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Abstract 

Background  Interleukin-6 (IL-6) plays a central role in sepsis-induced cytokine storm involving immune hyperactiva-
tion and early neutrophil activation. Programmed death protein-1 (PD-1) is associated with sepsis-induced immuno-
suppression and lymphocyte apoptosis. However, the effects of simultaneous blockade of IL-6 and PD-1 in a murine 
sepsis model are not well understood.

Results  In this study, sepsis was induced in male C57BL/6 mice through cecal ligation and puncture (CLP). IL-6 block-
ade, PD-1 blockade, or combination of both was administered 24 h after CLP. Peripheral blood count, cytokine level, 
lymphocyte apoptosis in the spleen, neutrophil infiltration in the lungs and liver, and survival rate were measured. The 
mortality rate of the IL-6/PD-1 group was lower, though not statistically significant (p = 0.164), than that of CLP mice 
(75.0% vs. 91.7%). The IL-6/PD-1 group had lower neutrophil percentage and platelet count compared with the CLP 
group; no significant difference was observed in other cytokine levels. The IL-6/PD-1 group also showed reduced T 
lymphocyte apoptosis in the spleen and decreased neutrophil infiltration in the liver and lungs.

Conclusions  IL-6/PD-1 dual blockade reduces neutrophil infiltration, lymphocyte apoptosis, and bacterial burden 
while preserving tissue integrity in sepsis. Although the improvement in survival was not statistically significant, these 
findings highlight its potential as a therapeutic approach in sepsis.
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Background
Sepsis is an abnormal host response to various infections 
that can induce serious organ dysfunction. In 2017, sep-
sis was reported in 48.9 million cases, and sepsis-related 
mortality was reported in 11 million cases (accounting 
for 20% of deaths worldwide) [1]. In Australia and New 
Zealand, sepsis-related mortality decreased from 35.0% 
to 18.4% between 2000 and 2012 (p < 0.001) [2]; how-
ever, in 2009, sepsis-related mortality rate in Asia was 
nearly 44.5% [3]. The prevalence of sepsis in South Korea 
increased from 0.17% in 2007 to 0.23% in 2016, whereas 
hospital mortality rate decreased during the same period 
(30.9% in 2007 vs. 22.6% in 2016; p < 0.0001) [4].

Sepsis affects the immune system through several 
mechanisms. Patients with sepsis sometimes experi-
ence immunomodulatory disorders that lead to dys-
functional innate and suppressed adaptive immune 
responses, ultimately causing organ damage and death 
[5]. In a few studies, attempts have been made to regu-
late the immune system against sepsis [6, 7]. Interleukin 
(IL)-6 is an important molecule in the systemic inflam-
matory response syndrome unrelated to infection, sepsis, 
and septic shock; notably, blood IL-6 levels are elevated 
during sepsis [8]. IL-6 induces the production of acute-
phase proteins in the liver and reduces albumin produc-
tion during sepsis [9]. It also causes hyperpermeability 
of the blood vessels and tissue damage [10]. In addition, 
it induces a coagulation cascade through monocytes, 
involving thrombin activation, fibrin clot formation, 
and inhibition of the cytotoxic activity of natural killer 
cells [7, 11]. The mechanism of damage due to corona-
virus disease-19 (COVID-19), which was prevalent until 
recently, involves inflammatory cell activation and release 
of IL-6. IL-6 may contribute to the pathophysiology of 
severe COVID-19, such as hypotension and acute respir-
atory distress syndrome (ARDS) by increasing systemic 
cytokine production. Accordingly, IL-6 antagonists have 
been used as therapeutics for severe COVID-19 [12].

The complex IL-6/soluble IL-6 receptor is associated 
with vascular leakage, induction of thrombosis, cardiac 
dysfunction, multi-organ dysfunction, and dissemination 
of intravascular coagulation [6, 7]. In an experimental 
mouse model of sepsis induced by cecal ligation puncture 
(CLP), IL-6 inhibition improved the prognosis [13]. How-
ever, these studies did not show any changes in organ 
inflammation following IL-6 regulation. Another key 
interaction in sepsis is programmed cell death protein 1 
(PD-1)/programmed death-ligand 1 (PD-L1)-induced T 
cell inhibition. PD-1 is generally upregulated on the sur-
faces of activated CD4 + and CD8 + T cells and is known 
to limit inflammation. However, sustained upregula-
tion of PD-1 along with high antigenic loads resulting 
from severe infection, results in the deterioration of both 

immune systems (innate and adaptive), often leading to 
an immunosuppressive phenomenon known as T lym-
phocyte depletion [14–16]. In a mouse model of CLP-
induced sepsis, PD-1 blockade reduced the mortality rate 
of sepsis subjects [17, 18]. However, in these studies, the 
changes in lymphocyte apoptosis and organ inflamma-
tion due to PD-1/PD-L1 regulatory effects were unclear.

The immunological mechanisms leading to death 
from sepsis are typically cytokine storm and sepsis-
induced immunosuppression. Cytokine storm induces 
the immune system to release cytokines (tumor necrosis 
factor [TNF]-α, interferon [IFN]-γ, IL-1, IL-2, and IL-6) 
in excess; these are inflammatory signaling molecules 
and lead to physiological disturbances in the metabolic 
system [19]. The complex immune response induced 
by sepsis progresses to immunosuppression with T-cell 
depletion. Granulocyte macrophage colony-stimulating 
factor, IL-7, and PD-1/PD-L1, which regulate sepsis-
induced immunosuppression, also regulated deteriora-
tion of the immune system and improved prognosis in a 
mouse model of sepsis [15, 20]. Several studies consist-
ently showed high expression levels of PD-1 and PD-L1 
in various immune cells in patients with sepsis [14].

Previous studies have investigated the effects of IL-6 
or PD-1/PD-L1 blockade in a mouse model of sepsis and 
evaluated their association with prognosis and organ 
involvement. However, neutrophil infiltration into organs 
and lymphocyte apoptosis, the processes associated with 
the changes in inflammation and immunity in sepsis, 
have not been well described in these studies. Further-
more, research on the dual use of IL-6 and PD-1/PD-L1 
blocking antibodies during sepsis is insufficient. There-
fore, we hypothesized that combination therapy with 
IL-6 and PD-1 blocking antibodies would affect the sur-
vival and immune responses of organs in a murine model 
of sepsis.

Results
Survival rate
Mice treated with both anti-IL-6 and anti-PD-1 antibod-
ies 24 h after the CLP procedure showed improved 7-day 
survival rates compared with CLP mice; however, this 
difference was not statistically significant (25% vs. 8.3%, 
p = 0.164; Fig. 1).

Blood cell count and biochemical analysis
The blood samples from each experimental group were 
collected and examined for blood cell count and bio-
chemical analysis. Anti-IL-6/PD-1 mice showed lower 
neutrophil count percentage (22.8% [18.5–27.8%] vs. 
48.3% [23.3–59.1%], p = 0.04) (Fig. 2B) and higher plate-
let count (414.0 [15.8–944.5] vs. 7.0 [0.0–17.0] × 103 μL, 
p = 0.05) (Fig.  2E) than those of CLP mice; however, 
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differences related to white blood cell (WBC) count, lym-
phocyte percentage, and hemoglobin between the groups 
were not obvious (Fig. 2A,C,D).

Following antibody administration 24  h after CLP-
induced sepsis, an overall increase in the levels of pro-
inflammatory cytokines, including IL-6 (Fig.  2F), IL-1β 
(Fig. 2G), and TNF-α (Fig. 2H), as well as procalcitonin 
levels (F  ig.  2I), was observed in all groups. However, 
these differences were not significant among the CLP, 
anti-IL-6, anti-PD-1, and anti-IL-6/PD-1 groups. The 
markers of liver and renal function are shown in Addi-
tional Fig. 1.

Bacterial load in the blood and peritoneal lavage fluid
Bacterial loads in the blood and peritoneal lavage fluid 
are shown in Fig.  3A, B. In blood samples, bacterial 
growth was nearly absent in all groups of mice. However, 
in the peritoneal lavage fluid, all treated groups (anti-
IL-6, anti-PD-1, and anti-IL-6/PD-1) showed reduced 
bacterial growth compared with the CLP group. Fig-
ure 3C,D,E shows the analysis of neutrophils, monocytes, 
and macrophages in the peritoneal lavage fluid. No sig-
nificant differences were found between the groups. The 
results of the fluorescence-activated cell sorting (FACS) 
analysis are shown in Additional Fig. 2.

Histopathologic findings in the liver, lungs, and spleen 
of anti‑IL‑6/PD‑1 mice
Hematoxylin and eosin (H&E) staining showed organ his-
topathology in sham, CLP, anti-IL-6, anti-PD-1, and anti-
IL-6/PD-1 mice. As shown in the upper panel of Fig. 4A, 
sham mice had normal liver structures, with normal por-
tal area and surrounding liver cells radiating around it. 
Inflammatory cell infiltration was observed around the 
central vein of the liver of CLP mice. In particular, neu-
trophils with multiple lobes in the nucleus and sparsely 

visible cytoplasm were observed after H&E staining. 
In anti-IL-6 and anti-PD-1 mice, slight infiltration of 
inflammatory cells around the central vein of the liver 
was observed. However, anti-IL-6/PD-1 mice exhibited 
a marked decrease in inflammatory cell infiltration. In 
the sham and anti-IL-6/PD-1 groups, inflammatory cell 
infiltration and parenchymal inflammation were hardly 
observed in the lungs (Fig.  4B, middle panel). However, 
in CLP, anti-IL-6, and anti-PD-1 mice, varying degrees of 
inflammatory cell infiltration and parenchymal inflam-
mation with septal wall thickening were observed. As 
shown in the lower panel of Fig.  4C, sham mice exhib-
ited normal count and distribution of lymphocytes in the 
spleen tissues. Lymphocytes were further reduced in CLP 
mice, and the splenic nodules appeared relatively empty. 
In anti-IL-6 mice, a significant decrease in the num-
ber of lymphocytes and megakaryocytes was observed 
in the spleen. In anti-PD-1 mice, the lymphocyte count 
and overall structure were maintained. In anti-IL-6/PD-1 
mice, lymphocyte density increased, and a slightly disor-
ganized white pulp region with hyperplastic changes was 
observed.

IL‑6 and PD‑1 dual blockade decreases neutrophil 
infiltration in the liver and lung
To evaluate whether CLP, anti-IL-6, anti-PD-1, and 
anti-IL-6/PD-1 mice showed neutrophil infiltration 
in  vivo, we performed double staining for myeloper-
oxidase (MPO; red), a known neutrophil marker, and 
Ly-6G (green), which is expressed in myeloid-derived 
cells, including neutrophils, monocytes, and granulo-
cytes. Nuclei were stained with 4′,6-diamidino-2-phe-
nylindole (DAPI; blue). Figure  5A shows the extent of 
neutrophil infiltration in the liver. Low expression of 
MPO and Ly-6G was observed in sham mice; however, 
neutrophil infiltration was observed in CLP mice. In 

Fig. 1  Kaplan–Meier curve showing the 7-day survival rates of the sham, CLP alone, CLP mice treated with anti-IL-6 antibodies, anti-PD-1 
antibodies, or both anti-IL-6 and anti-PD-1 antibodies. The number of mice included in each group was as follows: Sham (n = 12), CLP (n = 12), 
Anti-IL-6 (n = 12), Anti-PD-1 (n = 12), and Anti-IL-6/PD-1 (n = 12). Log-rank test; p = 0.164 (except for sham mice)
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anti-IL-6 and anti-PD-1 mice, the expression levels of 
MPO and Ly-6G were slightly decreased, whereas in 
anti-IL-6/PD-1 mice, the expression levels were sub-
stantial decreased, indicating decreased neutrophil 
infiltration in the liver. According to the quantitative 
analysis (Fig.  5B), Ly6G-positive neutrophil count was 
reduced in all groups compared with the CLP group, 
and the anti-IL-6/PD-1 group exhibited the lowest 
count (p < 0.001). Similarly, Fig.  5C shows that MPO-
positive cell count is lower in all groups than in the CLP 
group, with the most significant reduction observed in 
the anti-IL-6/PD-1 group (p < 0.001). Interestingly, dou-
ble staining for MPO and Ly-6G in mouse lung sections 

clearly showed the extent of neutrophil infiltration in 
the lungs (Fig. 6A). As observed in the liver, low expres-
sion of MPO and Ly-6G was observed in the lung sam-
ples of sham mice; however, neutrophil infiltration was 
clearly observed in CLP mice. In addition, the expres-
sion of MPO and Ly-6G was slightly decreased in anti-
IL-6 and anti-PD-1 mice and significantly decreased 
in anti-IL-6/PD-1 mice. According to the quantitative 
analysis (Fig.  6B), Ly6G-positive neutrophil count was 
reduced in all groups compared with the CLP group, 
and the anti-IL-6/PD-1 group exhibited the lowest 
count (p < 0.001). Similarly, Fig.  6C shows that MPO-
positive cell count is reduced in all groups compared 

Fig. 2  Peripheral blood cell count, Cytokine and procalcitonin levels after injection in each group of mice. (A) White blood cell count, (B) 
percentage of neutrophils (%), (C) percentage of lymphocytes (%), (D) hemoglobin count, and (E) platelet count, (F) Interleukin-6 (IL-6), (G) 
interleukin-1β (IL-1β), (H) tumor necrosis factor-α (TNF-α), and (I) procalcitonin. The number of mice included in each group was as follows: CLP 
(n = 4), Anti-IL-6 (n = 5), Anti-PD-1 (n = 4), and Anti-IL-6/PD-1 (n = 6). * p < 0.05, ** p < 0.005
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with the CLP group, with the most significant reduc-
tion observed in the anti-IL-6/PD-1 group (p < 0.001). 
The wet/dry weight ratios of the lungs are shown in 

Additional Fig. 3. Thus, it was concluded that the IL-6/
PD-1 dual blockade significantly reduced neutrophil 
infiltration in the lung and liver.

Fig. 3  Culture results of blood and peritoneal lavage fluid and Quantification of neutrophil, monocyte, and macrophage counts in the peritoneal 
cavity. In the sham group, no bacterial growth was observed in either blood or peritoneal lavage fluid. No bacterial growth was observed 
in the blood from all mice groups, indicating no differences among the groups (A). Bacterial load was observed in the peritoneal lavage fluid; 
the levels were lower in the anti-IL-6, anti-PD-1, and anti-IL-6/PD-1 groups compared with the CLP group, and the combined anti-IL-6/PD-1 group 
had the lowest bacterial load (A, B). C Neutrophil counts of peritoneal lavage fluid. D Monocyte counts of peritoneal lavage fluid. E Macrophage 
counts of peritoneal lavage fluid. The number of mice included in each group was as follows: Sham (n = 3), CLP (n = 3), Anti-IL-6 (n = 3), Anti-PD-1 
(n = 3), and Anti-IL-6/PD-1 (n = 3). Data are expressed as median and interquartile range; *p < 0.05, **p < 0.005, ***p < 0.001 as determined by one-way 
ANOVA with post-hoc Tukey’s multiple comparison test

Fig. 4  Histologic sections from each group of mice. (A) Liver, (B) lung, and (C) spleen. All histological figures are in order from left to right: sham, 
CLP, anti-IL-6, anti-PD-1, and anti-IL-6/PD-1 mice groups. Inflammatory cells infiltrating the liver and lungs are shown by arrows. The arrowhead 
points to the septal wall thickening. Scale bar: 100 µm
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IL‑6 and PD‑1 dual blockade decreases lymphocyte 
apoptosis in the spleen
To evaluate lymphocyte apoptosis in the spleen, we 
performed double staining using confocal microscopy 
of the spleen sections with CD3 antibody (green) and 
cleaved caspase-3 (red) to differentiate lymphocyte 
apoptosis in the spleen tissue (Fig. 7A). The nuclei were 
stained with DAPI (blue). Apoptosis was associated 
with lymphocyte depletion and quantitative assess-
ment is shown in Fig. 7B, C. In sham mice, CD3⁺ T cells 
were present, but cleaved caspase-3 expression was not 
detected, indicating minimal apoptosis under baseline 
conditions. In CLP, anti-IL-6, and anti-PD-1 mice, high 
expression of CD3 and cleaved caspase-3 indicated 
lymphocyte apoptosis in the spleen. In anti-IL-6/PD-1 
mice, the expression of CD3 and cleaved caspase-3 was 
less pronounced than that in CLP, anti-IL-6, and anti-
PD-1 mice (p < 0.001). Thus, IL-6/PD-1 dual blockade 
significantly reduced lymphocyte apoptosis.

Discussion
Neutrophils, lymphocytes, and cytokines are essential 
components of the immune system during sepsis and 
affect the host’s ability to recover. IL-6, a multifunctional 
cytokine, plays a central role in both the innate and adap-
tive immune systems and is important in regulating the 
acute phase response to infection [21].

Elevated IL-6 levels are consistently associated with 
poor prognosis in patients with sepsis, highlighting its 
prognostic significance [8, 22]. Similarly, the PD-1/PD-L1 
pathway acts as a negative regulator of T-cell activity and 
contributes to immune suppression in the late stages 
of sepsis [16, 23, 24]. Given their roles in the immune 
response, dual blockade of IL-6 and PD-1 has the poten-
tial to modulate uncontrolled immune responses in 
sepsis.

IL-6 is a key mediator in the pathophysiology of sepsis 
and plays an important role in the cytokine storm. This 
storm, characterized by excessive cytokine production, 

Fig. 5  Immunofluorescence staining of MPO⁺ and Ly-6G⁺ in the liver samples from each group of mice. A MPO⁺ (red fluorescence) and Ly-6G⁺ 
(green fluorescence) expression levels in the liver cells of the sham, CLP, anti-IL-6, anti-PD-1, and anti-IL-6/PD-1 mice groups were analyzed using 
double immunofluorescence staining. In addition, the nuclei were stained using DAPI (blue fluorescence). Merged double-positive cells (MPO⁺ 
Ly-6G⁺) and nuclei stained using DAPI were combined in the final panel (MPO⁺ + Ly-6G⁺ + DAPI). B Quantitative analysis of Ly6G-positive neutrophil 
count per field of view. C Quantitative analysis of MPO-positive cell count per field of view. Data are expressed as median and interquartile range; 
*p < 0.05, **p < 0.005, ***p < 0.001 as determined by one-way ANOVA with post-hoc Tukey’s multiple comparison test. Scale bar: 50 μm
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leads to extensive systemic inflammation, endothe-
lial dysfunction, vascular leakage, and multiple organ 
failure [19, 25]. IL-6 primarily amplifies the inflam-
matory response and mediates its effects through the 
JAK/STAT3 pathway, which recruits neutrophils to the 
infected tissue [19, 26, 27]. IL-6 also affects the acute 
phase protein production, vascular leakage, and coagula-
tion cascade phases during sepsis [7, 19, 28]. In this study, 
IL-6 blockade reduced neutrophil infiltration in the liver 
and lungs, suggesting that targeting IL-6 may attenuate 
tissue damage caused by cytokine storms. Despite these 
findings, no significant reduction in circulating IL-6 lev-
els was observed. This may be due to the timing of anti-
body administration, 24  h after CLP, when IL-6 levels 
are already elevated. In addition, IL-6 blockers, such as 
the antibody used in this study, act mainly by inhibiting 
receptor binding rather than directly reducing circulating 
IL-6 concentrations, so this mode of action may not have 
reduced circulating IL-6 levels in mouse serum [29, 30]. 
This hypothesis may be related to the finding that IL-6 
blockade did not significantly alter systemic cytokine 
levels.

Neutrophils are immune cells essential for pathogen 
clearance in sepsis [31, 32], but their excessive activa-
tion and infiltration of organs contributes significantly 
to tissue damage and organ dysfunction [33–35]. In 
conditions such as ARDS, pulmonary neutrophil infil-
tration exacerbates tissue damage, leading to impaired 
gas exchange and respiratory failure [36, 37]. Similarly, 
neutrophil-mediated liver and kidney damage [38] can 
promote multiple organ failure, a major cause of sepsis-
related mortality. In this study, dual blockade of the IL-6 
and PD-1 pathways significantly reduced neutrophil infil-
tration in the liver and lungs. These results suggest that 
modulation of the inflammatory response through dual 
blockade may prevent organ damage and improve sepsis 
outcomes. This strategy may prevent sepsis from pro-
gressing to multiple organ failure by limiting neutrophil 
recruitment and activation.

The PD-1/PD-L1 pathway is an important mediator 
of immune suppression in the late stages of sepsis. Pro-
longed antigenic stimulation and chronic inflammation 
result in upregulation of PD-1 on T cells and PD-L1 on 
antigen-presenting cells, which together inhibit T cell 

Fig. 6  Immunofluorescence staining of MPO⁺ and Ly-6G⁺ in the lung samples from each group of mice. A MPO⁺ (red fluorescence) and Ly-6G⁺ 
(green fluorescence) expression levels in the lung cells of the sham, CLP, anti-IL-6, anti-PD-1, and anti-IL-6/PD-1 mice groups were analyzed using 
double immunofluorescence staining. In addition, the nuclei were stained using DAPI (blue fluorescence). Merged double-positive cells (MPO⁺ 
Ly-6G⁺) and nuclei stained with DAPI were combined in the final panel (MPO⁺ + Ly-6G⁺ + DAPI). B Quantitative analysis of Ly6G-positive neutrophil 
count per field of view. C Quantitative analysis of MPO-positive cell count per field of view. Data are expressed as median and interquartile range; 
*p < 0.05, **p < 0.005, ***p < 0.001 as determined by one-way ANOVA with post-hoc Tukey’s multiple comparison test. Scale bar: 50 μm
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activity, cytokine production, and proliferation [14, 15, 
24]. This leads to T cell depletion and immune dysfunc-
tion, which is characteristic of sepsis-induced immune 
suppression [39].

In this study, PD-1 blockade reduced splenic lympho-
cyte apoptosis, preserving immune function and poten-
tially enhancing the host’s ability to clear infection. PD-1 
blockade alone did not demonstrate a significant survival 
benefit, but it did demonstrate the potential to improve 
survival when combined with IL-6 blockade. This high-
lights the importance of targeting both the inflammatory 
and immunosuppressive pathways to achieve optimal 
therapeutic outcomes in sepsis. Immunosuppression in 
sepsis is a major cause of late mortality, characterized 
by increased susceptibility to secondary infections and 
prolonged recovery time [23, 40]. Dual blockade target-
ing the PD-1/PD-L1 pathway has the potential to restore 
immune homeostasis and improve the response to both 
primary and secondary infections [18].

The reduction in peritoneal bacterial growth in all 
treatment groups suggests that antibody administration 

improved bacterial clearance. IL-6 blockade improves 
macrophage-mediated phagocytosis [29, 41], and PD-1 
blockade restores T-cell function critical for infection 
control [15, 42]. These mechanisms likely contributed to 
reduced local inflammation and improved bacterial con-
trol. However, survival outcomes suggest that infection 
control alone is insufficient without addressing systemic 
immune and metabolic factors. Future studies should 
explore the relationship between bacterial clearance and 
the broader pathophysiology of sepsis.

Despite reduced immune cell infiltration into organs, 
survival improvement was not observed in some groups. 
Sepsis outcomes depend on systemic factors such as 
inflammation, perfusion, and secondary infection con-
trol beyond local tissue damage [40]. The timing of anti-
body administration (24 h after CLP) may have limited its 
impact on the initial hyperacute inflammatory response, 
while the high severity of the CLP model likely contrib-
uted to the lack of survival benefit [43].

In this study, the antibodies were administered 
24  h after the induction of sepsis, which differs from 

Fig. 7  Immunofluorescence staining of cleaved-caspase-3⁺ and CD3⁺ in the spleen samples from each group of mice. A Double 
immunofluorescence staining in the sham, CLP, anti-IL-6, anti-PD-1, and anti-IL-6/PD-1 mice groups were used to analyze the expression 
levels of cleaved-caspase-3⁺ and CD3⁺ in the spleen cells of mice. Cleaved-caspase-3⁺ cells and CD3⁺ cells showed red and green 
fluorescence, respectively. The nuclei were stained using DAPI (blue fluorescence). The final panel shows the merged double-positive CD3+ 
+ cleaved-caspase-3⁺ + DAPI-stained cells. B Quantification of CD3-positive T-cell count per field. C Quantification of cleaved caspase-3-positive 
apoptotic cell count per field. Data are expressed as median and interquartile range; *p < 0.05, **p < 0.005, ***p < 0.001, as determined by one-way 
ANOVA with post-hoc Tukey’s multiple comparison test. Scale bar: 50 μm
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previous studies in which treatment was initiated 
immediately after the onset of sepsis [13, 17, 18, 44]. 
This timing was chosen to target both the hyperinflam-
matory and immunosuppressive phases of sepsis, which 
typically coexist during this period. It also reflects real-
world clinical scenarios where patients often receive 
treatment after significant delays due to late presenta-
tion or limited access to care [45, 46]. Although sin-
gle antibodies alone did not improve survival, dual 
blockade demonstrated significant benefits, including 
reduced neutrophil infiltration, decreased lympho-
cyte apoptosis and improved survival. These findings 
highlight the importance of addressing both phases of 
immune dysregulation to optimize therapeutic out-
comes in sepsis.

Sepsis is characterized by a two-phase immune 
response, an initial hyperinflammatory phase dominated 
by cytokine storm and an immunosuppressive phase 
characterized by immune cell dysfunction and apopto-
sis. Dual blockade of the IL-6 and PD-1 pathways offers a 
unique approach to address both phases of immune dys-
regulation. This strategy has the potential to holistically 
improve sepsis outcomes by mitigating damage from the 
cytokine storm in the early phase and preserving immune 
function in the later phase [47]. Mechanistically, the JAK/
STAT3 pathway links IL-6 and the PD-1/PD-L1 pathway, 
making it a central target for immune modulation in sep-
sis [22, 28, 48]. Activation of STAT3 by IL-6 regulates 
neutrophil recruitment and cytokine production, while 
its inhibition is associated with improved outcomes in 
sepsis models [49, 50]. The unique approach of the IL-6/
JAK/STAT3 pathway in sepsis is that it is activated in the 
early stages of sepsis, while the IL-6/JAK/STAT3 pathway 
is suppressed in the late stages of sepsis. This strategy 
has the potential to improve sepsis outcomes by mitigat-
ing the damage caused by the cytokine storm in the early 
stages and preserving immune function in the late stages 
[27]. Dual blockade of the IL-6 and PD-1 pathways may 
modulate STAT3 signaling to reduce hyperinflamma-
tion in the early stages and alleviate immune suppression 
in the late stages. Although there is limited direct evi-
dence supporting the efficacy of dual blockade of PD-1/
PD-L1 and IL-6 in sepsis, oncology studies have dem-
onstrated the potential to reduce chronic inflammation 
and improve immune function in tumor-bearing models 
[51–53]. Tumors are often described as a state of chronic 
inflammation and share similarities with the dysregulated 
inflammatory response observed in sepsis. For example, 
in preclinical cancer models, dual blockade of IL-6 and 
PD-L1 has been shown to reduce tumor progression and 
enhance immune activation by modulating the inflam-
matory microenvironment [51–53]. Based on these find-
ings, immune dysregulation in sepsis, particularly in the 

immunosuppressive phase, may also benefit from similar 
dual regulation.

These findings highlight the potential of dual IL-6/
PD-1 blockade as a therapeutic strategy for sepsis. Unlike 
cancer, where immune checkpoint inhibitors are primar-
ily used to enhance anti-tumor immunity, sepsis involves 
a dynamic immune response and therefore requires a 
more nuanced approach. The results of the study sug-
gest that dual blockade may offer a promising avenue 
for treatment, reducing neutrophil infiltration and lym-
phocyte apoptosis and potentially improving survival 
without antibiotics. Further research is needed to deter-
mine the timing, dose, and patient selection criteria for 
this treatment. The identification of biomarkers that 
assess immune dysregulation at different stages of sep-
sis may optimize the use of immunomodulatory thera-
pies. In addition, combination strategies with adjunctive 
therapies such as antibiotics or anticoagulants should 
be explored to increase the clinical applicability of dual 
blockade therapy.

Conclusions
IL-6/PD-1 dual blockade provides a protective effect in 
sepsis by reducing neutrophil infiltration in the liver and 
lungs, reducing lymphocyte apoptosis in the spleen and 
improving tissue integrity. It also reduced the bacterial 
burden in the peritoneal cavity, highlighting its poten-
tial to modulate immune responses and improve infec-
tion control. Although the improvement in survival was 
not statistically significant, the observed reductions in 
immune dysregulation and tissue injury suggest that dual 
blockade is a promising therapeutic strategy for sepsis.

Methods
Declarations of ethics
This study was approved by the Institutional Animal Care 
and Use Committee of the Chungnam National Univer-
sity Hospital (CNUH-021-A0058). The study experi-
ments were conducted in accordance with the ARRIVE 
guidelines and complied with the relevant regulations 
and guidelines for animal experimentation.

Experimental animals
Adult C57BL/6 male mice (8–10-week-old weighing 
22–30  g) were purchased from DooYeol Biotech. The 
mice were placed under standardized controlled envi-
ronment (temperature, 21 ± 2 °C; relative humidity, 50%). 
Artificial lighting was provided for 14 h, followed by dark 
condition for 10 h. The mice had access to water and food 
ad libitum.
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Establishment of CLP‑induced sepsis model
To induce polymorphic sepsis in mice, cecal ligation and 
puncture was performed [54]. Mice were anesthetized 
with isoflurane at 2–3% concentration until they showed 
no response to pain but were still breathing. Mice were 
anesthetized under isoflurane inhalation using an anes-
thetic machine, their abdomen was shaved, and the shav-
ing area was dressed using betadine solution. Midline 
laparotomy (1–2 cm) was performed under aseptic con-
ditions, and the cecum was removed from the abdomen. 
The cecum was tightly ligated (> 1 cm) at its base beneath 
the ileocecal valve to induce high-grade sepsis. The 
cecum was punctured twice (with a 22-gauge needle), 
followed by gentle exposure of a small amount of fecal 
material from the puncture site. The cecum was returned 
to the peritoneal cavity, and the peritoneum was sutured. 
The abdominal skin was closed using Reflex 7 mm clips 
(RS-9258; Roboz Surgical Instruments). The mice were 
resuscitated by subcutaneous injection of 1  mL of pre-
heated 0.9% saline. After the procedure, the mice were 
returned immediately to their cages and exposed to an 
infrared heating lamp (150 W) until they recovered from 
anesthesia. The mice had free access to water and food 
after returning to their cages. If the mice were alive at the 
end of the study, they were euthanized by placing them in 
a chamber and exposing them to CO2 at a gradual fill rate 
(20–30% of chamber volume per minute) to minimize 
distress and ensure a humane death. After CO2 exposure, 
we confirmed the absence of respiration and response to 
external stimuli. Cervical dislocation was then performed 
to ensure death.

Experimental design
In the initial phase of our experiment, the mice were 
divided into five groups (12 mice per group) as follows: 

Group 1, sham procedure; Group 2 (CLP), CLP sepsis; 
Group 3 (anti-IL-6), CLP sepsis + anti-IL-6 antibody; 
Group 4 (anti-PD-1), CLP sepsis + anti-PD-1 antibody; 
and Group 5 (anti-IL-6/PD-1), CLP sepsis + anti-IL-6 
antibody + anti-PD-1 antibody. Twenty-four hours 
after the CLP procedure, anti-IL-6 antibody (BE0046, 
BioXCell; 1.33  mg/kg, i.p.) and/or anti-PD-1 antibody 
(BE0146, BioXCell; 5 mg/kg, i.p.) (Fig. 8) were adminis-
tered. The antibody doses and administration times were 
determined based on previous studies employing sep-
sis mouse models [13, 17, 18, 44]. If the mice were alive 
at the end of the study, they were euthanized with car-
bon dioxide in a chamber. The primary study endpoints 
included survival rate, hematological profile, inflam-
matory biomarkers, and histopathological examination 
by H&E and immunofluorescence staining. To supple-
ment our findings with additional data, the experiments 
were replicated under the same experimental conditions 
for the five groups with the following modifications in 
group size: sham (n = 6), CLP (n = 20), anti-IL-6 (n = 20), 
anti-PD-1 (n = 20), and anti-IL-6/PD-1 (n = 20). This fol-
low-up study expanded the scope of the investigation to 
include markers of organ injury, cellular analysis of peri-
toneal lavage fluid, and cultures from blood and perito-
neal lavage.

Blood biochemistry and enzyme‑linked immunosorbent 
assay (ELISA)
Blood was sampled 48  h after the CLP procedure from 
CLP mice and 24  h after antibody administration from 
the antibody groups (Fig. 8). The total WBC count, hemo-
globin level, platelet count, hemoglobin concentration, 
and percentage of neutrophils and lymphocytes in the 
peripheral blood were analyzed using a hematology ana-
lyzer (XN-1500, Sysmex Corporation). Concentrations 

Fig. 8  Flowchart of the study design. The mice were purchased a week before the study and allowed an adaptation period. Twenty-four 
hours after the cecal ligation and puncture (CLP) procedure, anti-IL-6 and/or anti-PD-1 antibodies were administered according to each group 
of mice. Twenty-four hours after the antibody administration, blood sampling was performed. Finally, seven days after the CLP, survival or death 
was confirmed. The mice were sacrificed, organs were harvested, and peritoneal lavage, blood sampling was performed
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of IL-1β (R&D Systems; MLB00C), IL-6 (R&D Systems; 
M6000B), TNF-α (R&D Systems; MTA00B), and proc-
alcitonin (NOVUS; MBP2-81212) were measured using 
a murine ELISA kit according to the manufacturer’s 
instructions.

Cellular analysis of peritoneal lavage
Peritoneal lavage fluid was collected after instillation of 
3  mL of phosphate-buffered saline (PBS) directly into 
the peritoneal cavity of mice. the fluid was centrifuged 
at 400 × g for 5  min to sediment the cells. The superna-
tant was gently aspirated and discarded. The resulting 
cell pellet was gently resuspended in FACS buffer, a solu-
tion containing PBS supplemented with 2% fetal bovine 
serum (FBS) and 1  mM EDTA, to prevent cell aggrega-
tion and maintain cell viability during further analysis. 
The cell suspension was then transferred to a clean tube 
for cell counting using a hemocytometer under a light 
microscope or an automated cell counter, which facili-
tated accurate adjustment of cell concentration required 
for flow cytometry analysis.

Fluorescence‑activated cell sorting analysis
Flow cytometry was used to profile and isolate immune 
cell populations from a prepared single cell suspension 
for downstream analyses, including functional assays 
and gene expression studies. Cells were stained with 
specific antibodies to identify viable immune cells and 
to differentiate subsets based on size, granularity and 
marker expression. Live cells were first gated and sorted 
as CD45 + immune cells using a BV605-conjugated anti-
CD45 antibody (BD Biosciences, San Jose, CA, USA; 
563053). Within the CD45 + population, myeloid cells 
were identified by CD11b + staining using FITC-conju-
gated anti-CD11b antibody (BD Biosciences, San Jose, 
CA, USA; 557396). Further subdivision of the myeloid 
cell population was performed as follows:

•	 Macrophages: Identified as F4/80 + cells using 
PE-Cy7 conjugated anti-F4/80 antibody (eBioscience, 
San Diego, CA, USA; 25–4801-82).

•	 Neutrophils: Differentiated as Ly6G + cells using 
BV421-conjugated anti-Ly6G antibody (BioLegend, 
San Diego, CA, USA; 127627).

•	 Monocytes: Subdivided based on Ly6C expression 
levels (high, intermediate, or low) using APC-conju-
gated anti-Ly6C antibody (BD Biosciences, San Jose, 
CA, USA; 560595).

To exclude unwanted cell populations from the analy-
sis, a dump channel was included with the following 
antibodies.

•	 CD3 (T cells): BV786-conjugated anti-CD3 (BD Bio-
sciences; 564379).

•	 CD45R/B220 (B cells): BV786-conjugated anti-
CD45R/B220 (BD Biosciences; 563894).

•	 CD90.2 (hematopoietic stem cells): BV786-conju-
gated anti-CD90.2 (BioLegend; 105331).

The gating strategy used for this analysis is illustrated in 
Additional Fig. 4, which details the gating steps and crite-
ria used to identify and isolate each immune cell subset.

Bacterial load
Peritoneal lavage fluid and blood samples were diluted 
with sterile normal saline, plated onto tryptic soy agar 
(BD Difco Inc., Franklin Lakes, NJ, USA) and incubated 
at 37  °C for 24 h. The number of bacterial colonies was 
calculated as colony forming units (CFU), and data were 
subjected to statistical analysis (n = 3 in each group).

Histopathology and immunohistochemistry
The organs (liver, lungs, and spleen) were rapidly har-
vested after confirmation of survival or death of mice, 
then fixed using 10% formalin, and embedded in paraffin. 
Tissue Sects.  (3 μm-thick) were sliced from the paraffin 
blocks, stained using H&E, and examined under a light 
microscope.

Immunofluorescence staining of infiltrating neutro-
phils in the 3-μm paraffin-embedded tissue sections of 
the liver and lungs was conducted using anti-mouse lym-
phocyte antigen 6 complex locus G (Ly-6G) (Ly-6G [1A8] 
Rat mAb [FITC Conjugate]; Cell Signaling Technology; 
88876), myeloperoxidase (MPO) (Recombinant Alexa 
Fluor® 647 Anti-Myeloperoxidase antibody [EPR17996]; 
ab252131; Abcam, Cambridge, UK), and 4’,6-diamidino-
2-phenylindole (DAPI) (CA94010; Vector Laboratories, 
Burlingame, CA, USA). Immunohistochemical staining 
of lymphocyte apoptosis in the 3-μm paraffin-embedded 
tissue sections of the spleen was conducted using anti-
mouse CD3 + (Lymphocyte; CD3 [17A2] Rat mAb [FITC 
Conjugate]; Cell Signaling Technology; 86603), cleaved 
caspase-3 (Cleaved Caspase-3 [Asp175] [5A1E] Rabbit 
mAb; Cell Signaling Technology; 9664), and DAPI.

Pathologic and immunofluorescence staining analyses 
were performed by a pathologist.

Statistical analysis
Survival data are expressed as percentages, and 
Kaplan–Meier analysis was performed to determine 
the survival rates of mice. Survival rates were compared 
among the groups using the log-rank test. Quantita-
tive values are expressed as medians and interquar-
tile ranges, and different groups were compared using 
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one-way ANOVA. Statistical significance was set at 
P < 0.05. Statistical software (SPSS version 22.0; SPSS, 
Munich, Germany)  and GraphPad Prism version 9.0 
(GraphPad Software, San Diego, CA,  USA) were  used 
for statistical analysis.
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