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Introduction
The complex syndrome of  heart failure (HF) is currently the leading cause of  mortality and hospitalization 
in the US and is associated with a very poor prognosis (1). HF develops as a result of  a variety of  patho-
logical stimuli that can be ischemic and nonischemic in nature, leading to increased left ventricular (LV) 
pressures and the inability of  the heart to pump blood efficiently and maintain adequate perfusion of  tissues 
(2). Regardless of  the etiology, rapid and sustained induction of  inflammatory chemokines, cytokines, and 
adhesion molecules is thought to be critical for mediating leukocyte recruitment into the heart that results 
in cardiac inflammation associated with cardiac dysfunction and HF (3–8). Among these, CXCL9 (MIG), 
CXCL10 (IP-10), and CXCL11 (I-TAC) — the ligands of  the chemokine receptor CXCR3 — and the adhe-
sion molecule ICAM-1 have all been associated systemically with the progression of  HF in patients (9–12). 
Whether these are directly responsible for heart inflammation and cardiac dysfunction remains unresolved 
and requires further mechanistic investigation.

CXCR3 is a GPCR expressed mainly by CD4+ Th1 cells. Its expression is regulated by T-bet, the sig-
nature Th1 cell transcription factor, and signaling through CXCR3 induces Th1 cell–driven inflammation 
(13). CXCR3 is also expressed by other immune cells such as CD8+ cytotoxic T cells, NK cells, NK T cells, 
plasmacytoid DCs (pDC), and a recently described subset of  Tregs and — to a minor extent — by non-
immune cells that include cardiac fibroblasts, vascular smooth muscle cells, and endothelial cells (14–16). 
Rapid engagement of  CXCR3 by its ligands results in T cell adhesion to human ICAM-1 and human endo-
thelial cells and induces transendothelial migration in vitro, through mechanisms that involve changes in 
T cell integrin affinity for its ligand ICAM-1 (17–19). Thus, in vivo, release of  CXCR3 ligands in inflamed 
tissues likely mediates Th1 cell recruitment and inflammation through mechanisms that involve ICAM-1 
(17, 20), but this has yet to be established in vivo in T cell–mediated cardiac inflammation.

Several recent studies using mouse experimental models of  heart inflammation, including our own, 
have described a critical role for CD4+ T cells in the heart and positioned them as central players in adverse 
cardiac remodeling associated with cardiac dysfunction and HF (3, 4, 21). The CD4+ T cell subset involved 

Heart failure (HF) is associated in humans and mice with increased circulating levels of CXCL9 and 
CXCL10, chemokine ligands of the CXCR3 receptor, predominantly expressed on CD4+ Th1 cells. 
Chemokine engagement of receptors is required for T cell integrin activation and recruitment to 
sites of inflammation. Th1 cells drive adverse cardiac remodeling in pressure overload–induced 
cardiac dysfunction, and mice lacking the integrin ligand ICAM-1 show defective T cell recruitment 
to the heart. Here, we show that CXCR3+ T cells infiltrate the heart in humans and mice with 
pressure overload–induced cardiac dysfunction. Genetic deletion of CXCR3 disrupts CD4+ T cell heart 
infiltration and prevents adverse cardiac remodeling. We demonstrate that cardiac fibroblasts and 
cardiac myeloid cells that include resident and infiltrated macrophages are the source of CXCL9 and 
CXCL10, which mechanistically promote Th1 cell adhesion to ICAM-1 under shear conditions in a 
CXCR3-dependent manner. To our knowledge, our findings identify a previously unrecognized role 
for CXCR3 in Th1 cell recruitment into the heart in pressure overload–induced cardiac dysfunction.
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and the kinetics of  recruitment to the heart appear to differ in response to ischemic vs. nonischemic insults. 
For instance, CD4+ T cells are necessary for healing after ischemia; however, Th1 cells, the main T cell sub-
set expressing CXCR3, are not prevalent in the heart in chronic ischemic HF (22). Moreover, the CXCR3 
ligand CXCL10 is critical in the reparative response after ischemia but through mechanisms that are 
independent of  CXCR3 regulation of  immune cell recruitment (15). A similar role for CXCL10 was also 
reported in the bleomycin experimental model of  lung inflammation and fibrosis (23). In contrast, CD4+ 
T cells — and, more specifically, Th1 cells — are predominantly recruited to the heart and drive cardiac 
fibrosis and dysfunction in response to cardiac pressure overload. Moreover, ICAM-1 deficiency results in 
decreased T cell infiltration in the heart and prevents adverse cardiac remodeling and cardiac dysfunction 
(3–5, 21). While Cxcl9 and Cxcl10 transcripts have been reported to be elevated in the heart in response 
to cardiac pressure overload (9), the cellular source, the question of  whether they induce signals through 
CXCR3 that lead to Th1 cell recruitment to the heart, and the mechanisms involved in T cell cardiotropism 
need to be further explored. Understanding such mechanistic actions in different inflammatory settings in 
the heart is critical to effectively treat HF resulting from different etiologies in which specific heart inflam-
matory mechanisms take place.

Here, in an effort to investigate the mechanisms of  Th1 cell cardiotropism in pressure overload–induced 
cardiac dysfunction, we hypothesized that cardiac resident cells release CXCL9 and CXCL10, which tar-
gets CXCR3+ Th1 cells and mediate ICAM-1–dependent recruitment to the heart. We report the potential-
ly novel finding that CXCL9 and CXCL10 chemokines produced by cardiac myeloid cells and fibroblasts 
induce CXCR3+ T cell cardiotropism and adverse cardiac remodeling by mechanisms that involve T cell 
integrin activation and adhesion to ICAM-1.

Results
Cardiac CXCR3+ T cells are present in nonischemic HF patients and in mice in response to cardiac pressure overload–
induced by transverse aortic constriction (TAC). Circulating levels of  the CXCR3 chemokine ligands CXCL9 and 
CXCL10 are elevated during adverse cardiac remodeling in humans as well as in the murine TAC model of  
pressure overload–induced HF (24, 25), characterized by T cell infiltration in the heart (4, 21). We first sought 
to evaluate the expression of  CXCR3 in LV tissue from human end-stage nonischemic HF subjects by IHC. 
Compared with non-HF controls, nonischemic HF subjects showed a significantly greater presence of  LV 
CXCR3+ cells, particularly in leukocyte-rich areas (Figure 1, A and B). Additional studies using immuno-
fluorescence and costaining with anti-CXCR3 and anti-CD3 antibodies demonstrated a significant number 
of  CD3+CXCR3+ T cells in the LV of nonischemic HF patients, in contrast to the LV of non-HF controls. 
While the majority of  the CXCR3+ cells in the LV were T cells, our studies also identified non–T cell CXCR3+ 
cells in the human LV from patients with HF (Figure 1, C and D). In mice with cardiac pressure overload 
induced by TAC, we detected a significant increase in the number of  LV myocardial CXCR3+CD4+ T cells, 
as compared with Sham-operated control mice, and these cells expressed the integrin LFA-1, the main T cell 
ligand for ICAM-1 (Figure 1, E and F). We hypothesized that the CXCR3 ligands CXCL9 and CXCL10 are 
induced in the heart and promote CXCR3+CD4+ T cell cardiotropism. Because C57BL/6 mice do not express 
CXCL11 (26), the only CXCR3 chemokines analyzed in these murine studies were CXCL9 and CXCL10. 
Mice were subjected to TAC and Sham surgery and the expression kinetics of  Cxcl9 and Cxcl10 in the LV was 
evaluated over time by quantitative PCR (qPCR). mRNA expression of  both CXCR3 ligands Cxcl9 and Cxcl10 
was sequentially increased to a similar extent in the LV of TAC mice as compared with Sham mice (Figure 
1, G and H). The mRNA levels of  Ifng and Tnfa, known to induce Cxcl9 and Cxcl10 expression in various cell 
types (14), followed similar expression kinetics as Cxcl9 and Cxcl10 (Figure 1, I and J). Taken together, the 
presence of  CXCR3+ T cells is increased in the heart of  humans and mice with pressure overload–induced 
cardiac dysfunction. In mice, the expression of  Cxcl9 and Cxcl10, and the cytokines known to induce them 
such as Ifng and Tnfa, parallels the time course of  CD4+ T cell infiltration, as we have previously described (4).

CXCL9 and CXCL10 are produced by cardiac myeloid cells and cardiac fibroblasts in response to cardiac pressure over-
load. The CXCR3 ligands CXCL9 and CXCL10 have been shown to be secreted by several cell types including 
monocytes, macrophages, fibroblasts, and endothelial cells upon stimulation with proinflammatory cytokines 
(14, 15, 27). All of  these cells are present in the heart and could be the chemokine source that triggers the 
recruitment of  CXCR3+CD4+ T cells to the heart. To determine the cardiac cells expressing these chemokines 
in response to cardiac pressure overload, we subjected Reporting the Expression of  CXCR3 Ligands (REX3) 
mice to TAC. REX3 mice express red fluorescent protein (RFP) and blue fluorescent protein (BFP) under the 
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Cxcl9 and Cxcl10 promoters, respectively, and allow for the examination of  Cxcl9 and Cxcl10 gene expression in 
vivo (13). LV tissues of  Sham- and TAC-operated mice were harvested 1 week and 4 weeks after surgery, and 
the expression of  RFP and BFP was visualized by immunofluorescence and quantified by flow cytometry. 
While the LV of Sham-operated mice was devoid of  Cxcl9 and Cxcl10 reporter expression, reporter fluores-
cence could easily be identified by immunofluorescence in TAC operated mice after 4 weeks (Figure 2, A–C). 
CXCL10 was identified in nonfibrotic areas and mainly colocalized with CD45+ leukocytes (Figure 2B), but 
not with CD31+ endothelial cells (Figure 2C) or with cardiomyocytes outlined with wheat germ agglutinin 
(WGA) (Figure 2A). Interestingly, cells localized between the cardiomyocytes that were CD45– were also 
identified as producers of  CXCL10. In contrast, the expression of  CXCL9 in nonfibrotic areas was very low 
in TAC mice. In areas of  fibrosis (also stained with WGA) and leukocytic infiltration (CD45+), CXCL10-ex-
pressing cells were increased, while CXCL9 expression became more evident. Both CXCL9 and CXCL10 
were mainly colocalized with CD45 and with WGA+ staining surrounding the cardiomyocytes — but not 
with cardiomyocytes themselves or CD31+ endothelial cells (Figure 2, A–C). Thus, both CD45+ leukocytes 
as well as CD45– cell types, not identified as endothelial cells or cardiomyocytes, expressed CXCL9 and 
CXCL10 in the heart; whereas CXCL9 was only expressed in fibrotic areas, CXCL10 was expressed more 
broadly with a higher expression observed in areas of  fibrosis. To more comprehensively delineate the CXCL9 
and CXCL10 cell source in the LV, and to quantify the temporal cell–specific chemokine expression, we used 
flow cytometry in the LV 1 week and 4 weeks after TAC, before and after significant T cell infiltration and 
cardiac remodeling occur, respectively. As expected, we identified CD3+ T cells and CD11b+ myeloid cells 
within the CD45+ leukocyte cellular compartment. CD3+ T cells were in very low numbers 1 week after TAC 
and significantly increased 4 weeks after TAC, and CXCL9 and CXCL10 were undetectable in T cells at both 
time points (Figure 2, E–J). We gated endothelial cells labeled as CD31+CD45– and used the recently reported 
antibody MEFSK4 to label and gate cardiac fibroblasts as MEFSK4+CD45– cells (Figure 2D) (28). At 1 week 
after TAC, no CXCL9 expression was detected, and CXCL10 expression was exclusively detected in myeloid 
cells (Figure 2, E–G). At 4 weeks after TAC, in support of  our histological findings, cardiac myeloid cells 
expressed the highest levels of  both CXCL9 and CXCL10, with CXCL10 being expressed to a higher extent 
(Figure 2, H–J). Interestingly, MEFSK4+ cardiac fibroblasts were also identified as both CXCL9 and CXCL10 
producers at 4 weeks after TAC, whereas T cells or endothelial cells were not. Taken together, these data indi-
cate that 1 week after cardiac pressure overload is induced, when adverse cardiac remodeling is not evident, 
CXCL10 is the only chemokine ligand of  CXCR3 expressed in the heart, and it is specifically expressed by 
cardiac myeloid cells. Later, 4 weeks after TAC — when T cell infiltration, adverse cardiac remodeling, and 
cardiac dysfunction is evident — CXCL10 and, to a lesser extent, CXCL9 are expressed by cardiac myeloid 
cells as well as cardiac fibroblasts in response to cardiac pressure overload.

CXCL9 and CXCL10 are expressed by resident and recruited cardiac myeloid cells in response to cardiac pressure 
overload. During cardiac pressure overload, several subsets of  myeloid cells can be detected in the heart. 
These include neutrophils and monocytes, as well as resident and recruited macrophages. To determine 
the specific cardiac myeloid cell types expressing CXCL9 and CXCL10 chemokines in response to cardiac 
pressure overload, we subjected REX3 mice to TAC surgery and harvested LV tissue at 4 weeks after sur-
gery. Flow cytometry was used to comprehensively delineate the specific myeloid cell source of  CXCL9 
and CXCL10 in the LV and to quantify cell-specific chemokine expression in CD45+CD11b+Ly6G+ neutro-
phils, CD45+CD11b+MerTK–CCR2+ recruited monocytes, CD45+CD11b+MerTK+CCR2+ recruited mac-
rophages, and CD45+CD11b+MerTK+CCR2– resident macrophages (Figure 3, A and B). The percentages 
and absolute numbers of  each myeloid cell subset expressing CXCL9 and CXCL10 was quantified (Figure 
3, C–F). CCR2+ recruited monocytes and macrophages, as well as CCR2– resident macrophages, expressed 
CXCL10 with the greatest frequency, while CXCL9 was mainly expressed by a high percentage of  CCR2+ 
recruited macrophages (Figure 3, C and D). When absolute numbers of  cells in the LV were analyzed, 
cardiac resident macrophages were identified as the dominant cells expressing both CXCL9 and CXCL10, 
in significantly greater numbers than the other myeloid cell subsets evaluated (Figure 3, E and F). Taken 
together, these data indicate that CXCL9 and CXCL10 are produced predominantly by cardiac resident 
macrophages in response to cardiac pressure overload to a lesser extent by LV recruited monocytes and 
macrophages, and they demonstrate that neutrophils are not a source of  CXCL9 or CXCL10.

CXCR3+CD4+ T cells are expanded in the cardiac draining lymph nodes in response to cardiac pressure overload and 
express high levels of  LFA-1. The mediastinal lymph nodes (mLN) are the secondary lymphoid organ where 
a CD4+ T cell response is initiated after TAC, and this response is characterized by specific expansion of   
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Figure 1. CXCR3+ T cell infiltration in humans and mice with cardiac pressure overload. (A and B) LV tissue sections from non-HF or nonischemic HF 
human subjects were stained for CXCR3 or isotype control by IHC (representative CXCR3+ leukocyte–shaped cells are indicated with red arrows) (A) and 
quantified in multiple fields of view using a 40× objective (B). (C and D) LV tissue sections were stained for DAPI (blue), CD3 (red), and CXCR3 (green) by 
immunofluorescence (C), and the number of cells showing colocalization were quantified in multiple fields of view per section using a 40× objective (D). 
Scale bar: 100 μm. n = 2 control, 3 HF. Error bars represent mean ± SEM (**P < 0.01; Mann-Whitney unpaired U test). (E and F) CD4+ T cells isolated from 
the LV tissue of mice 4 weeks after Sham or TAC surgery were analyzed (E) and quantified (F) for surface CXCR3 and LFA-1 expression within the CD4+ gate 
by flow cytometry. n = 3 Sham, 7 TAC. Error bars represent mean ± SEM (**P < 0.01; Mann-Whitney unpaired U test). (G–J) Chemokine and cytokine mRNA 
levels in the LV of WT mice at different time points after surgery were determined by qPCR for Cxcl9 (G), Cxcl10 (H), Ifng (I), and Tnfa (J). n = 4 Sham, 5 TAC 
1 weeks (w); 5 Sham, 9 TAC 2w; 6 Sham, 8 TAC 4w. Error bars represent mean ± SEM (*P < 0.05, **P < 0.01; 1-way ANOVA with Bonferroni post hoc test).
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CD4+IFNγ+ Th1 cells (3, 4, 21). Th1 differentiation is under the control of the transcription factor T-bet, 
which has also been reported to regulate the expression of CXCR3. Thus, we next tested whether and when 
CXCR3+CD4+ T cell expansion occurred in the cardiac draining LNs. CXCR3+CD4+ T cells were increased in 
the mLNs at 1 week after TAC, before CD4+ T cell LV infiltration occurs, as we have previously described (4), 
and sequentially increased at later time points after TAC when T cells can also be found infiltrated in the heart. 
This expansion was not observed in Sham-operated mice (Figure 4A). Remarkably, all CXCR3+CD4+ T cells 
expressed high levels of total LFA-1, the ligand for ICAM-1, and this was also increased over time (Figure 4, A 
and B). Moreover, CXCR3+CD4+ T cells expressed significantly higher levels of total LFA-1 than CXCR3–CD4+ 
T cells, suggesting that CXCR3+CD4+ T cells are imprinted to interact with ICAM-1, if  present in the vascula-
ture (Figure 4, C and D). In accordance with these findings in mice, we found that circulating CXCR3+CD4+ T 
cells in patients with nonischemic HF had higher expression levels of surface LFA-1 than circulating CXCR3–

CD4+ T cells from the same patients (Figure 4, E and F). Taken together, these data identify CXCR3 and LFA-1 
as critical surface molecules expressed in CD4+ T cells of mice and humans with HF, which are likely primed to 
be recruited to the heart in response to chemotactic signals induced by CXCL9 and CXCL10.

Figure 2. CXCL9 and CXCL10 are produced by cardiac myeloid cells and fibroblasts in response to cardiac pressure overload. REX3 mice were subjected 
to Sham and TAC surgery, and LV tissue sections were isolated for analysis of CXCL9 and CXCL10 expression by immunofluorescence. (A–C) The outline of 
cardiomyocytes was identified by wheat germ agglutinin (WGA) staining (A), leukocytes were identified with anti-CD45 (B), and endothelial cells identified 
with anti-CD31 (C) in Sham mice (top row) and TAC mice 4 weeks after surgery in nonfibrotic areas (middle row) and fibrotic areas (bottom row), also 
stained by WGA. Scale bars: 100 μm. n = 3 mice per group. (D–J) Cardiac endothelial cells (ECs), myeloid cells, T cells, and cardiac fibroblasts (CFBs) were 
identified by flow cytometry with the indicated gating strategy (D), to quantify the frequency of CXCL9- and CXCL10-producing cells 1 week after TAC sur-
gery (E–G) and 4 weeks after TAC surgery (H–J). Statistical comparisons are indicated compared with ECs. n = 3 mice per group. Error bars represent mean ± 
SEM (*P < 0.05, **P < 0.01, ***P < 0.001; 1-way ANOVA with Bonferroni post hoc test).
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CD4+ T cell recruitment to the LV is impaired in Cxcr3–/– mice 4 weeks after TAC. To explore the role of  CXCR3 
chemokine sensing in CD4+ T cell recruitment to the LV, we directly compared CD4+ T cell responses in 
WT and Cxcr3–/– mice. CD4+ T cell activation in the mLNs was determined by quantitative flow cytometry 
at 4 weeks after Sham and TAC surgery. We observed a trend toward lower total numbers of  effector CD4+ 

Figure 3. CXCL9 and CXCL10 are produced by resident and recruited cardiac myeloid cells in response to cardiac pressure overload. REX3 mice were sub-
jected to TAC surgery, and LV tissue sections were isolated for analysis of CXCL9 and CXCL10 expression by flow cytometry, 4 weeks after TAC. (A and B) 
CD11b+Ly6G+ Neutrophils, CD11b+MerTK–CCR2+ monocytes, CD11b+MerTK+CCR2– resident macrophages, and CD11b+MerTK+CCR2+ recruited macrophages were 
identified by flow cytometry with the indicated gating strategy. (C–F) CXCL9 and CXCL10 expression was quantified as frequency (C and D) and absolute 
cell number per LV (E and F). Statistical comparisons are indicated compared with neutrophils. n = 3 mice per group. Error bars represent mean ± SEM (*P < 
0.05, **P < 0.01, ***P < 0.001; 1-way ANOVA with Bonferroni post hoc test).
 

https://doi.org/10.1172/jci.insight.125527


7insight.jci.org      https://doi.org/10.1172/jci.insight.125527

R E S E A R C H  A R T I C L E

T cells, identified as CD62LloCD44hi, in the mLNs of  Cxcr3–/– mice as compared with WT mice at baseline 
(Sham groups). However, this number was significantly increased in both WT and Cxcr3–/– mice 4 weeks 
after TAC surgery, suggesting that CD4+ T cell activation proceeds similarly in the absence of  CXCR3 
(Figure 5, A and B). Strikingly, the recruitment of  CD4+ T cells to the LV was significantly impaired in 
Cxcr3–/– mice compared with WT mice in response to TAC, as determined by IHC (Figure 5, C and D). 
Given our identification of  cardiac myeloid resident and recruited cells in the LV as dominant sources of  
CXCL9 and CXCL10, we next further characterized their presence in Cxcr3–/– and WT mice 4 weeks after 
TAC by quantitative flow cytometry (Figure 5E). Corresponding to our IHC results, the number of  CD4+ 
T cells infiltrated in the LV was significantly impaired in Cxcr3–/– as compared with WT mice in response 
to TAC (Figure 5F). In contrast, TAC induced an increase in the overall number of  CD11b+ myeloid cells 
infiltrated in the LV, as compared with Sham, that was comparable between both genotypes. More specifi-
cally, the total number of  CCR2+ recruited macrophages was similarly increased in the LV of  Cxcr3–/– and 
WT mice in response to TAC, suggesting that the recruitment defect is specific to CD4+ T cells (Figure 5, 
G and H). Moreover, the mRNA expression of  Cxcl9, as well as its inducer Ifng, was significantly lower in 
the LV of  Cxcr3–/– mice compared with WT mice after 4 weeks of  TAC. Although Cxcl10 mRNA expression 
was elevated in the LV of  Cxcr3–/– mice as compared with Sham controls, this was diminished as compared 
with WT TAC mice (Figure 5, I–K), suggesting that CD4+ T cell recruitment to the LV triggers greater Cxcl9 

Figure 4. CXCR3+CD4+ T cells from mice and humans with cardiac pressure overload express high levels of LFA-1. (A and B) Representative flow cytom-
etry plots (A) and quantification (B) of CD4+ T cells isolated from the mLNs of WT mice at the indicated times after Sham and TAC surgery, indicating sur-
face CXCR3 and LFA-1 expression within the CD4+ gate. Relative values to Sham 1 week (w) are indicated. n = 3 Sham, 3 TAC 1w; 4 Sham, 4 TAC 2w; 3 Sham, 
4 TAC 4w. Error bars represent mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001; 1-way ANOVA with Bonferroni post hoc test). (C–F) Histogram representa-
tion (C and E) and quantification (D and F) of LFA-1 expression on CXCR3+CD4+ and CXCR3–CD4+ T cells in the mLNs of WT mice 4 weeks after TAC surgery 
(C and D) and in peripheral blood of nonischemic HF patients (E and F). n = 7 TAC mice, 20 nonischemic HF patients. Error bars represent mean ± SEM  
(*P < 0.05, **P < 0.01, ***P < 0.001; Mann-Whitney unpaired U test).
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and Cxcl10 expression, likely by IFNγ production. Taken together, these data demonstrate that CXCR3 is a 
central regulator of  CD4+ T cell recruitment into the heart in response to cardiac pressure overload.

Cxcr3–/– mice are protected from adverse cardiac remodeling induced by cardiac pressure overload. We and others 
have previously shown that CD4+ T cell infiltration into the LV is necessary for adverse cardiac remodeling to 
occur and that Th1 cells specifically drive cardiac fibrosis in response to cardiac pressure overload (4, 5, 21). 
Thus, we evaluated the extent of  LV fibrosis in Cxcr3–/– and WT mice, 4 weeks after TAC. While WT mice 
develop significant perivascular and interstitial fibrosis in response to TAC, we did not identify any signs of  
LV fibrosis in Cxcr3–/– mice (Figure 6, A–D). Moreover, WGA staining of  LV tissues revealed that Cxcr3–/– 
mice developed significantly enlarged cardiomyocytes 4 weeks after TAC, but this was significantly attenuated 
compared with WT mice (Figure 6, E and F). Additionally, the ratio between the mRNA of myosin heavy 
chain β (myh7) and α (myh6) isoforms — normally expressed in the fetal and adult hearts, respectively, and 
an indicator of  pathological cardiac hypertrophy — was significantly decreased in Cxcr3–/– mice compared 
with WT mice after TAC (Figure 6G). These data demonstrate that CXCR3 is critical for the development of  
cardiac fibrosis and partially regulates cardiac hypertrophy induced by cardiac pressure overload due to TAC.

Cxcr3–/– mice have preserved cardiac function in response to cardiac pressure overload–induced TAC. We next 
sought to determine whether the phenotypic changes observed in the heart in Cxcr3–/– mice resulted in 
improved cardiac function by performing noninvasive echocardiography and invasive hemodynamics 
to comprehensively assess the role of  CXCR3 in cardiac function. Transthoracic echocardiography was 
first used to evaluate LV contractile function. The LV wall and chamber dimensions at the peak of  sys-
tole and diastole were used to compute fractional shortening and ejection fraction, which were both sig-
nificantly impaired in WT mice but fully preserved in Cxcr3–/– mice, 4 weeks after TAC (Figure 7, A–C). 

Figure 5. CD4+ T cell recruitment to the LV, but not CD4+ T cell activation, is impaired in Cxcr3–/– mice in response to cardiac pressure overload. 
CD4+ T cells were isolated from the mLN of WT and Cxcr3–/– mice, 4 weeks after Sham and TAC surgeries. (A and B) CD62LloCD44hi effector CD4+ T cells 
were identified by flow cytometry (A) and quantified (B). (C and D) CD4+ T cells recruited to the LV were identified by IHC (C) and quantified (D) per LV 
section. n = 4 Sham, 4 TAC WT; 3 Sham, 5 TAC Cxcr3–/–. Scale bars: 100 μm. Error bars represent mean ± SEM (*P < 0.05, **P < 0.01; 1-way ANOVA with 
Bonferroni post hoc test). (E–H) The indicated gating strategy shown for WT TAC (E) was used to quantify the total cell number per LV of CD4+ T cells 
(F), CD11b+ myeloid cells (G), and CD11b+MerTK+CCR2+ recruited macrophages (H) by flow cytometry in WT and Cxcr3–/– mice, 4 weeks after Sham and 
TAC surgeries. n = 3 Sham, 3 TAC WT; 6 TAC Cxcr3–/– mice. Error bars represent mean ± SEM (*P < 0.05, **P < 0.01; 1-way ANOVA with Bonferroni post 
hoc test). (I–K) mRNA levels in the LV of WT and Cxcr3–/– mice at 4 weeks after surgery was determined by qPCR for Cxcl9 (I), Cxcl10 (J), and Ifng (K).  
n = 9 Sham, 10 TAC WT; 3 Sham, 5 TAC Cxcr3–/–. Error bars represent mean ± SEM (*P < 0.05, **P < 0.01; 1-way ANOVA with Bonferroni post hoc test).
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Furthermore, LV pressure volume loops were acquired via invasive hemodynamics to monitor cardiac 
function. Both cardiac contractility (dP/dt max) and relaxation (dP/dt min) indexes were impaired in 
WT TAC mice but were unchanged in Cxcr3–/– TAC mice, despite equally elevated maximum pressures 
recorded in the LV (Figure 7, D–F, and Table 1). Taken together, these data suggest that CXCR3 is 
required for cardiac dysfunction associated with impaired CD4+ T cell recruitment and adverse cardiac 
remodeling in response to cardiac pressure overload.

Figure 6. Cxcr3–/– mice are protected from adverse cardiac remodeling induced by cardiac pressure overload. LV tissue 
sections were isolated from WT and Cxcr3–/– mice, 4 weeks after Sham and TAC surgeries. IHC was used to determine 
perivascular fibrosis (A) (quantified in C) as well as interstitial fibrosis (B) (quantified in D) by Picrosirius red staining. 
Scale bars: 100 μm. (E and F) Mean cardiomyocyte area was quantified by wheat germ agglutinin (WGA) IHC of LV 
tissue sections (E) (as shown in F). n = 4 Sham, 5 TAC WT; 3 Sham, 5 TAC Cxcr3–/– mice. Scale bars: 50 μm. Error bars 
represent mean ± SEM (*P < 0.05, ***P < 0.001; 1-way ANOVA with Bonferroni post hoc test). (G) The relative LV mRNA 
expression of the α and β myosin heavy chain isoforms were determined by qPCR to assess pathological cardiomyocyte 
hypertrophy. n = 3 Sham, 3 TAC WT; 3 Sham, 5 TAC Cxcr3–/– mice. Error bars represent mean ± SEM (*P < 0.05; 1-way 
ANOVA with Bonferroni post hoc test).
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CXCL9 and CXCL10 induce an increase in Th1 cell adhesion to ICAM-1 under flow conditions in vitro, in a 
CXCR3- and LFA-1–dependent manner. Our in vivo data indicate that there is a consistent correlation between 
CXCR3 and LFA-1 expression in CD4+ T cells, both locally in the mLNs of  mice and systemically in circu-
lation in HF patients (Figure 4). Furthermore, our data demonstrate that lack of  CXCR3 prevents CD4+ T 
cell recruitment into the LV, cardiac fibrosis, and cardiac dysfunction, supporting a critical role for CXCR3 
in CD4+ T cell cardiotropism in response to cardiac pressure overload (Figures 5–7). Previous studies have 
demonstrated that CXCR3 ligands play a key role in Th1 cell adhesion to endothelial cells under flow con-
ditions in vitro (17) and in vivo using an experimental model of  cerebral malaria, and this process was also 
shown to be dependent on LFA-1 (27, 29). Our in vivo data demonstrate cardiac production of  CXCL9 
and CXCL10 in the heart in response to TAC (Figures 1–3). Thus, we hypothesized that CXCL9 and/or 
CXCL10 induce adhesion of  Th1 cells to ICAM-1, the major LFA-1 ligand on ECs, as a potential mech-
anism involved in CXCR3+CD4+ T cell recruitment to the LV in response to cardiac pressure overload. 
A parallel plate flow chamber apparatus was used to determine chemokine-dependent integrin-mediated 
adhesion of  Th1 cells to immobilized ICAM-1 (30). Accumulation of  T cells on ICAM-1 under flow 
conditions requires activation of  the β2 integrin LFA-1, and this can be induced by a variety of  agents, 
including physiological stimulation by chemokines or with phorbol myristate acetate (PMA), an approach 
that bypasses chemokine receptor signaling (31, 32). As expected, PMA-induced integrin activation led to 
an increase in Th1 cell adhesion to ICAM-1, and both CXCL9 and CXCL10 also induced an increase in 
Th1 cell adhesion to ICAM-1 as compared with unstimulated Th1 cells. Interestingly, CXCL9 induced a 
stronger effect on Th1 cell adhesion to ICAM-1 than CXCL10 (Figure 8, A and B). In all stimulation con-
ditions, Th1 cell adhesion to ICAM-1 was inhibited when Th1 cells were pretreated with a function-block-
ing antibody to LFA-1 (αLFA-1), confirming the LFA-1 dependence of  this adhesion (Figure 8, A and B).  

Figure 7. Cardiac function is preserved in Cxcr3–/– mice subjected to cardiac pressure overload induced by TAC. (A–C) 
Transthoracic short axis M mode images of the mid LV were acquired by echocardiography (A) of WT and Cxcr3–/– mice, 
4 weeks after Sham and TAC surgeries to quantify fractional shortening (B) and ejection fraction (C). n = 5 Sham, 7 TAC 
WT; 5 Sham, 7 TAC Cxcr3–/– mice. Error bars represent mean ± SEM (***P < 0.001; 1-way ANOVA with Bonferroni post 
hoc test). (D–F) Intraventricular hemodynamic measurements were acquired by a pressure volume transducer catheter 
to quantify maximum LV pressure (D), as well as dP/dt max (E) and dP/dt min (F) as parameters of cardiac contractility 
and relaxation, respectively. n = 3 Sham, 3 TAC WT; 3 Sham, 4 TAC Cxcr3–/–. Error bars represent mean ± SEM (*P < 0.05; 
1-way ANOVA with Bonferroni post hoc test).
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Th1 cell adhesion to ICAM-1 was also increased with CXCL9 and CXCL10 chemokines immobilized 
on the coverslip with ICAM-1, mimicking the more physiological expression of  chemokines on the api-
cal surface of  vessels (Supplemental Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.125527DS1). Lastly, we evaluated whether CXCL9 and CXCL10 
induction of  Th1 cell adhesion to ICAM-1 was dependent on CXCR3 by performing similar assays with 
Cxcr3–/– Th1 cells. PMA stimulation of  Th1 cells, which induces T cell LFA-1 activation in a chemok-
ine-independent manner, induced similar levels of  Th1 cell adhesion to ICAM-1 in WT and Cxcr3–/– cells. 
However, CXCL9 and CXCL10 failed to induce Cxcr3–/– Th1 cell adhesion to ICAM-1, suggesting that 
CXCL9 and CXCL10 act through CXCR3 to induce WT Th1 cell adhesion to ICAM-1 (Figure 8, C 
and D). Taken together, these data indicate that CXCL9, and to lesser extent CXCL10, engagement of  
CXCR3 promote LFA-1 integrin–dependent Th1 cell adhesion to ICAM-1.

Discussion
The results presented in this study using human T cells and heart tissue from patients with nonischemic 
HF, combined with the mouse experimental model of  cardiac pressure overload induced by TAC in WT, 
Cxcr3–/–, and REX3 reporter mice, identify a critical role for cardiac CXCL9 and CXCL10, as well as their 
receptor CXCR3 on CD4+ T cells, as major drivers of  CD4+ T cell cardiotropism through mechanisms 
that implicate CD4+ T adhesion to ICAM-1. Patients with HF present with systemically elevated levels 
of  CXCL9 and CXCL10 (10), enhanced ICAM-1 expression, and significant heart T cell infiltration (4). 
Here, we establish a CXCL9/CXCL10/CXCR3/ICAM-1 axis regulating T cell cardiotropism and adverse 
cardiac remodeling in pressure overload–induced cardiac dysfunction.

We report for the first time to our knowledge increased numbers of  CXCR3+ leukocytes, the majority 
of  them being CXCR3+ T cells, in the LV of  nonischemic end-stage HF patients. Increased numbers of  
CXCR3+ T cells have been reported in the circulation of  patients with nonischemic HF as a result of  idio-
pathic cardiomyopathy and proposed as potential biomarkers to predict HF, although this increase did not 
involve CXCR3+CD4+ T cells (33). CXCR3+ T cells express higher levels of  the integrin LFA-1 and, thus, 
have the potential to adhere more efficiently to ICAM-1 and infiltrate the heart. While the human observa-
tions should be interpreted with caution, they interestingly parallel our observations using the experimental 
model of  pressure overload–induced cardiac dysfunction induced by TAC in mice. Our data demonstrate 
that TAC induces heart infiltration of  CXCR3+CD4+ T cells and that CXCR3+CD4+ T cells display higher 
levels of  LFA-1 as compared with CXCR3–CD4+ T cells in the mLN that drain the heart. These results are 
in line with a recent study demonstrating CXCR3+ T cell infiltration in mice with cardiac inflammation 
induced by LPS. In this setting, the receptor of  the hepatocyte growth factor (HGF) c-Met was identified 
as a critical driver of  CXCR3+ T cell cardiotropism (34), which was prevented using a function-blocking 
antibody toward CXCR3. Whether HGF or other tissue factors known to induce chemokine receptors in a 
tissue-dependent manner (35, 36) are responsible for CD4+ T cell imprinting of  CXCR3 in pressure over-
load–induced cardiac dysfunction requires further investigation.

Our results using reporter mice for CXCL9 and CXCL10 (REX3 mice) are the first demonstration 
to our knowledge that these 2 CXCR3 protein ligands are expressed in the heart in response to cardiac 
pressure overload, and they identify cardiac myeloid cells, which include resident and recruited macro-
phages, and cardiac fibroblasts as the main source. While cardiac fibroblasts produce both chemokines 

Table 1. Characterization of cardiac function in WT, Cxcr3–/–, and REX3 mice 4 weeks after Sham or TAC surgery

Parameters WT Sham WT TAC Cxcr3–/– Sham Cxcr3–/– TAC REX3 Sham REX3 TAC
Total mouse weight (g)/tibia 
length (mm)

1.60 ± 0.06 1.54 ± 0.03 1.50 ± 0.02 1.46 ± 0.02 1.38 ± 0.03 1.33 ± 0.03

Fractional shortening (%) 32.2 ± 4 16.4 ± 3A 35.47 ± 2 33.23 ± 2 37.3 ± 3 26.15 ± 1A

Anterior wall thickness (mm) 0.91 ± 0.03 1.16 ± 0.10A 0.94 ± 0.02 1.18 ± 0.09A 0.74 ± 0.12 1.02 ± 0.08A

Posterior wall thickness (mm) 0.88 ± 0.06 1.18 ± 0.09A 0.83 ± 0.04 0.93 ± 0.04 0.85 ± 0.13 1.09 ± 0.17A

dP/dt min (1 × 103) (mmHg/s) –9.04 ± 0.75 –6.21 ± 0.60A –8.03 ± 1.16 –8.56 ± 1.01 –9.42 ± 1.06 –7.20 ± 0.8A

dP/dt max (1 × 103) (mmHg/s) 9.01 ± 0.73 5.63 ± 0.32A 8.12 ± 1.40 7.23 ± 0.66 8.69 ± 0.34 7.36 ± 0.80
AP < 0.05, 4 weeks of TAC vs. Sham. Values are means ± SEM.
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4 weeks after TAC, only myeloid cells produce them earlier (1 week after TAC), demonstrating that the 
initial source of  chemokines preceding T cell infiltration are indeed myeloid cells. Moreover, we report the 
potentially novel finding that cardiac pressure overload does not induce T cell heart infiltration, adverse 
cardiac remodeling, and cardiac dysfunction in Cxcr3–/– mice. The high expression of  CXCL10 mRNA has 
previously been reported in mice after myocardial infarction (MI) (7), in cardiac allograft rejection (14, 37), 
and in response to TAC (9), but the protein expression level and the cellular source of  chemokine protein is 
identified here. Interestingly, CXCL10 was demonstrated to be essential in the regulation of  the reparative 
response following MI and appeared to be critical in the recruitment of  proinflammatory cells required 
for healing (7). Similar to our findings in response to cardiac pressure overload, CXCR3+ T cells were 
significantly increased in the infarcted hearts, correlating with CXCL10 RNA expression. Because T cells 
are required for tissue repair after ischemia, one logical interpretation is that CXCL10 mediates CXCR3+ 
T cells infiltration to promote healing. However, a follow-up study demonstrated that the protective effect 
of  CXCL10 after MI was through CXCR3-independent pathways, since Cxcr3–/– mice developed similar 
infarcts and systolic dysfunction as WT mice (15). More recent studies have demonstrated that Th1 cells 
are not significantly enhanced in the heart in chronic ischemic HF, in contrast to Th17 cells, Th2 cells, and 
dysfunctional Tregs, which dominate chronic ischemic cardiomyopathy; this supports that the CXCR3–
Th1 recruitment axis does not play a role in chronic ischemic HF. (22, 38). In contrast, we and others have 
demonstrated that T cells are pathogenic and induce adverse cardiac remodeling in response to cardiac 
pressure overload (4, 5, 21). Our data indicating that Cxcr3–/– mice have decreased CD4+ T cell infiltration in 
the heart and are fully protected from TAC-induced cardiac dysfunction support that, in contrast to chronic 

Figure 8. CXCL9 and CXCL10 induce LFA-1–dependent T cell adhesion to ICAM-1 through CXCR3. Naive WT and Cxcr3–/– 
T cells were differentiated in vitro to Th1 cells and treated with either PMA (50 ng/ml), CXCL9 (100 ng/ml), or CXCL10 
(100 ng/ml) for 5 minutes at 37°C to induce integrin LFA-1 activation, prior to perfusion over immobilized ICAM-1–coat-
ed coverslips at 1 dyne/cm2 in a parallel plate flow chamber. (A and B) Representative images (A) and quantification (B) 
of real-time videos of WT Th1 cell adhesion to ICAM-1 after treatment with anti–LFA-1 function-blocking antibody or 
IgG isotype control (20 μg/ml 30 minutes at 37°C). Scale bars: 100 μm. Statistical comparisons are indicated compared 
with untreated cells. n = 5 independent experiments, analysis of 6 different fields of view per experiment (*P < 0.05, 
***P < 0.001; 1-way ANOVA with Bonferroni post hoc test). (C and D) Representative images (C) and quantification 
(D) of real-time videos of Cxcr3–/– Th1 cells. Scale bars: 100 μm. Statistical comparisons are indicated compared with 
untreated cells. n = 3 independent experiments, analysis of 6 different fields of view per experiment. Error bars repre-
sent mean ± SEM (***P < 0.001; 1-way ANOVA with Bonferroni post hoc test).
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ischemic injury, CXCR3 plays a major role in T cell cardiotropism in pressure overload–induced cardiac 
dysfunction, along with the previously suggested idea that the effects of  CXCR3 in tissue inflammation are 
dependent on the characteristics of  the inflamed organ (14, 39). Our data further demonstrate that, within 
the same organ (e.g., the heart), the role of  CXCR3 depends on the inflammatory trigger itself. Given that 
the T cell subsets present in the heart in ischemic cardiomyopathy express CCR6 (Th17 cells and Tregs) 
and CCR4 (Th2 cells), it is likely that their chemokine ligands CCL20 and CCL4, respectively, in contrast 
to CXCL9 and CXCL10, dominate T cell recruitment in the chronic phase after ischemia and support why 
Cxcr3–/– mice still develop cardiac dysfunction after MI.

Our studies also define the dynamics of  CXCR3+CD4+ T cell expansion in the mLNs and the temporal 
recruitment of  CXCR3+CD4+ T cells to the heart in response to cardiac pressure overload. We found that 
CXCR3+CD4+ T cells are expanded in the mLNs 1 week after induction of  cardiac pressure overload and 
continue to be expanded over time; however, infiltration in the heart does not occur until a week later, as 
reported previously for CD4+ T cell infiltration (4). Remarkably, CXCR3+CD4+ T cell infiltration in the heart 
overlaps in time with the highest expression of  heart CXCL9 and CXCL10, which is when pathological 
cardiac remodeling has been described to take place (4, 21). We also found that the cytokine IFNγ, known to 
induce CXCL9 and CXCL10, was simultaneously upregulated in the heart at the time of  CD4+ T cell infiltra-
tion and CXCL9 and CXCL10 induction after TAC, peaking at 4 weeks when heart infiltrated CD4+ T cells 
are present. However, our studies with REX3 mice clearly demonstrate that CD4+ T cells are not the cardiac 
source of  either CXCL9 or CXCL10 and, instead, demonstrate that myeloid cells are the main source and 
cardiac fibroblast are a secondary source. Myeloid cells that include monocytes and monocyte-derived DCs 
have indeed been reported to be major producers of  CXCL9 and CXCL10 in the inflamed brain (27). Recent 
studies indicate that CCR2+ myeloid cells precede CD4+ T cell infiltration in the heart in response to TAC, 
and their depletion results in impaired CD4+ T cell expansion in the mLNs and subsequent recruitment to the 
heart (40, 41). Our data, in line with these studies, demonstrate that a high percentage of  CCR2+-recruited 
monocytes and macrophages are indeed a source of  CXCL10 and that CCR2+ macrophages also produce 
CXCL9. Moreover, our data identify a significant percentage and absolute number of  CCR2– resident mac-
rophages as major producers of  both CXCL9 and CXCL10. These observations, together with our results 
identifying cardiac fibroblasts as producers of  CXCL10 and, to a lesser extent, CXCL9, are potentially novel, 
as is the finding that endothelial cells, previously identified as producers of  both of  these chemokines in vitro 
and in distinct inflammatory settings in vivo (27), are not responsible for chemokine production in the heart 
in response to cardiac pressure overload. We have previously reported that CD4+IFNγ+ (Th1) cells are major 
drivers of  adverse cardiac remodeling in response to TAC. Moreover, induction of  CXCR3 is intertwined 
with Th1 cell differentiation and controlled by the Th1 cell signature transcription factor T-bet (13, 42). Thus, 
as CXCR3+CD4+ T cells expand in the mLNs and migrate to the heart in response to chemokines CXCL9 
and CXCL10, they can further release IFNγ and, in turn, induce CXCL9 and CXCL10 production by cardiac 
myeloid cells and cardiac fibroblasts to induce subsequent waves of  T cell recruitment in a cycle that con-
tributes to HF progression. Our findings in REX3 mice also indicate that CXCL10 production in the heart 
is higher than CXCL9. While CXCL9 is mainly induced by IFNγ, CXCL10 expression is also dependent on 
type I IFN; thus, it is likely that type I IFN signals yet to be described are induced by TAC and contribute to 
CXCL10 induction and T cell–mediated pathology in pressure overload–induced cardiac dysfunction, simi-
larly to the recently described role for type I IFN signals in cardiac repair after MI (8).

Our in vivo findings demonstrate that the CXCR3+CD4+ T cells expanded in the mLN 1 week after 
TAC coexpress high levels of  total surface LFA-1, compared with CXCR3–CD4+ T cells. Similar find-
ings have been observed in CD4+ T cells in other models of  low-grade inflammation, such as high-fat 
diet–induced metabolic stress (43). However, what induces LFA-1 surface expression on CXCR3+ T cells 
is unknown. One possibility is that continuous chemokine signaling during cardiac pressure overload 
results in transcriptional and/or posttranscriptional regulation of  the 2 components of  LFA-1 (CD11a 
and CD18), as previously reported during monocyte differentiation (44). An alternative possibility is that 
signaling through CXCR3 results in LFA-1 translocation from an intercellular pool to the cell surface, as 
recently described for T cells during antigen presentation (45) and during T cell migration (46). All of  
these mechanisms could be in place to enhance LFA-1 presence at the CD4+ T cell surface and increase 
the chances of  LFA-1 activation when CXCL9 and/or CXCL10 chemokines are encountered by CXCR3, 
resulting in adhesion to intramyocardial ICAM-1 and recruitment into the heart. These possibilities of  
CXCR3 signaling to induce surface LFA-1 warrant future investigation.
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In contrast with the less-understood mechanisms that regulate LFA-1 surface expression, the mech-
anisms of  integrin affinity are better understood, and our mechanistic in vitro studies under shear flow 
conditions support a role for the CXCR3/LFA-1/ICAM-1 adhesion axis that could likely contribute to 
the role of  CXCR3/CXCL9/CXCL10 and ICAM-1/LFA-1 in cardiac pressure overload in vivo. T cells 
require chemokine signaling to induce Rap-1 activation and subsequent inside-out signals that result in 
LFA-1 integrin affinity changes that allow optimal adhesion to ICAM-1 (18, 19, 31, 47, 48), and blockade 
of  LFA-1 has been demonstrated to be protective in TAC (49). Our in vitro data using different triggers of  
integrin activation — such as PMA, which bypasses chemokine receptor signaling, chemokines, and Th1 
cells from WT or Cxcr3–/– mice — support that CXCL9 and CXCL10 signaling through CXCR3 induces 
integrin activation, resulting in adhesion to ICAM-1 (Figure 8). Because LFA-1 is the main T cell ligand 
for endothelial ICAM-1, and because ICAM-1 is induced in the intramyocardial vessels in response to 
TAC and modulates T cell recruitment (3, 49), our current model is that CXCR3+CD4+ T cells are primed 
in the mLNs to traffic to the heart, where CXCL9 and CXCL10 signals may induce ICAM-1–mediated 
adhesion. Our results further indicate that CXCL9 induces more LFA-1–dependent Th1 arrest to ICAM-1 
than CXCL10. Although in vivo TAC induces less CXCL9 than CXCL10, CXCL9 may be more potent in 
inducing CXCR3+ T cell recruitment to the heart.

Our results using Cxcr3–/– TAC mice show a striking lack of  heart CD4+ T cell infiltration associated 
with blunted cardiac fibrosis and preserved cardiac dysfunction, suggesting that CXCR3 regulates CD4+ 
T cell trafficking into the heart and adverse cardiac remodeling in response to TAC. Interestingly, myeloid 
cell recruitment — and, specifically, CCR2+ macrophage recruitment — was not impaired in Cxcr3–/– mice 
in response to TAC, suggesting that myeloid cells may be the source of  Cxcl10 transcripts observed in 
Cxcr3–/– mice 4 weeks after TAC. Because the Cxcl10 transcript levels are decreased as compared with WT 
mice, our data suggest that a T cell signal may be required for full induction of  CXCL10. Whether this sig-
nal comes from direct interactions between Th1 cells with myeloid cells, as we have previously described 
with cardiac fibroblasts (5), or indirectly by cytokine release — likely IFNγ and TNFα, known inducers 
of  both CXCL9 and CXCL10 — requires further investigation. The observed lack of  fibrosis may be 
simply due to the decreased CD4+ T cell infiltration driving cardiac fibroblast transformation, as we have 
previously reported (5); alternatively, it may be due to a delayed recruitment of  CXCR3+ myofibroblasts, 
a process previously described during healing after MI (15). Because we use a global Cxcr3–/– mouse, there 
is a possibility that the protection observed from adverse cardiac remodeling and cardiac dysfunction 
may imply CXCR3 in cells other than Th1 cells, such as cardiac fibroblasts, endothelial cells, or myeloid 
cells. Nevertheless, given the critical role Th1 cells play in cardiac fibrosis, our results support that lack of  
CD4+ T cell CXCR3 is a major contributor to the observed protection. Our results indicate that cardiac 
pressure overload induces CD4+ T cell activation in Cxcr3–/– mice, determined by the number of  CD62L-
loCD44hiCD4+ T cells. This observation somewhat differs from the impaired T cell activation and Th1 
differentiation described in the LNs of  Cxcr3–/– mice induced by exogenous peptide immunization and 
viral infection in response to stromal CXCL9 and hematopoietic CXCL10 (13). Although individual cell 
production of  IFNγ and TNFα by mLN CD4+ T cells was not determined in these in vivo studies, in vitro 
differentiation of  Cxcr3–/– Th1 cells was not impaired (Supplemental Figure 2). We interpret these data to 
suggest that CXCR3 regulation of  effector CD62LloCD44hiCD4+ T cell activation may be specific to the 
antigens triggering the response in the LNs, which are so far unknown in the context or cardiac pressure 
overload; this is an area of  ongoing investigation. In line with our results, CXCR3 has been shown to 
regulate T cell recruitment to adipose tissue during inflammation, independently of  Treg activation in the 
periphery, although — in this case — the draining LNs were not directly evaluated (50).

In summary, our data demonstrate a role for CXCR3 and its ligands CXCL9 and CXCL10 in mediating 
CD4+ T cell cardiotropism in cardiac pressure overload–induced HF. These results suggest the attractive pos-
sibility of  potentially targeting CXCR3 therapeutically, a possibility that has been successful in experimen-
tal models of  Th1-mediated pathologies such as arthritis, encephalomyelitis, and cardiac allograft rejection 
using a small molecule CXCR3 antagonist (51). Our results, together with the growing body of  literature 
supporting distinct inflammatory and profibrotic responses in different etiologies of  HF, enhance our global 
understanding of  cardiac inflammation and its impact in adverse cardiac remodeling and cardiac function. 
Our results highlight the importance of  targeting specific pathways for T cell cardiotropism in a manner that 
takes into account the initial trigger of  cardiac inflammation leading to HF, as opposed to a global antiin-
flammatory approach common to all etiologies, to achieve therapeutic immunomodulation in HF.
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Methods
Human subjects. Venous blood samples were obtained from human subjects with AHA Class A–C nonisch-
emic HF referred for cardiac catheterization as part of  their evaluation for heart disease (n = 20). Viable LV 
free wall tissue from control subjects (n = 3) was obtained from the National Disease Research Interchange 
(NDRI), and from end-stage HF subjects after LV Assist Device (LVAD) support (n = 3).

Mice. Mice were bred and maintained under pathogen-free conditions at Tufts University animal facil-
ities. C57BL/6 WT, Cxcr3–/– (B6.129P2-Cxcr3tm1Dgen/J, the Jackson Laboratory), and REX3 mice 
(provided by A. Luster, Massachusetts General Hospital) were euthanized at 10–14 weeks of  age 
for tissue collection.

Mouse model of  TAC. Pressure overload was induced by constricting the transverse aorta of  8- to 
10-week-old male mice to induce HF, as previously described (52). Sham-operated mice underwent the 
same procedure but without aortic ligation. One, 2, and 4 weeks after surgery, mice were euthanized and 
tissue was harvested for further analysis, as described (3).

qPCR of  LV samples. Total RNA was extracted from mouse heart LV tissues directly using Trizol (Invi-
trogen). RNA was then reverse transcribed to cDNA following Applied Biosystems’ protocol using MuLV 
Reverse Transcriptase and amplified by real-time PCR with SYBR green PCR mix (Applied Biosystems). 
Samples were quantified in triplicate using 40 cycles performed at 94°C for 30 seconds, 60°C for 45 seconds, 
and 72°C for 45 seconds using an ABI Prism 7900 Sequence Detection System. Primer sequences: Tnfa 
forward, 5′ - GCA CAG AAA GCA TGA CCC G - 3′, and reverse, 5′ - GCC CCC CAT CTT TTG GG - 3′; 
Ifng forward, 5′ - AAC GCT ACA CAC TGC ATC TTG G - 3′, and reverse, 5′ - GCC GTG GCA GTA 
ACA GCC - 3′; cxcl9 forward, 5′ - CTT GAG CCT AGT CGT GAT AAC - 3′, and reverse, 5′ - CCA GCT 
TGG TGA GGT CTA TC - 3′; cxcl10 forward, 5′ - ATG ACG GGC CAG TGA GAA TG - 3′, and reverse, 
5′ - ATT CTT TTT CAT CGT GGC AAT GA - 3′; and gapdh forward, 5′ - ACC ACA GTC CAT GCC ATC 
AC - 3′, and reverse 5′ - TCC ACC ACC CTG TTG CTG TA - 3′.

Quantitative flow cytometry. Flow cytometry was performed to analyze the immune profile present in 
response to TAC. The data was acquired on a LSRII (39) and analyzed using FlowJo software. LV digests 
by collagenase type II (0.895 mg/ml) digestion and lymphoid organs were harvested from Sham and TAC 
mice and stained with the following monoclonal antibodies (mAbs): FITC-conjugated anti-CD4 (clone 
GK1.5), APC-Cy7–conjugated anti-CD4 (clone GK1.5), PE- and APC-conjugated anti-CD4 (clone RM4-
5), FITC-conjugated anti-CD3e (clone 145-2C11), PE-conjugated anti-CD45.2 (clone 104), APC-conjugat-
ed anti-CXCR3 (clone CXCR3-173), FITC-conjugated anti-CD11a (clone 2D7), PE-conjugated anti-IFNγ 
(clone XMG1.2), FITC-conjugated anti-CD31 (clone MEC13.3), APC-Cy7– and PerCP-conjugated anti-
CD11b (clone M1/70), PerCP-Cy5.5–conjugated anti-Ly6G (clone IA8), APC-conjugated anti-MerTK 
(clone 2B10C42), FITC-conjugated anti-CCR2 (clone SA203G11), APC-conjugated anti-CD44 (clone 
IM7), and PE-conjugated anti-CD62L (clone MEL-14). All antibodies were purchased from BioLegend. 
APC-conjugated anti-Feeder Cells (clone mEF-SK4) was purchased from Miltenyi Biotec. Cells were sur-
face stained by incubation with the relevant antibodies diluted in PBS + 2% FBS for 20 minutes at room 
temperature, followed by 2 washes with PBS 2% FBS. When intracellular staining of  signature cytokines 
was performed, cell suspensions were initially incubated for 3–5 hours at 37°C with RPMI T cell media 
containing 0.1% ionomycin (MilliporeSigma, I0634), 0.1% brefeldin A (BioLegend, 420601), 0.1% mon-
ensin (BioLegend, 420701), and 50 ng/ml of  PMA (MilliporeSigma, P8139). After the incubation, surface 
staining was performed as indicated above, followed by cell fixation for 20 minutes at room temperature 
in light-protected storage with Fixation buffer (BD Biosciences, 554655). Upon fixation and being washed 
with PBS 2% FBS, cell suspension was permeabilized with 1× wash/permeabilization buffer (BD Biosci-
ences, 554723; diluted in distilled water) and intracellular stained for 20 minutes at room temperature in 
light-protected storage. Absolute cell numbers were quantified using Precision Count Beads (BioLegend).

Histology. Human LV tissues were fixed in 10% formalin, embedded in paraffin, and cut into 5-μm 
sections. IHC with primary antibody against human CXCR3 (LSBio, catalog LS-B10183) was performed 
for 1 hour (1:100 dilution) followed by incubation with biotinylated goat anti-rabbit secondary antibody 
(Jackson ImmunoResearch, catalog 111-065-003). Immunofluorescence was performed using anti-CX-
CR3 (LSBio) (1:100 dilution) and anti-CD3 (Agilent Dako, clone F7.2.38) (1:50 dilution) overnight at 
4°C, followed by incubation with Alexa Flour 488–conjugated anti-rabbit (Invitrogen, catalog A-11008) 
and Alexa Flour 568–conjugated anti-mouse secondary antibodies (Abcam, catalog ab175473). Picro-
sirius red staining was performed as previously described (4). IHC was performed in mouse LV frozen 
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sections with primary antibody against murine CD4 (BioLegend, clone GK1.5) for 1 hour (1:500 dilu-
tion), followed by incubation with secondary antibody goat anti-rat (Jackson ImmunoResearch, catalog 
112-065-062), biotinylated as described (3, 4). For REX3 reporter fluorescence, lightly fixed LV frozen 
sections were analyzed for immunofluorescence using anti-CD45 (BioLegend, clone 30-F11) and anti-
CD31 (BioLegend, clone MEC13.3) for 1 hour (1:500 dilution), followed by incubation with Alexa 
Flour 488–conjugated anti-rat secondary antibody (Invitrogen, catalog A-21208). FITC-conjugated 
WGA (Milipore Sigma, catalog L4895) was used at 5 μg/ml. Cardiomyocyte cross-sectional area was 
quantified by tracing the outline of  at least 25 myocytes per section with NIS-Elements software (4). 
Quantification of  percent fibrotic area was performed using NIH ImageJ software. All analyses were 
performed blindly.

Preparation of  effector T cells. CD4+ cells were isolated from spleen cell suspensions of WT or Cxcr3–/– mice by 
positive selection with magnetic beads (Miltenyi Biotec). Naive CD4+ T cells were differentiated into Th1 cells 
by stimulation with anti-CD3 (BioLegend, clone 17A2) (5 μg/ml) and anti-CD28 (BioLegend, clone 37.51) (1 
μg/ml) in the presence of IL-12 (0.01 μg/ml), IL-2 (25U/mL), and anti–IL-4 (BioLegend, clone 11B11) (0.5 μg/
ml). On day 3 of stimulation, Th1 cultures were split 1:1 with fresh medium containing IL-2 (25 U/ml). Differ-
entiated T cells were harvested on day 4 and immediately used for experiments. Both WT and Cxcr3–/– Th1 cells 
were equivalently generated in vitro as determined by IFNγ production upon PMA/ionomycin stimulation, and 
they expressed similar levels of total surface LFA-1 (Supplemental Figure 2).

Measurement of  interactions of  effector T cells with ICAM-1 under defined flow conditions in vitro. Th1 or Th17 
cell interactions with immobilized ICAM-1 were observed by videomicroscopy (×20 objective) under 
defined laminar flow conditions in a parallel plate apparatus using Nikon NIS-Elements software. Interac-
tions of  T cells with immobilized ICAM-1 (8 μg) were measured in 6 different fields of  view after the initial 
minute of  each flow rate (shear 1 dyne/cm2). Where indicated, T cells were stimulated with either PMA (50 
ng/ml), CXCL9 (100 ng/ml), or CXCL10 (100 ng/ml) for 5 minutes at 37°C before T cells were perfused in 
the flow chamber. For LFA-1 blocking, T cells were incubated for 30 minutes with 40 μg/ml αLFA-1 (Bio-
Legend, clone M17/4) at 37°C, prior to the chemokine stimulation. When the immobilized ICAM-1 was 
incubated with the chemokines, CXCL9 or CXCL10 (2 μg/ml) were added on the coverslip for 15 minutes 
at 37°C, before the coverslip containing the immobilized protein was placed in the parallel plate apparatus.

In vivo echocardiography. In vivo transthoracic echocardiography was assessed in lightly sedated mice, as 
described (53). M-mode and 2-dimensional images were obtained from the short-axis view (54). All analy-
ses were performed blindly.

Hemodynamics. A pressure volume transducer catheter was introduced into the LV through the carotid 
artery of  anesthetized mice and used to assess LV function, as previously described (53). Absolute volume 
was calibrated by the saline injection parallel conductance method, and data were evaluated at steady state 
(53). Data were digitized and analyzed using custom software (EMKA version 2.1.10).

Statistics. Data were analyzed using GraphPad Prism software and presented as the mean ± SEM. 
Statistical analyses were done by Mann-Whitney nonparametric unpaired, 2-tailed U test when comparing 
2 groups. Multiple group comparisons were performed by 1-way ANOVA with Bonferroni post hoc test 
where indicated. Differences were considered statistically significant at *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

Study approval. All animal studies were approved by the Tufts University IACUC. Human studies were 
approved by Tufts University IRB, and all subjects gave written informed consent for participation. Mice were 
bred and maintained under pathogen-free conditions at Tufts University animal facilities and were treated in 
compliance with the Guide for the Care and Use of  Laboratory Animals (National Academies Press, 2011).
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