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Upregulated PD-L1 delays human neutrophil apoptosis
and promotes lung injury in an experimental mouse model
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PD-L1 is a ligand for PD-1, and its expression has been shown to be upregulated in neutro-
phils harvested from septic patients. However, the effect of PD-L1 on neutrophil survival and
sepsis-induced lung injury remains largely unknown. In this study, PD-L1 expression corre-
lated negatively with rates of apoptosis in human neutrophils harvested from patients
with sepsis. Coimmunoprecipitation assays on control neutrophils challenged with
interferon-g and LPS showed that PD-L1 complexes with the p85 subunit of phosphatidyl
3-kinase (PI3K) to activate AKT-dependent survival signaling. Conditional CRE/LoxP deletion
of neutrophil PD-L1 in vivo further protected against lung injury and reduced neutrophil lung
infiltration in a cecal ligation and puncture (CLP) experimental sepsis animal model. Com-
pared with wild-type animals, PD-L1–deficient animals presented lower levels of plasma
tumor necrosis factor-a and interleukin-6 (IL-6) and higher levels of IL-10 after CLP, and
reduced 7-day mortality in CLP PD-L1–knockout animals. Taken together, our data suggest
that increased PD-L1 expression on human neutrophils delays cellular apoptosis by trigger-

ing PI3K–dependent AKT phosphorylation to drive lung injury and increase mortality during clinical and experimental
sepsis.

Introduction
Sepsis is defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection and is the leading cause
of death in the intensive care unit.1,2 Treatment options for sepsis
remain limited by an incomplete understanding of the molecular
mechanisms driving the host response to infection. Multiple stud-
ies have indicated that patients with sepsis experience disordered
immune function.3,4 Our previous studies have demonstrated that
sustained neutrophil activation through delayed apoptosis con-
tributes to nonspecific tissue injury in patients with sepsis.5,6

PD-L1 is a ligand for PD-1 and negatively regulates T-cell
responses by inducing lymphocyte apoptosis. The expression of
PD-L1, a coinhibitory molecule, is increased in neutrophils during
sepsis.7,8 We have shown that PD-L1 is upregulated in neutrophils
and correlates with sepsis-induced immunosuppression.8 Other
work has shown that neutrophil apoptosis is regulated through
the phosphatidyl 3–kinase (PI3K)/AKT signaling pathway,9,10 and
it has been reported that PD-L1 maintains the stemness of cancer
stem cells through AKT signaling.11 We therefore sought to inves-
tigate whether PD-L1 delays ex vivo neutrophil apoptosis by
inducing AKT phosphorylation in neutrophils extrapolated from

consenting healthy volunteers. We further identified the in vivo
role of neutrophil PD-L1 in sepsis by using a cecal ligation and
puncture experimental animal model.

Study design
Patients
Patients who fulfilled the clinical criteria for sepsis12,13 were
recruited from the Medical Surgical Intensive Care Unit of St
Michael’s Hospital and the Central Intensive Care Unit of Chan-
ghai Hospital. Consenting healthy donors served as controls.
The study protocols were approved by the Human Research
Ethics Board of St Michael’s Hospital (Toronto, ON, Canada)
and the Committee on Ethics of Biomedicine Research, Naval
Medical University (Shanghai, China).

Mice
Neutrophil-specific, PD-L1 conditioned, knockout mice were gen-
erated by breeding PD-L1flox/flox, engineered using CRISPR/Cas9
(Bioray Laboratories Inc, Shanghai, China), with elane (Ela)cre/cre

mice14,15 purchased from the EMMAmouse repository (Infrafront-
ier, Munich, Germany). The specificity of PD-L1 knockout inmice is
shown in supplemental Figure 1, available on the BloodWeb site.

KEY PO INT S

� PD-L1 upregulation
prolongs septic
neutrophil cell survival
by activating PI3K/AKT
signaling.

� Neutrophil-specific
PD-L1 knockdown
attenuates lung injury
and improves mortality
in mice challenged with
cecal ligation and
puncture.
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Figure 1. Increased PD-L1 expression in activated neutrophils inhibits cellular apoptosis by maintaining AKT phosphorylation. (A) PD-L1 expression was increased
and rates of apoptosis were significantly decreased in human healthy control neutrophils stimulated with IFN-g (10 ng/mL) and/or LPS (1 mg/mL) for 21 hours (n 5 6; *P ,

.05, 1-way analysis of variance [ANOVA]). (B) Twenty-one hours after isolation, PD-L1 expression was increased in neutrophils from patients with sepsis, when compared with
resting control neutrophils, and correlated negatively with rates of apoptosis (n 5 14; P , .05, by linear regression analysis). (C) Genetic silencing of PD-L1 using siRNA in
human control neutrophils stimulated with IFN-g (10 ng/mL) and/or LPS (1 mg/mL) for 21 hours significantly increased apoptosis (n 5 5). *P , .05, 1-way ANOVA. (D)
Twenty-one hours after isolation, human septic neutrophils transfected with PD-L1 siRNA demonstrated significantly higher rates of apoptosis than those transfected
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All animal studies were approved by the Committee on Ethics of
Biomedicine Research in Naval Medical University, Shanghai,
China.

Cecal ligation and puncture experiments
Sepsis was induced in C57/Bl6 animals by surgically performing
cecal ligation and puncture (CLP), as described previously.8 Hema-
toxylin and eosin staining was conducted to quantify lung injury.16

Neutrophil accumulation in the lung was determined by quantify-
ing fluorescentMPO1 cells. Plasma levels of tumor necrosis factor-
a (TNF-a) and interleukin-6 (IL-6) and -10 were detected by
enzyme-linked immunosorbent assay (R&D, Minneapolis, MN).
The survival rate was observed for 7 days after CLP surgery.

Neutrophil purification, transfection, and
apoptosis assay
Human neutrophils were purified by density gradient centrifuga-
tion with 3% dextran and Ficoll-Hypaque (GE Healthcare, Little
Chalfont, United Kingdom), as previously described.5,6 The purity
of neutrophils is shown in supplemental Figure 2.

More details can be found in the supplementary Methods.

Results and discussion
Interferon-g (IFN-g) induces PD-L1 expression,17 and LPS delays
neutrophil apoptosis.5,6 Challenging healthy human neutrophils
with IFN-g and/or LPS induced PD-L1 expression and significantly
delayed neutrophil apoptosis at 21 hours after stimulation (Figure
1A). PD-L1 expression was increased in neutrophils isolated from
patients with sepsis and healthy volunteers and correlated nega-
tively with apoptosis rates in septic neutrophils 21 hours after iso-
lation (Figure 1B). To determine whether IFN-g and LPS-induced
PD-L1 expression contributes to delayed neutrophil apoptosis,
we genetically silenced PD-L1 expression with small interfering
RNA (siRNA). After confirming transfection by using flow cytome-
try, PD-L1–deficient human control neutrophils stimulated with
IFN-g and LPS exhibited significantly higher rates of apoptosis
(Figure 1C). Similar findings were replicated in human septic neu-
trophils transfected with PD-L1 siRNA (Figure 1D; supplemental
Figures 3 and 4). To further validate the flow cytometry results,
we conducted western blot experiments to measure the protein
levels of cleaved caspase-3. Human healthy control neutrophils
stimulated with IFN-g and LPS demonstrated lower cleaved
caspase-3 expression than the untreated neutrophils showed (sup-
plemental Figure 5). Similar trends were observed in neutrophils
isolated from the bonemarrow (BM) of mice, where PD-L1 expres-
sion correlated negatively with rates of apoptosis (supplemental
Figure 6A-B). In aggregate, these data suggest that PD-L1 contrib-
utes to delayed neutrophil apoptosis in patients with sepsis.

PI3K is indispensable for the antiapoptotic activity of LPS and for
the transcription of proteins that inhibit apoptosis.9,18 We there-
fore sought to investigate whether increased PD-L1 expression
alters activation of PI3K by assessing downstream AKT

phosphorylation. AKT phosphorylation was enhanced in resting
human neutrophils stimulated with IFN-g and LPS, as well as neu-
trophils from patients with sepsis (Figure 1E-F). In
PD-L1–knockdown human neutrophils, AKT phosphorylation was
reduced, suggesting that PD-L1 maintains PI3K activation (Figure
1G). In murine BM neutrophils challenged with IFN-g and LPS,
PD-L1 expression, and AKT phosphorylation also increased (sup-
plemental Figure 7). Pretreating control human neutrophils with
a PI3K inhibitor, LY294002 (10 mM), before IFN-g and LPS chal-
lenge, blocked prosurvival AKT signaling and increased
caspase-3 cleavage (supplemental Figure 8). These data suggest
that PI3K activation is necessary to prolong neutrophil survival
and that PD-L1 may be part of a larger, prosurvival signaling com-
plex controlled by PI3K. This hypothesis is supported by reduced
AKT phosphorylation in neutrophil-specific PD-L1–deficient ani-
mals (supplemental Figure 9A). Rates of apoptosis were also
higher in PD-L1–deficient murine neutrophils challenged with
IFN-g and LPS compared with wild-type controls (supplemental
Figure 9B). AKT phosphorylation is dependent on the activation
of PI3K through the liberation of the p110 subunit from
p85,19,20 and we therefore investigated the interaction between
p85 and PD-L1 by immunoprecipitation. Empty GFP plasmid
failed to bind to endogenous p85, whereas GFP-tagged PD-L1
bound to p85 in HEK293 cells (Figure 1H). Taken together, these
data suggest that PD-L1 interacts with the p85 subunit of PI3K to
enable downstream AKT phosphorylation and delay neutrophil
apoptosis.

To investigate the role of neutrophil PD-L1 in the pathogenesis of
sepsis, we engineered control and neutrophil-specific PD-L1
knockout mice. Plasma levels of TNF-a and IL-6 were significantly
lower, and IL-10 level was significantly higher in PD-L1flox/flox CLP
mice when compared with wild-type animals. However, the IFN-g
level was similar in both control and PD-L1 knockout CLP mice
(Figure 2A-C; supplemental Figure 10). Lung histology revealed
a reduction in inflammatory cells and edema fluid within the alve-
oli and slight interstitial exudation in PD-L1flox/flox CLP mice, which
is reflected in improved lung injury scores (Figure 2D). Consistent
with the histologic data, there were fewer MPO1 cells in the lungs
of PD-L1flox/flox CLP mice when compared with those of
PD-L1WT/WT CLP mice (Figure 2E). To investigate whether PD-L1
alters the expression of adhesive and chemotactic molecules,
we measured ICAM-1, CXCR2, and CCR2 by flow cytometry.
Our data showed no difference in ICAM-1, CXCR2, and CCR2
expression in PD-L1flox/flox and PD-L1WT/WT CLPmice (supplemen-
tal Figure 11). These findings suggest that lower neutrophil lung
infiltration in PD-L1flox/flox CLP mice is not influenced by adhesion
molecule expression and chemotaxis. Finally, mortality rates in
PD-L1flox/flox CLPmice at 7 days was significantly lower when com-
pared with those in PD-L1WT/WT CLP mice (Figure 2F).

In summary, our data suggest that PD-L1 triggers
PI3K–dependent prosurvival signaling in neutrophils in clinical
and experimental sepsis, but whether PD-L1 is constitutively active
in neutrophils remains to be investigated further.

Figure 1 (continued) with scrambled control siRNA (n 5 5). *P , .05, 1-way ANOVA. (E) Representative immunoblot shows that AKT phosphorylation (S473) is increased in
human healthy control neutrophils challenged with IFN-g (10 ng/mL) and LPS (1 mg/mL; n 5 3) 21 hours after isolation. (F) Representative immunoblots measuring AKT
phosphorylation in neutrophil lysates from healthy donors vs that in patients with sepsis (n 5 3). The representative blots for PD-L1 and b-actin correspond to the data
points shown in panel B. (G) Genetic silencing of PD-L1 in human septic neutrophils with siRNA decreased AKT phosphorylation 21 hours after isolation (n 5 3). (H)
HEK293 cells were transfected with empty GFP plasmid or GFP-tagged PD-L1. Immunoprecipitated GFP alone and GFP-tagged PD-L1 lysates demonstrate that PD-L1
complexed with p85 (n 5 3).
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Figure 2. Genetic deletion of neutrophil-specific PD-L1 in vivo decreases proinflammatory plasma cytokine expression, thus limiting lung injury and neutrophil
infiltration in the lung and decreasing mortality. (A-C) Plasma concentration of TNF-a (A), IL-6 (B), and IL-10 (C) were determined by enzyme-linked immunosorbent
assay. Plasma concentrations of TNF-a and IL-6 were significantly reduced in PD-L1flox/flox CLP mice when compared with levels in PD-L1WT/WT CLP mice, but were still
higher than in sham-treated PD-L1WT/WT mice or sham-treated PD-L1flox/flox mice. IL-10 concentration was significantly elevated in PD-L1flox/flox CLP mice when compared
with PD-L1WT/WT CLP mice (n 5 6). *P , .05, 1-way analysis of variance [ANOVA]. (D) Lung injury score and the representative histopathological images of the lungs. PD-
L1flox/flox CLP mice demonstrate significantly lower lung injury score when compared with PD-L1WT/WT sham-treated mice, PD-L1flox/flox sham-treated mice, and PD-L1WT/WT

CLP mice (scale bar, 100 mm) (n 5 5). *P , .05, Kruskal-Wallis test with Dunn’s multiple comparisons test. (E) Representative immunofluorescence images of MPO (green)
staining with blue 49,6-diamidino-2-phenylindole (DAPI) nuclear stain in lung tissue. The percentage of MPO1 cells was significantly lower in PD-L1flox/flox CLP mice when
compared with that in PD-L1WT/WT CLP mice, but was slightly higher than that in PD-L1WT/WT mice in the sham-operation group and PD-L1flox/flox mice (scale bar, 50 mm)
(n 5 5). *P , .05, 1-way ANOVA. (F) After CLP, PD-L1flox/flox CLP mice demonstrated higher 7-day survival rates than PD-L1WT/WT CLP mice (n 5 8 for PD-L1WT/WT and
PD-L1flox/flox mice in the sham-operation group; n 5 18 for PD-L1WT/WT and PD-L1flox/flox CLP mice). *P , .05, by log-rank test.
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