamond, SC; white diamond, TC). Processing of CatL, B and H was monitored following exposure to 20 nM cystatin F for different times (C) or when cystatin F was
initially present for the times shown but then withdrawn and the cells cultured for a total of 48 h (D). Antibodies to ERK2 or tubulin were used to assess
equivalent protein loaded. Data are representative of more than three independent experiments.
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tatin F induced a further substantial increase in the amount of
p30 CatL protein observed (Fig. 3A). Thus cystatin F blockade
of AEPmay contribute to p30CatL accumulation but cystatin F
must exert its effect by additionalmechanisms. Consistent with
this, the cystatin F-induced accumulation of p30CatL could not
be reversed by co-incubation with recombinant pro-AEP (56
kDa)which is takenupbycells andactivated to its twoactive forms
(46 kDa and 36 kDa; see Fig. 3B and Ref. 28). Quantitation of the
levels of both CatL and AEP in cells treated with cystatin F and
AEP confirmed accumulation of CatL and also showed that the
presence of cystatin F increased the amount of activeAEP (Fig. 3B,
left and right panels, compare AEP (20 nM) with and without cys-
tatin F (20 nM). This is discussed further below. We probed the
contribution of AEP inhibition to CatL accumulation with a fur-
ther experiment. Cystatins inhibit AEP via a motif distinct from
themotif that binds to the active site of cathepsins andmutationof
Asn-39 to Lys completely removed the ability of cystatin C to
inhibit AEP (2). Incubating BMM with an equivalent dose of the
analogous mutant in cystatin F (N65K) (supplemental Fig. S5) no
longer resulted inaccumulationofp30CatLbut insteadresulted in
enhanced accumulation of the heavy chain of the two-chain form
(Fig. 3C), Thus, CatL accumulates in cystatin F-exposed cells due
to at least two distinct effects of cystatin F working through its
different domains: first the domain that targets the papain-like
cysteine proteases retards normal turnover of the CatL two-chain
form. Second, the distinct AEP inhibitory domain retards single-
chain to two-chain conversion.
We attempted tomimic the action of cystatin F by incubation

of BMM with small molecule protease inhibitors of AEP and
cathepsins. The pan-cathepsin inhibitor E64d did not induce
any change in p30 CatL levels although strongly elevated levels
of p24/25 form were observed (Fig. 3D). Incubation with the
AEP inhibitorMVO26630 induced some increase in the level of
p30kD consistent with a role for AEP in p30 to p24/25 conver-
sion however the effect was modest compared with that seen
with cystatin F (Fig. 3D). In contrast, exposure to both E64d and
MVO26630 induced a substantial accumulation of p30 CatL

approximately equivalent to that induced by cystatin F (Fig.
3D). These results confirm that both cystatin F inhibitory activ-
ities are necessary for the accumulation of the p30 single-chain
form of CatL.
Cystatin F Is Complexed with CatL Following Uptake—The

suppression of active-site cathepsin labeling and reduced AEP
activity following cystatin F exposure implied that cystatin F
complexed with these cysteine proteases following uptake. To
test this directly we examined the intracellular compartments
accessed by cystatin F and tested the direct association of inter-
nalized cystatin F with these targets. BMM exposed to 20 nM
cystatin F accumulated the inhibitor in discrete structures scat-
tered throughout the cytoplasm. Consistent with AEP inhibi-
tion, many of these structures also harbored AEP (Fig. 4A,
inset). Interestingly, cystatin F exposure increased AEP stain-
ing, as already discussed above (Fig. 3B). However, recovery of
His-tagged cystatin F onNi-agarose beads failed to reveal stably
associated AEPmost likely because the interaction did not per-
sist throughout the precipitation protocol (data not shown). In
contrast, internalized cystatin F not only co-localizedwithCatL
(Fig. 4B) butwas also recovered bound to the inhibitor (Fig. 4C).
These results raised the possibility that cystatin F bound to p30
CatL might interfere with AEP access to the cleavage site that
generates the two-chain form of CatL. To assess this possibility
we generated a structural model of cystatin F monomer
bound at the active site of CatL using the stefin B/CatH
structure as a guide. The structure of AEP is not yet available
preventing a definitive statement about whether or not its
access to CatL would be affected by bound cystatin F. None-
theless the model demonstrates that the putative cleavage
point on CatL (highlighted in red) is distant from bound
cystatin F (Fig. 4D) making it unlikely that cystatin F steri-
cally hinders AEP access. Surprisingly, our attempts to test
this important point by direct experimentation were unsuc-
cessful. Addition of active AEP to isolated CatL p30 did not
result in generation of p24/25 CatL, even in the absence of
bound cystatin F (data not shown). Either additional factors
are needed for AEP to convert CatL single-chain to two-
chain or the conditions for this to occur were not optimal in
our in vitro incubations.
Cystatin F Is Not the Endogenous Inhibitor of CatL Activity in

IFN�-activated BMM—In an earlier study Beers et al. showed
that when peritoneal or BMM were activated with IFN�
there was a dramatic loss of CatL activity as measured by an
active-site directed probe (26). In contrast CatS activity
increased in the same cells. Interestingly, levels of CatL pro-
tein were maintained in IFN�-treated macrophages leading
the authors to propose that the loss of CatL enzyme activity
may be due to the generation of a specific inhibitor. In the
same study it was shown that DC appear to also express a
CatL inhibitor since transgenic expression of CatL in DCs
resulted in high levels of CatL protein but again, no enzyme
activity was detectable with an active-site directed probe.
The putative CatL inhibitor (or inhibitors) was not identified
in this study, but the authors suggested that it might be cys-
tatin F because of its known expression in hematopoietic
cells. This proposal would be consistent with the known abil-
ity of cystatin F to inhibit CatL in vitro and with our demon-

FIGURE 2. Exogenous cystatin F inhibits lysosomal protease activity. A,
active-site labeling of proteases in BMM in the absence or presence of cystatin
F (�Cys F) (top panel). Labeled CatL was immunoprecipitated from BMM
lysates and equal concentration of total protein analyzed (bottom panel). B,
AEP activity in lysates of BMM left untreated (white bar) or exposed to increas-
ing concentrations of cystatin F (gray bars). Data represent rate of AEP sub-
strate cleavage. Data are representative of at least three independent
experiments.
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stration here that internalization of cystatin F results in
increased CatL levels but loss of activity (Fig. 2A). We
recently generated cystatin F null mice (to be fully analyzed
elsewhere) giving us the opportunity to test this proposal.
We generated BMM from wild type and cystatin F null mice
and activated cells with IFN� for 48 h. We then labeled the
intact cells with the active-site directed probe 125I-JPM-OEt
and analyzed the labeled proteases by SDS-PAGE. The rela-
tive labeling of cathepsins was different to that seen by Beers
et al., probably due to the use of a different active-site
directed probe and to the fact that we immunoprecipitated
CatL following labeling to isolate its signal from the other
cathepsins. Consistent with the results of Beers et al., in wild
type (WT) cells labeling of CatS was increased in IFN�-
treated cells while labeling of CatL was reduced (Fig. 5, top
panel). However, in BMM lacking cystatin F (KO) the results
were essentially the same. In other words the loss of CatL
labeling seen following IFN� activation persisted in the
absence of cystatin F (Fig. 5). Thus despite the ability of
exogenous cystatin F to sequester and stabilize CatL and prevent
access to its active site, it does not appear to be the putative inhib-
itor required to explain the results of Beers et al.

DISCUSSION

The cysteine cathepsins are now known to fulfill many
important physiological functions but like all proteases, their
activity needs to be carefully regulated. For example, their pre-
mature activation in the secretory pathway is prevented by the

biosynthesis of inactive pro-forms that generally require the
low pH environment of the endo/lysosomal pathway for activa-
tion.Active cathepsins that escape the endo/lysosomal pathway
and appear in the extracellular environment are thought to be
subject to the inhibitory constraints of the cystatins but it has
been less clear whether cystatins can attenuate cathepsin activ-
ity within the endo/lysosomal pathway and which family mem-
bers might be involved. Cystatin F has a unique structure and
mechanism of activation that suggests it regulates intracellular
rather than extracellular protease activity. Unlike all other fam-
ily members it is made as an inactive disulfide linked dimer and
becomes activated following targeting to the endo/lysosome
pathway (9, 11, 12). Although in principle activation could be
achieved by reduction, high levels of reducing agent are
required to convert dimeric cystatin F to itsmonomeric form in
vitro. Our earlier data demonstrated that an N-terminal cleav-
age event consistent with proteolytic rather than reductive acti-
vation was required (9). The novel concept of a cystatin that is
itself activated by proteolysis implies an autoregulatory feed-
back loop: excessive protease levels could convert inactive cys-
tatin F to active cystatin F reducing active protease levels and in
turn further cystatin F conversion. Although substantial
amounts of cystatin F are retained within cells, a significant
proportion is secreted (9, 10, 36). Since this material is inactive
and cannot inhibit extracellular proteases, a function proposed
for other cystatin family members, the question of the function
and fate of secreted cystatin F arises.

FIGURE 3. Inhibition of AEP is partially responsible for CatL single-chain accumulation. A, WT and AEP-null (AEP KO) BMM were culture in the absence or
presence of 20 nM cystatin F (Cys F) for 48 h, and CatL expression and processing were assessed. B, BMM were cultured in the presence of cystatin F with or
without an increasing concentration of recombinant AEP (nM) for 48 h. CatL processing and accumulation of internalized AEP were assessed by immunoblot
(left panel) and quantitated (right panel, means � S.E.). Note that 56 kDa pro-AEP is activated following uptake to yield a 46 kDa and a further processed 36 kDa
form. C, BMM were left untreated or treated with solvent control (Control), wild type cystatin F (WT Cys F) or an equal concentration of cystatin F mutated in the
AEP interaction domain (N65K Cys F) for 48 h. Processing of CatL and internalization of cystatin F was assessed by immunoblot (D) BMM were exposed to either
20 nM cystatin F (Cys F) or membrane permeant small molecule inhibitors of AEP (MVO), cathepsins (E64), or both (MVO�E64) for 24 h. Quantitation of this
experiment is shown in the right panel. Equivalent total protein concentrations are shown (ERK2). Data are representative of more than three independent
experiments. Numbers beneath gel panels in A and C show raw densities (� 102) for CatL and AEP isoforms.
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Cystatin F is one of three mammalian cystatins to be glycosy-
lated theothersbeingcystatinE/M(5) andcystatinC,producedby
rodent neural stem cell cultures (37), andwe showed recently that
extracellular dimeric cystatin F could be taken up by fibroblasts
using the mannose-6-phosphate receptor system (13). Impor-
tantly, cystatin Fwas then activated by the recipient cells. Herewe
probed the consequences of acquisition of cystatin F in trans in
more detail in primary macrophages and DCs. Following uptake
and activation, cystatin F induced a remarkable change in the con-
figuration of CatL within both DC and macrophages. Other
cathepsin activities were supressed, as determined by active-site
labeling, but protein levels did not accumulate to the same extent
asCatL. Thus in contrast to the situationwith p41 invariant chain,
where the two-chain form of CatL was stabilized (24), cystatin F
stabilizes the single-chain formofCatL and does so by at least two
mechanisms. Cystatin F suppressed cysteine cathepsin activity
which slowed the turnover of CatL, while suppression of AEP
shifted the configurationofCatL to the single-chain form. In addi-
tion it is likely that by complexing with cystatin F, CatL was ren-
deredmore stable even though the site of putativeAEP cleavage is
not likely tobeoccluded.CystatinFalsoboosted the levelofAEPin
cellswhen the latterwas co-administered.Again, this is likely to be
due to suppression of the enzymes that drive AEP turnover. We
also tested an earlier prediction that cystatin F was the putative
CatL inhibitor induced by IFN� treatment of macrophages (26)
but foundnodifferencebetweenwild typeandcystatinF-null cells.

FIGURE 5. Cystatin F is not responsible for changes in CatL and S activity
following IFN� treatment of BMM. Cystatin F knock-out (KO) and wild-type
(WT) BMM were labeled with 125I-JPM-OEt in the absence or presence of 1
ng/ml IFN� (top panel). Labeled CatL was immunoprecipitated from an equal
concentration of total protein in cell extracts (bottom panel). Changes in
expression or processing of CatL was assessed by immunoblot. Total protein
was assessed by ERK2 immunoblot. Data are representative of more than
three independent experiments.

FIGURE 4. AEP and CatL associate with cystatin F following its internalization in macrophages. A, AEP (green) and cystatin F (red) colocalization was
monitored by immunofluorescence microscopy in BMM (colocalization in yellow, see inset) following addition of solvent (Control) or 20 nM cystatin F for 24 h.
B, CatL (green) and cystatin F (red) colocalization was assessed as described in A. White scale bars, 10 �m. C, Ni/NTA pull-down assay to detect interaction
between His-tagged CysF and endogenous CatL using the same conditions described in A. Immunoblot of CatL in the cell lysate (lysate), portion of total protein
that did not associate with His-tagged CysF (flow thr), or that which pulled down with His-CysF (bound). D, molecular model of monomeric cystatin F (green) in
complex with CatL (blue) based on the stefinB/papain complex (PBD:1STF). The location of the single-chain to two-chain cleavage site is highlighted in red on
CatL and the putative site involved in binding to AEP (N65) in yellow on cystatin F.
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Our data demonstrate that a protease inhibitor can be
secreted by one cell and then internalized, activated and used to
modulate protease activity in another cell. This cross-feeding
phenomenon was previously demonstrated for lysosomal pro-
teases themselves. For example, in the thymus CatL-deficient
thymocytes acquired the enzyme from CatL-sufficient thymic
epithelial cells. This acquisition was functionally important
because it enabled the thymocytes to present CD1-restricted
antigen to NKT cells (38). Moreover, it is well documented that
lysosomal cysteine proteases are up-regulated in a wide variety
of cancers and following relocation to the tumor cell surface
and extracellular environment, promote tumor progression
(39). For example, in pancreatic islet cancers tumor associated
macrophages produced CatS and CatB in an IL-4-dependent
mannerwhich promoted tumor progression (40). The source of
extracellular cathepsinswill be eithermembrane proximal lyso-
somes that have fused with the cell surface or cathepsin pro-
forms delivered via the secretory pathway. The latter will be
stable and likely inactive (at neutral pH) in the extracellular
milieu but like cystatin F, can be activated following uptake by a
neighboring cell.
The precise physiological consequences of cystatin F acquisi-

tionbybystander cells in vivo remain tobeclarified.The lysosomal
cysteine proteases perform many key physiological functions but
their role in various types of pathology has also been well docu-
mented. For example, several cysteine cathepsins, including CatL,
are collagenolytic and elastinolytic and are believed to contribute
to lung damage observed in asthma and COPD (41, 42). CatL has
also been implicated in vascular wall remodeling and both AEP
andCatL are expressed at higher levels in unstable atherosclerotic
plaque (43, 44). As noted above, cathepsins have also been shown
to promote tumor progression and CatL has been shown to pro-
mote tissue vascularization, beneficially in ischemic tissue but less
desirably in the tumor environment (22).
Given all the above examples where elevated cathepsin levels

appear to promote pathology it is tempting to speculate that
extracellular cystatin Fmay act in trans to attenuate the activity
of enzymes like CatL, S, B, H, and AEP that have all been linked
to pathological inflammation and tumor progression. Cystatin
F is expressed by many of the immune cells frequently found in
the tumormicroenvironment and at sites of inflammation such
as T cells, NK cells, neutrophils, mast cells, and tumor-associ-
ated macrophages. We suggest that cystatin F secretion by
these cells might attenuate the undesirable effects of locally
produced cysteine proteases. In addition, evidencewas recently
presented that the single-chain form of CatL lacked the gelatin-
ase activity possessed by the two-chain form (44). Therefore by
shifting the configuration of CatL to the single-chain form, cys-
tatin F may diminish the destructive potential of CatL even if it
is not directly complexedwith cystatin F. Glycosylation-depen-
dent internalization and activation of cystatin F could comple-
ment the action of secretory cystatins that engage extracellular
proteases directly in the extracellular milieu.
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