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Apoptosis of intimal cells is an important contribu-
tor to the pathogenesis of atherosclerosis and trans-
plant vascular disease (TVD). Since the activated
immune response may be a key regulator of apo-
ptosis in these lesions, we used immunohistochem-
istry to characterize the presence and localization of
granzyme B, a major mediator of the cytotoxic im-
mune response, in advanced atherosclerosis and
TVD. Formalin-fixed, paraffin-embedded transverse
sections from human left anterior descending cor-
onary arteries were cut serially and stained with
antibodies specific for granzyme B, smooth muscle
�-actin, CD68, and CD3. The amount of granzyme B
staining was semi-quantitated on a 0–5�/5� scale.
Also, TUNEL staining and in situ hybridization was
performed to visualize cells undergoing cellular
damage suggestive of apoptosis, and to localize
granzyme B mRNA, respectively. Granzyme B local-
ization was similar in both diseases. This protease
was absent in arteries withmild atherosclerosis, but
was abundant in the intima and media of vessels
with advanced atherosclerosis and TVD. Within the
intima, granzyme B localized to TUNEL-positive
foam cells surrounding lipid-rich atheromas. Stain-
ing of serial sections with granzyme B and either

smooth muscle �-actin, anti-CD68, or anti-CD3
showed that granzyme B localized to smooth mus-
cle cells, macrophages, and T-cells. Further, in situ
hybridization for granzyme B mRNA in TVD cases
localized its expression to infiltrating leukocytes
and not foam cells. In conclusion, the presence of
granzyme B in advanced atherosclerotic lesions and
TVD is associated with increasing disease severity
and cell death. These observations suggest that
granzyme B-mediated apoptosis may contribute to
the pathogenesis of these diseases.
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Apoptosis is a key contributor to the pathogenesis of
inflammatory vascular disorders such as atheroscle-
rosis and transplant vascular disease (TVD). The role
of smooth muscle cell (SMC) and macrophage apo-
ptosis in atherosclerosis may depend on the type of
lesion affected. In early, stable lesions, increased SMC
apoptosis may be a beneficial way to decrease intimal
hyperplasia (1). However, in advanced, unstable le-
sions, increased SMC apoptosis decreases the cellu-
larity of affected lesions, thereby compromising the
synthesis of extracellular matrix components and de-
creasing plaque stability (2, 3). Although the role of
macrophage apoptosis is less well defined, an in-
crease in this event may promote atherosclerosis by
reducing the ability of these phagocytes to effectively
clear lipid deposits from the atheromatous core, or by
promoting the release of matrix-degrading enzymes.
TVD is an immune-triggered accelerated inflam-

matory disorder that affects the vasculature of solid
organ allografts. Apoptosis of the endothelium and
smooth muscle cells is probably a key contributor
to TVD. Because the endothelium is crucial to ho-
meostatic maintenance of the entire vasculature,
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increased endothelial cell apoptosis could promote
vascular disease by increasing smooth muscle mi-
gration and proliferation, vascular permeability to
leukocytes and circulating lipids, and platelet acti-
vation (4). Indeed, endothelial damage is observed
early during TVD and is likely initiated by alloim-
mune attack by T cells (5). Although the role and
inducers of SMC apoptosis in TVD is not clear,
increased apoptosis of this cell type could either
decrease intimal thickening in the early stages of
this disease or promote lipid accumulation in ad-
vanced lesions.

In both atherosclerosis and TVD, the activated im-
mune response is believed to be a key inducer of
apoptosis. Both CD4� and CD8� T cells accumulate
in atherosclerotic and TVD plaques, and there is an
antigen-driven T-cell response in patients with unsta-
ble angina (6, 7). CD8� T cells have been found to
localize to the shoulder region of atherosclerotic
plaques and have been well associated with plaque
rupture, suggesting that the cytotoxic immune re-
sponse plays a role in decreasing plaque stability (8).
Immune cells can initiate apoptosis of target cells
through FasL and granzyme B/perforin-mediated
pathways. FasL binds to Fas and can promote the
recruitment of adaptor proteins and caspase-8 to the
plasma membrane. These molecules form the death-
inducing signaling complex (DISC), resulting in the
activation of downstream caspases and apoptotic cell
death (9). Secretory granules cytotoxic T-cells contain
granzyme B and perforin (10). Granzyme B is a 32-
kDa cytotoxic serine protease. In the presence of per-
forin, it can enter the cytoplasm of cells and induce
apoptosis by either direct or indirect activation of
caspases. Granzyme B–mediated apoptosis is impor-
tant in host defenses against viral infection or in re-
sponse to foreign antigen inherent to allogeneic
transplantation (11).

There is increased expression of FasL in unstable
atherosclerotic plaques as compared with more sta-
ble, fibrous plaques (12). In TVD, increased expres-
sion of Fas by the endothelium and localization of
Fas to apoptotic endothelial cells suggests that this
type of immune-mediated cytotoxicity is an impor-
tant contributor to vascular injury (13). However,
the presence and role of granzyme B–mediated ap-
optosis in atherosclerosis and TVD is not clear. In
this study we associate the presence of granzyme B
in native atheromas with atherosclerotic disease
severity and characterize the localization of this
protease in atherosclerosis and TVD.

METHODS

Cases and Tissue Processing
Spleen and tonsil sections used for optimization

of the granzyme B immunohistochemistry and in

situ hybridization, respectively, were obtained from
autopsy specimens at St. Paul’s Hospital, Depart-
ment of Pathology and Laboratory Medicine. Left
anterior descending coronary arteries from 24 ran-
domly selected patients from the St. Paul’s Hospital
Cardiovascular Registry were studied. Six patients
had very early disease that was defined as a limited
intimal cushion and a cellular intima. Eleven pa-
tients had advanced atherosclerotic lesions that
were characterized by the presence of a large, lipid-
rich atheromatous core. Eight patients had
moderate-severe TVD that was defined as arteries
with a large, lipid-rich intima and �50% cross-
sectional luminal narrowing. Patients in all groups
were age comparable.

All samples were processed as reported elsewhere
(14). Briefly, hearts were harvested as soon as pos-
sible after autopsy. Left anterior descending coro-
nary arteries were then perfusion fixed with 10%
neutral buffered formalin, removed intact from the
heart, and sectioned transversely at 5- to 10-mm
intervals. Fixed sections were then embedded in
paraffin.

Immunohistochemistry
Formalin-fixed, paraffin-embedded sections of

proximal left anterior descending coronary arteries
were sectioned serially (3 �m). Slides were depar-
affinized, and heat-based antigen retrieval was per-
formed. Slides were incubated with 10% normal
horse serum for 30 minutes, goat polyclonal anti-
granzyme B (Santa Cruz; Santa Cruz, CA) or mono-
clonal anti-CD68 (DAKO; Carpinteria, CA) for 1
hour, a 1:200 dilution of biotin horse anti-goat or
biotin horse anti-mouse for 30 minutes, and alka-
line phosphatase–conjugated avidin-biotin com-
plex (DAKO) for 30 minutes at room temperature.
Staining was visualized using the chromogen Vec-
tor Red (Vector Laboratories; Burlingame, CA), and
hematoxylin was used as a nuclear counterstain.

Staining for smooth muscle �-actin and CD3 was
automated and performed on a Ventana immunos-
tainer as described elsewhere (13). The sections
were incubated with anti-smooth muscle �-actin or
anti-CD3 for 32 minutes, and with secondary anti-
body for 8 minutes at 37° C. Staining was visualized
with diaminobenzidine (3,3'-diaminobenzidine)
and counterstained with hematoxylin.

Western Blot
Western blots on human coronary arteries were

performed as described elsewhere (15, 16). Briefly,
fresh frozen coronary arteries with advanced ath-
erosclerosis and TVD were obtained from the St.
Paul’s Hospital Cardiovascular Registry. Samples
were homogenized in 100 �L/mg of lysis buffer/mg
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FIGURE 1. Granzyme B is present in advanced atherosclerosis and TVD. Human spleen sections were used as control tissue (A). Consistent
with previous reports, granzyme B (red color ) localizes to leukocytes in the red pulp of this organ but is absent from the white pulp (R � red
pulp, W � white pulp; 160�). Addition of normal goat IgG in the place of the primary antibody resulted in negative staining (inset; 160�). In
native vessels with a limited cushion (B), there is no granzyme B immunoreactivity (arrows � internal elastic lamina; 320�). In the intima of
vessels with advanced atherosclerosis (C) and TVD (D), granzyme B localizes to foam cells surrounding the lipid-rich atheroma. Granzyme B is
also localized to the intimal shoulder regions of some vessels with advanced atherosclerosis (320�). In the media of vessels with advanced
atherosclerosis (E ), granzyme B immunoreactivity is very punctate, suggestive of its localization in T cells within this region of the vasculature
(320�). In the media of vessels with TVD (F ), granzyme B immunoreactivity is also very punctate but also appears to localize to some SMC
(arrows , internal elastic lamina; 320�). In the adventitia of vessels with advanced atherosclerosis (G), punctate granzyme B immunoreactivity
is observed in some small adventitial arteries (arrows; 320�). In this same region of vessels with TVD (H), granzyme B is observed in
infiltrating perivascular leukocytes (320�).
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of tissue, centrifuged at 14,000 rpm for 10 minutes,
and the supernatant was collected. Total protein
concentration was quantified using a BCA protein
assay kit (Pierce Chemicals; Rockford, IL), and 50
�g of total protein was run on a 10% polyacryl-
amide gel and transferred onto a nitrocellulose
membrane. Granzyme B was detected using 2
�g/mL of the goat polyclonal anti-granzyme B de-
scribed above.

In Situ TUNEL
TUNEL staining was used to assess DNA frag-

mentation and was carried out as per the manufac-
turer’s instructions (Intergen; Purchase, NY).
Briefly, slides were deparaffinized, washed in PBS,
incubated with 20 �g/mL of proteinase K, and
quenched in 3% H2O2. Tissue sections were incu-
bated with TdT enzyme for 1 hour at 37° C and then
with HRP-conjugated anti-digoxigenin secondary
antibody for 30 minutes at room temperature. Stain-
ing was visualized using 3,3'-diaminobenzidine, and
hematoxylin was used as a nuclear counterstain.

Histological Grading
Qualitative and semiquantitative analysis was

performed in a blinded fashion (by BMM). To as-
sess reproducibility of semi-quantitative analysis,
randomly selected slides were used to assess in-
traobserver variability on two separate occasions 15
days apart. A Student’s t test was used to determine
statistical significance between vessel groups, with
the P value for significance set at .05.

In Situ Hybridization
Granzyme B cDNA was a kind gift from Dr. R.

Chris Bleackley (University of Alberta, Edmonton,
Alberta, Canada) and was cloned into a
pBlueScript-KS vector. Probes recognizing the full
cDNA sequence of granzyme B were prepared using
in vitro transcription. An irrelevant probe of the
same length that recognizes coxsackievirus B3 RNA
was synthesized in the same manner and used as a
negative control.

In order to control for variations in mRNA levels
that may result from differences in tissue process-
ing, the localization and presence of total RNA was
assessed in all arteries by staining with acridine/
orange. Most likely due to delayed fixation, athero-
sclerotic cases contained very low levels of RNA not
suitable for in situ hybridization. However, arteries
with TVD contained relatively abundant levels of
RNA, and in situ hybridization was performed only
on these tissues. The TVD cases were able to be
harvested in an expedited manner as compared
with autopsy-acquired atherosclerotic cases, and

this difference in timing is the best explanation for
the difference in RNA levels.

In situ hybridization was performed as described
elsewhere (17). Briefly, paraffin-embedded tissue
sections were dewaxed, incubated with proteinase
K, dehydrated, and hybridized with the appropriate
probes. Hybridization was allowed to proceed at 42°
C overnight, followed by stringent washing in 50%
formamide and 2� SSC. After hybridization, alka-
line phosphatase-conjugated anti-digoxigenin anti-
body was applied to the tissue sections for 30 min-
utes and staining visualized with the color substrate
Vector Red (Vector Laboratories).

RESULTS

Granzyme B is More Abundant in Advanced
Atherosclerotic and TVD Lesions Than in Native
Arteries with Mild Disease

Human spleen tissue was used as our control for
optimization of immunohistochemistry for gran-

FIGURE 2. Western blot was performed on lysates from arteries with
atherosclerosis and TVD. In both diseases, there is a single band
corresponding to ~32 kDa, indicating that granzyme B is abundant in
both diseases and that the polyclonal anti-granzyme B used in the
immunohistochemical staining is specific for this protease.
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zyme B. Consistent with previous reports, staining
for granzyme B was localized to leukocytes in the
red pulp but was absent in the white pulp (Fig. 1A)
(18). There was no staining when normal goat IgG
was used in the place of the primary antibody.

In mildly diseased native vessels, there was very
weak to no granzyme B positivity. Faint, diffuse
staining was observed in some fatty streaks (Fig.
1B). In vessels with advanced atherosclerotic dis-
ease, granzyme B staining was very prominent and

FIGURE 3. Semi-quantitative assessment of granzyme B immunoreactivity. Granzyme B immunoreactivity was scored on a 0–5�/5� scale. In
advanced atherosclerotic lesions (A; black bars), there is significantly more granzyme B in the media, deep intima, and superficial intima when
compared with that in vessels with a limited intimal cushion (white bars; *P � .03). In vessels with TVD (B; black bars), there is significantly more
granzyme B in the deep intima compared with native arteries (white bars; *P � .03), but there is no difference in the amount of granzyme B in the
media or superficial intima.
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multifocal and was observed in all regions of the
vessel. There was frequent staining of deep intimal
cells. Intense staining was observed in lipid-rich
areas and was greatest in cellular regions surround-
ing the atheromatous core. Granzyme B was ob-
served to accumulate both underneath and adja-
cent to the atheromatous core and was also
localized to areas near the shoulder region of the
atheroma. A large proportion of granzyme B was
localized intracellularly in foam cells (Fig. 1C).
There was moderate staining in the media of vessels
with advanced atherosclerosis, and the majority of
granzyme B staining in this region was very punc-
tate, with apparent localization to infiltrating T
cells. Occasional granzyme B positivity was also
observed intracellularly in medial SMC (Fig. 1E).
Also, some granzyme B positivity was observed in
the media of small adventitial arteries (Fig. 1G).
Endothelial cell positivity for granzyme B was not
apparent.

In vessels with TVD, granzyme B immunoreactiv-
ity was very dramatic in the developed intima and
was also observed in the media and adventitia.
Granzyme B positivity in the deep intima was very

focal, often localizing to foam cells surrounding
lipid-rich regions (Fig. 1D). In the media of some
vessels, granzyme B positivity appeared to localize
intracellularly in several SMC (Fig. 1F). In the ad-
ventitia, granzyme B localized to leukocytes in in-
flammatory infiltrates as well as to the media of
some adventitial arteries (Fig. 1H).

To ensure the specificity of the polyclonal anti-
body used to detect granzyme B in the immunohis-
tochemical staining, a Western blot was performed
using the same antibody. Granzyme B is approxi-
mately 32 kDa in size. In samples from both ath-
erosclerotic and TVD vessels, there was a single
band of ~32 kDa, indicating that the antibody used
in this study is specific for granzyme B (Fig. 2).

Granzyme B positivity in the media, deep intima,
and superficial intima was assessed semiquantita-
tively in both diseases. In all areas of vessels with
advanced atherosclerosis, there was significantly
more granzyme B as compared with vessels with
mild disease (Fig. 3A). In vessels with TVD, there
was significantly more granzyme B in the deep in-
tima than in native arteries with mild disease (Fig.
3B). Unlike the advanced atherosclerotic cases,

FIGURE 4. Granzyme B localizes to TUNEL-positive foam cells. Serial sections from vessels with advanced atherosclerosis and TVD were stained
with anti-granzyme B (red color ) and TUNEL (brown color ). In advanced atherosclerotic lesions, granzyme B (A) strongly localizes to TUNEL-
positive foam cells (B) in the intima (arrows ; 320�). In vessels with TVD, a similar localization of granzyme B (C) to TUNEL-positive foam cells (D)
is observed in the intima (arrows ; 320�).
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there was no significant difference in the amount of
granzyme B in the media and superficial intima of
TVD vessels when compared with native vessels
with mild disease. This increased abundance of
granzyme B only in the deep intima may be due to
the localization of lipid-rich regions primarily in the
deep intima of the studied TVD lesions.

Granzyme B Localizes to TUNEL-Positive Cells
The presence of apoptotic cells in the intima of

diseased vessels was assessed using TUNEL staining.
In all cases, TUNEL positivity in intimal cells was very
localized and specific to cellular nuclei, suggesting an
intact nuclear membrane reminiscent of apoptosis as
compared with necrosis (Fig. 4). Staining of serial
sections from vessels with advanced atherosclerosis
and TVD with anti-granzyme B and TUNEL revealed
that many granzyme B–positive foam cells surround-
ing atheromatous areas were TUNEL positive (Fig. 4).

Granzyme B Localizes to SMC and Macrophages
Staining of serial sections with anti-granzyme B

and anti–smooth muscle �-actin or anti-CD68 re-
vealed that granzyme B accumulated in both SMC
and macrophages in advanced atherosclerosis
(Fig. 5) and TVD (Fig. 6). In both diseases, local-
ization of granzyme B SMC was greatest in the
deep intima and in lipid-rich regions around the
atheroma, whereas localization to macrophages
was mostly in the atheromatous core and in the
shoulder region of atherosclerotic plaques.

Granzyme B Localizes to T Cells
Serial sections were stained for granzyme B and

CD3 to determine whether granzyme B localized to
T cells in the intima of diseased vessels. In athero-
sclerotic lesions, CD3 staining was prominent, es-
pecially surrounding and within the atheroma. In
T-cell infiltrates, many CD3-positive cells were also
granzyme B positive (Fig. 7). A similar pattern of
staining was observed in TVD cases. In the intima
of these vessels, several CD3-positive cells were also
granzyme B positive (Fig. 7).

Granzyme B mRNA Localizes to Infiltrating
Leukocytes in TVD

In situ hybridization for granzyme B mRNA was
performed to determine the types of cells express-

FIGURE 5. Serial sections from vessels with advanced atherosclerosis
were stained for granzyme B (A) and SMC �-actin (B). Insets are lower
power micrographs of serial granzyme B-positive and SMC
�-actin–positive regions of advanced atherosclerotic arteries. Granzyme
B localizes to smooth muscle foam cells in the intima underlying and
surrounding the atheromatous core (arrows ; 320�, insets, 160�). Serial
sections from vessels with advanced atherosclerosis were also stained
for granzyme B (C) and CD68 (D). In the shoulder regions of the
plaque, granzyme B localizes to macrophages (arrows ; 320�).

FIGURE 6. Serial sections from vessels with TVD were stained for
granzyme B (A) and SMC �-actin (B). Granzyme B localizes to smooth
muscle foam cells in the intima underlying and surrounding the
atheromatous core (arrows; 320�, insets 160�). Serial sections from
vessels with TVD were also stained for granzyme B (C) and CD68 (D).
In lipid-rich areas of the plaque, granzyme B localizes to macrophages
(arrows ; 320�).

FIGURE 8. In situ hybridization was performed on vessels with TVD to identify the types of cells expressing granzyme B. Tonsil was used as our control
tissue (A). Consistent with previous reports, granzyme B mRNA positivity (red color ; arrows) is observed in the interfollicular space but is absent from the
cortex of the follicles (I � interfollicular space, F � follicle; 120�). There was no staining in sections stained with an irrelevant probe (antisense to
coxsackievirus RNA; bottom right inset ; 120�). In the area underlying the endothelium (B), in the deep intima (C), and in the adventitia (D) of vessels with
TVD, granzyme B mRNA was localized to small, infiltrating mononuclear cells (arrows ; 320�). The bottom left insets are photomicrographs of the same
area of the corresponding figure in which a color overlay (yellow color ) has been applied to positive staining that was detected using a color segmentation
file developed in ImageProPlus. No granzyme B mRNA was observed in foam cells surrounding lipid-rich areas of the intima.
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FIGURE 7. Serial sections from vessels with atherosclerosis and TVD were stained for granzyme B and CD3. In vessels with atherosclerosis,
granzyme B (A; red color) localizes to some T cells (B; brown color) in the intima (arrows ; 320�). In the intima of vessels with TVD, granzyme B (C)
localizes to T cells (D; arrows ; 320�).
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ing granzyme B. Sections from human tonsil were
used to optimize this technique. Consistent with
previous reports, granzyme B mRNA in the tonsil
localized to leukocytes in the interfollicular space
but was absent from the cortex of follicles (Fig. 8A)
(18). No vessels with advanced atherosclerosis con-
tained sufficient levels of RNA for this procedure (as
determined by acridine/orange staining). However,
RNA levels in vessels with TVD were well preserved.
In these vessels, there was no granzyme B mRNA in
foam cells, suggesting that these cells are not ex-
pressing this protease. Granzyme B mRNA in TVD
lesions localized primarily to small, infiltrating in-
flammatory cells in the intima and adventitia (Fig
8B-D). Many of these cells were located in the area
underlying the endothelium, in the deep intima,
and in perivascular infiltrates in the adventitia. All
are regions in which there is marked immune cell
infiltration. Further, the size and shape of these
cells suggest that they may be infiltrating
lymphocytes.

DISCUSSION

In the current report, we characterize the pres-
ence of granzyme B in atherosclerotic and TVD
lesions and associate the presence of this protease
with increasing atherosclerotic disease severity.
Granzyme B localization was very similar in both
atherosclerosis and TVD. It was observed predom-
inantly in and around atheromatous regions,
whereupon it localized to TUNEL-positive foam
cells, suggesting that granzyme B could be contrib-
uting, at least in part, to cell death in areas sur-
rounding lipid-rich regions. Through these effects,
granzyme B may contribute to growth of athero-
mas. We further characterize the localization of
granzyme B to intimal SMC, macrophages, and T
cells, and identify infiltrating leukocytes as a source
of this cytotoxic protease in TVD.

In atherosclerosis, immune-mediated cytotoxic-
ity in the intima may be an important event in
restructuring of the atherosclerotic plaque from a
stable to an unstable, rupture-prone lesion (19, 20).
Indeed, FasL localizes to apoptotic SMC in ad-
vanced lesions and induces apoptosis of SMC in
vitro (21, 22). In addition, the cellular effectors of
immune-mediated apoptosis in atherosclerotic
plaques are likely T cells and macrophages, as these
leukocytes have been implicated in SMC apoptosis
and in the development of acute coronary syn-
dromes (8, 23–27). Our association of granzyme B
immunoreactivity with advanced atherosclerotic
disease, and localization of granzyme B to apopto-
tic cells, suggests that this cytotoxic immune factor
may further contribute to acute coronary syn-
dromes through a similar mechanism as FasL. Al-

ternatively, because granzyme B proteolysis has
been implicated in the generation of autoantigens
in certain autoimmune diseases, granzyme B activ-
ity in atheromatous lesions could also lead to the
generation of autoantigens in affected vessels (28).

The mechanisms and potential consequences of
smooth muscle cell apoptosis in the intima of TVD
lesions have not been well studied. Our group has
previously shown that increased lipid accumulation
and deposition within the intima of TVD may pro-
mote lesion severity (29–31). Specifically, increased
luminal narrowing is correlated with increased lipid
deposition in TVD (30). Because we have shown that
granzyme B localizes to apoptotic foam cells sur-
rounding lipid-rich regions, this form of immune-
mediated cytotoxicity may contribute to growth of the
acellular atheroma and lipid deposition by reducing
the lipid-clearing ability of intimal cells. Further, pre-
vious reports in knockout mice have shown that cer-
tain aspects of the immune response, although not
decreasing overall intimal thickening, can alter lesion
morphology from an acellular to a cell-rich lesion
(32). The sequelae of this type of lesion remodeling in
TVD remain obscure.

The localization of granzyme B to foam cells in
atherosclerosis does not necessarily indicate that
these cells are expressing this secretory granule-
associated protease. Instead, Nakajima et al. (33)
have recently shown that a subset of CD4� T cells
that are abundant in patients with atherosclerosis
express perforin and that these are potent media-
tors of granule-mediated apoptosis of endothelial
cells. The expression of perforin by this subset of T
cells is strongly correlated with unstable angina,
suggesting a key role for the granzyme/perforin
pathway in acute coronary syndromes. Further,
granzyme B protein did localize to infiltrating T
cells in the intima, suggesting that these immune
infiltrates are likely expressing this protease. Detec-
tion of granzyme B mRNA expression with in situ
hybridization was not possible on arteries with ath-
erosclerosis because of low levels of RNA. This is
likely caused by delayed fixation of these autopsy
tissues, commonly encountered in clinical samples.
However, because proteins are much more stable
than RNA, our sections were acceptable for immu-
nohistochemistry. Such is evident by the expected
staining pattern of SMC �-actin and CD68. In our
advanced atherosclerotic cases, there was marked
SMC �-actin positivity in the media and in large
cells in the intima, and CD68 staining in these sec-
tions was localized predominantly to lipid-rich re-
gions in the intima.

In situ hybridization in vessels with TVD showed
that granzyme B mRNA was isolated to infiltrating
leukocytes in the adventitia and intima and was likely
not being expressed by foam cells. Because the pat-
tern and localization of granzyme B in vessels with
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TVD was very similar to that in vessels with athero-
sclerosis, the source of granzyme B in advanced ath-
erosclerosis could be the same as in TVD, namely
infiltrating leukocytes. In support of this notion, al-
though some pathological aspects of atherosclerosis
and moderate-severe TVD are distinct, the contribu-
tion of the T-cell–mediated response to both diseases
may be similar in many respects. For instance, both
are inflammatory disorders and there is a specific
T-cell–generated immune response to certain anti-
gens in both atherosclerosis and TVD that contribute
to vascular damage (34, 35). In atherosclerosis,
antigen-activated T-cell responses are generated to-
ward oxLDL, resulting in increased atherogenesis and
plaque degeneration (7, 36, 37). In TVD, a similar
response is generated toward several foreign epitopes
in the allograft. These events contribute to the under-
lying vascular damage, resulting in the accumulation
of lipids and oxLDL and the potential for an immune
response toward oxLDL in established lesions (30, 38,
39). Finally, CD8� and CD4� T cells accumulate in
the intima of both diseases, and FasL is expressed by
both T cells and macrophages in both atherosclerosis
and TVD. This similarity in FasL expression suggests a
similar mechanism of cytotoxic immune damage to
the vasculature in both diseases (8, 25, 40).

In summary, we have localized granzyme B to
advanced atherosclerotic and TVD lesions, and as-
sociated increased granzyme B with atherosclerotic
disease severity. Further, we have shown the local-
ization of this apoptotic protease to foam cells,
many of which are undergoing cellular damage sug-
gestive of apoptosis. These data suggest that gran-
zyme B may be responsible, at least in part, for the
induction of cell death in smooth muscle and
macrophage-derived foam cells surrounding athe-
romas. To our knowledge, this is the first charac-
terization of granzyme B in atherosclerotic and TVD
lesions.
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