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Introduction
Hepatic ischemia and reperfusion injury (HIRI) is a major cause of  postoperative complications following 
liver transplantation and hepatic surgery (1). In addition, because the liver is an important immunological 
organ, diverse immune cells are closely related to the development of  HIRI (2, 3). Among these effector 
cells, neutrophils play a critical role during the initial phase of  liver injury after reperfusion (4). Activation 
and infiltration of  neutrophils are initiated through ROS and proinflammatory cytokines, which are gener-
ated mostly by hepatocytes or Kupffer cells during reoxygenation insult (5, 6). HIRI caused by neutrophils 
is triggered mainly by 2 cytotoxic mediators, i.e., ROS and several proteases (such as elastases, cathepsin 
G, and myeloperoxidase) (7). Moreover, neutrophils produce proinflammatory cytokines, such as TNF-α, 
IL-1β, and IL-17A, that contribute to the inflammatory immune response (8, 9).

OX40 (CD134) is widely considered a T cell costimulatory molecule that is time-dependently expressed 
in activated CD4+ T cells and CD8+ T cells (10). OX40 is essential for the T cell regulation of  cell prolifer-
ation, survival, differentiation, and even cytokine production (11), which are associated with inflammatory 
immune activation in many liver diseases, such as hepatitis B (12), hepatocellular carcinoma (13), and 
concanavalin A–induced hepatitis (14). Interestingly, by performing an in vitro stimulation and analysis 
of  neutrophils from healthy human PBMCs, one group reported that OX40 is constitutively expressed in 
human peripheral blood neutrophils and regulates neutrophil survival, indicating that OX40 contributes 
not only to adaptive immunity but also to innate immunity (15). However, OX40 expression in neutrophils 
in vivo and its roles and underlying mechanisms in pathological disease conditions remain obscure.

In this study, we monitored OX40 expression in neutrophils at different reperfusion times and identi-
fied the role of  OX40 in neutrophils in HIRI. In addition, we explored whether OX40 expression in neu-
trophils contributes to the biological functions of  neutrophils, including proinflammatory cytokine and 
ROS production, chemotaxis, and cell survival, via the tumor necrosis factor receptor–associated factor 
1/2/4–associated (Traf1/2/4-associated) NF-κB signaling pathway.

Neutrophils play critical roles during the initial phase of hepatic ischemia/reperfusion injury (HIRI). 
However, the regulation of neutrophil activation, infiltration, and proinflammatory cytokine 
secretion has not been fully elucidated. In this study, we revealed that OX40 was expressed by 
neutrophils, its expression in neutrophils was time-dependently upregulated following HIRI, and 
Ox40 knockout markedly alleviated liver injury. Compared with wild-type neutrophils, the adoptive 
transfer of Ox40–/– neutrophils decreased HIRI in neutrophil-depleted Rag2/Il2rg–/– or Ox40–/– mice. 
Moreover, consistently, the in vitro experiments showed that Ox40 not only prolonged neutrophil 
survival but also promoted proinflammatory cytokines, ROS production, and even neutrophil 
chemotaxis. Further investigation demonstrated that the knockout of Ox40 in neutrophils inhibited 
NF-κB signaling via the TRAF1/2/4 and IKKα/IKKβ/IκBα pathways. OX40L and OX86 stimulation 
could enhance neutrophil activation and survival in vitro and in vivo. In conclusion, our study 
provides a new understanding of OX40, which is expressed not only in adaptive immune cells 
but also in innate immune cells, i.e., neutrophils, contributing to the activation and survival of 
neutrophils. These findings provide a novel potential therapeutic target for the prevention of HIRI 
during liver transplantation or hepatic surgery.
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Results
HIRI upregulates OX40 expression in neutrophils. To study the role of OX40 molecules in neutrophils in HIRI, we 
used a mouse model of partial warm HIRI. We clamped the portal vein for 1 hour and observed the serum ala-
nine transaminase (ALT) levels at different reperfusion times. The serum ALT levels were increased from 0 to 
6 hours of reperfusion and then decreased to the normal level up to 72 hours after reperfusion, showing a peak 
at 6 hours after reperfusion (Figure 1A). Neutrophils (CD45+Ly6G+CD11b+) were detected in the postischemic 
tissue by flow cytometry, and the gating strategy is shown in Supplemental Figure 1 (supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.129736DS1). Similar to the ALT levels, 
the proportion of hepatic neutrophils was increased and peaked at 6 hours after reperfusion (27.38 ± 2.86% at 
6 hours vs. 23.48 ± 1.93% at 4 hours, P = 0.035) and then rapidly decreased (27.38 ± 2.86% at 6 hours vs. 12.25 
± 3.40% at 8 hours, P = 0.0001), suggesting that ischemia/reperfusion injury peaked 6 hours after reperfusion 
and was associated with a significantly high proportion of neutrophils (Figure 1, B and C).

Then, we explored OX40 expression in hepatic neutrophils during HIRI. After reperfusion, we 
obtained hepatic neutrophils from liver MNCs via FACS (purity > 95%) at different time points and mea-
sured the relative mRNA expression of  Ox40. Compared with the sham-operated group, Ox40 expression 
in the neutrophils from the HIRI group was strikingly upregulated at different reperfusion times. However, 
unexpectedly, Ox40 expression peaked at 1 hour of  reperfusion (Figure 1D). To further verify the time 
course of  OX40 expression in neutrophils after HIRI, we also detected the variation in OX40 expression via 
flow cytometry. In the sham group, the mice exhibited very low levels of  OX40 expression in the hepatic 
neutrophils. Consistent with the mRNA expression, OX40 expression in the hepatic neutrophils reached a 
maximum at 1 hour of  reperfusion and then decreased as the reperfusion time increased. After 6 hours of  
reperfusion, the expression level of  OX40 in the neutrophils from the HIRI group was still higher than that 
in the sham group (Figure 1, E–G).

Meanwhile, TNF-α and IL-1β synthesized by hepatic neutrophils were also detected. Compared with 
the sham group, the mRNA expression of  Tnfa and Il1b all significantly increased after HIRI, while Tnfa 
peaked at 4 hours and Il1b at 2 hours of  reperfusion (Figure 1, H and I). The variation tendency of  serum 
TNF-α and IL-1β was also similar to the mRNA (Figure 1, J and K). These results revealed that Ox40 
expression in neutrophils was increased after HIRI, which might be associated with proinflammatory cyto-
kines, such as TNF-α and IL-1β, directly secreted by neutrophils.

Ox40 knockout ameliorates HIRI. To explore the role of  the OX40 molecule in neutrophils in HIRI, we 
established a HIRI model in WT and Ox40–/– mice. As shown in Figure 2A, lower levels of  serum ALT 
were observed in the Ox40–/– mice at different reperfusion times. This difference was significant after 6 
hours of  reperfusion (1988.09 ± 433.83 IU/L in WT HIRI vs. 695.40 ± 158.52 IU/L in Ox40–/– HIRI, P = 
0.0001) (Figure 2B). Compared with the WT mice, the Ox40–/– mice showed less hepatocellular necrosis, 
indicating that the Ox40 depletion ameliorated HIRI (Figure 2C).

The flow cytometric analyses showed markedly less liver neutrophilic infiltration in the Ox40–/– mice 
as determined by the lower proportion of  CD45+ cells and absolute numbers (Figure 2, D–F). This finding 
was consistent with lower serum myeloperoxidase (MPO) level and the lower mRNA level of  MPO in the 
hepatic MNCs from the Ox40–/– mice (Figure 2, G and H). In addition, the Ox40–/– mice displayed a lower 
mRNA level of  Nox2 (NAPDH oxidase 2) after HIRI compared with the WT mice (Figure 2I). All these 
data indicated that the absence of  Ox40 in the mice ameliorated HIRI, followed by a reduction in neutro-
philic infiltration and oxidative burst of  neutrophils.

To investigate the role of  other factors that also influence neutrophilic infiltration, we also detected the 
proportion of  other important immune cells (2, 16–18), damage-associated molecular pattern molecules 
(DAMPs) (e.g., Hmgb1 or S100b, ref. 7), and chemotaxis signals (19). We found that the proportions of  
Kupffer cells, monocytes, and CD4+ T cells, but not CD8+ T cells, were markedly decreased in Ox40–/– mice 
(Figure 2, J and K). In addition, the mRNA level of  S100b was significantly decreased, while Hmgb1 had 
no significant difference between WT and Ox40–/– mice after HIRI (Figure 2L). The chemotaxis signals, 
including Ccl2, Ccl3, Ccl5, Ccl9, were all decreased in Ox40–/– mice (Figure 2M).

OX40 in neutrophils contributes to HIRI. To directly confirm that OX40 in neutrophils, but not T cells, 
contributes to the protection against HIRI, adoptive transfer assays were performed in Rag2/Il2rg–/– mice 
lacking residual T, B, and NK cells. We used anti-Ly6G mAb to deplete the resident neutrophils and 
performed adoptive transfer of  neutrophils from WT or Ox40–/– mice into Rag2/Il2rg–/– or Ox40–/– mice; 
then, HIRI models were established.
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The efficiency of  the neutrophil depletion in the liver with 400 μg anti-Ly6G mAb was examined 
daily from days 1 to 3 after the antibody injection. As shown in Figure 3A, almost 80% of  the neutro-
phils were thoroughly depleted from the liver, and the efficacy was maintained up to 2 days after the 
mAb injection. After 3 days, the liver neutrophil frequency started to recover up to 50% of  the initial 
level before the antibody depletion. We further tested the effects of  residual anti-Ly6G mAb in recipient 
mice on newly adoptive transferred BM neutrophils. The mice were subjected to adoptive transfer and 
received neutrophils 2 days after the antibody depletion. On the following day (3 days after the antibody 
depletion and 1 day after the neutrophil reconstitution), the recipient mice displayed a frequency of  liv-
er neutrophils that was almost comparable to that in the naive mice (Figure 3A). However, in the mice 
that received the neutrophil reconstitution only 1 day after the antibody depletion, a significantly lower 
percentage of  liver neutrophils was found on the following day (2 days after the antibody depletion and 
1 day after the neutrophil reconstitution), suggesting that the anti-Ly6G antibody does not have residual 
effects on newly transferred neutrophils after 2 days. Furthermore, to distinguish self  and transferred 

Figure 1. HIRI peaked after 6 hours of reperfusion and mediated the upregulation of OX40 expression in neutrophils. (A) Serum ALT levels following 1 hour 
of ischemia and different reperfusion times (1 hour, 2 hours, 4 hours, 6 hours, 12 hours, 24 hours, 48 hours, and 72 hours after reperfusion) were examined (n = 
3/group). (B) CD45+ leukocytes were gated for an analysis of the neutrophil (Ly6G+ and CD11b+ subsets) proportions at different time points (1 hour, 2 hours, 4 
hours, 6 hours, and 8 hours after reperfusion), and the neutrophils were characterized by flow cytometry (n = 3–5/group). (C) Statistical analysis of neutrophil 
proportions in CD45+ gates (n = 3–5/group). Neutrophils were isolated from liver mononuclear cells (MNCs) by FACS after different reperfusion times, and 
relative mRNA expression of Ox40 (D) was measured by real-time PCR (n = 5/group). Representative flow cytometric results (E) and statistical analysis (F) of 
OX40 expression in neutrophils (CD45+Ly6G+CD11b+ subsets) (n = 5/group). (G) Relative MFI levels of OX40 in neutrophils plotted in each group (n = 5/group). 
Neutrophils were isolated from liver MNCs by FACS after different reperfusion times, and relative mRNA expression of Tnfa (H) and Il1b (I) was measured by 
real-time PCR (n = 5/group). Serum TNF-α (J) and IL-1β (K) levels (pg/mL) were measured by mouse inflammation panel (n = 5/group). Data represent mean ± 
SD. Significant differences were analyzed using 2-tailed Student’s t test and 1-way ANOVA. *P < 0.05; **P < 0.01; NS, No significant difference.
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cells after neutrophil reconstitution, we used C57BL/6 congenic for CD45.1 mice as recipients of  neu-
trophils from WT mice (CD45.1–) after neutrophil depletion. We found that the CD45.1+ self-neutro-
phils accounted for less than 10% of  whole neutrophils in neutrophil-reconstituted mice on day 3, while 
CD45.1+ monocytes were almost 100% (Figure 3B). Based on these results, to minimize the influences 

Figure 2. Ox40 knockout reduced HIRI and neutrophil infiltration. (A) Serum ALT curve following 1 hour of hepatic ischemia and different reperfusion 
times (6 hours, 12 hours, 24 hours, 48 hours, and 72 hours after reperfusion) (n = 3/group). (B) Serum ALT levels following 1 hour of ischemia and 6 hours of 
reperfusion (n = 5–6/group). (C) Liver histology in WT and Ox40–/– mice following 1 hour of ischemia and 6 hours of reperfusion (scale bar: 200 μm). Repre-
sentative flow cytometric results (D) and statistical analysis (E) of neutrophil proportions in CD45+ gates after different reperfusion times (n = 5/group). (F) 
Absolute number of neutrophils computed by flow cytometry (n = 5/group). (G) Serum MPO levels following 1 hour of ischemia and 6 hours of reperfusion 
(n = 5/group). Relative mRNA expression of Mpo (H) and Nox2 (I) in the liver was quantified by real-time PCR (n = 5/group). The proportions of Kupffer 
cells and monocytes in CD45+Ly6G– gates (J) and CD4+ T cells and CD8+ T cells in CD3+ T cells (K) following 1 hour of ischemia and 6 hours of reperfusion (n 
= 5/group). Relative mRNA expression of Hmgb1 and S100b (L) and Ccl2, Ccl3, Ccl4, Ccl5, and Ccl9 (M) in the liver was quantified by real-time PCR (n = 5). 
Data represent mean ± SD. Significant differences were analyzed using Student’s t test. *P < 0.05; **P < 0.01; NS, nonsignificant.
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of  the residual antibody on the newly transferred neutrophils and the recovery of  self-neutrophils, the 
mice underwent adoptive transfer with BM neutrophils 2 days after the antibody depletion and were 
subjected to HIRI on day 3.

As expected, compared with the WT neutrophils, the Ox40–/– neutrophils protected the liver from HIRI 
well in Rag2/Il2rg–/– mice as shown by apparently low levels of serum ALT (381.00 ± 45.43 IU/L in Rag2/
Il2rg–/– HIRI + Ox40–/– neutrophils vs. 600.40 ± 85.68 IU/L in Rag2/Il2rg–/– HIRI + WT neutrophils, P = 0.007) 

Figure 3. Ox40 deficiency in neutrophils alleviated HIRI and decreased neutrophilic infiltration. (A) Representative flow cytometric results of neutrophil 
proportions in CD45+ gates after different treatments with an anti-Ly6G antibody and/or neutrophil adoptive transfer (n = 3 independent experiments).  
(B) C57BL/6 congenic for CD45.1 mice were recipients of adoptive transfer after neutrophil depletion. CD45.1+ neutrophils or monocytes were detected by 
flow cytometry (n = 3 independent experiments). The neutrophil-depleted Rag2/Il2rg–/– mice were reconstituted with neutrophils from WT or Ox40–/– mice. 
(C) Serum ALT levels following 1 hour of ischemia and 6 hours of reperfusion times (n = 3–5/group). (D) Representative liver histology after HIRI (scale bar: 
200 μm). Representative flow cytometric results (E) and statistical analyses (F) of proportions of neutrophils in CD45+ gates (n = 3–5/group). The neu-
trophil-depleted Ox40–/– mice were also reconstituted with neutrophils from WT or Ox40–/– mice. (G) Serum ALT levels following 1 hour of ischemia and 6 
hours of reperfusion time (n = 3–5/group). (H) Representative liver histology after HIRI (scale bar: 200 μm). Representative flow cytometric results (I) and 
statistical analyses (J) of proportions of neutrophils in CD45+ gates (n = 3–5/group). The proportions of Kupffer cells and monocytes in CD45+Ly6G– gates 
(K) and CD4+ T cells and CD8+ T cells in CD3+ T cells (L) (n = 3–5/group). Data represent mean ± SD. Significant differences were analyzed using 2-tailed 
Student’s t test and 1-way ANOVA. *P < 0.05; **P < 0.01; NS, nonsignificant.
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and reduced hepatocellular necrosis (Figure 3, C and D). These findings were accompanied by reduced neutro-
philic infiltration as shown by flow cytometric analysis (2.71 ± 0.42% in Rag2/Il2rg–/– HIRI + Ox40–/– neutro-
phils vs. 6.19 ± 1.63% in Rag2/Il2rg–/– HIRI + WT neutrophils, P = 0.023) (Figure 3, E and F).

To verify the role of  OX40 in neutrophils and other immune cells in HIRI, we also reconstituted neu-
trophil-depleted Ox40–/– mice with WT or OX40–/– neutrophils. Similarly, Ox40–/– neutrophils resulted in less 
liver injury, as shown by decreased ALT levels (901.76 ± 280.13 IU/L in Ox40–/– HIRI + Ox40–/– neutrophils 
vs. 1451.15 ± 251.24 IU/L in Ox40–/– HIRI + WT neutrophils, P = 0.028) and less hepatocellular necrosis 
(Figure 3, G and H). Decreased neutrophil infiltration (9.89 ± 0.79% in Ox40–/– HIRI + Ox40–/– neutrophils 
vs. 13.6 ± 2.24% in Ox40–/– HIRI + WT neutrophils, P = 0.036) was also detected in Ox40–/– neutrophils 
(Figure 3, I and J). Interestingly, no significant differences of  proportions of  other cells, including mono-
cytes, Kupffer cells, CD4+ T cells, or CD8+ T cells (Figure 3, K and L) were found between WT or Ox40–/– 
neutrophil-reconstituted mice, suggesting that Ox40 did affect the function of  neutrophils even if  without 
the influence from other immune cells.

OX40 facilitates the inflammatory reaction and increases neutrophil survival. To explore the potential mecha-
nisms of  OX40 in neutrophils in HIRI, in vitro stimulation assays were performed. The naive BM neutro-
phils did not show obvious expression of  OX40 by flow cytometry; however, following PMA/ionomycin 
stimulation, the activated neutrophils exhibited markedly upregulated OX40 expression (0.61 ± 0.14% in 
WT neutrophils vs. 12.43 ± 0.74% in WT neutrophils + PMA, P = 0.0001), which was consistent with the 
real-time PCR results (Figure 4, A and B).

Consistent with the results of  the animal experiments, stimulation with PMA/ionomycin also 
increased the production of  proinflammatory cytokines, such as TNF-α and IL-1β, and Ox40 defi-
ciency statistically decreased the secretion of  these cytokines (Figure 4, C and D). Moreover, the 
Ox40 deficiency also displayed appreciably decreased mRNA levels of  Il17a, Rorgt, and Nfkb. We also 
noticed that the Ox40 deficiency downregulated the expression of  the chemokine receptors Ccr1 and 
Ccr2 in the neutrophils (Figure 4E). To explore the effect of  OX40 on oxidative burst, intracellular ROS 
production was measured by 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA), and we found an 
evidently reduced level of  ROS production in the Ox40–/– neutrophils (Figure 4F). This finding was 
also consistent with the decreased mRNA level of  Mpo and Nox2, which are index measures of  neutro-
phil activation (Figure 4E). These data indicate that OX40 could promote neutrophil proinflammatory 
cytokine secretion and oxidative burst.

To support the role of  OX40 in neutrophil survival, we quantified the mRNA expression of  Bcl2 and Bid 
via real-time PCR and measured annexin V via flow cytometry. Expectedly, the Ox40 deficiency increased 
neutrophil apoptosis compared with that observed in the neutrophils from the WT mice (Figure 4, E and G).

Ox40 knockout inhibits NF-κB/RelA in neutrophils via a Traf1/2/4-related pathway. Previous studies 
have demonstrated well that Traf and NF-κB are essential for OX40 downstream signaling in T cells (20, 
21). To explore the potential mechanisms of  OX40 in neutrophils, we examined the mRNA expression 
of  Traf1/2/3/4/5/6. As shown in Figure 5A, treatment with PMA/ionomycin specifically upregulated 
the mRNA expression of  Traf1/2/4, and Ox40 deficiency decreased neutrophil Traf1/2/4 expression. 
Meanwhile, the flow cytometric analysis displayed that Ox40 knockout decreased the phosphorylation 
levels of  protein kinase B (AKT), inhibitor of  nuclear factor κ-B kinase subunit α/β (IKKα/β), and 
RelA and increased the phosphorylation levels of  IκBα (Figure 5, B and C). Consistent with these 
data, Ox40 deficiency significantly depressed the expression of  nuclear proteins, including NF-κB (p50/
p105) and RelA, compared with those observed in the neutrophils from the WT mice (Figure 5, D and 
E). Taken together, these observations suggest that OX40 regulates the function of  neutrophils via the 
Traf1/2/4-associated NF-κB pathway.

OX40L protein and OX40 agonist promote the neutrophil activation and survival. After 1 hour of  reperfusion, 
when OX40 expression on neutrophils reached maximum level, OX40L expression was also significantly 
upregulated in the liver compared with the sham group (Figure 6A). To explore the function of  OX40L/
OX40 interaction on neutrophils, we further tested neutrophils after the stimulation of  OX40 on neutrophils 
by OX40L or OX40 agonist OX86. As expected, administration of  OX40L protein promoted neutrophils’ 
ROS generation, and this activation effect was neutralized by the administration of  OX40L-blocking anti-
body. Similarly, OX86 also increased ROS generation of  neutrophils, compared with the control rat IgG 
(Figure 6B). As shown in Figure 6, D and E, we also found that exogenous administration of  OX40L and 
OX86 markedly decreased the proportion of  7-AAD+annexin V+ and 7-AAD–annexin V+ cells and increased 
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7-AAD–annexin V– cells, while OX40L-blocking antibody completely reversed the antiapoptosis effect of  
OX40L protein on neutrophils. Similarly, OX40L significantly enhanced neutrophil viability and cytokine 
production, and the OX40L-blocking antibody neutralized the activation effect of  OX40L (Figure 6, C, F, and 
G). All these data revealed that the activation of  OX40 by OX40L and OX86 delivered an indispensable signal 
to neutrophils, regulating cell survival and oxidative stress reaction.

To strengthen this conclusion, we also observed neutrophilic influx, ROS generation, and cell survival 
after intraperitoneal injection of  0.25 mg OX86 (22) or rat IgG into Rag2/Il2rg–/– mice at the beginning of  
reperfusion. Consistent with the results of  experiments in vitro, OX86 injection significantly increased neu-
trophil infiltration and ROS generation in vivo, while enhancing cell survival (Figure 6, H–J).

Figure 4. Ox40 in neutrophils promoted cytokine and ROS production and was involved in neutrophil infiltration and prolonged cell survival. 
BM neutrophils (CD45+Ly6G+CD11b+ subsets) from WT or Ox40–/– mice were obtained by FACS and stimulated with PMA/ionomycin for 4 hours. (A) 
Representative flow cytometric results and statistical analyses of OX40 expression in neutrophils (n = 4/group). (B) Relative OX40 mRNA expression 
in neutrophils (n = 4/group). Representative flow cytometric results and statistical analyses of TNF-α (C) and IL-1β (D) produced by neutrophils (n = 4/
group). (E) Relative mRNA expression of Tnfa, Il1b, Il17a, Rorgt, Nfkb, Bcl2, Bid, Mpo, Nox2, Ccr1, and Ccr2 in each group (n = 3–4/group). (F) Relative 
MFI levels of ROS measured by flow cytometry (n = 4/group). (G) Relative annexin V+ percentage measured by flow cytometry (n = 4/group). Data 
represent mean ± SD. Significant differences were analyzed using Student’s t test. *P < 0.05; **P < 0.01.
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Discussion
HIRI is a pathophysiological process that further aggravates liver injury after blood flow is restored to the 
liver. During the early phase of  HIRI (0–6 hours), DAMPs released by damaged cells activate Kupffer cells 
and trigger initial damage via ROS and proinflammatory cytokines, inducing excessive neutrophil influx 
and a cascade of  further inflammatory responses (7, 23, 24).

In this study, we found that neutrophilic infiltration peaked 6 hours after reperfusion at the time of  the 
maximum level of  liver injury. In addition to ROS and protease reported in a previous study (24), neutrophils 
also generate proinflammatory cytokines, such as TNF-α and IL-1β, in hepatic ischemia and reperfusion. 
More importantly, we revealed that the expression of  OX40 in neutrophils was vigorously upregulated in 
HIRI in a time-dependent manner. This finding extends the previous view that OX40 is mainly a functional 
T cell costimulatory molecule that is mainly expressed in activated CD4+ cells and CD8+ T cells to regulate 
T cell activation, differentiation, cytokine production, and survival (10, 11, 25). Similar to the time course of  
its expression in T cells (26, 27), the level of  OX40 expression in neutrophils varied at different reperfusion 
times. Our detailed study showed that OX40 expression on neutrophils reached a maximum level 1 hour 
after reperfusion and then gradually declined as the reperfusion time increased. This peak expression time 
of  the OX40 molecule in neutrophils was earlier than that of  the maximum neutrophilic liver infiltration, 

Figure 5. OX40 knockout inhibited NF-κB1/RelA in neutrophils via a Traf1/2/4-related pathway. BM neutrophils 
(CD45+Ly6G+CD11b+ subsets) from WT or Ox40–/– mice were obtained by FACS and stimulated with PMA/ionomycin for 
4 hours. (A) Relative mRNA expression of Traf1, Traf2, Traf3, Traf4, Traf5, and Traf6 was examined in each group (n = 
4/group). Representative flow cytometric results (B) and statistical analyses (C) of RelA and phosphorylation of AKT, 
IKKα, and IκBα in WT and Ox40–/– neutrophils (n = 4/group). (D) Nuclear proteins were extracted from neutrophils, and 
the relative protein levels of NF-κB (p50/p105) and RelA were analyzed by Western blotting. (E) Statistical analyses 
of Western blotting results (n = 3/group). Data represent mean ± SD. Significant differences were analyzed using 
Student’s t test. *P < 0.05; **P < 0.01; NS, nonsignificant.
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Figure 6. OX40L and OX40 agonist enhanced neutrophil activation and survival. (A) Relative mRNA expression of Ox40l in the liver was measured by 
real-time PCR after 1 hour of reperfusion (n = 6–8/group). BM neutrophils (CD45+Ly6G+CD11b+ subsets) from WT mice were obtained by FACS and stimulated 
with or without OX40L-blocking antibody (2 μg/mL) for 3 hours followed by OX40L protein (0.5 μg/mL) for 6 hours. In other experiments, neutrophils were 
treated with OX40 agonist mAb OX86 (50 μg/mL) or control rat IgG1 (50 μg/mL) for 6 hours. (B) Relative MFI levels of ROS in neutrophils were measured by 
flow cytometry (n = 4/group). (C) Alamar Blue assay in each group (n = 10/group). Representative flow cytometric results (D) and statistical analyses (E) of 
annexin V+, 7-aminoactinomycin D–positive (7-AAD+) neutrophils measured by flow cytometry (n = 5/group). Relative MFI levels of TNF-α (F) and IL-1β (G) 
produced by neutrophils (n = 4/group). Rag2/Il2rg–/– mice were intraperitoneally injected with 0.25 mg rat IgG or OX40 agonist mAb (clone OX86, BioXCell) 
in 0.4 mL Dulbecco’s PBS (DPBS) at the beginning of reperfusion. (H) Representative flow cytometric results and statistical analyses of proportions of 
neutrophils in CD45+ gates (n = 5/group). (I) Relative MFI levels of ROS in neutrophils were measured by flow cytometry (n = 5/group). (J) Representative 
flow cytometric results and statistical analyses of annexin V+ neutrophils measured by flow cytometry (n = 5/group). Data represent mean ± SD. Significant 
differences were analyzed using 2-tailed Student’s t test and 1-way ANOVA. *P < 0.05; **P < 0.01; NS, nonsignificant. 
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suggesting that OX40 may be involved during the early phase of  neutrophil activation, recruitment, and even 
immunological function. The activation of  neutrophils is mainly initiated through ROS and proinflamma-
tory cytokines in HIRI; because neutrophils express OX40, we believe that the OX40/OX40L interaction is 
another important pathway for the activation of  neutrophils by OX40L-expressing antigen-presenting cells 
in HIRI. This hypothesis needs to be addressed in the future.

In this study, we found that Ox40 deficiency in neutrophils remarkably reduced liver injury and neutro-
philic infiltration, revealing that Ox40 in neutrophils contributes to HIRI. Through an in vitro stimulation 
assay, we found that naive neutrophils stimulated with PMA/ionomycin exhibited a markedly increased 
expression of  OX40. Il17a and Rorgt were upregulated after the stimulation and dramatically reduced in 
the Ox40-deficient neutrophils. As expected, we also observed that Ox40 deficiency resulted in remark-
ably decreased TNF-α and IL-1β secretion by neutrophils. These findings reveal that OX40 could pro-
mote proinflammatory cytokine secretion by neutrophils. Meanwhile, the expression of  Nox2 and Mpo was 
decreased in the Ox40-deficient neutrophils. Because the NOX2/MPO axis is critical for oxidative burst 
in neutrophils, which is relevant to redundant reactive oxidant generation and tissue damage (28, 29), we 
speculate that OX40 may be involved in oxidant generation and subsequent oxidative stress in neutrophils.

In addition, OX40/OX40L signaling increases cell chemotaxis and mobility by upregulating CXCR5 
expression in CD4+ T cells (30) and increasing RANTES (regulated on activation, normal T cell expressed 
and secreted)/CCL5 in vascular endothelial cells (31). In neutrophils, CCR1 and CCR2 reportedly play 
a pivotal role in cell migration to sites of  inflammation and promote subsequent inflammatory responses 
(32–34). We detected the expression of  Ccr1 and Ccr2 and found that neutrophils stimulated with PMA/
ionomycin exhibited an upregulation of  these chemotactic factors, whereas the Ox40 deficiency slightly 
decreased this tendency. In addition, this finding could be a potential reason explaining the reduced neutro-
philic influx in the Ox40-deficient group.

Previous studies have demonstrated well that the activation of  OX40 in T cells is crucial for promoting 
antiapoptotic Bclxl and Bcl2 expression and inhibiting cell apoptosis through the NF-κB pathway (11, 35, 36). 
A recent study indicated that OX40 is expressed in human peripheral blood neutrophils and delays cell apop-
tosis by inhibiting Bid and Bax and maintaining Mcl1 levels, ultimately preventing mitochondrial death (15). 
We support that OX40 prevents neutrophil apoptosis by showing that Ox40 knockout remarkably decreased 
antiapoptotic Bcl2 and increased proapoptotic Bid expression in neutrophils, which were accompanied by the 
downregulation of  Nfkb. Consistent with these results, Ox40 deficiency in the neutrophils increased the num-
ber of  annexin V+ cells. Furthermore, our detailed mechanistic study showed that Ox40 knockout significantly 
inhibited the Traf1/2/4-related NF-κB1/RelA signaling pathway. In addition, OX40, which targets the intra-
cellular NF-κB signaling pathway, can promote cytokine production, chemotaxis, and survival (21).

Neutrophils are central players of  the innate immune system and constitute a first line of  defense 
against invading pathogens and damaged cells. They exist in a resting state in the blood flow and become 
primed by DAMPs, including heat shock proteins, high-mobility group box 1 (HMGB1), S100b, purine 
nucleotides, and uric acid, as well as pathogen-associated molecular pattern molecules, such as bacterial 
LPS, peptidoglycan, flagellin, and double-stranded RNA (7, 37, 38). Neutrophils could be also activated by 
cytokines generated by other immune cells or chemokines (19, 39, 40). Moreover, in this study, we revealed 
a potentially new pathway of  neutrophil activation via stimulation of  cell surface molecular OX40. Both 
OX40L and OX40 agonist mAb (OX86) effectively inhibited neutrophil apoptosis and promoted ROS gen-
eration via strengthening OX40 signaling, which suggests that neutrophils could also be activated by other 
OX40L-expressing cells, e.g., Kupffer cells, during liver inflammation and HIRI.

Based on our data, we deduce the mechanisms by which OX40 in neutrophils is involved in HIRI. The 
stimulation of  OX40 delivers an indispensable signal to neutrophils; OX40 targets Traf1/2/4-associated 
NF-κB activation, which regulates the biological functions of  neutrophils, including the promotion of  cyto-
kine production, oxidative burst, cell chemotaxis, and survival, and the number of  neutrophils accumulated 
in the inflammatory liver is increased, exaggerating the cascade of  the inflammatory response and leading 
to further progressive HIRI.

In conclusion, our study provides a new understanding of  OX40, which is expressed not only in adap-
tive immune cells but also in innate immune cells, i.e., neutrophils, contributing to the activation and sur-
vival of  neutrophils. These findings provide a novel potential therapeutic target for the prevention of  HIRI 
during liver transplantation or hepatic surgery.
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Methods
Mice. Six- to eight-week-old male WT C57BL/6, C57BL/6 congenic for CD45.1, and C57BL/6 OX40-KO 
(Ox40–/–) mice were purchased from the Jackson Laboratory (Bar Harbor, Maine, USA). The B6.Rag2/
Il2rg–/– mice were purchased from Taconic Biosciences (Germantown, New York, USA). The mice were 
maintained in a pathogen-free environment at the animal facilities of  Beijing Friendship Hospital.

Reagents and antibodies. The fluorochrome-conjugated antibodies against mouse CD45 (clone 30-F11), 
CD11b (clone M1/70), F4/80 (clone BM8), Ly6G (clone 1A8-Ly6g), CD3 (clone 145-2C11), CD4 (clone 
GK1.5), CD8 (clone 53-6.7), OX40 (CD134) (clone OX-86), and TNF-α (clone MP6-XT22); biotin anti–
mouse IL-1β (clone B122); cell activation cocktail (423304); and LEGENDplex mouse inflammation 
panel (740150) were obtained from BioLegend, and anti–mouse phospho-AKT1 (Ser473) (17-9715-42) 
and streptavidin-APC (17-4317-82) were purchased from eBioscience. Anti–mouse IκBα (phospho-S36) 
(ab133462), NF-κB (p105/p50) (ab32360), RelA (p65) (ab32536), and histone H3 (ab18521) and don-
key anti-rabbit IgG (ab150075) were obtained from Abcam. In addition, anti–mouse phospho-IKKα 
(Ser176/180) (16A6) was purchased from Cell Signaling Technology. The PE Annexin V Apoptosis 
Detection Kit (559763) was purchased from BD Pharmingen. Recombinant mouse OX40L protein (1236-
OX) and neutralizing antibodies against mouse OX40L (MAB1236) were obtained from R&D Systems. 
Rat IgG (I4131) and TRI reagent (93289) were purchased from MilliporeSigma. Anti–mouse Ly6G mAb 
(clone 1A8) and OX40 agonist mAb (clone OX86) were purchased from BioXCell.

Mouse HIRI model. The model of  partial warm HIRI was induced as previously described (41). Briefly, 
fasted mice were anesthetized, and a middle incision was performed to expose the liver and portal vein. An 
atraumatic clip was carefully placed across the portal vein and associated structures to interrupt the blood 
supply to the median and left lateral lobes. The mice were placed on a heating pad to maintain body tem-
perature at 37°C. After 60 minutes of  ischemia, the clip was carefully removed, and hepatic reperfusion was 
initiated. After specified times of  reperfusion, blood and the ischemic hepatic lobes were collected from the 
anesthetized mice. The sham-operated mice underwent the same procedure without clamping.

Measurement of  ALT levels. The blood samples were obtained after specified times of  reperfusion, and 
the serum was collected by centrifugation at 850 g for 10 minutes. The serum ALT levels were measured 
by using an Alanine Aminotransferase Assay Kit (C009-2, Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer’s instructions.

Measurement of  MPO levels. The serum MPO levels were measured by an MPO colorimetric activity 
assay kit (MAK068, MilliporeSigma). After incubating serum with the assay according to the technical 
bulletin, samples and standards were measured at the absorbance of  412 nm, and then we calculated the 
MPO activity using the equation: MPO activity = (nmol of  5-thio-2-nitrobenzoic acid consumed × sample 
dilution factor) / (reaction time × mL of  sample).

Isolation of  hepatic MNCs. The isolation of  mouse liver MNCs by enzymatic digestion in situ was per-
formed as previously described (42). Under deep anesthesia, the mice were perfused with 30 mL normal 
saline via the left cardiac apex. The ischemic lobes were cut into small pieces and digested in 0.01% type IV 
collagenase (C5138-1G, MilliporeSigma) for 30 minutes at 37°C. Then, the mixture was dissociated using a 
gentle-MACS Dissociator (130-093-235, Miltenyi Biotec). The cell suspension was filtered through a 70-μm 
nylon cell strainer and centrifuged at 50 g for 5 minutes; then, the supernatant was centrifuged at 500 g for 5 
minutes. The hepatic MNCs were collected from the cell pellet and resuspended with DPBS.

Purification of  neutrophils from the liver or bone marrow. The hepatic MNCs were collected via enzy-
matic digestion as described above. The BM cells were harvested from the WT or Ox40–/– mice, and 
the RBCs were removed using erythrocyte lysis buffer (79217, QIAGEN). Then, the neutrophils 
(CD45+Ly6G+CD11b+ subsets) from the liver or BM were sorted following a mixed lymphocyte reac-
tion using a FACSAria II cell sorter (BD Biosciences).

Neutrophil depletion in vivo and adoptive transfer model. For the depletion of  the neutrophils in vivo, 
Rag2/Il2rg–/–, Ox40–/–, or C57BL/6 congenic for CD45.1 mice were intraperitoneally injected with 0.4 mg 
rat anti–mouse Ly6G mAb (clone 1A8, BioXCell) in 0.3 mL DPBS 48 hours before the adoptive transfer 
of  neutrophils from WT or Ox40–/– mice. The control mice were injected with an equivalent amount of  
rat IgG. The efficacy of  the neutrophil depletion was confirmed by flow cytometry.

Two days after the depletion of the neutrophils in vivo, the Rag2/Il2rg–/–, Ox40–/–, or C57BL/6 congenic for 
CD45.1 mice were subjected to the adoptive transfer of 4 × 106 WT or Ox40–/– neutrophils by a tail vein injec-
tion. Twenty-four hours after the cell transfer, the recipient mice underwent ischemia and reperfusion surgery.
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Measurement of  ROS production. The intracellular levels of  ROS production were measured using 
an ROS assay kit (E004, Nanjing Jiancheng Bioengineering Institute) according to the manufacturer’s 
instructions. The cells were seeded in 96-well plates (2 × 105/well) with or without PMA (P8139-1MG, 
MilliporeSigma)/ionomycin (56092-82-1, Tocris), and 10 μM of  DCFH-DA (included in the ROS 
assay kit) was added. After incubation at 37°C for 30 minutes, the cells were washed with DPBS 3 
times, and intracellular DCF fluorescence was detected by flow cytometry in the FITC channel.

Alamar Blue cell viability assay. After different treatment, neutrophils were seeded in 96-well plates 
(1 × 105/well) with or without 10 μL of  Alamar Blue cell viability reagent (DAL1025, Thermo Fisher 
Scientific). After incubation at 37°C for 4 hours, plates were measured at the absorbance of  570 nm and 
600 nm. Then the percentage reduction of  Alamar Blue was calculated.

Stimulation assay in vitro. The BM neutrophils from the WT or OX40–/– mice were suspended in com-
plete medium (RPMI 1640, 10-040-CVR, Corning, supplemented with 100 U/mL penicillin, 100 μg/mL 
streptomycin, 10% FBS, and 2 mM glutamine) and seeded in 6-well culture plates (3 × 106/well) with or 
without PMA/ionomycin at 37°C for 4 hours. The BM neutrophils from WT mice were also stimulated 
with or without OX40L-blocking antibody (2 μg/mL) for 3 hours followed by OX40L protein (0.5 μg/
mL) for 6 hours. In other experiments, the BM neutrophils were treated with OX40 agonist mAb OX86 
(50 μg/mL) or control rat IgG1 (50 μg/mL) for 6 hours. The cells were harvested for real-time PCR 
(RT-PCR) and flow cytometric analyses.

OX86 stimulation in vivo. The Rag2/Il2rg–/– mice were intraperitoneally injected with 0.25 mg rat IgG or 
OX40 agonist mAb (clone OX86, BioXCell) in 0.4 mL DPBS at the beginning of  reperfusion.

Flow cytometric analysis. Flow cytometry was performed with a FACSAria II flow cytometer (BD Biosci-
ences), and the data were analyzed with FlowJo software (Tree Star Inc.).

RT-PCR. The total RNA was extracted from the liver tissue or cells using TRI reagent or an Eastep 
Super Total RNA Extraction Kit (LS1040, Shanghai Promega) and reverse-transcribed to cDNA using 
a PrimeScript RT Reagent Kit (RR037A, TaKaRa). The mRNA levels of  the target genes were quanti-
fied by RT-PCR using an ABI 7500 Sequence Detection System (Applied Biosystems). The data were 
normalized to Gapdh gene expression and quantified using the 2-ΔΔCt method. The primer sequences 
of  the target genes are shown in Supplemental Table 1.

Western blot analysis. The WT or OX40-KO neutrophils were prepared by a cell sorter (FACSAr-
ia II, BD Biosciences) and collected after the PMA stimulation. The nuclear proteins were extracted 
from the WT or OX40-KO neutrophils by nuclear and cytoplasmic extraction reagents (78835, Thermo 
Fisher Scientific). Equal amounts of  proteins were subjected to 12% SDS-PAGE and transferred to 
PVDF membranes (MilliporeSigma). Primary antibodies against NF-κB1 (p105/p50) (1:2000 dilution; 
ab32360, Abcam), RelA (1:2000 dilution; ab32536, Abcam), and histone H3 (1:4000 dilution; ab18521, 
Abcam) and secondary antibodies conjugated to HRP were used (ZB-2301, Zhongshan Golden Bridge 
Biotechnology Co.). In addition, the immune complexes were detected using chemiluminescence.

Statistics. The significant differences were analyzed using 2-tailed Student’s t test and 1-way ANOVA. 
All statistical analyses were performed using SPSS software (SPSS Inc.). The data were expressed as the 
mean ± SD. P values less than 0.05 were considered statistically significant.

Study approval. All animal protocols were approved by the Institutional Animal Care and Ethics Com-
mittee of  Beijing Friendship Hospital.
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