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Abstract
Acute myocardial infarction (MI) is a common condition responsible for heart failure and sudden death.
Here, we show that following acute MI in mice, CD8+ T lymphocytes are recruited and activated in the
ischemic heart tissue, and release Granzyme B leading to cardiomyocyte apoptosis, adverse ventricular
remodeling and deterioration of myocardial function. Depletion of CD8+ T lymphocytes decreases
apoptosis within the ischemic myocardium, hampers in�ammatory response, limits myocardial injury and
improves heart function. These effects are recapitulated in mice with Granzyme B-de�cient CD8+ T cells.
The protective effect of CD8 depletion on heart function was con�rmed by using a model of
ischemia/reperfusion in pigs. Finally, we reveal that elevated circulating levels of Granzyme B in patients
with acute MI predict increased risk of death at 1-year follow-up. Our work unravels an unsuspected
deleterious role of CD8+ T lymphocytes following acute ischemia, and identi�es novel therapeutic
strategy targeting pathogenic CD8+ T lymphocytes in the setting of acute MI.

Introduction
Acute coronary syndrome including myocardial infarction (MI) is the most prevalent manifestation of
cardiovascular diseases and is associated with high mortality and morbidity. Nevertheless, considerable
advances have been achieved in the early management of acute coronary thrombotic occlusion,
including rapid mechanical restauration of coronary artery blood �ow and anti-platelet therapies 1.
Consequently, early mortality of patients with MI has declined over the last decades in the United States 2

and Europe 3. However, long term effects of ischemia-related cardiac damage continue to be a clinical
and social burden, due to increased risk of arrhythmias, heart failure and repetitive hospitalizations 4.
Therefore, more efforts have to be deployed towards the development of therapeutic approaches
targeting pathophysiological pathways involved in post-ischemic cardiac remodeling.

There is a large body of human and experimental evidence showing that the immune response is
involved in the long-term cardiac complications of coronary occlusion 5. In human and experimental MI,
interruption of blood supply leads to rapid death of cardiac myocytes in the ischemic heart. Thereafter,
in�ammatory signals trigger the recruitment and proliferation of immune/in�ammatory cells, which
contribute to left ventricle (LV) remodelling, at least in part, by modulating the production and degradation
of extracellular matrix proteins, as well as the clearance of dead cardiac myocytes and their debris.
Among several immune cell types that populate the infarcted myocardium, CD4+ T cells have been shown
to in�ltrate heart tissue within the �rst week following acute MI 6. Re-supplementation experiments
showed that CD4+ T cells contribute to myocardial ischemia-reperfusion injury through IFN-g production.
Conversely, natural regulatory T cells (Tregs) have been found to protect against deleterious in�ammatory
remodelling following MI 7,8. Treg depletion using an anti-CD25 antibody impaired left ventricular dilation
and survival, whereas expanding Tregs in vivo attenuated myocardial pro-in�ammatory cytokine
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expression and leukocyte recruitment 7,8. T cell receptor (TCR)-independent 9 and -dependent
mechanisms 10 are involved in CD4+ T cell related effects following myocardial ischemia-reperfusion.

However, the role of cytotoxic CD8+ T lymphocytes, another subset of T cells that orchestrate immune
responses against viruses and tumors, remains unclear in the context of acute heart ischemia. Although
CD8+ T cells have been detected in the heart following coronary artery occlusion 11 in rodents, some
authors suggested that CD8+ T cells had no pathogenic role 12, whereas others have reported that a
subset of CD8+ T cells expressing the type 2 angiotensin II receptor may be protective 13. In a human
observational study, an acute reduction in blood CD8+ T lymphocyte count has been reported within one
hour after coronary artery reperfusion, the drop of CD8+ T cells being more important in patients who
developed heart microvascular obstruction 14.

Here, we showed that, following acute MI in mice, CD8+ T lymphocytes are recruited in the ischemic heart
and foster cardiomyocyte death through the local release of Granzyme B, leading to enhanced
myocardial in�ammation, tissue injury and deterioration of myocardial function. We also unraveled, for
the �rst time, that immunotherapy based on administration of neutralizing antibody directed against
CD8+ T cells, promotes cardiac repair in a mouse model of myocardial infarction as well as in a model of
cardiac ischemia-reperfusion in pig .

Results
Cytotoxic CD8+ T lymphocytes are recruited and activated in the ischemic heart tissue after MI

First, we characterized the kinetics of in�ammatory cell recruitment within the injured myocardium. We
used an experimental model of acute MI in C57BL/6J mice induced by permanent coronary artery ligation
and we analyzed cell suspensions of digested hearts at different time points after the onset of ischemia
by �ow cytometry. We found that CD3+CD8+ T (Fig.1a-c) and CD3+CD4+ T lymphocytes accumulated in
the injured myocardium as early as day 1 and peaked at day 3 after MI. In�ltration of CD4+ T cell was 2-
fold higher than that of CD8+ T cells (Fig. 1d). Immunohistological analyses con�rmed the increased
accumulation of CD3+ CD8+ T lymphocytes in both peri-infarct and infarct areas after MI compared to
sham-operated animals (Fig. 1c & Supplementary Fig. 1 & Supplementary Fig. 2). At day 1, in�ltrating
CD8+ T cells were mostly naive and the proportion of CD44+CCR7high central memory and CD44+CCR7low

effector memory CD8+ T cells increased over time (Fig. 1e & Supplementary Fig. 3). Flow cytometry
analyses showed that the proportion of CD8+ T cells expressing CD69 and CD107a increased during the
�rst week after MI in the heart (Fig. 1f), as well as in draining mediastinal lymph nodes (Supplementary
Fig. 4). Local activation and degranulation of recruited cytotoxic CD8+ T cells were con�rmed by the
detection of Granzyme B within the ischemic heart tissue at day 1 after MI at both protein (Fig. 1g) and
mRNA levels (Fig. 1h). Immuno�uorescence staining showed colocalization of Granzyme B and CD8+ T
cells. Of note, Granzyme B was mainly detected in the cytoplasm of T cells in non-ischemic areas,
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whereas it was detected around CD8+ T cells in ischemic areas, suggesting active CD8+ T cell
degranulation in the infarcted myocardium. (Fig. 1g & Supplementary Fig. 5).

Previous studies suggest that CD4+ T cells may orchestrate myeloid and lymphoid cell recruitment 15,16.
We quanti�ed T subsets at day 1 and Day 3 after MI in mice treated with anti-CD4 depleting monoclonal
antibody or isotype control. At day 1, CD8+ T cell number was decreased in blood (Supplementary Fig.
6a), but increased in spleen after CD4+ T cell depletion (Supplementary Fig. 6b-c). At day 3, we observed
that CD4+ T cell depletion (Fig. 1i) led to a 50 % reduction in in�ltrating CD8+ T cells in heart tissue
(P<0.01) (Fig. 1j-k), indicating that CD4+ T cells partly controlled CD8+ T cell mobilization from spleen into
peripheral blood and ultimately their in�ltration into the infarcted heart.

These �ndings indicate that circulating CD8+ T cells are recruited into the myocardium following MI, are
activated and release Granzyme B, suggesting a potential role of CD8+ T cell-mediated immune response
in this setting.

CD8+ T lymphocyte depletion prevents adverse ventricular remodeling and improves cardiac function
after acute MI in mice.

To directly assess the role of CD8+ T lymphocytes in cardiac remodeling after acute MI, we depleted CD8+

T lymphocytes using a CD8-speci�c monoclonal antibody (CD8 mAb) 17 one hour after coronary ligation.
CD8 mAb treatment rapidly depleted CD8+ T cells (>98%), within 6 hours after mAb injection
(Supplementary Fig. 7) in the peripheral blood (Fig. 2a & Supplementary Fig. 8), in the cardiac tissue (Fig.
2b), and in the spleen (Supplementary Fig. 9). Full CD8+ T cell depletion was con�rmed by
immuno�uorescence in ischemic heart tissue (Fig. 2c & Supplementary Fig.2). CD8+ T cell depletion did
not signi�cantly impact survival following MI (at day 21, 76% in control group versus 92% in CD8
depleted group, P=0.28, data not shown). We next assessed cardiac function by echocardiography 9 and
28 days after MI. CD8 mAb–induced T cell depletion led to smaller end-systolic (P<0.01) and end-
diastolic left ventricular volumes (P<0.05) (Fig. 2d & Supplementary Fig. 10), and to a signi�cant
improvement of left ventricular fractional shortening (Fig. 2d & Supplementary Fig. 10) compared to
isotype-treated control mice at both time points. At day 28, left ventricular pressures were measured using
an intracardiac probe, con�rming that CD8 depletion preserved both diastolic and systolic LV functions
(Fig. 2e). Of interest, left ventricular myocardial contractility was also improved by CD8 T cell depletion (P
<0.001) (Fig. 2f).

CD8 mAb–induced improvement in cardiac function was associated with abrogation of adverse LV
remodeling. Infarct size (Fig. 2g & Supplementary Fig. 11) (P<0.001) and interstitial �brosis (P <0.05)
assessed by collagen content, were reduced in CD8 mAb treated mice compared to isotype-treated control
animals, at day 21 post-MI (Fig. 2h). CD8 T cell depletion also decreased collagen synthesis as revealed
by the reduction of Col1a1 and Col1a3 mRNA levels (Supplementary Fig. 12). Such protective effect of
CD8 depletion was maintained at day 56 following MI (Supplementary Fig. 13). In summary, these results
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show that systemic CD8+ T cell depletion signi�cantly reduces post-ischemic heart injury, prevents
adverse ventricular remodeling and improves cardiac function after acute MI.

CD8+ T cells pathogenic activity requires TCR engagement

To assess the putative role of antigen recognition by CD8+ T cells, we used OT-I mice, in which the
majority of CD8+ T cells exclusively recognize an irrelevant ovalbumin-derived peptide via their TCR. In a
�rst set of experiments, coronary artery ligation was performed in male OT-I mice and one hour later,
animals were injected either with an isotype control or an anti-CD8 depleting antibody (Fig. 3a). In this
setting, CD8 T cell depletion (Fig. 3b) did not impact mortality (data not shown) and infarct size at day 21
post-MI (Fig. 3c & 3d). To further substantiate the role of TCR-mediated pathogenic activity of CD8+ T
cells, we injected Rag1-/- mice with CD8+ T cell-depleted splenocytes, re-supplemented with wild-type or
OT-I CD8+ T lymphocytes (Fig. 3e). Survival at day 21 was not statistically different between groups
despite a trend toward a better survival in OT-I CD8+ T cells supplemented group (Fig. 3f). Animals re-
supplemented with OT-I CD8+ T cells displayed less cardiac damage with a reduction in the infarct size
(Fig. 3g) (P=0.054) and a better cardiac function (Fig. 3h) (P<0.01) than animals re-supplemented with
WT CD8+ T cells.

Finally, we employed a third approach to address the importance of antigen-speci�c response of CD8+ T
cell using CMy-mOva mice. CMy-mOva mice is a transgenic mouse line that expresses cardiac myocyte
restricted membrane-bound ovalbumin 18 that can be recognized by OT-I CD8+ T cells. Three days before
MI, CMy-mOva mice were injected either with wild-type or OT-I puri�ed CD8+ T lymphocytes (Fig. 3i). The
injection of OT-I CD8+ T lymphocytes enhanced Granzyme B mRNA content in the ischemic heart 2 days
after MI when compared to control group (Fig. 3j). In addition, the injection of OT-I CD8+ T lymphocytes
increased mortality rate (85% versus 40%, P<0.01) (Fig. 3k) and infarct size among rare survivors (Fig. 3l)
when compared to animals receiving wild-type CD8+ T cells.

CD8+ T lymphocyte depletion reduces cardiomyocyte apoptosis and pro-in�ammatory responses after
acute MI

We next assessed the potential mechanisms involved in CD8+ T cell-mediated effects on cardiac
remodeling and function. We �rst assessed the effect of CD8+ T cell de�ciency on other actors of the
in�ammatory reaction. As shown in supplementary �g. 14-19, CD8+ T cell depletion had no impact on the
number of CD4+ T cells, B cells, NK, NKT, classical monocytes, neutrophils, macrophages and dendritic
cells into the ischemic heart tissue.

Cytotoxic activity of CD8+ T cells in the context of cancer 19 or virus infection 20 is mainly mediated by
the release of Perforin/Granzyme B 21. Of note, Granzyme B colocalized with apoptotic cells in the
ischemic heart tissue (Supplementary Fig. 20). CD8+ T cell depletion induced a signi�cant reduction of
Granzyme B content in the ischemic heart tissue at both mRNA (Fig. 4a) and protein levels (Fig. 4b). Such
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decrease in cardiac Granzyme B content was associated with a signi�cant reduction of TUNEL+
apoptotic myocardial cells (Fig. 4c & Supplementary Fig. 21) and a reduction of infarct area 3 days after
MI (Supplementary Fig. 22). Treatment with CD8 mAb also reduced local pro-in�ammatory cytokine
levels, at day 7 after MI. Of note, Tnf-a,Il-1b,Il-6 mRNA levels were signi�cantly lower (P<0.05) in infarct
hearts of CD8 depleted-mice compared to the control group (Fig. 4d). In addition, we found a marked
decrease of Mmp9 gene expression (Fig. 4e) and a substantially lower metalloproteinase activity (Fig. 4f)
in the heart of mice treated with anti-CD8 depleting antibody. Such alteration in the in�ammatory
landscape without any difference in the number of in�ltrating leukocyte subsets suggests a mAb CD8-
mediated immune phenotypic switch toward an anti-in�ammatory pro�le. As such, cardiac macrophages
displayed a reparative anti-in�ammatory signature as revealed by the reduction of Il-1b, Tnf-a and iNOS
mRNA levels in macrophages of anti-CD8 treated mice (Supplementary Fig. 23). On the same note, the
number of reparative macrophage expressing CD206 was increased at day 7 in the heart of CD8 depleted
animals (Supplementary Fig. 24).

Global Granzyme B de�ciency limits cardiac damage after acute MI.

These �ndings prompted us to investigate the direct cytotoxic role of Granzyme B in post-ischemic
cardiac remodeling. First, MI was induced in C57bl6 wild type and Granzyme B-de�cient (GzmB-/-) adult
mice. Granzyme B de�ciency was con�rmed by immunostaining in the spleen of GzmB-/- mice as well as
in the heart (Supplementary �g. 25). Following acute MI, CD8+ T cell in�ltration was observed in the
ischemic heart of C57bl6 and GzmB-/- mice (Supplementary �g. 26). A signi�cant reduction of TUNEL+
apoptotic cells was found within the injured myocardium (P<0.001) (Fig. 4g) as well as a local reduction
of Il-1b, Il-6, Tnf-a and Mmp9 mRNA levels (P<0.01) in GzmB-/- mice compared to WT control group (Fig.
4h & Supplementary �g. 27). Finally, at day 21 following MI, the infarct size was markedly reduced in
Granzyme B de�cient animals (-55%, P<0.05) (Fig. 4i), and overall survival trended toward improvement
(88% vs 64%, P=0.12) (Supplementary �g. 28). These experiments suggest that Granzyme B per se may
have direct cytotoxic activity on cardiomyocytes. To test this hypothesis, mouse cardiomyocytes were co-
cultured in vitro with puri�ed wild-type or GzmB-/- splenic CD8+ T cells. After 24 hours, T cells were
removed and cardiomyocyte apoptosis was monitored during an additional 24-hour period using
caspase-3 �uorescent dye. CD8+ T cell activation was achieved using dynabeads mouse T activator
CD3/CD28 (Supplementary �g. 29). Pre-incubation with activated CD8+ T cells did not increase
cardiomyocyte apoptosis when compared to pre-incubation with non-activated CD8+ T cells at low
concentrations (Cardiomyocyte/CD8 ratio 1/1 and 1/3) (Fig. 4j). However, at higher concentrations (ratio
1/5 and 1/10) activated CD8+ T cell strongly promote cardiomyocyte apoptosis measured as Caspase
3/7+ cells (Fig. 4j). Cytotoxicity of CD8+ T cells was abolished in case of Granzyme B de�ciency (Fig. 4k).
We also hypothesized that the effect of CD8 T lymphocytes expressing Granzyme B exceeds a simple
cytotoxic action and could impair cardiomyocyte function. For this purpose, cardiomyocytes isolated
from adult C57Bl/6J mice were co-cultured overnight with puri�ed wild-type or GzmB-/- spleen CD8+ T
cells at low concentration, i.e. 1/3 ratio. Cardiomyocyte contractility was evaluated using computer-
assisted sarcomere shortening measurements. Interestingly, decreased sarcomere shortening was
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observed in cardiomyocytes co-cultured with activated wild type CD8+ T cells, compared with
cardiomyocytes co-cultured with control wild type CD8+ T cells or activated GzmB-/- CD8+ T lymphocytes.
(Fig. 4l). Altogether, our results suggest that low number of CD8+ T cells curb cardiomyocyte contractility,
but that high number precipitates cardiomyocyte death.

Granzyme B-de�cient CD8+ T lymphocytes fail to affect cardiac remodeling and function after acute MI

To further substantiate the role of CD8+ T cell-derived Granzyme B, we injected Rag1-/- mice either with
CD8+ T cell-depleted splenocytes, CD8+ T-depleted splenocytes re-supplemented with wild-type or GzmB-/-

CD8+ T lymphocytes (Fig. 5a). The purity of the CD8+ T lymphocytes is shown in Supplementary Fig. 30.
We �rst veri�ed that re-supplementation with wild-type or GzmB-/- CD8+ T lymphocytes signi�cantly
increased CD8+ T cell numbers in spleens and hearts of Rag1-/- mice compared to mice injected with
CD8+ T cell-depleted splenocytes only (Supplementary Fig. 31).

We then examined the consequences of Granzyme B de�ciency in CD8+ T lymphocytes on post-ischemic
cardiac remodeling. Transfer of wild-type CD8+ T cells into Rag1-/- mice reduced survival (Fig. 5 a-b) and
left ventricular shortening fraction (Fig. 5e) (p<0.05) after MI compared to the transfer of CD8-depleted
splenocytes. In our re-supplementation experiment, we observed a signi�cant negative correlation
between wild-type CD8+ T cell number and cardiac function (Fig. 5f). This pathogenic effect on mortality
and LV systolic function was abrogated after re-supplementation with GzmB-/- CD8+ T lymphocytes (Fig.
5b-e). CD8+ T cell supplementation also increased infarct size (P=0.04; Fig. 5c) and collagen content (Fig.
5d), which was prevented by re-supplementation with GzmB-/- CD8+ T lymphocytes (Fig. 5c-d).

CD8+ T lymphocyte depletion is protective in a pig model of coronary ischemia /reperfusion

To con�rm the pathogenic role of CD8+ T cells in myocardial infarction and to substantiate the
therapeutic interest of CD8-depleting antibody, we used a model of cardiac ischemia-reperfusion in pigs.
To achieve CD8+ T depletion , we used an IgG2a mouse anti-swine monoclonal anti-CD8 antibody (clone
76-2-11) with known in vitro22 and in vivo activity against porcine CD8+ T cells 23,24. As shown in
supplementary Fig. 32, pig anti-CD8 mAb treatment was e�cient but induced delayed CD8+ T cell
depletion when compared to mouse anti-CD8 mAb. Indeed, full CD8 depletion was obtained at day 3 after
pig anti-CD8 mAb injection whereas complete CD8+ T cell depletion was obtained as early as 6 hours
after mAb injection in mice (Supplementary Fig. 6). Based on this observation, we designed a protocol
(Supplementary Fig. 33) including one control group and 2 CD8 depleted groups receiving anti-CD8
antibody at 2 different time points to obtain either High depletion (>95% depletion at day 1 after MI) or
low depletion (60% depletion at day 1 after MI) (Fig. 6a-b). As previously validated by our group 25,
coronary occlusion was maintained during 40 minutes (Supplementary Fig. 33) leading to transmural
myocardial infarct. At day 14, we observed no difference in the infarct size between low CD8 depletion
and control groups but we found a signi�cant reduction of infarct size in high CD8 depletion group (-60%
vs control, p<0.01) (Fig. 6c). Finally, both High and Low CD8 depletion improved signi�cantly LV systolic
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function but the bene�cial impact of CD8 depletion was more important in High depletion group (Fig. 6d
& Supplementary Fig. 34), con�rming the pathogenic role of CD8+ T cells in reperfused acute MI in a large
animal model.

Granzyme B and CD8+ T cells in human MI

In human heart biopsies obtained from acute MI patients (Supplementary Table 1), we detected CD8+ T
cell in�ltration in the ischemic heart tissue at day 3 (Fig. 6e) and day 8 after MI (Fig. 6f). Granzyme B
positive cells were mainly detected in the infarct area within the �rst week of MI, but predominated in the
peri-infarct region after day 7 (Fig 6g & 6h).

Finally, we addressed the relevance of these �ndings to the human disease by assessing the relationship
between circulating Granzyme B levels and clinical outcomes among those 1046 patients
(Supplementary Table 2) who contributed to a serum bank in FAST-MI, a nationwide cohort of
consecutive adults with ST-segment-elevation or non-ST-segment-elevation MI hospitalized at intensive
unit care with symptom onset ≤48 hours, in 213 centers representing 76% of French centers managing
acute MI patient (NCT01237418). Interestingly, we found that acute MI patients with high circulating
levels of Granzyme B (>median 8.9 pg/mL) at their admission were at higher risk of death after one year
of follow-up compared to patients with low levels even after adjustment for several multivariable risk
factors (Supplementary Table 3) (adjusted hazard ratio, HR=2.26, 95% CI=1.22-4.18, p=0.009) (Fig. 6i).

Discussion
CD8+ T cells play a critical role in anti-viral 20 and anti-tumor 19 immune responses. Recently, studies
identi�ed novel roles for CD8+ T lymphocytes in sterile chronic low-grade in�ammation such as
atherosclerosis 26. However, the contribution of CD8+ T cells to the in�ammatory response secondary to
other forms of acute injury, particularly post-ischemic injury is still poorly de�ned. Our results unravel a
critical role for CD8+ T cell-dependent Granzyme B production in the pathogenic response to acute MI
injury.

In a mouse model of MI with permanent coronary ligation, we showed that activated CD8+ T cells
expressing CD69 and CD107a markers were recruited within the ischemic myocardium. Such CD8+ T cell
in�ltration in the heart has also been observed in experimental transient ischemia 27. In humans, CD8+ T
cells were identi�ed in the ischemic heart tissue at early stage after MI, but predominated in the peri-
infarct region one week after MI. We also observed that CD8+ T cell recruitment in cardiac muscle was
partially mediated by CD4+ T lymphocytes. Similarly, in the context of myocarditis, Liu et al. previously
showed that CD4+ T cells drive CD8+ T cell tra�cking through the release of IL-21 16.

Combining “loss of function” using CD8 cell depleting treatment with anti-CD8 mAb and “gain of
function” strategy based on CD8+ T cell supplementation in Rag1−/− mice, we showed that CD8+ T cells
promoted deleterious post-ischemic cardiac remodeling at early (Day 21) and late stages (Day 56) in a
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murine model of permanent coronary occlusion, as well as in a pig model of coronary ischemia-
reperfusion. In mice, CD8+ T cells fostered adverse ventricular remodeling through their pro-apoptotic
effects. On the same note, CD8+ T cells can trigger neuron cell death in vitro and CD8+ T cell depletion
limited brain apoptotic area in a mouse model of stroke 28. Effector mechanisms likely to be important in
CD8+ T cell-mediated cell death include Perforin/Granzyme pathway, two death receptor molecules of the
TNF receptor family, such as Fas and pro-in�ammatory cytokines, including Interferon-γ. We focused here
on the role of Granzyme B, a serine protease released by cytotoxic T cells activating apoptosis pathways
and triggering caspase activation indirectly. This protease was detected in the peri-infarct area at early
time points following coronary occlusion and co-localized with both in�ltrating CD8+ T cells and TUNEL + 
cells. Interestingly, we found that Granzyme B was detected in T cell cytoplasm in non-ischemic area,
whereas Granzyme B was found around CD8 + T cells in the peri-infarct area, suggesting a mechanism of
local degranulation. Granzyme B has been previously identi�ed as a major toxic protein in auto-immune
diseases such as diabetes 29, as well as in cardiovascular diseases such as stroke 28. In our study,
Granzyme B mediated the deleterious effect of CD8+ T cells after MI. In vitro, we showed that activated
puri�ed CD8+ T cell-induced cardiomyocyte apoptosis, and cell death was abolished when CD8+ T cells
where isolated from GzmB−/− mice. Furthermore, the deleterious cardiac effects of CD8+ T cell
reconstitution in Rag1−/− mice were blunted when animals were repopulated with GzmB−/− CD8+ T cells.
Importantly, Granzyme B-expressing T cells were detected in human heart tissue of MI patients, and we
found that high plasma levels of Granzyme B within 48 hours of admission for acute MI was associated
with increased risk of 1-year mortality. On the same note, the number of circulating CD8+ CD28+ T cell
was associated with more severe ischemic heart dysfunction reported in a small cohort of MI patients 30.
Hence, one can speculate that Granzyme B plasma levels could be used as a biomarker to select patients
who may bene�t from anti-CD8 depleting antibody in acute MI. Such personalized approach should be
tested in the future when human anti-CD8 mAb treatment will be available.

CD8+ T cell depletion led to a switch of the immune response within the ischemic heart toward a less
in�ammatory pro�le. Local reduction of pro-in�ammatory cytokines was unlikely due to decreased
leukocyte recruitment, since NK, NKT, neutrophil, classical monocyte, B cell as well as CD4+ T cell counts
were similar in the infarcted heart of control and CD8-depleted groups. Local deviation of the immune
response following CD8 treatment was probably due to a switch of the macrophage pro�le toward an
anti-in�ammatory phenotype. In�ammatory macrophages in a classic activation mode, dominated at
days 1–3 post-MI, whereas reparative macrophages in a an alternative activation mode were the major
subsets at days 5–7 post-MI in mouse heart. Proin�ammatory macrophages secrete cytokines,
chemokines, growth and MMPs, whereas anti-in�ammatory macrophages are pro-reparative 31. Local
reduction of cardiomyocyte apoptosis and consecutive DAMPs release following CD8 depletion may
explain such deviation of macrophage phenotype toward an anti-in�ammatory pro�le 32. Of note, in
Cd8atm1mak mice, a genetically-modi�ed mouse model characterized by CD8 T cell de�ciency, CD8+ T
cells have been shown to play a dual and contradictory role. Indeed, animals lacking functional CD8+ T
cells had increased cardiac rupture despite having better overall survival after MI 33. These results should
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be analyzed with caution since an effect of Cd8a gene mutation on other immune cells, as well as
confusing genetic compensation, could not be ruled out in this mouse model 34. In this line of reasoning,
an increased Th1 responses and an impaired B cell humoral activity have already been reported in
Cd8atm1mak mice 35. In our study, conclusions are supported by different complementary approaches
including a very speci�c monoclonal-targeted strategy with selective CD8+ T cell depletion in
immunocompetent adult mice.

Decreased apoptosis and generation of secondary necrotic cells most likely accounted for the low
in�ammatory pro�le observed in infarcted hearts of CD8-depleted mice. Similarly, GzmB−/− mice exhibited
reduced apoptosis and pro-in�ammatory cytokine expression. Finally, we showed that TCR engagement
was critical for CD8+ T cell cytotoxic activity. CD8 depletion in OT-I mice had no effect on post-ischemic
cardiac remodeling and repopulation of Rag1−/− mice with puri�ed OT-I CD8+ T cells had less deleterious
consequences than those of WT CD8+ T cells, in terms of infarct size and left ventricle systolic function.
In line with these �ndings, transfer of OT-I CD8+ T cells in CMy-mOva mice expressing membrane-bound
ovalbumin speci�cally on cardiomyocytes led to higher Granzyme B content in the ischemic heart at early
stages, high mortality rate and pronounced deleterious cardiac remodeling in survivors after MI. Hence,
our results indicate that, in acute MI, CD8+ T cells are activated by autoantigens presented by MHC class I
molecules. Further studies are required to identify the speci�c peptides recognized by CD8+ T cells.
Cardiac contractile proteins may represent such candidates. Previous works have shown that α-Myosin
Heavy Chain is a pathogenic autoantigen for CD4+ T cells in a mouse model of spontaneous myocarditis
36.

Our study delineates an important contributory role for CD8+ T cells during the immune-in�ammatory
responses that lead to tissue damage following acute MI. Conversely to B cells or CD4+ T cells, CD8+ T
cells have no major role in regulating immune cell recruitment within the site of injury. CD8+ T cells are
quickly recruited within the ischemic heart tissue and are activated in an antigen-speci�c manner.
Activated CD8+ T cells release Granzyme B that has cytotoxic activity in the heart promoting
cardiomyocyte death and a sterile pro-in�ammatory immune response. As a consequence, CD8+ T cell
depletion substantially limits heart cell apoptosis, myocardial in�ammation, infarct size, and �nally
improves myocardial function. The positive association of Granzyme B circulating levels with poor
outcome in patients with acute MI strongly supports the clinical relevance of our �ndings to the human
disease.

Experiments in female pigs were performed to con�rm the pathogenic role of CD8+ T cells in a large
model of heart ischemia-reperfusion, mimicking percutaneous transluminal coronary angioplasty during
human acute myocardial infarction. We found bene�cial effect of CD8+ depletion in this pig model but
the mechanism of protection was probably different between High and low CD8 depletion groups. High
CD8 depletion may be protective through a reduction of cardiomyocyte apoptosis and infarct size, a
mechanism that we previously found in mouse models of permanent coronary artery occlusion.
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Bene�cial effect of Low CD8 was unlikely due to decreased cardiac cell apoptosis but may be due to a
protective effect on cardiomyocyte function. Such an hypothesis was supported by in vitro experiments
showing that low number of activated CD8+ T cells are able to impair cardiomyocyte contractility in a
Granzyme B-dependent manner without inducing cell death.

We believe that the present study paves the way for the development of therapeutic approaches based on
administration of humanized CD8 depleting antibodies at the acute phase of MI. Because of
pharmacodynamic characteristics of anti-swine monoclonal anti-CD8 antibody, anti-CD8 mAb has to be
injected before ischemia-reperfusion procedure to induce High CD8 depletion. Obviously such a
therapeutic strategy could not be used in human MI to limit deleterious post-ischemic cardiac remodeling
but underscores the need for developing an anti-human anti-CD8 mAb that induces full and rapid CD8+ T
cell depletion to translate cardiac bene�t from animal to human.
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Figures

Figure 1

Cytotoxic CD8+ T lymphocytes are activated and recruited to the ischemic tissue after myocardial
infarction. (a) Representative examples of CD4+ and CD8+ T cell staining in the heart of C57BL/6J mice
following coronary ligation (MI) or sham surgery. (b) Kinetic of CD8+ T cell in�ltration in the myocardium,
performed at days 0, 1, 3, 7 and 14 after surgery (n=6 to 8 mice per group/time point) in MI and Sham
operated mice; ** P<0.01. (c) Immunostaining in the ischemic myocardium at day 3 after MI or Sham
showing CD8+ T in�ltration (green) in the ischemic heart tissue, scale bar 40 m. (d) Kinetic of CD4+ T
cell in�ltration in the myocardium in MI and Sham operated mice, performed at days 0, 1, 3, 7 and 14
after surgery (n=6 to 8 mice per group/time point); ** P<0.01, * P<0.05 (e) Flow cytometry
characterization of CD8+ T cell subsets in the ischemic heart at day 1, day 3 and day 7 after MI including
naïve (CD3+CD8+CCR7HighCD44-), effector memory (CD3+CD8+CCR7LowCD44+), and central memory
(CD3+CD8+CCR7HighCD44+) subsets. (f) Representative examples and quantitative analysis of CD8+ T
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cells expressing CD69 within the ischemic tissue (n=6 mice per group/time point), ** P<0.01.
Representative example and quantitative analysis of CD8+ T cell expressing CD107a within the ischemic
heart tissue (n=6 mice per group/time point); ** P<0.01. (g) Immunostaining in the ischemic myocardium
at day 3 after MI showing CD8+ T cells (green) and Granzyme B (Red) and merged area (Yellow), Inf for
infarct area; Scale bar 40 m. (h) mRNA levels of Granzyme B within the injured myocardium on day 1,
day 3 and day 7 after coronary ligation or sham (n = 5-8 mice per group/timepoint). * P<0.05 versus
Sham. (i) C57Bl6 Wild-type mice received intraperitoneal injection of anti-CD4 depleting monoclonal
antibody (150 g/mice) one day before coronary occlusion. CD4+ T cell depletion was con�rmed in the
heart by �ow cytometry at day 1 and Day 3 following MI (n=4-5 mice per group/time point); * P<0.05, **
P<0.01. (j, k) Quanti�cation and representative example of CD8+ T cell count in the heart of control (CTR)
or CD4-depleted mice at day 1 and day 3 after MI (n=4-5 mice per group/time point); * P<0.05, ** P<0.01.

Figure 2

CD8 T cell depletion improves heart function and reduces infarct size. (a) Representative examples (left)
and quantitative analysis (right) of CD8+ T cell staining in the blood of C57BL/6J mice treated with
isotype control (CTR) or with the CD8 mAb (CD8 Depleted) (n=6 mice per group/time point); *** P<0.001.
(b) Representative examples (left) and quantitative analysis (right) of CD8+ T cell staining in the heart of
C57BL/6J mice treated with isotype control (CTR) or with the CD8 mAb (CD8 Depleted) (n=6 mice per
group/time point); *** P<0.001. (c) Representative examples of CD8+ T cell staining in the peri infarct
area of C57BL/6J mice treated with isotype control (CTR) or with the CD8 mAb (CD8 Depleted) at day 3
(d) Echocardiography analysis after anti-CD8 therapy. We measured left ventricle (LV) shortening fraction
(SF), LV volume at end systole and end diastole, * (n=8-10 mice per group); *P<0.05, ** P<0.01. (e)
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Systolic and diastolic Pressure measured in the left ventricle and (f) related function parameters using
intracardiac probe at day 28 (n=8-10 mice per group), *P<0.05, ** P<0.01, *** P<0.001. (g) Representative
photomicrographs and quantitative analysis of infarct size evaluation evaluated by Masson trichrome
staining, in the 2 groups of mice. (n=8-10 mice per group), **** P<0.0001. (h) Representative
photomicrographs and quantitative analysis of myocardial �brosis evaluated by Sirius Red staining, in
the 2 groups of mice. (n=8-10 mice per group), *** P<0.001.

Figure 3

CD8+ T cells pathogenic activity requires antigen-speci�c stimulation (a) 10-week old OT-I mice were
treated with isotype control (CTR) or the CD8 mAb (CD8 Depleted). (b) CD8 depletion (Red) was
con�rmed in the spleen at day 21 using �ow cytometry. (c, d) Representative photomicrographs and
quantitative analysis of infarct size evaluation using Masson trichrome staining, in the 2 groups of OT-I
mice. (n=9-10 mice per group). (e) Rag1-/- mice injected with CD8-depleted splenocytes re-supplemented
with wild-type or OT-I CD8+ T cells, 3 weeks before MI. (f) Survival rate following MI (from 2 experiments,
n=10-12/group). (g) quantitative analysis of infarct size evaluation assessed by Masson trichrome
staining in the 2 groups of mice (n=7-8 mice per group). (h) Echocardiography analysis 21 days after MI
and assessment of LV shortening fraction (SF) in the 2 groups of re-supplemented mice (n=7-8 mice per
group) **P<0.01. (i) CMy-mOva mice were injected with wild-type or OT-I CD8+ T cells, 3 days before MI.
(j) Granzyme B mRNA expression in the ischemic heart at day 2 after MI in CMy-mOva mice injected with
wild-type or OT-I CD8+ T cells (n=4/group, *, P<0.05) (k) Survival rate following MI (Pooled 2 experiments,
n=10-12/group), P<0.01 (l) Representative examples of infarct size after Masson trichrome staining.
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Figure 4

CD8+ T lymphocyte depletion or Granzyme B global de�ciency reduces cardiomyocyte apoptosis and pro-
in�ammatory responses within the ischemic heart tissue. (a) Representative histograms of mRNA levels
of Granzyme B within the injured myocardium on day 3 after MI (n=5 per group). * P<0.05. (b)
Representative examples (right) and quantitative analysis (left) of Granzyme B staining in the ischemic
heart of C57BL/6J mice with or without CD8 depletion (n=5 mice per group); * P<0.05. Scale bars 50 mm
and 25 mm. (c) Representative examples (right) and quantitative analysis (left) of TUNEL+ cells (Red) in
the peri-infarct area of C57BL/6J mice (n=5 mice per group); * P<0.05. Scale bar 50 mm and 25 mm. (d)
Representative histograms of mRNA levels of Il-1 , I-6, Tnf-  and Il-10 within the injured myocardium on
day 7 after MI (n=5 per group). * P < 0.05, ** P<0.01. (e) Representative histograms of mRNA levels of
Mmp9 within the injured myocardium on day 7 after MI (n=5 per group), * P < 0.05. (f) Quanti�cation
(left) and representative photomicrographs (right) of matrix metalloproteinase (MMP)-sense 680 activity
in the ischemic heart measured by ex vivo re�ectance epi�uorescence imaging at day 7 (n=5-6 mice per
group), * P<0.01. (g) Acute MI was induced on C57bl6 Wild type (WT) mice or Granzyme B de�cient
(Green, GzmB-/-) mice. Representative examples (right) and quantitative analysis (Left) of TUNEL+ cells
in the peri-infarct area of WT C57BL/6J or GzmB-/- mice at day 3 after MI (n = 8-9 mice per group); ***
P<0.001. Scale bar 50 mm and 25mm. (h) Il-1 , Il-6, Tnf-  and Il-10 mRNA levels measured by qPCR in
infarcted heart at day 3 after MI, (n = 8-9 mice per group), ** P<0.01, *** P<0.001. (i) Representative
photomicrographs (Left) and quantitative analysis (Right) of infarct size evaluation using Masson
trichrome staining, in the 2 groups of mice. (n=7 mice per group), * P<0.05. (j) Puri�ed non-activated or
activated WT CD8+ T cells were co-cultured with cardiomyocytes at different ratio (Cardiomyocyte/CD8+
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T cells) during 24 hours before their removal. Apoptotic cardiomyocytes labeled with an active caspase-3
�uorescent dye was monitored during 24 hours (n= 4-5/conditions), #, P<0.001 for activated CD8+ T cells
1/5 versus non activated CD8+ T cells or activated CD8+ T cells 1/1 or activated CD8+ T cells 1/3; #,
P<0.001 for activated CD8+ T cells 1/10 versus non activated CD8+ T cells or activated CD8+ T cells 1/1
or activated CD8+ T cells 1/3.(k) WT or GzmB-/- CD8+ T cells were co-cultured with cardiomyocytes
during 24 hours at 1/5 and 1/10 ratio and cardiomyocyte apoptosis using an active caspase-3
�uorescent dye was quanti�ed. Cardiomyocyte and non-activated CD8+ T cells co-culture was named
CTR condition, *** P<0.001. (i) Isolated cardiomyocytes were co-cultured overnight with CD8+ T cells
isolated from WT or GzmB-/- mice and cardiomyocyte sarcomere shortening was measured (n=8-
15/group) at a ratio 1/3. * P<0.05, *** P<0.001.

Figure 5

CD8+ T lymphocytes trigger adverse ventricular remodeling and alter heart function through the
production of Granzyme B. (a) Rag1-/- mice injected with either CD8-depleted splenocytes or CD8 cell-
depleted splenocytes re-supplemented with wild-type or GzmB-/- CD8+ T cells, 3 weeks before MI. (b)
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Survival curves following MI (from 3 experiments, n=10-18/group), *P<0.05, **P<0.01. (c) Representative
photomicrographs and quantitative analysis of infarct size, (d) collagen content in the peri-infarct area in
the 3 groups of mice, scale bar 100 mm. Results are pooled from three independent experiments with 7 to
8 surviving mice per group. (e) Echocardiography analysis after 21 days of MI and assessment of LV
shortening fraction (SF) in the 3 groups of mice. (f) Correlation between CD8+ T cell number in the spleen
at day 21 and LV shortening fraction. Data from CD8-depleted splenocytes or CD8 cell-depleted
splenocytes re-supplemented with wild-type CD8+ T cells have been included.

Figure 6

Pathogenic role of CD8+ T cells in a model of myocardial ischemia/reperfusion in pig and relevance to
the human disease. (a) Flow cytometry analysis of blood CD4+T and CD8+T subsets at day 1 after MI in
control (PBS, CTR), Low and High CD8-depleted groups. (b) quanti�cation of CD8+ T cell count in the
blood at baseline, Day 0, Day 1 and Day 3 after MI (N=5-6/group/time point), **P<0.01, ***P<0.001. (c)
representative picture and quanti�cation of infarct size at day 14 in Control, Low and High CD8-depleted
groups, **P<0.01 (d) Quantitative evaluation of left ventricle ejection fraction (Simpson) of CTR or CD8
depleted pigs, * P<0.05 (N=5-6/group). *, P<0.05, **P<0.01 (e, f) Detection of CD8+ T cells (brown) in
human heart biopsy of MI patients using immunohistochemistry at day 3 (e, upper) and day 8 (f, Lower)
after MI. (g) Detection of Granzyme B+ cells (brown) in human heart biopsy of MI patients using
immunohistochemistry. (h) Quanti�cation of Granzyme B+ cells (brown) in human heart biopsy of MI
patients using immunohistochemistry at different time points (n=8-9 patients/time points), * P<0.05,
**P<0.01. (i) Survival according to baseline circulating Granzyme B level (< or > median value) in patients
with acute MI. High level of Granzyme B at the admission for acute MI were independently predictive of
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death after one year of follow-up after multiple adjustments (see Methods & Supplementary Table 3).
HR= Hazard ratio.
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