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Abstract  Septic cardiomyopathy (SCM) is a com-
mon complication caused by sepsis. T cells differen-
tiation is involved in SCM progression. However, the 
role and underlying mechanisms of T cells-mediated 
immunity in SCM remain unclear. This study aimed 
to investigate the role of STING-mediated T cells 
differentiation in SCM. Cecal ligation and puncture 
(CLP) surgery was conducted in mice to establish 
SCM model. The mice were injected intraperitoneally 
with STING agonist ADU-S100 and C-176 after 
modeling. Wild type (WT) mice and CD4-STING-/- 
mice were employed. Besides, overexpressing vec-
tors of ELF4 (oe-ELF4), short hairpin RNA targeting 

ELF4 (sh-ELF4) were transfected into 293T cells. 
STING signaling was found to be activated in sep-
sis-induced myocardial immune injury in mice. The 
administration of ADU-S100 exacerbated myocar-
dial injury and inflammation, while C-176 alleviated 
these effects. Additionally, STING activation influ-
enced T cells differentiation, with an increase in Th1 
and Th17 cells and a decrease in Treg cells. Condi-
tional knockout of STING in CD4+ T cells reduced 
Th1 and Th17 populations and improved myocardial 
function and histology. Furthermore, ELF4 was found 
to inhibit STING activation, reducing T cells differ-
entiation into pro-inflammatory subsets. Overexpres-
sion of ELF4 in CD4+ T cells ameliorated myocardial 
damage and improved cardiac function in CLP mice, 
suggesting that the ELF4-STING signaling axis plays 
a protective role in sepsis-induced myocardial injury 
by regulating T cells differentiation.

Highlights  1. Activation of STING signaling path-
way exacerbated sepsis-induced myocardial injury in 
mice.
2. STING signaling enhanced pro-inflammatory T 
cells differentiation and contribute to sepsis-induced 
myocardial damage in mice.
3. ELF4 directly interacted with STING and nega-
tively regulated its activation.
4. Overexpression of ELF4 ameliorated myocar-
dial injury by regulating STING  mediated T cells 
differentiation.
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Abbreviations 
SCM	� Septic cardiomyopathy
TBK1	� TANK-binding kinase 1
IRF3	� Interferon regulatory factor 3
IFN-I	� I interferons
ETS	� E26 transformation specific
ELF4	� E74-like factor 4
MFF	� Myeloid elf-1-like factor
CLP	� Cecal ligation and puncture
LVEF	� Left ventricular ejection fraction
LVFS	� Left ventricular fractional shortening
LVESD	� Left ventricular end-systolic dimension
HE	� Hematoxylin-eosin
FBS	� Fetal bovine serum
Co-IP	� Co-immunoprecipitation
ELISA	� Enzyme-linked immunosorbent assay
IL- 6	� Interleukin-6
TNF-α	� Tumor necrosis factor-α
CCK- 8	� Cell counting kit 8

Introduction

Sepsis is a critical life-threatening syndrome induced 
by trauma and infection, recently redefined as organ 
dysfunction caused by a dysregulated host response to 
infection (Chen et  al. 2023; Gu et  al. 2020). Statis-
tical data indicated 48.9 million new cases of sepsis 
worldwide in 2017, with approximately 11 million 
patients succumbing to sepsis, and suggested that the 
global burden of sepsis will escalate due to an ageing 
population (Rudd et  al. 2020). Myocardial injury is 
one of the most common complications of sepsis, and 
the mortality rate of patients is as high as 30–70%, 
which is 2–3 times higher than that of patients with 
non-heart-related sepsis (Kuroshima et  al. 2024). 
However, the pathogenesis of sepsis-induced myocar-
dial injury, commonly referred to as septic cardiomy-
opathy (SCM), is complex and not fully understood. 
T lymphocytes, as key components of the immune 
response, play a vital role in fighting infections 
(Niu et  al. 2018). Moreover, the differential activa-
tion and differentiation of T cells are recognized as 
crucial factors in the progression of sepsis (Heidar-
ian et  al. 2023; Chaturvedi et  al. 2021). Therefore, 

investigating the functions and activation mecha-
nisms of T cells holds great promise for uncovering 
the underlying mechanisms of SCM and potentially 
improving the immune function of SCM patients.

Stimulator of interferon gene (STING), also known 
as MYPS, MITA, or ERIS, is a 379 amino acid pro-
tein localized predominantly in the endoplasmic 
reticulum in various human immune cells such as 
macrophages, T lymphocytes, dendritic cells, and 
endothelial cells (Chen et  al. 2022a). Under physi-
ological conditions, STING exists in a self-inhibited 
dimeric state that can be activated upon pathogen 
invasion or cellular damage, resulting in its translo-
cation to Golgi endoplasmic reticulum interface to 
mediate the activation of TANK-binding kinase 1 
(TBK1) and interferon regulatory factor 3 (IRF3), 
thereby triggering the transcription of type I interfer-
ons (IFN-I) and inflammatory cytokines (Oser et  al. 
2019). Research has shown that activation of the 
STING-IRF3 signaling cascade exacerbated LPS-
induced stimulation of the NLRP3 pathway, thereby 
contributing to cardiac dysfunction, apoptosis, and 
pyroptosis (Li et al. 2019). Suppression of the cGAS-
STING axis has been shown to significantly mitigate 
LPS-induced cardiac dysfunction, inflammation, and 
apoptosis (Liu et al. 2023). Additionally, STING has 
been implicated in exacerbating endotoxin-induced 
CD4+ T cells parthanatos by stimulating PARP- 1 
activity during acute systemic inflammation (Luan 
et  al. 2022; Long, et  al. 2020). Moreover, studies in 
cancer and inflammatory diseases have linked STING 
pathway activation to the modulation of various T 
cells subsets (Jneid, et al. 2023; Imanishi et al. 2014). 
In light of these evidences, the precise role of STING 
in regulating myocardial injury during sepsis war-
rants further investigation.

The E26 transformation specific (ETS) tran-
scription factor family comprises 29 members, each 
characterized by a conserved DNA-binding domain 
(5’-GGAA) that allows ETS recognition of core con-
sensus sequences (Tyler et al. 2021). E74-like factor 
4 (ELF4), a member of ETS transcription factor fam-
ily, was reported to be a pivotal regulator in human 
autoinflammatory diseases through affecting several 
aspects of the immune response including NK cells 
development, CD8+ T cells proliferation and Th17 
cells differentiation (Tyler et al. 2021). Cao et al. also 
showed that ELF4 inhibited inflammatory Th17 cells 
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activity by promoting IL1RN transcription, thereby 
inducing macrophage M2 polarization and alleviat-
ing inflammatory bowel disease (Cao et  al. 2023). 
Significantly, You et al. revealed that ELF4 served as 
a IFN-I transcription factor, instrumental in modulat-
ing IFN-I response and antiviral defense (You et  al. 
2013), underscoring the critical role of ELF4 in 
orchestrating the body’s immune response. Despite 
these insights, the involvement of ELF4-mediated 
immune regulation in the pathogenesis of sepsis and 
related complications remains an open question that 
warrants further investigation.

Previous research has demonstrated that ELF4 
direct interacted with the STING protein to drive 
interferon synthesis (You et  al. 2013). Consist-
ently, computational predictions from GeneMANIA 
suggested a potential interaction network between 
ELF4  and STING. In the present study, we pro-
vide novel evidence that ELF4 directly interacted 
with STING protein to block the phosphorylation of 
TBK1, which in turn ameliorated sepsis-induced car-
diac dysfunction and myocardial injury by modulating 
T cells differentiation. These groundbreaking findings 
elucidated for the first time the molecular mechanism 
underlying ELF4/STING-mediated T cells immune 
dysregulation in SCM, paving the way for the devel-
opment of innovative therapeutic and preventive strat-
egies against this debilitating condition.

Materials and methods

Animals

8-week-old male C57BL/6, CD4-Cre and STING-
flox mice were purchased from the Shanghai Model 
Organisms Center (Shanghai, China). In addition, 
fifteen CD4-Cre  STING-flox (CD4-STING-/-) mice 
strains were generated by crossing STING-flox and 
CD4-Cre mice, and littermates as control (WT). 
All mice were housed according to internation-
ally accepted standards, with four animals per cage, 
under constant ambient temperatures of 22 ± 0.5 °C 
and strict adherence to a 12-h light/12-h dark photo-
period schedule to maintain their circadian rhythms. 
Adequate food and water were provided ad  libi-
tum. All experimental procedures were granted 
formal approval by Institutional Animal Care and 
Use Committee (IACUC) of The Second Xiangya 

Hospital, Central South University (No. 2021229). 
The reporting of experimental results strictly adhered 
to the ARRIVE guidelines to ensure transparency 
and reproducibility of the study. Investigators were 
blind to animal treatments, no adverse effects were 
observed during these studies, and all animals were 
included in statistical analyses.

Constructive of sepsis mouse model

According to experimental design, the groups 
were as follows: Sham, CLP + WT, CLP + CD4-
STING.  C57BL/6 mice were randomly divided into 
two groups including sham and CLP. In addition, 
C57BL/6 mice, WT mice and CD4-STING-/- mice 
were subjected to cecal ligation and puncture (CLP) 
surgery. There were 15 mice in each group. As pre-
viously described (Imbaby and Hattori 2023), mice 
were anesthetized via inhalation of 3–4% isoflurane 
administered via a mid-abdominal incision. Ibuprofen 
(250 μg/mL in drinking water) was used for pre- and 
post-operative analgesia. Mobilization, ligation, and 
double puncture of the cecum were accomplished 
using a 21-gauge needle, followed by gentle extru-
sion of a small amount of fecal content. Subsequently, 
the cecum was repositioned and sutured back into 
the abdomen. Mice in sham group underwent identi-
cal surgical techniques, except that the cecum was 
exposed but neither ligated nor punctured. Immedi-
ately following surgery, all mice received a subcutane-
ous injection of 0.5 mL of sterile saline solution. To 
activate or block STING signaling in C57BL/6 mice, 
mice were injected intraperitoneally with 50 μg/g 
ADU-S100 (MedChemExpress, Monmouth Junction, 
NJ, USA) or 30 μg/g C176 (MedChemExpress) at 1 h 
and 12 h after CLP operation (Berger et al. 2022; Wu 
et  al. 2022). Post-operation for 24 h, coronary blood 
and heart tissue samples were collected for further 
analysis. All mice were euthanasia by administrating 
with excessive phenobarbital sodium (Sigma-Aldrich, 
St. Louis, MO, USA). Two dead mice were excluded, 
and five mice in each group were selected for subse-
quent analysis.

Echocardiography

Before euthanizing the mice, cardiac function was 
assessed in the mice using low-frequency imag-
ing transducers for transthoracic echocardiography 
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(VEVO 2100, Visual Sonics). In short, mice were 
anesthetized with 2% isoflurane, and a sequence of 
M-mode images were obtained at the level of the 
papillary muscles. Transthoracic echocardiography 
was used to measure left ventricular ejection fraction 
(LVEF), left ventricular fractional shortening (LVFS), 
and left ventricular end-systolic dimension (LVESD).

Histopathological staining

Fresh heart tissues were ere fixed with 4% paraform-
aldehyde for overnight, and embedded in paraffin, and 
5 µm-thick sections were then cut perpendicularly. 
Hematoxylin–eosin (HE) staining was performed 
using a hematoxylin–eosin staining kit (Beyotime, 
Shanghai, China), with sections stained for 5  min 
with hematoxylin and 1 min with eosin, both at room 
temperature. Masson staining was also performed 
by utilizing a Masson staining kit (Solarbio, Beijing, 
China) in line with manufacturer’s instructions. All 
experimental slides were viewed using a BX43 opti-
cal microscope (Olympus, Tokyo, Japan).

Flow cytometry

At 24 h post-CLP, coronary blood samples were 
obtained from the mice in each group by cardiac 
puncture. Then, the measurement of T cells number 
and differentiation were performed by flow cytometry 
according to a previous study (Chen et al. 2023).

Briefly, we obtained hearts peripheral blood mono-
nuclear cells (PBMCs) using Ficoll density gradient 
centrifugation within 6  h of blood collection. Then, 
these isolated PBMCs were then cryopreserved 
for later testing and analysis. An BD FACSAria™ 
Fusion (BD Biosciences, San Jose, CA, USA) was 
used to sorted CD4+ T cells and CD8+ T cells. To 
obtain the proportion of CD4+, CD8+, B cells and 
non-lymphocyte, PBMCs washed with fluorescence-
activated cell sorting (FACS) buffer and then stained 
for 30 min at room temperature in the dark with 
fluorescent-labeled anti-mouse monoclonal antibod-
ies: CD3-PE (ab22268, Abcam, Cambridge, MA, 
USA), CD4-FITC (ab269349, Abcam), CD8-FITC 
(ab237367, Abcam) or their respective isotype con-
trols. Fluorescence was evaluated by flow cytometry. 
Besides, to achieve the proportion of Th1, Th17, and 
Treg cells in CD4+ T cells, flow cytometry was used. 
Firstly, the isolated CD3+CD4+ T cells were further 

stained with IFN-γ-APC (ab210390, Abcam), a Th1 
marker, to label Th1 cells for 30 min. The isolated 
CD3+CD4+ T cells were further stained with IL- 
17-FITC (ab210240, Abcam, Th17 marker), a Th17 
marker, to label Th17 cells for 30 min. The isolated 
CD3+CD4+ T cells were further stained with FOXP3-
FITC (ab210230, Abcam), a Treg marker, to label 
Treg cells for 30 min. Isotype control antibodies and 
fluorescence minus one (FMO) control were used as 
controls in experiments. A BD FACSCelesta™ flow 
cytometer (BD Biosciences, San Jose, CA, USA) was 
used to detect the proportion of those cells. All data 
were analyzed with FlowJo software (Tree Star, Ash-
land, OR 97520, USA).

Cell culture, cell transfection treatment and adoptive 
transfer

The spleen of normal C57BL/6 mice (8 weeks old) 
was quickly cut and ground into single cell suspen-
sion. The single cell suspension was then resuspended 
by using a 70 μm cell filter. Untouched CD4+ T cells 
were magnetically isolated using EasySep™ Mouse 
CD4+ T Cells Isolation Kit (#19852, STEMCELL 
Technologies, Grenoble, France) Purity of the isolate 
CD4+ cells constantly exceeded 95%. Naïve primary 
mouse CD4+ T cells were cultured in RPMI 1640 
medium containing 10% T-cell culture supplement 
with Con A (T-STIM with Con A, BD Biosciences) 
and 10% FBS.

For cell transfection, the lentivirus, the lentivirus-
packed overexpressing vectors of ELF4 (oe-ELF4), 
empty vector (oe-NC), short hairpin RNA target-
ing ELF4 (sh-ELF4) and sh-NC were obtained from 
GenePharma company (Shanghai, China). The above 
lentivirus particles (10 μL, 107 TU/mL) were infected 
into 293T  cells, and the transfection efficiency was 
detected after transfection for 48 h. The control group 
was transfected with empty virus vector.

T cells were labeled with 5 µM CFSE(Invitrogen) 
and injected intravenously into C57BL/6 mice (104 
cells/mouse) (Lee et al. 2020).

Real‑time quantitative PCR (RT‑qPCR)

Total RNA was extracted using Trizol reagent (Inv-
itrogen, USA), and the collected RNA was reverse 
transcribed into cDNA using a Prime-ScriptTM one 
step RT-qPCR kit (Takara Bio, China). RT-PCR was 
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performed using a PrimeScript RT reagent Kit on an 
ABI7900 Real-Time PCR System (Applied Biosys-
tems, USA). The relative expressions of genes were 
normalized to GAPDH, and the relative quantitative 
analysis was conducted using 2–ΔΔCT method. Prim-
ers sequences used were as follows: STING forward 
5′-GGC​GTC​TGT​ATC​CTG​GAG​TA- 3′, reverse 
5′-TAG​ACA​ATG​AGG​CGG​CAG​TTAT- 3′; GAPDH 
forward 5′- AGG​TCG​GTG​TGA​ACG​GAT​TTG- 3′, 
reverse 5′- GGG​GTC​GTT​GAT​GGC​AAC​A- 3′;

Western blot

The proteins were obtained from heart tissues and 
CD4+ T cells by using RIPA buffer (Beyotime) con-
taining protease inhibitors and the concentration was 
subsequently evaluated by a BCA kit (Beyotime). 
An equal amount of protein (20 μg) was loaded 
onto a 12% polyacrylamide gel for SDS-PAGE, 
and subsequently transferred to a PVDF membrane 
(Millipore, Billerica, MA, USA). The PVDF mem-
brane was then blocked with 5% non-fat milk and 
incubated with primary antibodies against ELF4 
(ab96075, Abcam), STING (ab288157, Abcam), 
p-TBK1 (PA5 - 105,919, Invitrogen), TBK1 (PA5 
- 17,478, Invitrogen), and β-actin (ab8226, Abcam) 
overnight. Following this, the membrane was incu-
bated with a secondary antibody for an additional 
60 min. Protein bands were visualized using an 
ECL detection kit (Bio-Rad, Munich, Germany) and 
the band intensities were quantified using ImageJ 
software.

Co‑immunoprecipitation (Co‑IP)

The protein interplay between ELF4 and STING was 
measured using Co-IP assay via an immunoprecipita-
tion kit (Sangon Biotech, Shanghai, Chian). Briefly, 
293T cells were lysed, and the cell lysates were incu-
bated with magnetic bead-conjugated antibodies tar-
geting ELF4 (#ELF4-BIOTIN, Fabgennix, Frisco, 
TX, USA), STING (ab288157, Abcam), TBK1 
(ab109735, Abcam), IRF3 (ab76409, Abcam) or 
IgG (ab6789, Abcam) for a duration of 12 h at 4 °C. 
Subsequently, the beads were retrieved, thoroughly 
washed, and the immunoprecipitated proteins were 
denatured in SDS loading buffer before being sub-
jected to western blot analysis for further examination 
of the target proteins.

Enzyme‑linked immunosorbent assay (ELISA)

The levels of cytokines including Interleukin- 6 (IL-
6), Interleukin-12 (IL-12), Interleukin-10 (IL- 10), 
Interleukin-1β (IL-1β) and Tumor necrosis factor-α 
(TNF-α) in heart tissues and coronary blood from mice 
were evaluated by ELISA. In short, heart tissues were 
obtained from mice and then were homogenized and 
centrifuged to obtain supernatant and cardiomyocytes 
were centrifuged to obtain supernatant. Blood samples 
were centrifuged to obtain serum. According to cor-
responding experimental procedure of manufacture’s 
protocol, the levels of cytokines factors were detected 
by means of ELISA kits (Beyotime). The final optical 
density (OD) value was recorded by microplate reader 
(Thermo Fisher Scientific, Waltham, MA, USA), 
and the concentrations of cytokines were calculated 
according to the corresponding standard curve.

Statistical analysis

All animal experiments were independently replicated 
five times, whereas cellular assays were repeated 
a minimum of thrice. Data analyses were executed 
using GraphPad Prism version 8.0. Results were pre-
sented as mean ± standard deviation (Mean ± SD). 
Prior to statistical testing, normality and homogeneity 
of variance were confirmed by Kolmogorov–Smirnov 
test. In this study, one-way ANOVA followed by Tuk-
ey’s post hoc test was used for multiple group com-
parisons. Statistical significance was set at p < 0.05.

Result

CLP mice exhibit augmented STING activation in 
SCM

To investigated the role of STING signaling path-
way in SCM, we conducted CLP to mimic SCM as 
described before (Long, et al. 2020). Echocardiogra-
phy showed reduced LVEF and LVFS but enhanced 
LVESD in CLP group compared to sham group 
as reported in many studies (Fig.  1A, Table  1). In 
addition, histological staining also revealed severe 
myocardial damage, including massive cell necro-
sis and obvious inflammatory infiltration in CLP 
myocardial (Fig. 1B). Subsequently, the expression 
of STING and its related pathways proteins TBK1, 
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p-TBK1, IRF3 and p-IRF3 in myocardial tissues and 
coronary blood were detected using Western blot 
analysis. Compared with the sham group, STING/
TBK1/IRF3 pathways were significantly activated 
in CLP group mice both in myocardial tissue and 
coronary blood (Fig.  1C-D). In line with this, RT-
qPCR results showed significantly increased expres-
sion of IFN-α, IFN-β and ISG15 in myocardial 
tissues and coronary blood of CLP group mice com-
pared to the sham group (Fig.  1E). These results 
indicating the critical role of STING in SCM.

Fig. 1   CLP mice exhibit augmented STING activation in 
SCM. C57BL/6 mice was subjected to CLP surgery to conduct 
a septic mouse model. A. Echocardiography was used to evalu-
ate cardiac function parameters (LVEF, LVFS, LVESD). B. 
Representative images stained by HE for assessing the patho-

logic changes. C-D. Western blot analysis evaluated the protein 
levels of STING, p-STING, TBK1, p-TBK1, IRF3 and p-IRF3. 
E. RT-qPCR analysis determined the mRNA levels of IFN-α, 
IFN-β and ISG15. Data was shown as mean ± SD. N = 5. **p 
< 0.01, ***p < 0.001

Table 1   Echocardiographic properties feature of Fig. 1 experi-
mental mice

Sham CLP

Heart rate (bpm) 465 ± 5.70 475.2 ± 5.93
LV EF (%) 70 ± 7.52 51.40 ± 7.73
LV FS (%) 56.4 ± 9.24 36 ± 7.58
LV ESD (mm) 1 ± 0.34 2.74 ± 0.45
Calculated LV mass (mg) 92.5 ± 1.99 88.18 ± 5.56
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Activation of STING aggravated sepsis‑induced 
myocardial damage

To investigate whether STING signaling is involved in 
SCM, the agonist (ADU-S100) or antagonist (C-176) 
of STING was administered to activate or inhibit 
STING signaling in CLP mice (Fig. 2A). Echocardi-
ography and H&E results showed ADU-S100 treat-
ment significantly exacerbated damage of heart in 
CLP mice. However, C-176 treatment rescued these 
influences of CLP surgery (Fig. 2B, C, Table 2). Con-
sistently, it was observed that the pro-inflammatory 
cytokines in myocardial tissues and coronary blood 
from CLP group mice including IL-6, IL-12, IL-1β 
and TNF-α were dramatically enhanced and anti-
inflammatory factor IL-10 was inhibited compared 
to the sham group, and these changes were strength-
ened after ADU-S100 treatment, but ameliorated by 
C-176 treatment (Fig. 2D). In summary, activation of 
STING is responsible for myocardial damage, dysreg-
ulation of cardiac function and inflammation in SCM.

STING activation promoted T cells enrichment in 
SCM

To clarify what immunocyte subset is responsible 
for STING-regulated SCM, T cells, B cells and non-
lymphocyte were sorted by flow from coronary blood 
samples by cardiac puncture, then the expression and 
activation of STING signaling were detected. West-
ern blot suggests much higher activation of STING 
in T cells than other subsets, indicating T cells was 
involved in STING-regulated SCM (Fig.  3A). Fur-
ther, flow results showed increased T cells frequency, 
interestingly no significantly change was observed in 
B cells or non-lymphocyte (Fig. 3B). T cells subsets, 
especially Th1/17 and Treg have been involved in 
SCM in several studies, so we detected the frequency 
of these T cells subsets (Fig.  3C). To figure out the 
role of STING in T cells distribution, we utilized 
ADU-S100 or C-176 to agonist or antagonist STING 
in CLP mice and T cells subsets in coronary blood 
were detected by flow. As depicted in Fig. 3D, CLP 
mice displayed remarkable increasement of CD4+ T 
and CD8+ T cells, which was promoted by ADU-
S100 treatment but reversed by C-176 intervention 
(Fig. 3D). Similarly, the increased populations of Th1 
and Th17 were reinforced by ADU-S100 treatment, 
but abolished by C-176 administration, indicating 

STING may regulate SCM by T cells differentiation 
(Fig.  3E). In conclusion, the activation of STING 
activation facilitated T cells enrichment in SCM.

STING promoted T cells differentiating into Th1/17

To delve deeper into the role of STING in T-cells 
differentiation in SCM, CD4+ T cells-specific 
STING conditional knockout (CD4-STING−/−) mice 
were subjected to CLP surgery, and STINGf/f lit-
termatesas control (WT). In relative to WT group, 
CD4-STING−/− mice showed reduced expres-
sion of STING in CD4+ T cells, but no change 
in CD8+ T cells (Fig.  4A). Additionally, CD4-
STING−/− mice exhibit reduced Th1 and Th17 fre-
quency and increased Treg frequency in coronary 
blood under CLP surgery (Fig.  4B). Likewise, the 
elevated frequency of Th1 and Th17 cells and the 
reduced Treg cells ratio in spleen also were reversed 
in CD4-STING−/− mice (Fig.  4C), this universal 
change suggests that STING may regulate Th1/17 fre-
quency through T cells differentiation. To verify this 
suspicion, we isolated Naïve  CD4+ T cells  from WT 
or CD4-STING−/− mice for T cells differentiation test 
under indicating cytokine panel. STING−/− CD4+ T 
cells  displayed extremely lower ability differentiat-
ing into Th1/17 but augmented Treg differentiation 
(Fig.  4D). In addition, the elevated levels of IL-6, 
IL-1β, IL-12 and TNF-α and reduced IL-10 level in 
heart tissues were rescued by STING knockout in 
CD4+ T cells (Fig.  4E). Simultaneously, H&E stain-
ing showed reduced inflammatory infiltration in myo-
cardial tissues, elevated LVEF/LVFS and decreased 
LVESD upon CLP surgery in CD4-STING−/− mice 
(Fig. 4F, G, Table 3). To sum up, STING deficiency 
in CD4+ T cells may ameliorate SCM via regulating 
T cells differentiation.

ELK4 interacted with STING to inhibit the activation 
of STING in CD4+ T cells

Here, through searching GeneMANIA database, 
we predicted that ELF4 potentially interacts with 
STING. Then, we proceeded to experimentally verify 
the putative binding interaction between ELF4 and 
STING. As shown in Fig.  5A, Co-IP experiments 
exhibited significant interaction between ELF4 and 
STING in 293T cells, and further data suggests this 
interaction was in a concentration-dependent manner 
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(Fig. 5B), indicating that their binding becomes more 
pronounced as ELF4 expression levels rise. However, 
ELF4 did not interact with TBK1 or IRF3 (Fig. 5C, 
D). Moving forward, we further explored the impact 
of ELF4 on STING in vitro. Firstly, we successfully 
overexpressed or knocked down ELK4 expression in 

293T cells through transfecting with oe-ELF4 or sh-
ELF4, as determined by western blot. We also noticed 
that overexpression of ELF4 repressed STING activa-
tion, while knocking down ELF4 promoted STING 
activation (Fig.  5E). Additionally, the expression 
and localization of STING and ELF4 expression in 

Fig. 2   Activation of STING aggravated sepsis-induced myo-
cardial damage. C57BL/6 mice was subjected to CLP surgery 
to conduct a septic mouse model. The STING agonist (ADU-
S100) and STING antagonist (C-176) were administrated at 
1  h and 12 h after CLP operation. Mice in each group were 
sacrificed 24 h after CLP. The coronary blood samples were 
acquired from each group mice. A. The protein levels of 
STING, p-STING, TBK1, p-TBK1, IRF3 and p-IRF3 were 

evaluated by western blot analysis. B. Cardiac function param-
eters (LVEF, LVFS, LVESD) were examined by Echocardiog-
raphy. C. Representative images stained by HE for assessing 
the pathologic changes. D. ELISA analysis was performed for 
quantifying the levels of IL-6, IL-12, IL-1β, TNF-α and IL-10. 
N = 5. Data was shown as mean ± SD. *p < 0.05, **p < 0.01, 
***p < 0.001
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293T cells was investigated. As presented in Fig. 5F, 
STING and ELF4 co-localized perinucleus of 293T. 
Taken together, ELK4 directly interacted with STING 
to inhibit the activation of STING in 293T cells.

ELF4 overexpression alleviated cardiomyocyte injury 
by regulating STING signaling‑mediated Th1/17 
differentiation

To investigate the role of ELF4-STING  signaling 
axis-mediated T cells differentiation in SCM, mouse 
primary CD4+  T cells were isolated and transfected 
with overexpressing ELF4 plasmids for differentia-
tion test ex  vivo. As demonstrated by Fig.  6A, flow 
cytometry analysis revealed that the elevation of 
ELF4 reduced the differentiation of Th1 and Th17 
cells in CD4+ T cells and enhanced Treg differen-
tiation. To verify the effects of ELF4-STING sign-
aling  axis-mediated T cells differentiation in  vivo, 
naïve Ctl T cells, OE-NC T cells and OE-ELF4 T 
cells were adoptively transferred into WT mice, fol-
lowed by CLP surgery. H&E staining of heart tissues 
illustrated that myocardial injury was mitigated after 
transplantation of OE-ELF4 T cells into CLP mice 
(Fig. 6B). Similarly, echocardiography exhibited that 
the transplantation of OE-ELF4 T cells induced obvi-
ous elevation in LVEF and LVFS, and reduction in 
LVESD (Fig. 6C, Table 4). In summary, ELF4 upreg-
ulation ameliorated cardiomyocyte injury by regulat-
ing STING-mediated T cells differentiation.

Discussion

Excessive inflammation and immune dysregula-
tion are key contributors to sepsis mortality (Poll 
et al. 2021). T lymphocytes, as a fundamental com-
ponent of the immune response, pose a significant 
threat to the prognosis and long-term survival of 
sepsis patients (Jensen et  al. 2018; Huang et  al. 

2022). T lymphocytes, classified into CD4+ and 
CD8+ subsets based on surface markers, with their 
numerical changes and CD4+/CD8+ ratio closely 
associated with immune function in sepsis patients 
(Danahy et  al. 2016; Xia et  al. 2012; Chen et  al. 
2022b). Clinical experiments revealed that sepsis 
led to decreases total CD4+ and CD8+ cells counts 
and impaired their antigen-driven responsiveness 
and effector functions (Danahy et  al. 2016). Fur-
thermore, an increase in CD8+ T cells effectively 
reduced the levels of inflammation markers in the 
blood, thereby increasing the survival rate of sep-
sis-immune mice (Anyalebechi et al. 2024). Block-
ing CD8+ T cells apoptosis effectively mitigated 
the severity of sepsis (Liu et  al. 2022). Th1 and 
Th2 represent two mutually antagonistic subsets 
of CD4+ T cells and the number of Th1 cells and 
the levels of their associated secretion of IFN-γ, 
TNF-α and IL-2 were elevated in the initial stages 
of murine sepsis (Zhao et al. 2023). Th17 and Treg 
cells, derived from CD4+ T cells, exerted opposing 
effects on pro-inflammation and anti-inflammation, 
respectively. Some evidence has indicated that 
reducing the number of Th17 cells and increasing 
the number of Treg cells could alleviate excessive 
inflammation during the early phase of sepsis and 
improve sepsis-related injury (Xia et  al. 2020; Liu 
et al. 2020). It can be seen from this evidence that 
immune dysregulation mechanisms driven by T 
lymphocytes played a crucial role in diagnosis and 
therapy for sepsis. However, the immune mecha-
nisms triggered by T lymphocytes in SCM remain 
unclear. In our study, we are the first proposed that 
ELF4-mediated STING signaling inhibition  ame-
liorated myocardial damage in SCM by decreasing 
the number of CD4+ T cells and promoting  CD4+ 
T cells differentiating into Treg rather than Th1 
and Th17. These evidences might provide valuable 
insight for immunotherapeutic strategies targeting 
SCM.

Table 2   Echocardiographic 
properties feature of Fig. 2 
experimental mice

Sham CLP CLP + ADU-S100 CLP + C- 176

Heart rate (bpm) 465.2 ± 6.42 475.4 ± 6.19 481.6 ± 6.23 469.8 ± 4.21
LV EF (%) 70 ± 7.90 52.60 ± 8.47 29.20 ± 7.60 69.20 ± 8.32
LV FS (%) 56.20 ± 9.60 37.40 ± 4.93 21.40 ± 5.03 59.20 ± 7.16
LV ESD (mm) 1.02 ± 0.38 2.66 ± 0.46 3.52 ± 0.37 1.45 ± 0.29
Calculated LV mass (mg) 93.16 ± 3.24 88.48 ± 5.63 85.28 ± 4.01 89.7 ± 3.02
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Fig. 3   STING activation promoted T cells enrichment in 
SCM. C57BL/6 mice was subjected to CLP surgery to con-
duct a septic mouse model. A. The expressions of STING in 
T cells, B cells and non-lymphocytes in coronary blood were 
evaluated western blot assay. B. The frequency of T cells, B 
cells and non-lymphocyte in the coronary blood of mice were 
assessed using flow cytometry. C. The differentiation rate of 
CD4+ T cells toward to Th1, Th17 and Treg cells were ana-
lyzed by flow cytometry. D. The STING agonist (ADU-S100) 

and STING antagonist (C-176) were administrated at 1 h and 
12 h after CLP operation. The coronary blood samples were 
acquired from each group mice. D. The overall percentage of 
CD4+ T cells and CD8+ T cells were quantified by flow cytom-
etry. E. The differentiation rate of CD4+ T cells toward to Th1, 
Th17 and Treg cells were analyzed by flow cytometry. Data 
was shown as mean ± SD. N = 5. *p < 0.05, **p < 0.01, ***p 
< 0.001
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So far, extensive research has demonstrated 
a strong association between the STING  signal-
ing  pathway and sepsis. For instance, STING could 
promote inflammatory responses and exacerbate the 
lethal coagulopathy accompanying sepsis (Zhang 
et al. 2020). Besides, a previous study indicated that 
STING deficiency significantly alleviated cardiac 
function, myocardial inflammation and myocardial 
cell death in sepsis mice (Li et  al. 2019). Similarly, 
inactivation of cGAS-STING pathway significantly 
attenuated myocardial inflammation, oxidative stress, 
and cardiac dysfunction in septic mice (Liu et  al. 
2023). In this study, we established an in vivo SCM 
model using CLP surgery. Our findings revealed that 
STING agonist ADU-S100 exacerbated CLP-induced 
cardiac dysfunction, myocardial inflammation. Con-
versely, STING inhibitor C-176 exerted opposite 
effects, which were consistent with previous studies. 
In conclusion, our results suggested that the STING 
played a crucial role in SCM progression through 
affecting immune CD4+ T cells.

Additionally, our findings firstly revealed that 
inhibiting the activation of STING signaling sup-
pressed the number of CD4+ T cells in the hearts 
of CLP mice, promoting anti-inflammatory Treg 

populations while concurrently reducing a shift 
towards pro-inflammatory Th1 and Th17 subsets. 
Meanwhile, the role of STING signaling in SCM 
might be linked to T lymphocyte-mediated immune 
dysregulation. As previously documented, Long et al. 
demonstrated that STING induced CD4+ T cells 
apoptosis in acute inflammatory disease (Long, et al. 
2020), and also could promote CD4+ T cells part-
hanatos via regulating PARP-1/PAR activation (Luan 
et al. 2022). Besides, STING promoted endoplasmic 
reticulum stress by disrupting intracellular calcium 
homeostasis, thus leading to senescence and apopto-
sis of T cells (Wu et al. 2019). Activation of STING 
signaling also enhanced Th1 differentiation of CD4+ 
T cells by increasing IFN-γ and IL-9 production 
(Benoit-Lizon, et al. 2022). Moreover, cGAS-STING 
signaling activation played crucial role in initiat-
ing T cells apoptosis in thymus development (Ratiu 
et al. 2022). Here, we found that conditional knock-
down of STING in CD4+ T cells dramatically ame-
liorated CLP surgery-induced myocardial inflamma-
tion and suppression of the differentiation of CD4+ 
T cells towards Th1 and Th17 subsets and promot-
ing the expansion of Treg populations in mice. This 
finding strongly suggested that the STING signaling 

Fig. 3   (continued)
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contributed to the pathogenesis of SCM by modu-
lating CD4+ T cells differentiation, indicating that 
inhibition of STING might be a promising poten-
tial strategy for SCM immunotherapy. Interestingly, 
some studies have found that LPS-induced myocar-
dial injury can be related to the activation of STING 
pathway (Wang et  al. 2021). The expression of 
STING in cardiomyocytes of specific knockout mice 
can improve the survival rate and cardiac function of 
myocardial mice induced by sepsis (Li et  al. 2019). 
And inhibition of cGAS-STING-TBK1 signaling 
pathway can inhibit myocardial apoptosis and inflam-
matory reaction caused by bloody cardiac arrest 
(Zhou et al. 2025). These studies suggest that STING 
signaling pathway may also play a regulatory role in 
myocardial cells. Our study also proved the effect of 
STING signaling pathway on the differentiation of 
CD4+ T cells related to myocardial injury. Therefore, 
we speculate that the direct effect of STING signal-
ing pathway on myocardial cell injury and the effect 
of CD4+  T cells differentiation have synergistic or 
superimposed effects. This will also be the focus of 
our follow-up research.

ELF4 was highly expressed in various hematopoi-
etic cells, including natural killer (NK) cells, myeloid 
cells, T cells, and monocytes (Suico et al. 2017). As 
an innate immune molecule, ELF4 enhanced host 
resistance to malaria by activating transcription of 
two C-X-C chemokines (PPBP and PF4) (Wang et al. 

2019), and promoted clearance of Staphylococcus 
aureus by macrophages via the lysosomal biogenesis 
pathway (Kang et  al. 2021). Following viral infec-
tion, ELF4 was recruited by STING and interacted 
with the MAVS-TBK1 complex, translocating into 
the nucleus to induce innate immune signaling and 
antiviral defenses (Yamada et al. 2009). Despite these 
findings, there was few studies reporting the potential 
involvement of ELF4 in sepsis triggered by bacte-
rial or viral infections. Here, we focused on the role 
of ELF4 in SCM. Encouragingly, we validated the 
interaction between ELF4 and STING in CD4+ T 
cells. Lee et al. demonstrated that ELF4 knockdown 
promoted Th17 differentiation of CD4+ T cells, exac-
erbating autoimmune encephalomyelitis severity (Lee 
et  al. 2014). Concurrently, ELF4 had been shown 
to ameliorate inflammatory bowel disease by sup-
pressing Th17 cells activity (Cao et al. 2023). ELF4 
had also been implicated in promoting the develop-
ment and function of memory CD8+ T cells follow-
ing Listeria monocytogenes infection (Mamonkin 
et  al. 2014). Moreover, in tumors, ELF4 regulated 
CD8+ T cells proliferation and homing by activating 
KLF4 and KLF2 (Yamada et  al. 2009). These find-
ings established that ELF4 was a crucial regulator of 
T cells immunity. In this study, we investigated the 
potential role of ELF4 in SCM through its modula-
tion of T cells differentiation via the STING pathway. 
Our results showed that ELF4 directly interacted with 
STING and inhibited  STING activation. And  over-
expression of ELF4 inhibited the differentiation of 
mouse CD4+ T cells into Th1 and Th17 subsets, and 
increased their differentiation into Treg. T cells over-
expressing ELF4 were adoptively transferred to CLP 
mice, which improved the myocardial injury of CLP 
mice.  These findings suggested that ELF4 mediated 
immune imbalance through regulating STING signal-
ing cascade in SCM progression. It was worth noting 
that ELF4 was reported to regulated inflammatory 
response caused by Staphylococcus aureus through 
inactivating mTOR signaling (Kang et  al. 2021). 
Thus, we speculated that ELF4 may be involved in 
immune regulation and SCM progression by influenc-
ing other signaling pathways, which will require more 
studies to explore the molecular regulatory mecha-
nisms involved in ELF4 in the future.

However, our study still has some limitations. 
Firstly, patient samples were missing from our study 
design. Besides, our detected sample was coronary 

Fig. 4   STING promoted T cells differentiating into Th1/17. 
CD4+ T cells-specific STING conditional knockout (CD4-
STING−/−) mice were subjected to CLP surgery, and WT mice 
as control. Post surgery 24 h, the spleen tissues and coronary 
blood samples were obtained for next analysis. A. Western blot 
and RT-qPCR assays were conducted to evaluated the expres-
sion of STING in CD4+ T cells and CD8+ T cells. B. The 
differentiation rate of CD4+ T cells toward to Th1, Th17 and 
Treg cells in coronary blood samples were analyzed by flow 
cytometry. C. The differentiation rate of CD4+ T cells toward 
to Th1, Th17 and Treg cells in spleen tissues were analyzed by 
flow cytometry. D. CD4 + T from WT or CD4-STING−/− mice 
were isolated for T cells differentiation test under indicating 
cytokine panel. E. ELISA was employed to detect the levels of 
inflammatory factors including IL-6, IL-1β, IL-12, TNF-α and 
IL- 10. F. Cardiac function parameters (LVEF, LVFS, LVESD) 
were evaluated by echocardiography. G. Representative images 
stained by HE for assessing the pathologic changes. Data was 
shown as mean ± SD. N = 5. *p < 0.05, **p < 0.01, ***p 
< 0.001

◂
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blood and heart tissue, however, T cells in periph-
eral blood were not detected. At present, most of 
the research mainly focuses on the direct injury of 
myocardial cells, including the increase of apop-
tosis caused by inflammatory reaction of myocar-
dial cells directly caused by sepsis (Busch et  al. 
2021). The myocardial injury caused by immune 
cells in  sepsis  mainly includes increased neutrophil 
infiltration (Yang et  al. 2021), natural killer T cells 

differentiation (Chen et al. 2023) and increased secre-
tion of inflammatory factors caused by macrophage 
polarization (Chen et al. 2022c), which further stimu-
lates myocardial cell injury. However, whether inflam-
matory factors secreted by myocardial cells due to 
inflammatory reaction can negatively regulate the 
differentiation of T cells and further aggravate sepsis 
and lead to myocardial injury also needs our in-depth 
study in the future.

Fig. 4   (continued)
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Conclusion

In conclusion, these findings provide the first evidence 
that ELF4 promoted CD4+ T cells differentiation into 

Treg cells while suppressing Th1 and Th17 differen-
tiation by inactivation of the STING signaling, ulti-
mately improving myocardial damage in SCM. Thus, 
selective modulation of the ELF4-STING signaling 

Fig. 5   ELK4 interacted with STING to inhibit the activa-
tion of STING in CD4+ T cells. A-E.  293T  was transfected 
by STING plasmid. A-D. Co-IP experiment verified the direct 
interaction between ELF4 and STING in 293T. The interac-
tion between ELF4 and TBK1 or IRF3 was also evaluated by 

Co-IP experiment. E. 293T were transfected with oe-ELF4, sh-
ELF4 or corresponding NCs. The protein levels of STING and 
p-STING were detected by western blot assay. F. The confocal 
co-localization images of STING and ELF4 in 293T. Data was 
shown as mean ± SD. N = 3. *p < 0.05

Table 3   Echocardiographic 
properties feature of Fig. 4 
experimental mice

Sham (WT) CLP + WT CLP + CD4-STING-/- CD4-STING-/-

Heart rate (bpm) 466.8 ± 8.96 474.2 ± 5.63 471.8 ± 6.22 466.4 ± 5.98
LV EF (%) 75.63 ± 10.40 52.61 ± 9.87 69.78 ± 7.11 72.60 ± 5.03
LV FS (%) 57.22 ± 8.88 35.61 ± 7.93 53.53 ± 9.87 54.80 ± 4.49
LV ESD (mm) 1.14 ± 0.29 2.11 ± 0.39 1.25 ± 0.30 1.06 ± 0.27
Calculated LV mass (mg) 92.06 ± 3.12 88.9 ± 2.07 90.56 ± 3.20 91.94 ± 1.92
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Fig. 6   ELF4 overexpression alleviated cardiomyocyte injury 
by suppressing STING signaling-mediated Th1/17 differ-
entiation. A. Mouse primary CD4+ T cells were isolated and 
transfected with overexpressing ELF4 plasmids for differentia-
tion test ex vivo. The proportion of Th1, Th17 and Treg were 
detected by flow cytometry. B. Undifferentiated control T cells, 

OE-NC T cells, and OE-ELF4 T cells were adoptively trans-
ferred into WT mice, followed by CLP surgery. Representative 
images stained by HE for assessing the pathologic changes. 
C. Echocardiography was used to evaluate cardiac function 
parameters (LVEF, LVFS, LVESD). Data was shown as mean 
± SD. N = 5. **p < 0.01, ***p < 0.001

Table 4   Echocardiographic 
properties feature of Fig. 6 
experimental mice

CLP CLP + 
control T cell

CLP + 
oe-NC T cell

CLP + 
oe-ELF4 T cell

Heart rate (bpm) 473.2 ± 7.22 471.8 ± 9.23 475 ± 6.20 471 ± 2.92
LV EF (%) 49.80 ± 6.14 49.80 ± 7.16 48.60 ± 7.20 72 ± 10.30
LV FS (%) 36.40 ± 7.02 35.40 ± 5.94 35.60 ± 2.97 53.40 ± 7.99
LV ESD (mm) 2.14 ± 0.39 2.04 ± 0.26 2.04 ± 0.32 1.24 ± 0.38
Calculated LV mass (mg) 87.6 ± 4.10 86.78 ± 5.02 86.34 ± 3.50 90.78 ± 3.33
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axis might be a viable therapeutic strategy for SCM 
treatment.
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