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Acute thrombotic obstruction of the blood flow in coronary arteries 
precipitates myocardial infarction, with deleterious consequences 
on heart function1–4. The mainstay of treatment involves rapid res-
toration of a patent coronary artery either mechanically or through 
thrombolytic and antiplatelet therapies and administration of agents 
that reduce oxygen consumption and protect the heart muscle1,5. 
Still, the clinical and socio-economic burden of ischemic heart dis-
ease is unacceptably high, and the efficacy of multiantithrombotic 
therapies is often mitigated by an increased risk of hemorrhagic 
events. Thus, efforts are being directed toward targeting other patho-
physiological pathways, particularly those involved in postischemic 
cardiac remodeling4,6.

The immune system becomes activated in response to myocardial 
damage7. Shortly after ischemia, the damaged tissue exposes ligands 
(for example, non-myosin heavy chain type IIA and C) that are rec-
ognized by components of the innate immune system, which leads to 
its activation8–12. C-reactive protein, a short pentraxin acute-phase 
protein, also binds damaged tissue and activates complement, lead-
ing to aggravation of tissue injury in the setting of acute myocardial 
infarction13. In contrast, long pentraxin 3, a molecule that limits 
complement activation, has a cardioprotective role in this setting14. 
The acute inflammatory response also leads to the mobilization and 

recruitment of innate immune cells. A few hours after the ischemic 
insult, neutrophils are actively recruited into the ischemic tissue and 
contribute to tissue inflammation and cardiovascular injury through 
the production of inflammatory mediators, reactive oxygen species 
and various proteases15,16. This wave of neutrophil infiltration is fol-
lowed by the mobilization and recruitment of monocytes. Recent 
studies have shed light on the mechanisms by which monocytes are 
recruited to the heart and the life cycle of the recruited monocytes 
in the setting of acute myocardial infarction. These studies have sug-
gested that Ly6Chi and Ly6Clo monocytes have pathogenic and pro-
tective roles, respectively, in cardiac remodeling and preservation of 
heart function17,18.

Whether targeting the immune response in acute myocardial inf-
arction would be beneficial is still uncertain. Attempts to target the 
complement pathway have not been efficacious in patients with acute 
myocardial infarction19–22. Better characterization of the immune 
response following ischemic injury and the mechanisms by which it 
contributes to tissue damage is therefore required to fill the existing 
gap of knowledge that limits clinical translation.

Here, we addressed the role of mature B lymphocytes, a subset of 
immune cells that orchestrates a variety of adaptive immune responses 
relevant to human diseases23 but that has relatively been neglected in 
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Acute myocardial infarction is a severe ischemic disease responsible for heart failure and sudden death. Here, we show that after 
acute myocardial infarction in mice, mature B lymphocytes selectively produce Ccl7 and induce Ly6Chi monocyte mobilization 
and recruitment to the heart, leading to enhanced tissue injury and deterioration of myocardial function. Genetic (Baff receptor 
deficiency) or antibody-mediated (CD20- or Baff-specific antibody) depletion of mature B lymphocytes impeded Ccl7 production 
and monocyte mobilization, limited myocardial injury and improved heart function. These effects were recapitulated in mice with 
B cell–selective Ccl7 deficiency. We also show that high circulating concentrations of CCL7 and BAFF in patients with acute 
myocardial infarction predict increased risk of death or recurrent myocardial infarction. This work identifies a crucial interaction 
between mature B lymphocytes and monocytes after acute myocardial ischemia and identifies new therapeutic targets for acute 
myocardial infarction.
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the setting of ischemic injury. We show that after acute myocardial 
infarction in mice, mature B lymphocytes are activated to produce 
Ccl7, a chemokine that induces monocyte mobilization from the bone 
marrow, leading to enhanced myocardial inflammation, tissue injury 
and deterioration of myocardial function.

RESULTS
Mature B cells are recruited to the ischemic myocardium
To identify the inflammatory cell repertoire within the injured myo-
cardium, we induced acute myocardial infarction in C57BL/6J mice 
by permanent coronary artery ligation and analyzed cell suspen-
sions of digested infarcts at different time points by flow cytometry.  
We found that neutrophil counts (CD11b+Ly6Ghi7/4hi cells; 7/4 
refers to antibody clone 7/4 directed against the Ly-6B.2 alloantigen,  
whose staining is equivalent to staining with Ly6C) peaked at day 
1 after myocardial infarction (Supplementary Fig. 1a), followed 
by successive waves of 7/4hi (Ly6Chi) and 7/4lo (Ly6Clo) monocytes 
(CD11bhiLy6G−) (Supplementary Fig. 1b) and by accumulation of 
dendritic cells, macrophages and natural killer cells (Supplementary 
Fig. 1c,d). We also found that CD3+ T lymphocytes accumulated in 
the injured myocardium within 1 d after myocardial infarction and 
their numbers dropped thereafter (Supplementary Fig. 1e). These 
results are in agreement with previous studies17.

We next characterized B lymphocyte infiltration into the ischemic 
cardiac tissue. After myocardial infarction, B lymphocytes, defined as 
B220+IgM+ cells, accumulated in the infarct area, with a peak in their 
numbers on day 5 after infarction. Their numbers waned thereafter 
to levels comparable to those in sham-operated mice (Supplementary 
Fig. 2a). Immunohistological and additional flow cytometry analyses 
confirmed the increased numbers of both B220+ and CD19+IgD+IgMlow 

B lymphocytes in the border infarct area compared to their numbers in 
cardiac tissue from sham-operated mice (Supplementary Fig. 2b,c). 
Thus, myocardial infarction triggers the infiltration of circulating 
mature B lymphocytes into cardiac tissue, suggesting a potential role 
of B cell–mediated immune response in this setting.

B cell depletion improves cardiac function
To directly assess the role of mature B lymphocytes in cardiac remod-
eling after myocardial infarction, we depleted B lymphocytes using a 
CD20-specific monoclonal antibody (CD20 mAb)24,25. As expected, 
we found that CD20 mAb treatment led to a sustained and profound 
reduction of the number of mature B lymphocytes in cardiac tissue 
(Supplementary Fig. 3a), peripheral blood (Fig. 1a) and spleen 
(Supplementary Fig. 3b). Both follicular and marginal zone B cells 
were depleted (Supplementary Fig. 3c, whereas B1 cells were pre-
served during the duration of the experiment (data not shown)26.

We next assessed cardiac function by echocardiography 14 d after 
myocardial infarction. CD20 mAb–induced B cell depletion led to a 
smaller end-systolic left ventricular dimension (P = 0.016), a signifi-
cant improvement of left ventricular fractional shortening (P = 0.021) 
and increased left ventricular myocardial contractility (P = 0.025) 
compared to PBS-treated control mice (Fig. 1b). This treatment also 
led to a smaller infarct size (P = 0.024) and less interstitial fibrosis 
as assessed by collagen content (P = 0.016) (Fig. 1c). In addition, 
B cell depletion reduced the number of apoptotic cells within the 
injured myocardium, as shown by TUNEL staining (P = 0.005), but 
had no effect on neovascularization (Supplementary Fig. 4). Overall, 
these results show that systemic B cell depletion significantly reduces 
post-ischemic injury, prevents adverse ventricular remodeling and 
improves cardiac function after acute myocardial infarction.
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Figure 1  The B cell–depleting CD20 mAb reduces infarct  
size, improves heart function and limits myocardial  
inflammation. (a) Representative examples (left) and  
quantitative analysis (right) of B220hi IgM+ B cell staining  
in the blood of C57BL/6J mice treated with or without  
the CD20 mAb (anti-CD20) (n = 12–15 mice per group); ***P < 0.001. MI, myocardial infarction. (b) Echocardiographic analysis after anti-CD20 
therapy. Left ventricular fractional shortening (FS), left ventricular internal diameter at end systole (LVIDs) and left ventricular posterior wall thickness 
at end systole (LVPWs) were measured at day 14 after myocardial infarction; *P < 0.05. (c) Representative photomicrographs (left) and quantitative 
analysis (right) of infarct size and myocardial fibrosis evaluation evaluated by Masson trichrome (top) and Sirius red (bottom) staining, respectively, 
measured at day 14 after myocardial infarction. Data are representative of 10–14 mice per group in three independent experiments. Scale bars: top, 
1 mm; bottom,100 µm. (d) mRNA levels of the proinflammatory cytokines IL-1β, TNF-α and IL-18 and the anti-inflammatory cytokines IL-10 and 
TGF-β within the injured myocardium on day 14 after myocardial infarction (n = 8–12 mice per group). AU, arbitrary units. Mean values ± s.e.m. are 
represented. *P < 0.05 versus PBS.
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B cell depletion reduces proinflammatory responses
Previous studies reported a pathogenic role for natural IgM antibod-
ies in the first 24 h after ischemia-reperfusion injury11,27. To address 
potential mechanisms involved in B cell–mediated effects on cardiac 
remodeling and function, we assessed changes in antibody produc-
tion after CD20 mAb treatment. Depletion of mature B cells did not 
alter IgM or IgG abundance in the first 3 d after myocardial infarc-
tion (Supplementary Fig. 5), arguing against an antibody-mediated 
effect. The moderate decrease of IgM levels observed at day 14 after 
myocardial infarction in CD20 mAb–treated mice (Supplementary 
Fig. 5) might be secondary to the reduction of myocardial necrosis.

We next assessed changes in the inflammatory response. Treatment 
with CD20 mAb resulted in markedly lower levels of both systemic and 
local proinflammatory cytokines measured at day 14 after myocardial 
infarction (Fig. 1d and Supplementary Fig. 6a,b). Interleukin-1β  
(IL-1β; P = 0.04), tumor necrosis factor-α (TNF-α; P = 0.004) and  
IL-18 (P = 0.041) mRNA levels were significantly lower in infarcted  
hearts of B cell depleted–mice compared to the control group 
(Fig. 1d). In contrast, expression of the anti-inflammatory mediators 
IL-10 and TGF-β were not significantly affected in the B cell–depleted 
mice (Fig. 1d). We observed similar results in spleens and lymph 
nodes of B cell–depleted mice (Supplementary Fig. 6a,b), suggesting 
a blunted inflammatory response.

B cell depletion alters monocyte compartmentalization
We next sought to address the mechanisms that could account for the 
reduced inflammatory response and the improvement in ventricular  

remodeling after CD20 mAb treatment. 
B cell–depleted mice showed altered mono-
cyte compartmentalization after acute myo-
cardial infarction, as revealed by enhanced 
accumulation of 7/4hi monocytes in the bone 
marrow (P = 0.01 versus PBS-treated con-
trols) (Fig. 2a) and the spleen (P = 0.02 ver-
sus PBS-treated controls) (Supplementary 
Fig. 7), associated with a significant decrease 
of 7/4hi monocyte circulating blood counts  
(P = 0.015 versus PBS-treated controls) 

(Fig. 2b). These results suggest that B cell depletion impairs mono-
cyte mobilization after acute myocardial infarction.

We also addressed the effect of CD20-mediated B cell depletion on 
monocyte recruitment from the circulating blood into the ischemic 
heart. Mice underwent coronary artery ligation and 1 h after liga-
tion were treated with either PBS or CD20 mAb. Four hours after 
ligation, the two groups of mice received an intravenous infusion 
of CD45.1+ bone marrow–derived mononuclear cells (15 × 106) 
isolated from wild-type (WT) mice, and we quantified the number 
of recruited CD45.1+CD11b+Ly6G−Ly6C+ cells in the myocardium 
3 d after monocyte transfer. CD20-mediated B cell depletion led to 
a substantial reduction in monocyte recruitment into the ischemic 
myocardium (Fig. 2c). We also found a nonsignificant trend toward 
reduced accumulation of 7/4hi monocytes 3 d after CD20 mAb 
treatment (Supplementary Fig. 8a) and a substantial reduction 
of macrophage accumulation within the ischemic heart 5 d after 
CD20 mAb treatment (Fig. 2d). Other cell subsets were not altered 
(Supplementary Fig. 8b,c).

B lymphocytes produce Ccl7 and trigger monocyte migration
Given that Ccr2-mediated signals are required for monocyte mobiliza-
tion from the bone marrow17,28 and recruitment into injured tissues, 
we examined potential changes in the production of Ccl2 and Ccl7, 
the two major Ccr2 ligands. We found that acute myocardial infarction 
led to substantial increases of Ccl2 and Ccl7 mRNA and protein levels 
in blood and cardiac tissue (Supplementary Fig. 9). Notably, B cell 
depletion was associated with a significant and selective impairment  
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Figure 2  B lymphocyte depletion impairs 
monocyte mobilization and recruitment and 
macrophage accumulation in the injured 
myocardium. (a,b) Representative examples 
of 7/4hi and 7/4lo monocyte staining (top) and 
quantification of their numbers (bottom) in bone 
marrow (a) and blood (b) of B cell–depleted mice 
compared to controls on day 3 after myocardial 
infarction (n = 8–15 mice per group). Mean 
values ± s.e.m. are represented. *P < 0.05 
versus PBS. 7/4 (Ly6C) indicates staining with 
antibody clone 7/4 directed against the  
Ly-6B.2 alloantigen, whose staining is equivalent 
to staining with Ly6C. (c) Quantitative analysis of 
the number of CD45.1+CD11b+Ly6G−Ly6C+ cells 
in the cardiac tissue of anti-CD20–treated mice 
compared to controls on day 3 after myocardial 
infarction (n = 6 mice per group). Each symbol 
represents an individual mouse. (d) Quantitative 
analysis of the number of F4/80+ and CD68+ 
macrophages within the myocardium on day 
5 after myocardial infarction (n = 5 mice per 
group). Mean values ± s.e.m. are represented.  
*P < 0.05 versus PBS.
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of Ccl7 protein levels (P = 0.03) compared to the control group, 
whereas Ccl2 (and Ccl12) levels were not significantly affected by 
B cell depletion (Fig. 3a and Supplementary Fig. 9).

These results suggest that B lymphocytes might produce Ccl7 to 
mobilize monocytes. To address this hypothesis, we first evaluated 
Ccl7 expression by splenic B cells using flow cytometry and reverse-
transcription quantitative PCR (RT-qPCR). We found that CD19+ 
B lymphocytes, which are markedly depleted after CD20 mAb treat-
ment, express Ccl7, with higher expression after myocardial infarction 
(Supplementary Fig. 10). Splenic B cells from Myd88−/−; Trif−/−mice, 
which cannot respond to Toll-like receptor (TLR) signaling, produced 
substantially less Ccl7 than did splenic B cells from WT mice at day 
1 after myocardial infarction (Supplementary Fig. 10), suggesting at 
least a partial dependence on TLR signaling. We also assessed Ccl7 
secretion by cultured splenic B lymphocytes isolated from WT mice. 
Whereas Ccl2 and Ccl12 were undetectable in the supernatants of  
B lymphocytes from WT mice (data not shown), these cells produced a 
substantial amount of Ccl7 that was further increased after their activa-
tion with CD40-specific and IgM-specific antibodies (data not shown) 
or with TLR agonists, particularly CpG (Fig. 3b and Supplementary 
Fig. 10). Control oligodeoxynucleotides, which are unable to stim-
ulate TLRs, did not induce Ccl7 production (data not shown). We 
also found that activated cultured B lymphocytes strongly enhanced 
7/4hi monocyte transmigration in vitro compared to nonstimulated  
B lymphocytes (P < 0.0001) (Fig. 3c). Notably, neutralizing antibody to  
Ccl7 abrogated B cell–induced migration of cultured 7/4hi monocytes 
(P = 0.0003), whereas Ccl2 neutralization had no effect (Fig. 3c).

Ccl7-deficient B cells fail to affect cardiac function
These findings prompted us to investigate the direct role of B cell–
derived Ccl7 in post-ischemic cardiac remodeling. First, we studied 
the role of Ccl7 in this setting using Ccl7-deficient mice. We found that 
after acute myocardial infarction, Ccl7 deficiency was associated with 
a reduction of 7/4hi monocyte mobilization from the bone marrow  

(P = 0.013 versus WT) to the blood (P = 0.04 versus WT) and improve-
ment of cardiac function (Supplementary Fig. 11). To further sub-
stantiate the role of B cell–derived Ccl7 in this setting, we injected 
Rag1−/− mice (lacking B and T cells) with either WT splenocytes, 
B cell–depleted splenocytes or B cell–depleted splenocytes resupple-
mented with WT or Ccl7−/− B lymphocytes. The purity of the B lym-
phocytes is shown in Supplementary Figure 12. We first verified that 
resupplementation with WT or Ccl7−/− B lymphocytes substantially 
increased B cell numbers in the spleens of Rag1−/− mice compared to 
mice injected with B cell–depleted splenocytes only (Supplementary 
Fig. 12). Resupplementation with WT B lymphocytes was associ-
ated with higher circulating Ccl7 concentrations compared to mice 
receiving B cell–depleted splenocytes only (968.5 ± 46.06 pg ml−1 and 
201.1 ± 28.31 pg ml−1, respectively, P < 0.0001). In contrast, resupple-
mentation of B cell–depleted splenocytes with B lymphocytes isolated 
from Ccl7−/− mice failed to increase Ccl7 concentrations (152.6 ± 
39.9 pg ml−1, P < 0.0001 versus WT B lymphocytes). We also found 
that resupplementation with WT B lymphocytes was associated with 
higher 7/4hi monocyte numbers in the blood and within the injured 
myocardium compared to the group receiving B cell–depleted spleno-
cytes only (Fig. 3d), an effect that was abrogated in mice resupple-
mented with Ccl7−/− B lymphocytes (Fig. 3d). Thus, B cell–derived 
Ccl7 triggers selective mobilization and tissue recruitment of 7/4hi 
monocytes after acute myocardial infarction.

We next examined the consequences of Ccl7 deficiency in B lym-
phocytes on post-ischemic cardiac remodeling. We found that transfer 
of B cell–depleted splenocytes into Rag1−/− mice reduced end-systolic 
left ventricular chamber dimension (P = 0.04) and improved left ven-
tricular fractional shortening (P = 0.008) after myocardial infarction 
compared to transfer of nondepleted splenocytes (Fig. 4a). This effect 
was abrogated after resupplementation of B cell–depleted splenocytes 
with B lymphocytes isolated from WT mice (P = 0.0007 and P = 0.02,  
respectively) but was not altered after resupplementation with Ccl7−/− 
B lymphocytes (Fig. 4a). B cell depletion also reduced infarct size 
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(P = 0.04; Fig. 4b) and collagen content (Fig. 4c); these effects were 
blunted by resupplementation with WT but not with Ccl7−/− B lym-
phocytes (Fig. 4b,c). Circulating IgM and IgG concentrations were 
similar in mice resupplemented with WT versus Ccl7−/− B lym-
phocytes (Supplementary Fig. 12), making a contribution of humoral 
immunity to the cardioprotective effect unlikely, although we did not 
measure specific antibody titers.

We also generated a B cell–restricted Ccl7-deficient mouse model 
by reconstituting lethally irradiated WT mice with a mixture of bone 
marrow from µMT (B cell-deficient) and Ccl7−/− mice (see Online 
Methods). The control group received a mixture of µMT and Ccl7+/+ 
bone marrow. Again, we found that restricted Ccl7 deficiency in 
B lymphocytes led to a reduction of circulating Ccl7 concentra-
tions (Fig. 4d) and improved heart function after acute myocardial  
infarction (Fig. 4e).

Role of Baff signaling in post-ischemic myocardial injury
Baff signaling through Baff receptor (Baff-r, encoded by Tnfrsf13c) 
is required for the maintenance of mature B2 cells, and Baff-r defi-
cient (Tnfrsf13c−/−) mice are characterized by a profound reduction 
of follicular and marginal zone B lymphocytes but preservation of 
B1 cells29 (Supplementary Fig. 13). We therefore addressed the 
impact of Baff-r deficiency on the pathophysiology of post-ischemic 
myocardial injury. We found that Tnfrsf13c−/− mice showed signifi-
cantly more accumulation of Ly6Chi monocytes in the bone mar-
row but had lower numbers of these monocytes in the circulating 
blood compared with control littermates (Fig. 5a and Supplementary 
Fig. 13), suggesting that these mice have impaired monocyte mobili-
zation. Tnfrsf13c−/− mice also had lower concentrations of circulating 
Ccl7 compared to control mice (Fig. 5b). Notably, Baff-r deficiency 
improved heart function after myocardial infarction, as shown by a 
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significantly higher fractional shortening  in Tnfrsf13c−/− mice com-
pared with Tnfrsf13c+/− littermates (Fig. 5c), despite having no effect 
on infarct size (Supplementary Fig. 13). To further substantiate the 
role of Baff in this context, we treated a group of WT mice with a Baff-
specific monoclonal antibody (Online Methods). We found that Baff 
neutralization led to significant depletion of circulating B lymphocytes  
(Fig. 5d), which was associated with impaired Ly6Chi monocyte 
mobilization (Fig. 5e and Supplementary Fig. 13) and improved 
cardiac function (Fig. 5f).

Blood levels of CCL7 and BAFF and cardiovascular outcome
Finally, we addressed the relevance of these findings to the human dis-
ease by assessing the relationship between circulating CCL7 or BAFF 
concentrations and clinical outcomes in a cohort of 1,000 patients 
admitted for acute myocardial infarction. The patients’ characteristics 
are given in Supplementary Tables 1 and 2. We found that patients 
with detectable circulating concentrations of CCL7 at the time of 
admission were at substantially higher risk of death and recurrent 
myocardial infarction after 2 years of follow-up compared to patients 
with no detectable CCL7, even after adjustment for several multivari-
able risk factors (see Online Methods) (hazard ratio = 1.54, 95% con-
fidence interval = 1.07–2.43, P = 0.02) (Fig. 6a). Similarly, the risk of 
death and recurrent myocardial infarction was associated with increas-
ing tertiles of circulating BAFF concentrations at admission. The haz-
ard ratio of death and recurrent myocardial infarction in the second 
and third tertiles of BAFF were 1.65 (1.05–2.58) and 3.14 (2.09–4.73), 
respectively, compared with the lowest tertile (P < 0.0001). The asso-
ciation remained significant in a fully adjusted model (Fig. 6b).

DISCUSSION
B lymphocytes have crucial nonredundant roles mediating both 
innate and adaptive immune responses through both antibody-
dependent and antibody-independent mechanisms. Recent stud-
ies have identified new roles for B lymphocytes in the early innate 
immune response during acute infection30,31, where B lymphocytes 
were required to mount an efficient and protective inflammatory 
response. However, the contribution of B lymphocytes to the inflam-
matory response secondary to other forms of acute injury, particu-
larly post-ischemic injury, is still poorly defined. Our results uncover 
a key role for B cell–dependent Ccl7 production in the pathogenic 
response to acute ischemic injury. The precise B cell subset involved in 

this setting remains to be examined in more 
detail. However, our results indicate that this 
pathogenic effect of B cells depends in part 
on Baff-r signaling.

Previous studies did not find a role for 
B cell responses in post-ischemic stroke 
injury, as µMT mice showed no difference 
in infarct size or neurological deficit when 
compared with WT mice32. Other stud-
ies addressed the role of B lymphocytes in 
response to ischemia–reperfusion injury in 
the kidney. However, very divergent results 
have been obtained by different groups using 
B cell–deficient µMT mice in this setting, 
with studies showing either protection33,34 
or aggravation12 of ischemia–reperfusion 
injury. Effects seen in µMT mice should be 
interpreted with caution given the wide range 
of immune abnormalities in these mice, as 

both innate and adaptive B lymphocytes, with potentially divergent 
functions, are absent. A previous study showed that intramyocar-
dial injection of bone marrow–derived B cells after acute myocardial 
infarction in rats improves the recovery of myocardial function35. 
However, there are major differences between that study and our cur-
rent work. In the previous study, the injected bone marrow–derived 
B lymphocytes were mostly immature B cells, which are known to 
be resistant to CD20 mAb–mediated B cell depletion. In addition, 
the mechanisms of protection afforded by immature B lymphocyte 
injection were unclear, and the investigators did not assess the role of 
endogenous B lymphocytes.

We and others have shown that Baff-r deficiency or CD20 mAb–
induced B cell depletion holds promise in the context of cardiovas-
cular disease and reduces the development of atherosclerotic lesions 
in several experimental models25,36–38. Our present data show that 
depletion of mature B lymphocytes after CD20 mAb injection during 
the acute phase of myocardial infarction leads to marked improve-
ment in both post-ischemic ventricular remodeling and myocardial 
function. We obtained similar results with Baff-r deficient mice or 
a neutralizing Baff-specific antibody. CD20 mAb treatment also led 
to a substantial reduction of infarct size, which was not observed 
after blockade of Baff signaling. It should be noted that Baff-r is also 
expressed on non-B cells and may activate multiple cell types with 
opposite and confounding effects on cardiac homeostasis. In addi-
tion, B cell depletion in mice treated with Baff-specific antibody was 
delayed, so that a second antibody injection at day 1 was necessary 
to obtain a substantial depletion. In contrast, B cells quickly disap-
peared from the blood in CD20 mAb–treated mice after a single  
antibody injection.

Future work should address the mechanisms responsible for B cell 
activation after acute ischemic injury and the pathways that drive B cell– 
dependent Ccl7 production. For example, endogenous Toll-like receptor  
ligands might accumulate after necrosis and could lead to B cell acti-
vation. Notably, splenic B cells of Myd88−/−; Trif−/− mice, which are 
unable to respond to TLR stimulation, produced substantially less 
Ccl7 than did splenic B cells of WT mice. Whether this effect is related 
to selective Myd88 or Trif (or both Myd88 and Trif) signaling in  
B cells and whether this effect can directly affect systemic Ccl7 con-
centrations remains to be determined. Moreover, it will be important 
to address in more detail the contribution of the various B cell and 
monocyte subsets to post-ischemic injury. The substantial reduction 
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of the number of Ly6Clo monocytes in blood after B cell depletion or 
blockade of Baff signaling might be in part related to reduced Ccl7 signal-
ing28 or may suggest the involvement of additional chemokine pathways, 
such as the Cx3cr1 pathway. However, we found no difference in Cx3cl1 
production between CD20-depleted and control mice (unpublished 
results, Y.Z.). Finally, pilot data suggest that Cxcl13 may be induced after 
myocardial infarction (unpublished results, Y.Z.) and might therefore 
have a role in B cell recruitment into the ischemic heart.

In summary, these studies delineate a key contributory role for 
systemic B cells during the immune responses that lead to tissue dam-
age after acute myocardial infarction. Neutrophils, monocyte subsets, 
NK cells and T cells enter the site of injury. The release of inflam-
matory mediators and tissue antigens seems to result in the rapid 
activation of B cells systemically, which leads to B cell production 
of Ccl7, in part through a Myd88 and/or Trif-dependent pathway.  
B cells are also secondarily recruited to the ischemic heart as a com-
ponent of the inflammatory response. B cell–derived Ccl7 probably 
acts synergistically with Ccl7 produced from other cellular sources to 
increase serum chemokine concentrations, facilitating the mobiliza-
tion of monocytes from the bone marrow and resulting in enhanced 
monocyte entry into sites of tissue damage. B cell depletion reduces 
Ccl7 production and the magnitude of 7/4hi monocyte recruitment 
and macrophage accumulation into post-ischemic tissues. Because  
B cells are well known to promote proinflammatory innate and adap-
tive immune responses39, their systemic depletion is likely to further 
reduce T cell–, macrophage- and neutrophil-induced tissue damage 
by reducing the systemic amplification of the inflammatory response 
after myocardial infarction. As a consequence, B cell depletion has a 
profound impact on post-ischemic injury, as shown here. B cell deple-
tion substantially limits myocardial inflammation, reduces infarct 
size and improves myocardial function. The positive association of 
circulating concentrations of BAFF and CCL7 with adverse outcomes 
in patients with acute myocardial infarction strongly supports the 
clinical relevance of these findings to the human disease.

In our experiments, CD20 mAb and Baff-specific mAb were admin-
istered 1 h after the induction of myocardial infarction, mimicking 
the clinical setting in which a therapeutic agent is administered in the 
first hours after the onset of clinical signs of acute ischemic injury. 
Thus, we believe that our study sets the stage for the testing of avail-
able humanized B cell–depleting antibodies during the acute phase 
of myocardial infarction with the aim of limiting myocardial necrosis 
and inflammation and improving the recovery of heart function. In 
addition, we anticipate that therapies targeting pathways that control 
mature B lymphocytes, such as Baff and Ccl7 pathways, should be of 
interest in the setting of acute ischemic injury.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Myocardial infarction. All mice were on a C57BL/6J background. C57BL/6 
(Janvier), Ccl7−/− (ref. 28), Tnfrsf13c−/− (The Jackson Laboratory), Rag1−/− and 
CD45.1 mice (Janvier) and Myd88−/−; Trif−/− mice (provided by B. Ryffel40) 
were studied at 8 weeks of age. Tnfrsf13c+/− mice were generated by crossing 
Tnfrsf13c−/− mice with C57BL/6J mice. Myocardial infarction was induced by 
left coronary ligation41. Mice were anesthetized using ketamine (100 mg per 
kg body weight) and xylazine (10 mg per kg body weight) via intraperitoneal 
injection (i.p.) and then intubated and ventilated with air using a small-animal 
respirator. The chest wall was shaved and a thoracotomy was performed in the 
fourth left intercostal space. The left ventricle was visualized, the pericardial 
sac was then removed, and the left anterior descending artery was permanently 
ligated using a 7/0 monofilament suture (Peters surgical, France) at the site 
of its emergence from under the left atrium. Significant color changes at the 
ischemic area were considered indicative of successful coronary occlusion. The 
thoracotomy was closed with 6/0 monofilament sutures. The same procedure 
was performed for sham-operated control mice except that the ligature was 
left untied. The endotracheal tube was removed once spontaneous respiration 
resumed, and mice were placed on a warm pad maintained at 37 °C until they 
were completely awake. One hour after myocardial infarction induction, mice 
were treated i.p. with a previously validated mouse monoclonal anti-CD20 
antibody (200 µg per mouse24,25, with an anti-Baff antibody (clone 10F4, 
kindly provided by Human Genome Sciences 100 µg per mouse, repeated 
at day 1 after myocardial infarction)42 or with PBS. In leukocyte recruitment 
experiments, CD20 mAb–treated mice or the PBS-treated group received  
15 × 106 CD45.1+ bone marrow–derived mononuclear cells 4 h after myocar-
dial infarction. Bone marrow cells were obtained by flushing tibiae and femora 
of CD45.1+ donor mice. Low-density bone marrow–derived mononuclear cells 
were then isolated by density gradient centrifugation with Ficoll (Histopaque-
1083, Sigma-Aldrich). In other sets of experiments, 7 d before myocardial 
infarction induction, Rag1−/− mice received either 2 × 107 WT splenocytes, 
1.2 × 107 B cell–depleted splenocytes recovered from CD20 mAb–treated 
WT mice (one injection of 200 µg per mouse, mice were used 3 d after), or 
B cell–depleted splenocytes resupplemented with 8 × 106 WT B lymphocytes 
or with 8 × 106 Ccl7−/− B lymphocytes Procedures for isolation of splenocytes 
and B lymphocytes are described below. In additional experiments, we gener-
ated a B cell–restricted Ccl7-deficient mouse model by reconstituting lethally 
irradiated WT mice with a mixture of µMT and Ccl7−/− bone marrow as previ-
ously described31,37. In this case, all reconstituted B cells originate from Ccl7−/− 
bone marrow and are therefore completely deficient in Ccl7. The control group 
received a mixture of µMT and Ccl7+/+ bone marrow. Mice were allowed to 
recover for 5 weeks. Experiments were conducted according to the French 
veterinary guidelines and those formulated by the European Community for 
experimental animal use and were approved by the Institut National de la Santé 
et de la Recherche Médicale.

Echocardiographic measurements. Transthoracic echocardiography was 
performed 14 d after surgery using an echocardiograph (ACUSON S3000 
ultrasound, Siemens AG, Erlangen, Germany) equipped with a 14-MHz linear 
transducer (1415SP). The investigator was blinded to group assignment .Mice 
were anesthetized by isoflurane inhalation. Two-dimensional parasternal long-
axis views of the left ventricle were obtained for guided M-mode measurements 
of the LV internal diameter at end diastole (LVDD) and end systole (LVDS), as 
well as the interventricular septal wall thickness and posterior wall thickness. 
Percentage fractional shortening (%FS) was calculated by the following formula: 
%FS = [(LVDD – LVDS)/LVDD] × 100.

Histopathological analysis. Cardiac healing after myocardial infarction was 
assessed at day 14. Hearts were excised, rinsed in PBS and frozen in liquid 
nitrogen. Hearts were cut by a cryostat (CM 3050S, Leica) into 7-µm-thick sec-
tions. Masson’s trichrome and Sirius red stainings were performed for infarct 
size and myocardial fibrosis evaluation. Infarct size (in %) was calculated as 
total infarct circumference divided by total LV circumference. The collagen 
volume fraction was calculated as the ratio of the total area of interstitial fibro-
sis to the myocyte area in the entire visual field of the section. B lymphocyte 
immunostaining was performed according to an indirect immunoperoxidase 

method using a rat biotin conjugated anti-CD45R/B220 antibody (RA3-6B2, 
Southern Biotechnology) at a dilution of 1:50 and the AEC substrate chromogen 
kit (K3464, Dako). Endothelial cells within capillaries were visualized after BS-1 
lectin staining (1:100, FITC-conjugated Griffonia simplicifolia, Sigma-Aldrich) 
and arterioles using a rabbit anti–mouse α-actin smooth muscle antibody 
(1:100, AC-40, Sigma-Aldrich) followed by staining with a donkey DyLight649– 
anti-rabbit IgG (1/100, 95543, Jackson ImmunoResearch).

Cells. Mice were killed at 12 h and on days 1, 3, 5, 7 and 14 after myocardial inf-
arction (n = 5–10 mice per time point). Peripheral blood was drawn via inferior 
vena cava puncture with heparin solution. Whole blood was lysed after immun-
ofluorescence staining using the BD FACS lysing solution (BD Biosciences), 
and total blood leukocyte numbers were determined using trypan blue. Bone 
marrow cells were drawn from femur and tibia and filtered through a 40-µm 
nylon mesh (BD Biosciences). Spleens were collected, minced with fine scissors 
and filtered through a 40-µm nylon mesh (BD Biosciences). For both spleno-
cytes and bone marrow–derived cells, the cell suspension was centrifuged at 
400g for 10 min at 4 °C. Red blood cells were lysed using red blood cell lysing 
buffer (Sigma-Aldrich) and splenocytes and bone marrow cells were washed 
with PBS supplemented with 3% (vol/vol) FBS. Hearts were collected, minced 
with fine scissors and placed into a cocktail of collagenase I (450 U ml−1), col-
lagenase XI (125 U ml−1), DNase I (60 U ml−1), and hyaluronidase (60 U ml−1) 
(Sigma-Aldrich) and shaken at 37 °C for 1 h. Cells were then triturated through 
a nylon mesh (40 µm) and centrifuged (10 min, 400g, 4 °C). Mononuclear cells 
were purified by density centrifugation using Ficoll (Histopaque-1083, Sigma-
Aldrich) (25 min, 400g, room temperature). The resulting cell suspensions were 
washed using PBS, and total leukocyte numbers were determined.

Cell purification, culture and transmigration assay. B cells were isolated 
from C57BL/6J spleens using a B cell isolation kit (Miltenyi Biotec) accord-
ing to the manufacturer’s protocol. B cells were stimulated for 48 h with  
10 µg ml−1 of anti–mouse IgM (Jackson ImmunoResearch) and 2.5 µg ml−1 
of anti–mouse CD40 (clone HM40-3, BioLegend). Monocytes were isolated 
from bone marrow, as follows. The fraction of monocytes in the bone mar-
row was enriched by neutrophil depletion using autoMACS columns (Miltenyi 
Biotec) and anti-Ly6G magnetic beads (Miltenyi Biotec). 7/4hi monocytes (7/4 
staining is equivalent to Ly6C staining43) were then sorted on a FACSAria (BD 
Biosciences). In vitro monocyte transmigration assays were performed over 
cell culture inserts (Millicell-PCF, Millipore) with porous polycarbonate filters  
(8 µm pore size) in 24-well plates. Inserts were coated with rat-tail type I col-
lagen (BD Biosciences) (60 µg ml−1) for 30 min at 37 °C and then blocked with 
3% (wt/vol) BSA in PBS for 1 h at 37 °C. 2 × 106 of B lymphocytes in 300 µL of 
RPMI-10% (vol/vol) FBS were added to the lower compartment, and 9 × 104 of 
7/4hi monocytes in 200 µL of the same medium was added to the upper com-
partment. No cells could be counted when B cells were cultured in the absence 
of monocytes in the upper compartment, indicating no B cell contamination. 
Ccl7-specific neutralizing antibody (2 µg ml−1, AF-456-NA, R&D Systems) or 
1 µg ml−1 of Ccl2-neutralizing antibody (AF-479-NA, R&D Systems) were added 
to the lower compartment at the start of the migration assay. Monocytes were 
allowed to migrate for 4 h at 37 °C. The filters were then washed with PBS and 
fixed in 1% paraformaldehyde. The upper surfaces of the filters were scraped 
with cotton swabs to remove nonmigrating cells. The filters were then stained 
with DAPI (Sigma-Aldrich). Migrating cells attached to the lower surface of 
the filters were visualized under an Axioimager Z1 microscope (Zeiss). Each 
experiment was performed in triplicate.

Flow cytometry. The following antibodies were used: FITC-conjugated anti-
CD11b (M1/70, BD Pharmingen), phycoerythrin (PE)-conjugated anti-Ly6G 
(1A8, BD Pharmingen), PE-conjugated anti-NK-1.1 (PK 136, BD Pharmingen), 
allophycocyanin (APC)-conjugated anti-Ly-6B.2 (clone 7/4, AbD Serotec), 
APC-conjugated anti-CD3e (17A2, eBioscience), FITC-conjugated anti-CD4 
(RM 4-5, eBioscience), PercP-conjugated anti-CD8a (53-6.7, BD Pharmingen), 
PE-conjugated anti-CD45R/B220 (RA3-6B2, eBioscience), APC-conjugated  
anti-IgM (II/41, eBioscience), PE-Cy7–conjugated anti-CD11c (N418, 
eBioscience), APC-conjugated anti-CD19 (1D3, BD Pharmingen), V450- 
conjugated anti-IgD (11-26C.2A, BD Horizon), PE-Cy7-conjugated anti-CD21  
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(7E9, Biolegend), PE-conjugated anti-CD23 (B3B4, BD Pharmingen), bioti-
nylated anti-Ccl7 (500-P116GBt, PeproTech), and APC-conjugated anti-CD45.1 
(A20, BD Pharmingen). All antibodies were used at a dilution of 1:100 except for 
APC-conjugated anti-Ly-6B.2, which was used at 1:20. Monocytes were identi-
fied as CD11bhiLy6G−7/4hi/lo. Neutrophils were identified as CD11b+Ly6Ghi7/
4hi. Macrophages and dendritic cells were identified as CD11chi. Natural killer 
cells were identified as CD11b+Ly6G−7/4−NK1.1+. Mature B lymphocytes were 
identified as B220hiIgMhi. The total number of cells was then normalized to heart 
weight. Cells were analyzed using a flow cytometer (LSR II, BD Biosciences).

Antibody measurements. Circulating IgM, IgG1, and IgG2c levels were mea
sured in serum of treated mice using a chemiluminescence-based sandwich 
ELISA and matched pairs of specific antibodies for capture and detection.  
The following antibodies were paired with appropriate detecting antibodies: 
goat anti-mouse IgM (Sigma-Aldrich; M8644) with alkaline phosphatase (AP)-
labeled goat anti-mouse IgM (Sigma-Aldrich; A 9688); rat anti-mouse IgG1 
(Biolegend; 406602) with biotinylated rat anti-mouse IgG1 (BD; 553441); and 
goat anti-mouse IgG2c (AbD Serotec; STAR135) with biotinylated goat anti-
mouse IgG2c (Jackson ImmunoResearch; 115-065-208). An extra incubation 
step with AP-labeled NeutrAvidin (Pierce) was performed in assays in which 
biotinylated detection antibodies were used. All ELISA assays were developed 
using LumiPhos Plus (Lumigen). Purified immunoglobulin isotypes used 
for standardization were purchased from Biolegend or Southern Biotech. The 
detection limit for IgM Abs was ~0.8 ng ml−1, for IgG1 ~0.15 ng ml−1 and for IgG2c  
~7pg ml−1. Serum was used at dilutions of 1:10,000 for total IgM, 1:450,000 for 
total IgG1 and 1:150,000 for total IgG2c.

Quantitative real-time PCR. Quantitative real-time PCR was performed on 
a Step-One Plus (Applied Biosystems). GAPDH was used to normalize gene 
expression. The following primer sequences were used: forward 5′-CGT-CC 
CGTAGACAAAATGGTGAA-3′, reverse 5′-GCCGTGAGTGGAGTCATAC 
TGGAA-CA-3′; IL-1β: forward 5′-GAAGAGCCCATCCTCTGTGA-3′, reverse  
5′-GGGTGTGCCGTCTTTCATTA-3′; TNF-α: forward 5′-GATGGGGGGC 
TTCCAGAACT-3′, reverse 5′-GATGGGGGGCTTCCAGAACT-3′; IL-18:  
forward 5′-AGTGAACCCCAGACCAGACTGA-3′, reverse 5′-CCCTCCCC 
ACCTAACTTTGATGTA-3′; TGF-β: forward 5′-CGGAGAGCCCTGGATA 
CCAACTA-3′, reverse 5′-GCCGCACACAGCAGTTCTTCTCT-3′.

Chemokine concentrations. Plasma and/or heart concentrations of Ccl2, Ccl12, 
Cxcl13 and Ccl7 were measured using Quantikine ELISA Kits (R&D Systems) 
according to the manufacturer’s instructions.

Population of patients with acute myocardial infarction. The demographics  
and methodology of the French Registry of Acute ST-Elevation and Non– 
ST-Elevation Myocardial Infarction (FAST-MI) have been described in detail 
in previous publications44. Briefly, all patients were included in the registry if 
they were ≥18 years of age and had elevated serum markers of myocardial necro-
sis higher than twice the upper limit of normal for creatine kinase, creatine 
kinase-MB or elevated troponins, and either symptoms compatible with acute 
myocardial infarction and/or electrocardiographic changes on at least two con-
tiguous leads with pathologic Q waves (≥0.04 s) and/or persisting ST elevation 
or depression > 0.1 mV. The time from symptom onset to intensive care unit 
admission had to be <48 h. Patients were managed according to usual practice; 
treatment was not affected by participation in the registry. Of the 374 centers  
in France that treated patients with acute myocardial infarction at the time  
during which patients were recruited for this study, 223 (60%) participated in 
the registry. Among these, 100 centers recruited 1,029 patients who contributed 
to a serum bank. For the present study, 1,000 samples were available for CCL7 
measurement and 959 samples were available for BAFF measurement. Written 
informed consent was provided by each patient. The baseline (at the time of 

admission for acute myocardial infarction) characteristics of the patients who 
contributed samples used for CCL7 and BAFF measurements were comparable 
to those of the overall population of the registry. More than 99% of patients were 
Caucasians. Follow-up data was collected through contacts with the patients’ 
physicians, the patients themselves, their families or the registry offices of their 
birthplaces. Follow-up at one year was >99%. The study was reviewed and 
approved by the Committee for the Protection of Human Subjects in Biomedical 
Research of Saint Antoine University Hospital, and the data file was declared to 
the Commission Nationale Informatique et Liberté. Human CCL7 analysis was 
carried out using the Bioplex Pro magnetic technology (Bio-Plex Pro Human 
Cytokine CCL7 Set 171-B6012M, Bio-Rad), following the manufacturer’s 
instructions. Frozen (−80 °C) EDTA plasma samples from each patient were all 
analyzed on the same day. Samples were thawed and spun at 2,500g for 15 min at 
room temperature before use, and particle-clear plasma was used at 1:4 dilution. 
Data were acquired on 50 beads per patient and analyzed following a 1:4 serial 
dilution standard curve (the concentrations in the linear range of the assay were 
0.33–3,472 pg ml−1) using the Bio-Plex Manager 6.1 Software and 5PL logistic 
regression (FitProb. = 0.0000, ResVar. = 7.7585). BAFF was measured using 
Quantikine human Baff Immunoassay (ref. SBLYS0, R&D Systems) according 
to the manufacturer’s instructions.

Statistical analyses. For experimental animal studies, results are expressed as 
mean ± s.e.m. Kruskal-Wallis was used to compare each parameter. Post hoc 
Mann-Whitney U tests with Bonferroni’s correction were then performed. 
Statistical analysis of FAST-MI registry data was conducted as follows. An out-
come event was defined as all-cause death or nonfatal myocardial infarction 
during the 1-year follow-up period. The primary endpoint was defined as a 
composite of all-cause death and nonfatal myocardial infarction and was adju-
dicated by a committee whose members were unaware of patients’ medications 
and blood measurements. Continuous variables are described as mean ± s.d. and 
categorical variables as frequencies or percentages. Baseline demographic and  
clinical characteristics, treatment factors and therapeutic management during 
hospitalization were compared among patients with or without detectable circu-
lating CCL7 levels using chi-square or Fisher’ s exact tests for discrete variables 
and by unpaired t-tests or Wilcoxon sign-rank tests for continuous variables. 
Survival curves according to detectable or undetectable CCL7 levels are esti-
mated using the Kaplan-Meier estimator. We used a multivariable Cox propor-
tional-hazards model to assess the independent prognostic value of variables 
with the primary endpoint during the 1-year follow-up period. The multivari-
able model comprised sex, age, previous or current smoking, family history of 
coronary disease, history of hypertension, previous myocardial infarction, heart 
failure, renal failure, diabetes, heart rate at admission, Killip class, left ventricular 
ejection fraction, hospital management (including reperfusion therapy, statins, 
beta blockers, clopidogrel, diuretics, digitalis, heparin), troponin I and log CRP 
levels. Results are expressed as hazard ratios for Cox models with 95% confi-
dence intervals (CIs). All statistical tests were two-sided and performed using 
SAS software version 9.1.
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