
Granzyme B is expressed in mouse mast cells in vivo
and in vitro and causes delayed cell death independent
of perforin

J Pardo1,7, R Wallich2,7, K Ebnet3, S Iden3, H Zentgraf4, P Martin1, A Ekiciler1, A Prins5, A Müllbacher5, M Huber6 and MM Simon*,1

Mast cells respond to pathogens and allergens by secreting a vast array of preformed and newly synthesized mediators,
including enzymes, vasoactive amines, lipid mediators, cytokines and chemokines, thereby affecting innate and adaptive
immune responses and pathogenesis. Here, we present evidence that skin-, but not lung-associated primary mast cells as well
as in vitro-differentiated bone marrow-derived mast cells (BMMC) express granzyme (gzm) B, but not gzmA or perforin (perf).
GzmB is associated with cytoplasmic granules of BMMC and secreted after Fce-receptor-mediated activation. BMMC from wild
type but not gzmB-deficient mice cause cell death in susceptible adherent target cells, indicating that the perf-independent
cytotoxicity of BMMC is executed by gzmB. Furthermore, gzmB induces a disorganization of endothelial cell–cell contacts. The
data suggest that activated mast cells contribute, via secreted gzmB, to cell death, increased vascular permeability, leukocyte
extravasation and subsequent inflammatory processes in affected tissues.
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Mast cells are mainly known for their role in allergic disorders,
but have recently been shown to exert many other immune
functions.1 Mast cells constitute a heterogeneous population
residing in mucosal and connective tissues and are found in
close association with endothelial cells (ECs) of blood vessels
and nerves. Mast cell subsets are functionally distinct and
their profile of expressed mediators is altered in disease
states.1–3

On receiving the appropriate stimuli, mast cells can release
three classes of mediators: preformed granule-associated
mediators, such as histamine, tryptase, chymase and other
proteases; newly generated lipid mediators, that is, leuko-
trienes and prostaglandins; and a variety of cytokines and
chemokines.1–3 In contrast to lipid mediators and cytokines,
which have to be synthesized de novo, preformed granule-
associated mediators can be secreted almost without delay
after triggering of certain receptors.1

Recent work on mouse has identified transcripts for the
serine proteinase granzyme (gzm) B in cultured naive mast
cells.4 However, protein expression of gzmB has not been
shown. GzmB together with gzmA and perforin (perf) are key
components of the lytic machinery of cytotoxic leukocytes,
that is, natural killer (NK) cells and cytotoxic T lymphocytes
(CTL)5 and are released into the immunological synapse
formed between NK/CTL and their target cells.6 After

localization of the gzms to the cytosol and/or nucleus of
target cells, gzmA and gzmB initiate alternative proteolytic
pathways leading to apoptosis. These processes are strictly
dependent on perf.5,7 However, evidence of extracellular
function(s) of gzmA8,9 and gzmB,10,11 independent of perf
exists. These extracellular activities of gzms are implicated in
inflammation and processes of leukocyte extravasa-
tion.10,12,13 Both, gzmA and/or gzmB cleave extracellular
proteins such as fibronectin, collagen IV, vitronectin and/or
laminin.8,10,11 GzmB also degrades the cartilage proteoglycan
aggrecan,14 induces perf-independent cell detachment and
delayed cell death (anoikis) in adherent smooth muscle cells
(SMCs)11 and in EC.10 This occurs by remodeling of the
extracellular matrix.10

Here, we report on the expression of gzmB in skin-
associated and in in vitro-differentiated mouse mast cells
and provide evidence that mast cell-derived gzmB induces
cell detachment and cell death of adherent target cells.

Results

Skin- but not lung-associated mouse mast cells express
gzmB in vivo. Histochemical analysis of skin and lung
tissues from naive mice showed that skin-associated mast
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cells stained with both, safranin and alcian blue, whereas
mast cells from lung tissue only stained with alcian blue,
supporting previously published work. 15 Mast cells were
localized between SMCs and around small vessels in the
skin (Figure 1a and b) and in subepithelial tissue layers of
bronchi and bronchioles of the lung (Figure 1c). As seen in
Figure 1a and b, only skin- but not lung-associated mast cells
expressed gzmB, which was mainly associated with
cytoplasmic granules. Tissue sections of both tissues
stained with either agzmA IgG or normal rabbit IgG were
similar to untreated controls (data not shown).

In vitro-differentiated bone marrow-derived mast cells
express gzmB but not gzmA or perf. Mast cells
differentiated in vitro from bone marrow of C57BL/6 mouse
strain (B6),16 termed bone marrow-derived mast cells
(BMMC), consisted of greater than 95% CD117þST2þ

cells with only a minority (between 0.6 to 1%), if any, also
staining for Gr-1 (data not shown), Mac-1, NK1.1, B220, CD4
or CD8 (Figure 2a). Further analysis by EM verified that the

majority of CD117þST2þ cells are of mast cell origin
(Figure 2b). When BMMC of B6 and gzmB�/� mice were
analyzed by FACS for intracellular expression of gzmA and
gzmB proteins, all B6 BMMC (96% CD117þST2þ ;
Figure 3a, upper panel) specifically stained intracellularly
with amgzmB- but not amgzmA-specific immune serum (IS),
whereas gzmB�/� BMMC gave no signal with either of the
two IS (Figure 3a, lower panel).
The specificity of both IS for the respective gzm was

confirmed, as before,17 by showing that the CTL line 1.3E6,
but not the thymoma line, EL4, intracellularly stained for both
gzms (Figure 3b, left panel) and that specific bands of the
expected size of MW B30 kDa for gzmB were found in
Western blot (WB) with cell lysates from 1.3E6 and ex vivo-
derived LCMV-immune B6 and gzmA�/�, but not gzmB�/�

CTL, and not in EL4 cells (Figure 3b, right panel). RT-PCR
analysis showed that B6 and gzmB�/� BMMCs expressed
transcripts specific for Mc-cpa with similar intensity, but only
B6 BMMC contained, in addition, gzmB-specific mRNA
(Figure 3c, left panel). Furthermore, none of the two BMMC

Figure 1 Mouse skin- but not lung-associated mast cells express gzmB. Tissue sections of skin and lung from naive B6 mice were stained with safranin/alcian blue
(saf/alc) (a, c) or alcian blue alone (alc) (a, c), as described in Materials and methods. Consecutive sections of alcian blue-stained tissue were stained for gzmB (a, b, c) as
described in Materials and methods. (a, c) Pictures of the sequential sections (saf/alc versus alc). (a) Magnifications from the respective location on the same section
(alc/gzmB) are shown. (b) Different skin-associated mast cells staining for alcian blue and gzmB are shown. Original magnification: � 1000
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populations expressed gzmA-, Prf-1 (Figure 3c, left panel) or
any of the other gzm-specific mRNAs, including gzmC, D, E,
F, G, K and M (data not shown).5 1.3E6 and EL4 were
negative for Mc-cpa mRNA and showed the expected
expression patterns for gzmA, gzmB and Prf1 transcripts

(Figure 3c, left panel).17 In addition, only B6, but not gzmB�/�

BMMC produced gzmB, and neither of them gzmA or perf
(Figure 3c, right panel). The control cells, 1.3E6 and EL4,
showed the expected banding patterns for gzms and perf
proteins in WB. Confocal microscopy revealed a granular-like
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Figure 2 Phenotypic and EM analysis of mouse BMMC (a) BMMC from B6 mice were generated and analyzed for the surface markers c-kit (CD117), ST2, B220, Mac-1,
NK1.1, CD8 or CD4 by FACS, as described in Materials and methods. Normal IgG (IgG-PE/IgG-FITC) was included as negative control. Numbers represent the percentage of
cells in each quadrant. As positive control for the markers B220, Mac-1, NK1.1, CD8 or CD4, normal splenocytes were stained with the respective Ab. (b) Survey electron
micrograph of a typical B6 BMMC population; magnification � 1850 (top). A representative cell from the B6 BMMC population showing numerous vacuoles mostly filled with
electron dense material; original magnification � 4000 (bottom)
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staining pattern of B6 BMMC, with gzmB and LAMP-1, a
prominent lysosomal membrane marker18 colocalizing to
great extent in these lysosomal compartments (Figure 3d).
This suggests that in BMMC, gzmB mainly accumulates in

cytosolic granules, similar to 1.3E6 CTL and ex vivo-derived
LCMV-immune CTL, where the majority of LAMP-1-positive
organelles also expressed gzmB (Figure 3d).19 The finding
that B6, but not gzmB�/�, mast cell lysates were able to cleave

Figure 3 BMMC express gzmB, but not gzmA and perf in cytoplasmic granules. (a) BMMC from B6 and gzmB�/� mice were generated and analyzed for intracellular
gzmA and gzmB expression by FACS, using amgzmA or amgzmB IS, as described in Materials and methods. As controls, the T cell lines 1.3E6 (CTL, expressing both gzmA
and gzmB) and EL4 (thymoma, negative control) were used (b, left panel). The specificity of the amgzmA and amgzmB IS was verified by WB, using cell extracts from 1.3E6,
EL4 or from ex vivo-derived LCMV-immune CTL from B6, gzmA�/�- or gzmB�/� mice (b, right panel) as indicated. (c) RT-PCR (left panel) and WB (right panel) analyses were
performed with mRNA or cell lysates, respectively, from 1.3E6, EL4 and B6 and gzmB�/� BMMC, using specific primer pairs for Prf1, gzmA, gzmB or Mc-cpa as well as the
amgzmA and amgzmB IS and the aperf mAb, as described in Materials and methods. As controls, Hprt1 was used for RT-PCR and actin for WB. (d) Confocal images showing
B6 BMMC, 1.3E6, ex vivo-derived LCMV-immune CTL and EL4 stained with amgzmB IS (green) and Lamp-1 (red). Cells were mounted in a drop of Fluoromount G containing
10mg/ml Hoechst 33342 and fluorescence images were taken at room temperature on a confocal microscope (TCS SP2; Leica) using a � 40 objective (HCX PL APO CS;
Leica), NA 1.25, immersion oil and confocal software (version 2.61; all Leica). Photoshop CS2 software (Adobe) was used for minor adjustments to contrast. Bars 6 mm. Data
shown are representative of at least three independent experiments. (e) Cell lysates of B6 and gzmB�/� BMMC were tested for gzmB activity on the respective chromogenic
substrate; cell lysates of 1.3E6 or EL4 served as controls (inset). Data are given as mean 7S.E.M. of three independent experiments
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a gzmB-specific chromogenic substrate (Figure 3e) indicates
that in lysates from mouse BMMC, gzmB is enzymatically
active.

Mouse BMMC secrete gzmB upon antigen-mediated
crosslinking of the FceR1. Next, it was tested whether
gzmB is secreted by BMMC upon FceR1-mediated
degranulation, including the granule marker, b-hexo-
saminidase.20 B6 or gzmB�/� BMMC were loaded with DNP-

reactive IgE and stimulated with either DNP-HSA, SCF or both
for 30min. Similar high levels of b-hexosaminidase,
substantially exceeding those of controls (no stimulus),
were secreted from both B6 or gzmB�/� BMMC, when
challenged with both DNP-HSA and SCF (Figure 4a). As
expected,21 less b-hexosaminidase was released from both
BMMC populations in response to either SCF or DNP alone
(Figure 4a). When challenged under similar conditions, only
B6, but not gzmB�/� BMMC secreted enzymatically active
gzmB (Figure 4b). The amount of secreted gzmB was
highest in B6 BMMC incubated with a mixture of DNP-HSA
and SCF, intermediate with DNP-HSA and lowest with SCF.
Furthermore, FACS analysis showed that gzmB-related
mean fluorescence was considerably reduced in DNP-HSA-
stimulated (67), as compared to mock-treated (160) BMMC
(Figure 4c).

GzmB-induced detachment of adherent mouse
embryonic fibroblasts leads to anoikis. To examine
possible extracellular function(s) of BMMC-derived gzmB
on adherent bystander cells and to establish optimal
conditions, B6 mouse embryonic fibroblasts (MEFs) were
first exposed to increasing amounts of active recombinant
mouse gzmB (rgzmB). A dose-dependent change of B6 MEF
morphology (rounding up) was observed after 4 h (Figure 5a;
gzmB, streptolysin (SLO)), which was accompanied by a loss
of cell adherence. However, even at 20 mg/ml rgzmB,
apoptotic morphology and/or cell death of MEFs (regrowth)
were rarely seen (Figure 5b, upper panel). Inactive
recombinant gzmB (pro-gzmB) had no effect on adherence
(4 h; Figure 5a) or viability (Figure 5b) of MEFs.
WhenMEFs were exposed to increasing amounts of rgzmB

in the presence of sublytic doses of SLO (4 h), the dose-
dependent detachment (not detectable below 2mg/ml rgzmB,
data not shown) and rounding up of MEFs was much faster
and more pronounced compared to MEFs treated solely with
rgzmB and associated with typical apoptotic morphology
(Figure 5a). The marked induction of cell death (B50%,
compared to untreated control) was further verified by
comparing regrowth of rgzmB (20 mg/ml) plus SLO-treated
versus control MEFs (Figure 5b). Neither SLO alone nor SLO
in the presence of pro-gzmB had any effect on MEFs (Figure
5a, b).
Treatment of MEFs with 5–20 mg/ml rgzmB for 24 h led to a

dose-dependent change in their morphology (Figure 5c) and
substantial cell death at 20 mg/ml, but not at 5–10 mg/ml of
rgzmB (Figure 5d). Incubation with pro-gzmB had no effect on
MEFs morphology or viability (Figure 5c and d, upper panels).
In contrast, cell death of the non-adherent EL4 cell (regrowth)
only occurred in response to both rgzmB and SLO, but neither
to rgzmB or SLO alone nor to pro-gzmB plus SLO under these
conditions (Figure 5d, lower panel). This suggests that cell
death of MEFs occurring after long-term treatment with rgzmB
is not induced directly, but rather as a consequence of cell
detachment from the proteolytically degraded extracellular
matrix.
To assess if mast cell-derived native gzmB has similar

extracellular functions as the recombinant protein, MEFswere
incubated for 20 h with serial dilutions of SN (1 : 2 to 1 : 16)
from IgE-preloaded and DNP-HSA-stimulated (30min)

Figure 4 BMMC-associated gzmB is enzymatically active and secreted upon
FceR1-mediated activation (a, b) B6 and gzmB�/� BMMC were preloaded with
DNP-specific IgE Ab and subsequently challenged with either DNP-HSA (DNP),
SCF or a mixture thereof for 30 min. Mock-treated (medium) B6 BMMC served as
controls. BMMC SNs were tested for b-hexosaminidase (a) or gzmB activity (b).
Data are given as mean7S.E.M. of two independent experiments. (a)
***Significantly different analyzed by 2 way ANOVA with Bonferri posttest by
comparing every experimental with control groups. (b) ***Significantly different
(Po0,001) comparing every treatment with medium. (c) Mock-treated or
-challenged (DNP-HSA; 30 min) IgE-preloaded B6 BMMC were analyzed for
intracellular gzmB by FACS (numbers in parenthesis indicate the mean intensity of
gzmB-related fluorescence). A representative experiment of three independent
experiments is shown
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BMMC (Figure 6a). The gzmB-related proteolytic activity
present in BMMC SN corresponded to B2mg/ml of rgzmB
(Figure 6b). As for the latter, a dose-dependent effect of
BMMC SN was seen on the morphology and detachment of
MEFs, which was most pronounced at the highest concentra-
tion of SN and inhibitable by the gzmB-specific inhibitor, AAD-
cmk (Figure 6a). SN from either gzmB�/� or control BMMC
(mock-treated) did not have any effect. However, as expected
from the results obtained with 2.5–5 mg/ml rgzmB (24 h; Figure
5c and d), induction of detachment and rounding up of MEFs
by up to 2 mg/ml of native gzmB (as calculated in mast cell SN)
was not associated with cell death (data not shown).

BMMC from B6, but not gzmB�/� mice induce cell death
in MEFs. Next, B6 and gzmB�/� BMMCs were preloaded
with anti-DNP IgE and incubated for 20 h with either the
DNP-coated adherent MEFs or non-adherent EL4 cells;
the viability of target cells was monitored by recultivation
(Supplementary Figure 1a and b). Only B6, but not gzmB�/�

BMMCs showed a significant and dose-dependent induction
of cell death of MEFs (Figure 7a), but did not induce any cell
death of EL4 (Figure 7b), suggesting that gzmB is the
prominent cytotoxic effector molecule.
A similar effect was observed when ex vivo-enriched

LCMV-immune CTL7 from mice expressing only gzmB, but
not perf and/or gzmA ( perfxgzmA�/�), were co-cultured with
adherent cells (MC.Fas�/�, to exclude Fas-mediated toxicity)
for prolonged periods (20 h). As shown in Figure 7c,
perfxgzmA�/� CTL expressing only gzmB, but not
perfxgzmAxB�/� CTL, lacking in addition gzmB (Supplemen-
tary Figure 1d), showed a significant dose-dependent induc-
tion of cell death of MC.Fas�/� cells (regrowth;
Supplementary Figure 1c, for control). As expected, B6
CTL, which express the whole cytolytic armory, including perf
and both gzms (Supplementary Figure 1d), killed the majority
of MC.Fas�/� cells under these conditions (Figure 7c).

GzmB induces a disorganization of endothelial cell–cell
contacts. To assess the possibility of mast cell-released
gzmB affecting endothelial cell-to-cell contacts, bEnd5 EC
were treated with various concentrations of rgzmB and
stained with antibodies binding VE-cadherin. In untreated
EC, VE-cadherin showed a linear staining pattern at cell-
to-cell contacts (Figure 8a). Treatment with TNF-a and IFN-g
resulted in morphological changes into elongated, spindle-
like shapes of EC, as described previously (Figure 8a).22

Treatment with rgzmB (20mg/ml) resulted in disruption of
cell-to-cell contacts and the appearance of multiple gaps in
the monolayer (Figure 8a, right panel). A more detailed
inspection of areas of cell-to-cell contact revealed that
treatment with rgzmB, but not pro-gzmB, at 3mg/ml
resulted in a fragmented staining pattern for VE-cadherin
(Figure 8b). At lower concentrations of rgzmB (0.3 mg/ml),
VE-cadherin fragmentation was less severe and similar to
patterns observed with pro-gzmB. At higher concentrations
of rgzmB (20 mg/ml), cell contacts appeared completely
disorganized (Figure 8b, right panels). Furthermore, gzmB-
treated bEnd.5 EC were stained with Ab against PECAM-1
and JAM-A, both of which are localized at sites of cell-to-cell
contacts of EC,23 as well as for ZO-1, a cytoplasmic protein

localized at tight junctions. Treatment of EC with 3mg/ml
rgzmB resulted in a reduced staining as well as in a
fragmented staining pattern for PECAM-1, JAM-A and
ZO-1 (Figure 8c), without disturbing the integrity of the
endothelial monolayer, as indicated by phase contrast
microscopy (Supplementary Figure 2). The data suggest
that mast cells affect endothelial cell–cell contacts via
secreted gzmB thereby facilitating the recruitment of
circulating leukocytes.

Discussion

Here, we show for the first time that mousemast cells produce
gzmB, but not gzmA or perf in vivo- as well as upon their
differentiation from bone marrow cells (BMMC) in vitro. GzmB
is associated in the lysosomal compartments of BMMC, and
released in its enzymatically active form, together with other
granule components, upon ligation of the receptors FceRI and/
or c-kit. BMMC from B6, but not gzmB�/� BMMC induced cell
detachment and anoikis in anchorage-dependent MEF,
suggesting a critical role of gzmB in this type of perf-
independent killing. Although the usage of DNP to target
BMMC to MEF via FceR1 in this model is artificial, it may
reflect in vivo situations in which crosslinking of mast cell-
bound IgE Ab via antigen leads to rapid degranulation. We
believe it is not unreasonable to assume that similar signaling
pathways may be activated in vivo and lead to gzmB-
mediated effector functions of mast cells in biologically
relevant situations. Also, rgzmB induces morphological
changes in endothelioma cells, including a fragmented
staining pattern of adhesion molecules, implicating mast
cell-derived gzmB in the regulation of EC contact integrity.
Therefore, gzmB of mast cells might influence not only the
recruitment of leukocytes during inflammatory processes
associated with protective, but also pathological immune
responses.
Immunohistological staining revealed that gzmB is

expressed in skin- but not lung-associated mast cells from
naive mice. These observations are not surprising, in
particular, in connection with recent reports showing that
different environmental stimuli can determine quantity,
distribution and phenotype of mast cells at selected tissue
sites.1 The data presented in Figure 1 showing differential
staining patterns observed with skin- versus lung-associated
mast cells when using safranin and alcian blue support this
contention. It is known that heparin-containing connective
tissue mouse mast cells stain with both reagents, whereas
the chondroitin sulfate-containing mucosal mast cells are
only stained by alcian blue.15 Although both skin and
lung tissue are primary target sites for host/pathogen contact,
our data suggest that themast cell phenotype found in diverse
tissues, including gzmB expression, is determined by multiple
factors, including physiological, inflammatory and microbial
ones.
In BMMC, gzmB is associated with secretory lysosomes,

that is, cytoplasmic granules, similar to that seen in CTL/NK
(Figure 3).5 We found that gzmB colocalizes, primarily, with
Lamp-1-positive (lysosomal marker)18 vesicles of BMMC and
is secreted upon FceR1/c-kit-mediated activation. This sug-
gests that processing and assortment of gzmB to the

Mouse mast cells induce anoikis via granzyme B
J Pardo et al

1773

Cell Death and Differentiation



cytoplasmic granules, including its storage in a complex with
the proteoglycan serglycin, occurs similar to that observed in
CTL/NK cells.24 This interpretation is supported by the finding
that mast cell proteases are also stored as active enzymes in
lysosomal compartments25,26 and that the mast cell tryptase,
mMCP-6, accumulates in and is released from granules in
association with serglycin.27

In contrast to our data with BMMC, neoplastic human mast
cells may aquire a cytolytic effector profile through combined
gzmB plus perf expression upon activation with PMA and
ionomycin (J. A. Kummer, abstract 035, Apoptosis and
Immunity 2005, Palm Cove, Australia). It is not clear if the
differential production of perf in human versus mouse mast
cells is due to the distinct activation protocols or due to variant
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transcriptional regulatory events occurring in these two
species. However, we cannot exclude the possibility that
mouse mast cells may express perf in addition to gzmB under
different conditions. BMMC, unlike CTL/NK cells, also did not
express gzmA. It is possible that the tryptase, mMCP-6, with
similar substrate specificity to that of gzmA, but distinct from
gzmB,8,27 may substitute for gzmA in mast cell-induced
biological processes. Thus, mMCP-6 and gzmB not only may
execute differing nonredundant extracellular processes re-
miniscent of gzmA and gzmB from CTL/NK cells,8–10 but may
also act in concert with gzmB on the same substrates, such as
fibronectin, although with distinct cleavage specificities.8,10,28

Activated BMMC from B6 but not gzmB�/� mice caused
cell death in adherent MEFs (Figure 7a), but not anchorage-
independent EL4 cells (Figure 7b). This implicates gzmB
in perf-independent cytolysis (anoikis).10 Recombinant
and native human gzmB cleaves the extracellular matrix
proteins, vitronectin, fibronectin and laminin, resulting in
cell detachment and cell death of adherent targets, including
inhibition of tumor cell spreading, migration and invasion.10

Thus, BMMC may induce anoikis, in susceptible targets,
indirectly, by gzmB-mediated degradation of extracellular
matrix proteins. That gzmB�/� BMMC lack this selective
function and that B6 BMMCdo not express gzms A, C, D, E, F,
G, K and/or M (Figure 3 and data not shown), supports this
assumption. However, the contribution of other proteases, like
mMCP-6, known to promote proteolytic degradation of
fibronectin, with a cleavage specificity similar to gzmA, but
distinct from gzmB,8,10,28 in these processes can not be
formally excluded.
Wealso observed that virus immuneCTL fromperfxgzmA�/�

mice, which express gzmBbut lack gzmAand perf, but not CTL
from perfxgzmAxB�/�mice, which lack perf and both gzms, are
able to induce anoikis in adherent cells (Figure 7c, d) like
BMMC. This suggests that NK/CTL also can induce anoikis in
susceptible target cells, solely via gzmB and independent of
perf. This may be explanatory for understanding the immune
status of perf deficient individuals, such as patients with familial
hemophagocytic lymphohistiocytosis (FHL).29 It could be
expected that FHL patients have residual NK/CTL-associated
cytolytic potential and normal mast cell functions.
Mast cells are known to seed in close proximity to EC of

blood vessels30 and may directly act on EC and SMC, via
secreted factors, including pro-inflammatory cytokines and
chemokines.30–32 The observation that BMMC secrete gzmB
and that rgzmB induces disintegration of EC-cell-cell contacts

at concentrations where gross morphological changes and
EC detachment are not yet observed (3 mg/ml), may indicate
that mast cell-derived gzmB contributes to the recruitment of
leukocytes by facilitating their transendothelial migration.33

Evidence that intraperitoneal administration of mMCP-6
results in neutrophil infiltration into the peritoneum27 supports
the idea of a general role for mast cell-derived proteases in
leukocyte recruitment.
Most probably, gzmB acts on EC indirectly by cleaving ECM

proteins, like fibronectin, vitronectin or laminin.10 In fact,
proteolysis of ECM proteins affects integrin-mediated cell-
matrix adhesion leading to subsequent cell detachment and
death.34 Thus, the previous finding that integrin-mediated
signaling directly influences VE-cadherin-based adherens
junctions35 suggests a potential mechanism by which gzmB
influences cell–cell contact integrity.
As observed previously by Buzza and Choy,10,36 we found

extensive EC detachment at high gzmB concentrations
(20 mg/ml) evident by multiple gaps in the endothelial
monolayer. Thus, mast cell-derived gzmBmay be responsible
for cell detachment of EC, leading to their death, a feature
seen in the pathogenesis of atherosclerosis.37 In fact,
atherosclerotic lesions in human coronary arteries have been
shown to contain elevated numbers of mast cells38 and an
increased severity and cell death in advanced atherosclerotic
lesions was associated with a presence of gzmB.39 Further-
more, mast cell-derived gzmB may also contribute to
vasculitis by inducing cell death in SMC, as reported.11

However, only testing of atherosclerosis development in
gzmB-deficient mice may provide evidence for the role of
mast cell-derived gzmB in vascular diseases in vivo.
Mast cells have been implicated in the control of bacterial

and viral infections,31,32 immunosurveillance, in disease
progression1,3,30 and, more recently, as intermediaries in
regulatory T cell tolerance.40 However, the role gzmB may
play in any of these processes is unknown. Recent evidence
implicates mast cell-derived gzmB in the inhibition of
tumorigenesis.1,3,10 Mast cell-secreted gzmB may also assist
in the control of virus infections by either cleaving viral surface
proteins critical for host cell entry,10 or by inducing anoikis in
gzmB-susceptible virus-infected target cells. Mast cell migra-
tion and accumulation at sites of viral infections supports this
contention.30

The presence of mast cells and gzmB-positive cells at the
invasive front of the synovium and elevated levels of gzmB in
serum and synovial fluids is a hallmark of patients with active

Figure 5 rgzmB induces cell death in fibroblasts via cell detachment. (a, b) MEFs were plated before treatment (triplicates) with the indicated amounts of rgzmB or pro-
gzmB in the absence or presence of a sublytic dose of SLO (0.5mg/ml) for 4 h or were left untreated (medium). Representative microscopic images were taken from
corresponding wells (a). Cell survival was monitored by recultivating MEFs and determination of 3H-thymidine incorporation as described in Materials and methods (b, upper
panel). Percentage of cell death was calculated from log2 titration curve of untreated MEFs (b, lower panel). Data are given as mean7S.E.M. of three independent
experiments performed by triplicate. ***Significantly different, P¼ 0.0001. ns, not significant. (c, d) MEFs were plated before treatment with the indicated amounts of rgzmB
and/or pro-gzmB for 24 h (triplicates) and analyzed as in (a, b). In addition, non-adherent EL4 cells were treated with the indicated amounts of rgzmB or pro-gzmB in the
absence or presence of a sublytic dose of SLO (0.5mg/ml) for 24 h (d, lower panels). Cell survival was monitored by recultivating treated EL4 cells and determination of 3H-
thymidine incorporation. Percentage of cell death was calculated from log2 titration curve of untreated EL4 cells (d, lower panels). Data are given as mean7S.E.M. of three
independent experiments for MEF and two for EL4 (triplicates). (b) ***, ** significantly different, Po0.0001 or 0.0011, respectively for MEF and ***, P¼ 0.0003 for EL4. ns, not
significant. Analyzed by unpaired two-tailed t-test comparing medium with treated cells. Images were taken at room temperature using a Zeiss Axiovert 10 microscope, a Zeiss
Axiocam as analysis camera, and Zeiss Vision 3.1.0.0 as software (Carl Zeiss, Jena, Germany). The objective used was a Zeiss ACHROSTIGMAT, with original magnification
� 100 (NA 0.25) or � 320 (NA 0.4). Photoshop CS2 software (Adobe) was used for minor adjustments to contrast. Arrows indicate apoptotic- (a) or non apoptotic- (c) like
dead cells
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rheumatoid arthritis (RA).13,41,42 The finding of degranulated
mast cells in joint tissue of mice with experimentally induced
erosive synovitis and the observation that two strains of mice
deficient inmast cells were resistant to the development of this
type of joint inflammation43 points to a likely role of mast cells
in the pathogenesis of inflammatory arthritides, including
RA.44 Thus, mast cell-derived gzmB may contribute, together
with other granule-associated effector molecules and media-
tors, to the pathogenic mechanisms of joint destruction by

facilitating recruitment of leukocytes from the circulation,31,32

degrading cartilage proteoglycan14 and/or by killing synovial
membrane lining cells, most probably via anoikis.11

Materials and Methods
Flow cytometry. Cell populations were analyzed for cell surface marker
expression and/or intracellular expression of gzmA and gzmB by FACS as
described previously.17 Abs are described in Supplementary material.
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Western blot analysis. Intracellular gzmA, gzmB, perf and actin were
determined in cell lysates by WB under reducing conditions, as described
previously.17 Abs are described in Supplementary material.

Probing for mRNA expression. Total RNA was extracted from up to
5� 106 cells, using the QIAshredder spin columns, the RNeasy Mini Kit and the
RNase-free DNase Kit (all from Qiagen, Hilden, Germany), according to
manufacturers instructions, and specific transcripts were amplified as described
in Supplementary material.

Enzymatic assays. Proteolytic activity of gzmB using the colorimetric
substrate Ac-Ile-Glu-Pro-Asp-pNA (Bachem, Weil am Rhein, Germany) was
performed as described previously.17

Mast cell degranulation assays. BMMC were preloaded overnight with
DNP-specific IgE (0.2mg/ml, clone SPE-7; SIGMA, Deisenhofen, Germany) and
subsequently stimulated with antigen (DNP-HSA, containing 30–40 moles DNP per
mol albumin, (20 ng/ml; SIGMA, Deisenhofen, Germany) or SCF (100 ng/ml) or a
combination of both in RPMI 1640 without phenol red containing 10 mM Hepes (pH
7.4) and 2 mg/ml BSA (106 cells/ml) in duplicates or triplicates for 30 min at 371C.
SN were collected and stored at �801C until usage for determination of gzmB
enzymatic activity. The degree of degranulation was determined by measuring the
activity of released (sup) and cellular (pel) b-hexosaminidase.45 Percentage of
degranulation was calculated using the following formula: %degr¼ [activity(sup)/
(activity(sup)þ activity(pel))]� 100.

Cell detachment and cytotoxicity induced by recombinant gzmB
or mast cell supernatants. MEF or MC.Fas�/� cells were plated

(2� 104 cell/well, triplicates, 96-well plates) and cultured overnight in MEM
(þ 5% FCS). Adherent cells were washed with PBS (� 2) and incubated with the
indicated amounts of the following preparations: pro-gzmB, gzmB, SN from mast
cells, SLO46 or mixtures of SLO and pro-gzmB or gzmB, for 4 h or 24 h. In some
experiments, gzmB or mast cell SN were pre-incubated with 100mM AAD-cmk
(Bachem) for 30 min at 371C to inactivate gzmB. Following treatment for 4 h/24 h,
survival of MEFs/MC.Fas�/� cells was monitored as described previously.47 A
similar assay was used for treatment and monitoring non-adherent EL4 cells. For
each cell line, sublytic doses of SLO were determined, before further testing.

Immunofluorescence. Cell lines and ex vivo-derived LCMV-immune CTL
were analyzed by confocal microscopy, as described previously.48

bEnd.5 endothelioma cells were grown on LabTek chamber slides (Nalgene-
Nunc, Wiesbaden, Germany) and stained as described previously.49 Phase contrast
microscopy was performed on a Leica DM RXA microscope (Leica Microsystems,
Wetzlar Germany). Abs are described in Supplementary material.

BMMC-mediated cytotoxicity. MEFs were added to 96-well plates
(2� 104 cell/well in triplicates) and cultured overnight in MEM (5% FCS).
Adherent cells were washed twice with PBS, treated with 100ml PBS/4 mM DNB-
S for 10 min at 371C, and washed again (2� ) with MEM (5% FCS), followed by
MEM, supplemented with 2 mg/ml BSA and 100 ng/ml SCF. BMMCs, preloaded
with mAb IgE (see above) were added to DNB-S-labeled MEFs and incubated for
24 h. Subsequently, SNs were removed and percentages of survival of the attached
cells were quantified by 3H-thymidine incorporation and comparison of values to
those from proliferation rates of log2 dilutions of the respective cell line as described
previously.47

Figure 7 Intact mast cells from B6, but not from gzmB�/� mice are able to kill MEF. BMMCs were generated from B6 or gzmB�/� mice and incubated in triplicates with
DNP-labeled MEF (a) or EL4 (b) at indicated effector : target ratios for 20 h as described in Materials and methods. Survival of target cells was analyzed by 3H-thymidine
incorporation as described in Materials and methods. Data are given as mean7S.E.M. of two independent experiments performed by triplicate. ***, * significantly different,
Po0.0001 or P¼ 0.035, respectively. ns, not significant. Analyzed by unpaired two-tailed t-test comparing wt with gzmB�/�. When comparing effector: target ratios of 5 : 1
and 20 : 1, significant differences are only found for wt (P¼ 0.008), but not for gzmB�/� (P¼ 0.053) BMMC. Analyzed by unpaired two-tailed t-test. (c) Ex vivo-derived LCMV-
immune CTL from B6, perfxgzmA�/� or perfxgzmAxB�/� mice were generated as described previously7 and incubated with MCFas�/� for 20 h with (þ ) or without (�) gp33
peptide, at effector : target ratios of 20 : 1 (left panel) and 5 : 1 (right panel). Survival of target cells was analyzed by 3H-thymidine incorporation as described previously.1 Data
are given as mean7S.E.M. of two independent experiments performed by triplicate. Ratio 20 : 1, ***, * significantly different, P¼ 0.0004 or P¼ 0.0304, respectively. ns, not
significant. Ratio 5 : 1, ***, * significantly different, Po0.0001 or P¼ 0.0262, respectively. ns, not significant. Analyzed by unpaired two-tailed t-test comparing �gp33 with
þ gp33
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For treatment of EL4, 6� 105 cells were incubated with 500ml of PBS/4 mM
DNB-S for 10 min at 371C, washed with MEM (5% FCS; � 2) and resuspended in
MEM supplemented with 2 mg/ml BSAþ 100 ng/ml SCF. A 2� 104 portion of cells
was seeded in 96-well plates (triplicates) and incubated with mAb IgE pre-loaded
BMMCs for 24 h. Survival of EL4 cells was quantified by 3H-thymidine incorporation
as described previously.47 BMMCs are unable to proliferate in the absence of IL-3.

CTL-mediated cytotoxicity. Plated MC.Fas�/� cells were pretreated with
the LCMV-immunodominant peptide gp33 for 2 h before incubation with ex vivo-
derived LCMV-immune CTLs from B6, perfxgzmA�/� and perfxgzmAxB�/� at
indicated effector : target cell ratios for 24 h, as described previously.7 Cell survival
was quantified by 3H-thymidine incorporation as described previously.47

Histological and immunohistological analysis. Skin and lung tissues
from naive C57BL/6 (B6) mice were removed and fixed in phosphate-buffered saline
(PBS plus formaldehyde, 4%) before being embedded in paraffin. Sections were
stained with alcian blue alone or counterstained with safranin as described
previously.15 Photomicrographs were taken by using a Zeiss microscope provided
with an Axiocam camara and Axiovision software.

Alcian blue-stained secions were used for immunostaining for gzmB expression.
Accordingly, sections were incubated with 0.6% H2O2 (30 min) in methanol to block
endogenous peroxidase, followed by treatment (3 h at room temperature) with 5%
goat serum in Roti-Block buffer (Roth, Karlsruhe, Germany). Next, consecutive

sections were incubated at 41C overnight either with rabbit anti-gzmB or -gzmA IgG
or with control rabbit IgG (1 : 200 diluted in Roti-Block). After thorough washing,
sections were further incubated (2 h at room temperature) with goat anti-rabbit IgG
as secondary antibody, labeled with horseradish peroxidase. After washing, slides
were incubated (1 h) with diaminobenzidine (Sigma), followed by addition of 0.3%
H2O2 (15–20 min). Photomicrographs were taken by using a Zeiss microscope
provided with an Axiocam camara and Axiovision software.
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Note added in proof
During the course of the reviewing process, a study appeared demonstrating that
human mast cells produce gzmB in vivo and in vitro and release it upon activation.50
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