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Abstract 

Cytotoxic T lymphocyte (CTL) activation contributes to liver damage during sepsis, but the mechanisms 
involved are largely unknown. Understanding the underlying principle will permit interference with CTL 
activation and thus, provide a new therapeutic option.  
Methods: To elucidate the mechanism leading to CTL activation we used the Hepa1-6 cell line in vitro 
and the mouse model of in vivo polymicrobial sepsis, following cecal-ligation and -puncture (CLP) in 
wildtype, myeloid specific NOX-2, global NOX2 and NOX4 knockout mice, and their survival as a final 
readout. In this in vivo setting, we also determined hepatic mRNA and protein expression as well as clinical 
parameters of liver damage - aspartate- and alanine amino-transaminases. Hepatocyte specific 
overexpression of PD-L1 was achieved in vivo by adenoviral infection and transposon-based gene transfer 
using hydrodynamic injection.  
Results: We observed downregulation of PD-L1 on hepatocytes in the murine sepsis model. Adenoviral 
and transposon-based gene transfer to restore PD-L1 expression, significantly improved survival and 
reduced the release of liver damage, as PD-L1 is a co-receptor that negatively regulates T cell function. 
Similar protection was observed during pharmacological intervention using recombinant PD-L1-Fc. 
N-acetylcysteine blocked the downregulation of PD-L1 suggesting the involvement of reactive oxygen 
species. This was confirmed in vivo, as we observed significant upregulation of PD-L1 expression in NOX4 
knockout mice, following sham operation, whereas its expression in global as well as myeloid lineage 
NOX2 knockout mice was comparable to that in the wild type animals. PD-L1 expression remained high 
following CLP only in total NOX2 knockouts, resulting in significantly reduced release of liver damage 
markers. 
Conclusion: These results suggest that, contrary to common assumption, maintaining PD-L1 expression 
on hepatocytes improves liver damage and survival of mice during sepsis. We conclude that administering 
recombinant PD-L1 or inhibiting NOX2 activity might offer a new therapeutic option in sepsis. 
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Introduction 
Despite intensive research, sepsis remains the 

third leading cause of mortality in intensive care units 
[1]. During sepsis progression, there is an initial 
hyper-inflammatory phase, which provokes the onset 
of a subsequent hypo-inflammatory stage, and these 
phases often overlap [2, 3]. Recent therapy approaches 
focus onto attenuation of the hyper-inflammatory 
response to confine the release of pro-inflammatory 
mediators, block their function, or remove them from 
the circulation. A most promising candidate, shown to 
significantly improve survival in a rodent sepsis 
model, was TNFα (tumor necrosis factor α) [4]. Using 
neutralizing antibodies, this approach was translated 
into the human situation, but failed to improve sepsis 
survival [5]. However, with this approach, the 
hyper-inflammation is reduced, and most patients 
survive this initial phase. Because blocking the 
pro-inflammatory immune response reduces the 
host´s ability to combat and control primary and 
secondary infections, such therapeutic approaches 
may even promote or enhance the hypo-inflammatory 
phase. Immunosuppression often provokes multi- 
organ-dysfunction syndrome and the death of 
patients [6]. Treatment approaches to rescue the 
patient during immune paralysis have also been 
applied. Based on the findings that monocytes are 
deactivated during this phase [7], granulocyte- 
macrophage colony-stimulating factor treatment 
restored monocyte function during sepsis [8]. In the 
mouse model, antagonism of the nuclear receptor 
peroxisome proliferator-activated receptor γ (PPARγ) 
has been shown to avert T cell depletion [9], one of the 
hallmarks of immune paralysis associated with the 
hyper-inflammatory phase, an effect that is correlated 
with reduced sepsis mortality [10]. Because of the 
multi-causal origin of sepsis, the various pre-existing 
co-morbidities, or genetic preconditions of the 
patients, appropriate patient-specific treatment is still 
difficult to achieve [11]. Generally, sepsis syndrome 
severity is already advanced when sepsis is first 
diagnosed, so we were interested to prevent liver 
damage, a relatively late event during sepsis 
progression and an etiological factor in multiple 
organ failure. Recently, we observed that following 
cecal ligation and puncture-initiated sepsis in mice, 
cytotoxic T cells (CTL) are activated towards 
hepatocytes, thus mounting an autoimmune response 
[12]. Here we show that hepatic downregulation of 
the co-inhibitory protein PD-L1 causes autoimmune 
CTL activation. Maintaining PD-L1 expression or 
applying recombinant PD-L1-Fc chimera, 
significantly improves liver damage and animal 
survival. Mechanistically, PD-L1 was downregulated 
by reactive oxygen species (ROS). Using NOX2- as 

well as NOX4-knockout mice revealed that the dele-
tion of non-myeloid NOX2 activity restored PD-L1 
expression following CLP, consequently ameliorating 
liver damage. 

Methods 
Mice 

Mice with a specific NOX2-knockout in the 
myeloid lineage were generated by crossing C57Bl/6 
mice bearing conditional loxP-flanked alleles of NOX2 
(NOX2fl/fl) [13], kindly provided by Prof. Shah (King´s 
College London BHF Centre of Excellence, London, 
UK) with C57Bl/6N-(Tg) LysM-Cre transgenic mice, 
in which the Cre recombinase had been knocked in 
behind the LysM promoter [14]. Global NOX2- and 
NOX4-knockout mice as well as wild type mice used 
were also on a C57Bl/6 background. OT-I mice were 
kindly provided by Prof. Knolle (Technical University 
Munich, Faculty of Medicine, Institute of Molecular 
Immunology & Experimental Oncology). Mice 
housing was temperature controlled. Day and night 
were 12 h each. Filter-topped cages were used. Mice 
had access to standard laboratory chow and water ad 
libitum. PCR using tail DNA verified genotypes of 
mice.  

Animal procedures  
For sepsis experiments we used NOX2- and 

NOX4-global, NOX2-LysM Cre as well as C57Bl/6 
WT and albino (B6N-Tyrc-Brd/BrdCrCrl) mice. OT-I 
mice were used to isolate ovalbumin (OVA)-specific 
CD8+ T cells (Supplementary Figure 1). The cecal 
ligation and puncture model (CLP) followed the 
methodology of Rittirsch et al. [15]. The setups used 
are shown in Supplementary Figure 2. In detail, 
ketamine (Ketavet®)/xylazine (Rompun®) 100 mg/ 
200 mg per kg body weight was used for anesthesia. A 
midline laparotomy incision was done. One third of 
the cecum was ligated with an orientation distal to the 
ileocecal valve. Importantly, the bowel continuity was 
not disrupted. Following a double puncture using a 
20-gauge needle, the laparotomy was sutured. To 
avoid dehydration, 1 ml 0.9% NaCl was given to the 
mice i.p. directly following surgery. Moreover, 
buprenorphine (Temgesic®) 0.5 mg/kg s. c. was 
applied directly after surgery and every 6 h for 24 h 
(Supplementary Figure 2A). When hydrodynamic 
injection is performed in advance to the CLP 
operation, mice were allowed to recover and to 
establish transgene expression for 10 days 
(Supplementary Figure 2B). To apply recombinant 
PD-L1-Fc (R&D Systems GmbH, Wiesbaden, 
Germany), mice were directly following CLP i.v. 
injected with 12 mg/kg of recombinant PD-1-Fc 
dissolved in PBS/0.5% BSA (Supplementary Figure 
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2C). Liver damage was determined 24 h following 
CLP. Therefore, in some experiments, blood was 
taken beforehand by heart puncture to isolate serum 
to determine liver damage markers alanine- and 
aspartate aminotransferase using a Reflotron Plus 
hematology analyzer (Roche Diagnostics, Mannheim, 
Germany). Before liver dissection, the organ is flushed 
with PBS before. Afterwards, a part of the liver is used 
to prepare a single cell suspension for FACS analysis 
and CD8+ T cell enrichment. A second part of the liver 
is used for immunohistochemistry.  

All animal experiments were approved by the 
State of Hesse animal care and use committee 
(authorization no. F144/15 and FU/1148). 

Cell culture 
 RPMI1640 (PAA Laboratories) was used to 

culture Hepa1-6 cells [16] supplemented with 100 
U/ml penicillin (PAA Laboratories), 100 µg/ml 
streptomycin (PAA Laboratories), and 10% heat 
inactivated fetal calf serum (PAA Laboratories). 

Cloning 
To overexpress murine PD-L1 in vitro, we 

amplified PD-L1 from murine mRNA of Hepa1-6 cells 
by PCR using the following primer pair (NM_021893): 
forward 5´-CGC CCG GGG GGG ATC ATG AGG ATA 
TTT GCT GGC ATT ATA TTC ACA-3´; reverse 5´ -TCA 
AGC TTG CAT GCC TTA CTT GTA CAG CTC GTC 
CA-3´. The primers were used to clone mPD-L1 into 
the lentiviral vector pSEW [17] in front of the EGFP 
encoding sequence, already present in the pSEW 
vector. Coding sequences of PD-L1 are shown in 
italics. Following linearization of pSEW with BamHI, 
the amplified mPD-L1 fragment was inserted with the 
InFusion system (Takara Bio Europe, Saint-Germain- 
en-Laye, France). Correct sequence was verified by 
sequencing. Functionality of the vector was proven in 
Hepa1-6 cells (Supplementary Figure 3).  

For in vivo transduction of PD-L1 into the liver of 
mice, PD-L1 EGFP in the pSEW vector was subcloned 
into the pShuttle-CMV vector of the adEasy adeno-
viral vector system [18]. The following primer pair 
was used containing flanking sequence appropriate 
for InFusion cloning into the BglII/EcoRV site of 
pShuttle-CMV: forward 5´-GAT CCG CTA GAG ATC 
GCC ACCATG AGG ATA TTT GCT GGC ATT ATA 
TTC ACA GC-3´, reverse 5´-TCC GGT GGA TCG GAT 
TTA CTT GTA CAG CTC GTC CAT GCC-3´. Coding 
sequences of PD-L1 (forward primer) and EGFP 
(reverse primer) are displayed in italics. Correct 
sequence was verified by sequencing. As a negative 
control the pAdTrack vector, only encoding EGFP, 
was used. To overexpress PD-L1 by hydrodynamic 
injection, PD-L1 amplified from Hepa1-6 RNA as 

described above was cloned into the transposon- 
based vector pCAGGS-IRES-EGFP [19]. 

Adenovirus preparation 
Ad-293 cells were seeded in DMEM (PAA 

Laboratories) with supplements (100 U/ml penicillin 
(PAA Laboratories), 100 µg/ml streptomycin (PAA 
Laboratories), 10% heat inactivated fetal calf serum 
(PAA Laboratories), HEPES and non-essential amino 
acids. Following cell expansion after 4 days, cells were 
detached with 1 ml trypsin. 9 ml culture medium 
were added, and cells were centrifuged at 500 g for 5 
min. Following cell expansion for 11 days, 0.5 ml of 
virus stock [1x1011 particles/ml] was thawed at RT 
and resuspended in 15 ml medium. After tightly 
closing and mixing, 15 ml of diluted adenovirus was 
added to each flask. After 3 days, most infected cells 
were detached as clusters. Non-infected cells were 
still spread-out and attached to the plastic. Cells were 
detached by tapping the flasks against the hand. 
Medium was transferred into 10 x 50 ml tubes and 
spun at 500 g for 5 min at 4°C. Pellets were suspended 
in medium and transferred into a cryo-vial, which is 
snap-frozen in liquid N2 and transferred to a -80°C 
freezer. Adenoviral particles were enriched following 
4 rapid thaw/freeze cycles and CsCl gradient 
centrifugation. To determine the colony forming unit 
capacity, a plaque assay was applied. Evaluation was 
performed by fluorescence-microscopy due to the 
EGFP-tag of transduced genes. For mouse transduc-
tion 5x1010 infectious particle were administered in 
100 µl PBS. 

Hydrodynamic injection 
Transposon-based gene transfer in mice was 

achieved with a 5:1 molar ratio of transposon- to 
transposase encoding vector (30 µg total DNA). The 
Qiagen EndoFreeMaxi Kit (Qiagen, Hilden, Germany) 
was used to isolate vector DNA for hydrodynamic tail 
injection. Plasmids were dissolved in 0.9% NaCl solu-
tion to a final volume of 10% of the weight of the ani-
mals. 25 μg transposon plasmids and 5 μg transposase 
were injected into 5-6 weeks old animals within 10 s. 

Cytotoxicity assay 
OT-I mice derived CD8+ T cells were used as 

effector cells in allogenic cytotoxicity assay with Hepa 
1-6 cells as target cells [12]. In brief, CD8+ T cells 
derived from the spleen of C57Bl/6N OT-I mice 
(haplotype H-2b) as effector cells were co-incubated 
for 24 h with Hepa1-6 cells, originating from the C57L 
strain (haplotype H-2b) as target cells. Prior to this, 
Hepa1-6 cells were pulsed for 2 h with 10 nM of the 
ovalbumin (OVA) peptide 257-264 (AnaSpec, 
Fremont, USA), or the hepatitis B virus (HBV) peptide 
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ILSPFLPLL derived from the HBsAgas a negative 
control (IBA, Goettingen, Germany) or remained 
untreated as control. Following loading with antigen, 
CellTracker™ Orange (Life Technologies GmbH, 
Frankfurt, Germany) was used to stain Hepa1-6 cells 
before CD8+ T cells were added. When indicated, the 
PD-L1-Fc chimera protein (R&D Systems GmbH, 
Wiesbaden, Germany) was added with the indicated 
concentration. Target cells which survived after 24 h 
were determined by FACS analysis (FACS Fortessa, 
BD, Heidelberg, Germany). 

qPCR 
Total RNA from 5x105 CD8+ T cells, Hepa1-6 

cells, or primary liver cells were isolated using 
peqGOLD RNAPure Kit (Peqlab, Erlangen, Germany) 
following the distributor´s manual. The iScript™ 
cDNA Synthesis kit (Bio-Rad, Munich, Germany) was 
used to reverse transcribe 2 µg RNA into complem-
entary DNA (cDNA). The iQ™ SYBR® Green 
Supermix (Bio-Rad) was used for Quantitative PCR 
(qPCR). For qPCR analysis and data quantification, 
the CFX real-time PCR system from Bio-Rad was 
used. Used primer pairs (Biomers, Ulm, Germany) 
derived from murine target genes were as follows: 
PD-L1 (NM_21893) forward: 5´-TGC AGC AGT AAA 
CGC CTG CG-3´, reverse: 5´-CGC TGC CAA AGG 
ACC AGC TT-3´; IL-2 (NM_008366) forward: 5´-TGA 
GCA TCC TGG GGA GTT TC-3´, reverse: 5´-GTG 
ACC TCA AGT CCT GCA GG-3´; Fas-L (NM_010177) 
forward: 5’-ACC AAC CAA AGC CTT AAA-3’, 
reverse: 5’-ATA CTT CAC TCC AGA GAT-3’; 
granzyme B (NM_013542) forward: 5’-CTC CAC GTG 
CTT TCA CCA AA-3’, reverse: 5’-GGA AAA TAG 
TAC AGA GAG GCA-3’; perforin (NM_011073) 
forward: 5’-TGC TAC ACT GCC ACT CGG TCA-3’, 
reverse: 5’-TTG GCT ACC TTG GAG TGG GAG-3’. 
IFNγ (NM_008337) forward: 5`-TTT GCA GCT CTT 
CCT CAT GG-3´, reverse: 5´-TCG CCT TGC TGT TGC 
TGA AG-3´. Values were normalized to 18s rRNA. 

Flow cytometry and antibodies 
Purity of OT-I CD8+ T cells were verified by 

flowcytometry, using anti-mouse V alpha 2 TCR-FITC 
(eBioscience, San Diego, CA, USA) and anti-mouse Vβ 
5.1, 5.2 TCR-PE (BD Bioscience, Heidelberg, Germ-
any) antibodies. A CD16/CD32 anti-mouse antibody, 
incubated for 15 min, was used to block Fc receptor 
binding, before the α-CD8α-APC antibody for T cells 
was added on ice. Surface expression of PD-L1 and 
PD-L2 on the surface of primary hepatocytes was 
determined by FACS analysis, using α-PD-L1-PE or 
α-PD-L2-PE. Immune cells were excluded by 
CD45-FITC staining, consequently analyzing CD45- 
cells only.  

To identify regulatory T cells (Tregs) in liver 
single cell preparations, cells were stained for anti- 
mouse CD45-Vioblue (Miltenyi Biotec, Bergisch- 
Gladbach, Germany), anti-mouse CD3-APC-Cy7 (Bio-
Legend, Eching, Germany) , anti-mouse CD4-BV711 
(BD Horizon, Heidelberg, Germany), anti-mouse 
CD11b-BV605 (BioLegend), anti-mouse CD25-PE-Cy7 
(BD Pharmingen, Heidelberg, Germany), anti-mouse 
GITR-FITC (BioLegend), and anti-mouse CD44-AF700 
(BD Pharmingen) in parallel. CD4+ T cells showing 
expression of CD25, GITR, combined with CD44 were 
judged as Tregs. FACS measurements were 
performed by a FACS Fortessa LSR and data analysis 
was done with the FlowJo software. 

Western analysis 
PD-L1, PD-1, Fas, and EGFP expression were 

analyzed by Western blotting. Briefly, following 
equivalent numbers of primary hepatocytes or 
Hepa1-6 cells were washed twice with PBS, lysed in 
RIPA buffer containing 1x complete Protease Inhibitor 
Cocktail Tablets (Roche, Basel, Switzerland) and 
sonicated for 10 impulses, followed by centrifugation 
for 10 min at 16000 g (4°C). Supernatants were 
denatured with SDS-PAGE sample buffer (250 mM 
Tris pH 6.8, 40% glycerol, 10% 2-ME, 8% SDS, 0.02% 
bromophenol blue) for 10 min at 95°C. Comparable 
protein concentrations were maintained by measure-
ment with the Lowry method (Bio-Rad). Proteins 
were separated on 10% SDS-polyacrylamide gels and 
transferred onto a nitrocellulose membrane by 
semi-dry blotting. Membranes were blocked with 5% 
BSA/TTBS followed by incubation with α-PD-L1- 
(R&D systems), α-PD-L2- (Santa Cruz), α-PD-1- 
(Santa Cruz), α-Fas-antibody (Santa Cruz) in 5% 
BSA/TBS at 4°C overnight. Loading was normalized 
to ß-actin (α-actin, Sigma-Aldrich). Proteins were 
detected by incubating the membrane with secondary 
antibodies labelled with IRDye (LI-COR, Bad 
Homburg, Germany) in 5% BSA/TTBS. Visualization 
and densitometric analysis were performed with the 
Odyssey infrared imaging system. 

Statistics 
All statistical analyses were performed using 

Prism 5 (GraphPad Software). Experiments were 
performed at least five times. The unpaired t-test was 
used for statistical analysis. P-values ≤ 0.05 were 
considered as significant. Otherwise representative 
data are shown. 

Results 
Cytotoxic T cells (CTLs) accumulate in the 
liver of septic mice 

First, we determined the number of CTLs in 
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livers derived from sham operated mice vs. animals 
subjected to cecal ligation and puncture (CLP). CTL 
numbers increased in livers derived from septic mice, 
24 h following CLP-operation, compared to sham- 
treated or control mice, respectively (Figure 1). This 
result suggests activation-induced migration of CTL 
into the liver tissue. 

 

 
Figure 1. Enhanced percentage of CD8+ T cells in livers of septic 
mice. Twenty-four hours following sham- or CLP-operation mice were 
sacrificed. Livers were removed and single cell suspensions were prepared. Cell 
subpopulation was determined by FACS analysis. Data from five mice per 
treatment are shown and represent the mean ± SD (**p<0.01). 

Expression of PD-L1 is downregulated in a 
polymicrobial sepsis model 

Autoimmune CTL-activation typically is preve-
nted by co-inhibitory proteins such as PD-L1 (CD274 
or B7-H1) or PD-L2 (CD273 or B7-DC) [20], expressed 
on antigen presenting cells (APC) which, in the case of 
sepsis, also include hepatocytes [21]. We, therefore, 
determined the expression of these co-inhibitory 
factors on hepatocytes isolated from mice with CLP 
sepsis. Expression of PD-L1 was downregulated at the 
protein level (Figure 2A) and its hepatocyte cell 
surface expression was diminished (Figure 2B). 
PD-L1 mRNA expression was also downregulated in 
livers from CLP-operated compared with sham-
-operated mice (Figure 2C). In contrast, protein and 
mRNA expression of PD-1, the PD-L1 receptor, 
remained unaltered (Figures 2D and 2E). Twenty- 
four hours after CLP, total hepatic protein expression 
of PD-L2 was very low (data not shown) but cell 
surface expression of the protein remained unchan-

ged (Figure 2F). It is well established 
that Fas ligand/receptor interactions 
play an important role in regulating 
immune responses in mice and humans 
[22]. The hepatic expression of Fas 
protein or mRNA, however, was not 
changed 24 h after CLP (Figures 2D and 
2G). 

Maintaining PD-L1 expression 
inhibits liver damage after CLP 

To prove a causal role for PD-L1 in 
sepsis, we established an adenoviral 
approach to overexpress PD-L1 in the 
mouse liver in vivo. Following optimiz-
ation of the protocol, we achieved a 
transduction efficiency of roughly 70% 
in hepatocytes (Figure 3A). Following 
transduction, which consequently 
induces an anti-viral immune response, 
mice were allowed to recover for four 
days. Afterwards, CLP was initiated, 
and mice were sacrificed twenty-four 
hours later to determine disease 
severity by the liver damage markers 
ALT and AST. As shown in Figure 3B, 
adenoviral PD-L1 overexpression atten-
uated liver damage, i.e. reducing ALT/ 
AST level significantly. In support of 
our assumption, cytotoxic T cell expre-
ssion of IL-2, perforin, granzyme B, and 
IFNγ, which was induced following 
CLP-operation (Figure 3C), compared 
to untreated mice, was significantly 
reduced in mice which had been 

 

 
Figure 2. Expression of PD-L1, PD-L2, Fas, and PD-1 in the liver. Twenty-four hours 
following sham- or CLP-operation, mice were sacrificed. Livers were removed to prepare single cell 
suspensions. Total lysates were prepared in (A) and (D) to analyze expression of PD-L1, PD-1, and 
Fas. Hepatocyte specific surface expression of (B) PD-L1 and (F) PD-L2 was assessed by FACS 
analysis. In (C), (E), and (G) mRNA was isolated from total lysates as described in “Methods”. mRNA 
expression of (C) PD-L1, (E) PD-1, and (G) Fas was determined by quantitative PCR. The untreated 
control was set as 1 in (C) and the sham mice in (E) and (G). All experiments were performed at least 
five times. Data represent the means ± SD (*p<0.05) or show representative blots. 
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subjected to adenoviral transduction to overexpress 
PD-L1 (Figure 3D) before CLP-operation. However, 
liver damage in control adenovirus transduced mice 
was not as high as without adenoviral treatment 
(Figure 3E). Taking this into consideration, we used a 
second approach to overexpress PD-L1 in the mice 
livers. With a sleeping beauty transposon-based 
vector system, which was applied to the animal by 
hydrodynamic injection (HDI), we achieved a transd-
uction efficiency of roughly 60% of all hepatocytes 
(Figure 3F). For liver recovery and establishment of 
transgene expression, mice were allowed to rest for 10 
days. Then, CLP was induced and mouse survival 
was followed for up to seventy-two hours. As shown 
in Figures 3G und 3H, in mice surviving seventy-two 
hours after CLP, PD-L1 expression was still significa-
ntly upregulated, i.e. about twofold, in approximately 
60% of all hepatocytes with HDI before CLP, 
compared to only CLP-operated animals. In contrast, 
PD-L1 expression on granulocytes, CD4+ and CD8+ T 
cells as well as CD19+ B cells was not altered (Figure 
3H). In extension to the data obtained following 
adenoviral PD-L1 overexpression, survival of CLP- 
operated mice with a prior HDI, was significantly 
improved (Figure 3I). Moreover, the induction of the 
mRNA of pro-inflammatory cytokines such as TNF-α 
and IL-6 was significantly reduced following HDI 
compared to only CLP-treated animals, whereas the 
mRNA amount of anti-inflammatory IL-10 increased 
(Figure 3J).  

Pharmacological mimicry of the effect of 
PD-L1 expression 

Sustaining PD-L1 expression as a therapeutic 
approach might also be achieved by exogenously 
adding PD-L1. To test this hypothesis, we added 
simultaneously to an in vitro cytotoxicity assay with 
OVA257-264 pulsed Hepa1-6 target cells both 
recombinant PD-L1-Fc chimera and allogenic CTL 
effector cells derived from OT-I mice, thereby mimi-
cking sepsis-dependent CTL activation. As shown in 
Figure 4A, the PD-L1-Fc chimera dose-dependently 
inhibited CTL-mediated cytotoxicity. While 1 µg/ml 
recombinant PD-L1-Fc chimera did not alter target 
cell killing, 5 µg/ml enhanced target cell survival to 
approximately 50%. Increasing the concentration of 
recombinant PD-L1- Fc chimera up to 20 µg/ml did 
not further enhance survival. Translating this in vitro 
result to the in vivo situation, we applied recombinant 
PD-L1-Fc chimera intravenously (i.v.) into the tail 
vein, directly after the CLP-operation. Twenty-four 
hours later, blood was collected to prepare serum 
followed by ALT/AST measurements. Recombinant 
PD-L1-Fc chimera significantly reduced ALT/AST 
release, which is indicative of an improved septic 

outcome in vivo (Figure 4B). 

Cell wall components of gram-positive and 
gram-negative bacteria downregulate PD-L1 
expression in Hepa1-6 cells 

Primary cultures of hepatocytes express the 
mRNA for all TLRs and respond to TLR2 and TLR4 
ligands [23]. Therefore, we hypothesized that bacterial 
components, which are present in the liver during 
sepsis, may decrease PD-L1 expression in hepatocytes 
via TLR-dependent signaling. For mechanistic 
studies, we used a cell culture model of the murine 
hepatoma cell line Hepa 1-6 [16]. These cells express 
TLR2 and -4 [24, 25]. To mimic bacterial infection, we 
treated Hepa1-6 cells with LPS, a cell wall component 
of gram-negative bacteria and LTA, a cell wall 
constituent of gram-positive bacteria. As depicted in 
Figure 5, LPS and LTA time-dependently downreg-
ulated mRNA (Figure 5A) and protein (Figures 5B) of 
PD-L1. Based on these observations, we inferred that 
TLR-dependent downregulation of PD-L1 may 
increase the susceptibility of hepatocytes to CTL. 
Mechanistically, we observed that reactive oxygen 
species (ROS) are generated in LPS [100 ng/ml] 
stimulated Hepa1-6 cells (Figure 5C, middle picture), 
which was significantly reduced when 10 mM 
N-acetylcysteine (NAC) were added simultaneously 
(Figure 5C, right picture). To elucidate whether ROS 
are important to downregulate PD-L1 expression, we 
performed a set of experiments using LPS and NAC in 
combination to stimulate Hepa1-6 cells. Indeed, NAC 
addition prevented LPS-dependent PD-L1 downreg-
ulation in Hepa1-6 cells on mRNA (Figure 5D) as well 
as on protein level (Figure 5E). 

Source of ROS-dependent PD-L1 
downregulation  

As with hepatocytes, Hepa1-6 cells also express 
Nox4 [26] and these cells also produce H2O2 constitut-
ively. To determine the contribution of Nox4 to the 
signaling of these cells, we first incubated Hepa1-6 
cells with the Nox4 inhibitor GKT137831 [10 µM] for 
24 h without any further treatment [27]. Nox4 inhibi-
tion increased PD-L1 surface expression by up to 50% 
in Hepa1-6 cells (Figure 6A). Similarly, and importan-
tly, also in livers of global NOX4-knockout mice, PD- 
L1 was upregulated at both the protein and mRNA 
level, as compared to wild type controls (Figures 
6B-D). Densitometric quantification of protein data 
demonstrated a roughly twofold higher expression of 
PD-L1 in livers of NOX4-knockout mice (Figure 6C). 
Using NOX4-knockout mice in the CLP model, we 
observed sepsis-induced downregulation of PD-L1 
expression in both, wild type as well as knockout mice 
(Figure 6E, right columns). However, expression of 
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PD-L1 in NOX4-deficient cells remained higher com-
pared to wild type mice 24 h following sepsis initia-
tion. Moreover, disease severity was not attenuated in 

NOX4-knockout mice (Figure 6F). Therefore, blocking 
Nox4 activity, though modifying PD-L1 expression, is 
not sufficient to improve sepsis survival. 

 

 
Figure 3. Maintaining PD-L1 expression ameliorates liver damage and survival following CLP. Mice were injected intravenously with 5x1010 adenoviral 
particles encoding EGFP (AdTrack) or PD-L1 EGFP (AdTrack PD-L1). Four days following administration of these particles, mice were subjected to polymicrobial 
sepsis by CLP operation. After twenty-four hours, mice were sacrificed, livers were removed and blood was collected. (A) Transduction efficiency was determined 
by FACS analysis of liver single cell suspensions, gated for non-immune cells, i.e. CD45- negative cells. One representative result is shown. (B) Serum was isolated 
from blood and ALT/AST release determined as described in “Methods”. Results of four mice each are shown as means ± SD (*p<0.05). (C) and (D) cytotoxic T cells 
were enriched from livers of control and CLP-treated mice without or with (D) AdTrack PD-L1 administration as described in (A). Following mRNA isolation from 
the purified T cells, mRNA expression of IL-2, perforin, granzyme B, and IFNγ was analyzed by quantitative PCR. T cell expression of control mice was set as 1 in (C) 
and expression of T cells derived from CLP-operated mice was set as 1 in (D). Results of four mice are shown as means ± SD (*p<0.05). (E) Comparison of ALT/AST 
release in mice 24 h following CLP operation without (Control) and with adenoviral pretreatment (AdTrack). (F)-(J) Mice were injected via the tail vein with 10% of 
body weight PBS containing the transposon-based PD-L1 expression cassette in combination with an EGFP cassette separated by an internal ribosomal entry site 
(IRES), which allows translation of two proteins. After ten days of recovery and transgene establishment (as shown for EGFP in (F)), CLP operation was performed. 
Mice surviving for seventy-two hours were sacrificed and PD-L1- and EGFP expression were determined by FACS analysis of CD45- ((G), quantification is shown in 
(H), right panel) vs. CD45+ cells. These leukocytes were further divided into subpopulations of granulocytes, CD4+ and CD8+ T cells as well as CD19+ B cells ((H), 
left panel). (I) Survival of mice was followed up to 72 h (n=9, *p<0.05). (J) mRNA of hepatocytes was isolated and qPCR for mRNA expression of TNF, IL-6, and 
IL-10 was performed. Expression of hepatocytes from control CLP mice was set as 1. Results of four mice are shown as means ± SD (*p<0.05) 
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Next, we tested global NOX2-deficient (NOX2- 
KO), as well as mice with a myeloid lineage 
(LysM-Cre NOX2-KO) specific NOX2-knockout in our 
sepsis model. As shown in Figure 6G, the expression 
of PD-L1 in hepatocytes was similar 24 h following 
sham operation in both the two genotypes. Interest-
ingly, 24 h after CLP, the expression of PD-L1 was 
downregulated in mice with a NOX-2 deletion in the 
myeloid lineage (grey column) similar to wild type 
mice (Figures 2B vs. 6G). In mice with a global 
NOX2-knockout (white column), PD-L1 expression 
remained high. Liver damage markers ALT and AST, 
released into the serum, revealed a significant 
increase in mice with a myeloid lineage NOX2- 
deletion (Figure 6H, grey columns) but activities 
remained low in global NOX2-knockout mice (Figure 
6H, white columns). 

 

Accumulation of CTLs is attenuated in livers of 
septic mice when PD-L1 expression is retained 

In a final set of experiments, we determined the 
numbers of CD8+ and regulatory T cells. Returning to 
our initial observation that the CTL percentage was 
increased in livers from mice following CLP (Figure 1) 
compared to sham-treated mice, we were interested to 
prove our hypothesis that CTLs are involved in liver 
damage following CLP. 24 h following CLP, CTL 
numbers increased in livers of LysM-Cre NOX2-KO, 
and NOX4-KO mice, similarly to wildtype (WT) mice 
(Figure 7A). In contrast, CTL numbers remained 
significantly below those in wildtype mice, in global 
NOX2-KO (NOX2-KO) mice, HDI-treated animals 

(HDI) as well as mice which received recombinant 
PD-L1-Fc (PD-L1-Fc) directly following CLP. 
Interestingly, the percentage of CD4+ T cells was not 
altered by HDI or PD-L1-Fc treatment (Figure 7B). 
However, the percentage of regulatory T cells (Tregs) 
was significantly reduced following these two 
treatments (Figure 7C). 

Discussion  
Recent clinical trials have provided evidence that 

the use of PD-1 neutralizing antibodies, such as 
nivolumab, prevents CD8+ T cell tolerance toward 
tumor cells, consequently improving the anti-tumor 
immune response [28–30]. Taking into consideration 
that during sepsis T cells are often depleted, thus 
contributing to immune paralysis a hallmark of sepsis 
progression, a similar approach would seem reason-
able to maintain T cell immunity in this condition. 
This would alleviate the hypo-inflammatory phase of 
sepsis, most likely improving sepsis outcome. Thus, 
neutralizing antibodies towards PD-L1, intended to 
block its binding to PD-1 expressed on T cells, have 
been used previously in animal sepsis models and 
rescued T cell depletion [31, 32]. Chang et al. observed 
that in vitro treatment of cells derived from septic 
patients with anti-PD-1 or anti-PD-L1 antibodies 
decreased apoptosis and proposed that this would 
improve immune cell function in septic patients [33]. 
Besides monocytes [33, 34] , neutrophils also might be 
involved in sepsis-induced immunosuppression by 
PD-L1 upregulation [31]. Our approach described 
here exclusively focuses on the role of CD8+ T cells at 
24 h following sepsis initiation, which have been 

shown previously, in the polymicrobial 
mouse sepsis model triggered by CLP, 
to contribute to liver damage [35] and to 
be activated in an autoimmune fashion. 
Blocking this immune response by 
activating the anti-inflammatory nuclear 
receptor PPARγ improved septic 
outcome [12]. This relatively early time 
point of 24 h after CLP operation might 
explain differences from the above 
mentioned studies, in which PD-L1 
signaling to PD-1 was inhibited to 
improve sepsis outcome. 

Insights into the mechanism 
causing CTL activation during sepsis 
remain obscure. In our setup, we 
identified downregulation of hepatocyte 
PD-L1 in response to CLP as a possible 
mechanism. In analogy to our data, the 
loss of PD-L1 expression by recipient 
parenchymal cells leads to expansion of 
infiltrating donor CD8+ T cells [36]. Zhu 

 

 
Figure 4. Recombinant PD-L1-Fc chimera prevents CTL-dependent liver damage. (A) 
Cytotoxic T cell-dependent hepatocyte killing was determined using Hepa1-6 cells as target cells and 
CD8+ T cells derived from OT-I mice as effector cells. CellTrackerOrange stained Hepa1-6 cells 
were pulsed for two hours with the OVA257-264 peptide. Afterwards, Hepa1-6 cells were 
co-cultured with enriched CD8+ T cells derived from the spleen of OT-I mice at a ratio of 5:1 
(effector: target cells). In parallel, recombinant PD-L1-Fc chimera was added at the indicated 
concentrations. The number of surviving target cells was examined by FACS analysis. Data from five 
independent experiments are provided. Data represent the means ± SD (*p<0.05). (B) Wild type 
mice were subjected to CLP-operation. Directly afterwards, 12 mg/kg PD-L1-Fc were administered 
intravenously. PBS alone was administered as a solvent control. Liver damage following 
CLP-operation was assessed by determining the ALT/AST release into the serum as described in 
“Methods” (PD-L1-Fc treated vs. control; CLP; n=5/5, *p<0.05). 
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et al. showed immunohistochemically, in the CLP 
model an increase in PD-L1 expression [37]. However, 
the authors speculated that upregulation of PD-L1 
was mainly on KCs and infiltrated lymphocytes. The 
expression of PD-L2 and the receptor for both of the 
co-inhibitory proteins PD-L1 and PD-L2, i.e. PD-1, in 
contrast, remained unaltered following the CLP 
operation. Moreover, it is well established that Fas is 
an important mediator of CD8+ T-cell dependent 
cytotoxicity, including that during sepsis [35] but in 
our model Fas expression was not changed. This is in 
line with our recent report. There, we found that in 
the CLP model, CTL-dependent cytotoxicity was not 
blocked by a Fas-neutralizing antibody or the 
SuperFasLigand in an ex vivo cytotoxicity assay [12], 
ruling out the involvement of the Fas/Fas-L system in 
our setup. 

 To translate our in vitro data to an in vivo setting, 
we used an adenoviral gene transfer approach to 
overexpress PD-L1 in the liver of mice. Although 

intravenous application of adenoviral particles has 
not been developed specifically for liver transduction, 
the majority of the viral particles are retained in the 
liver, thus effectively transducing liver tissue [38]. 
Using these mice transduced with PD-L1 EGFP, we 
observed in agreement with our hypothesis, that the 
release, 24 h following CLP, of the hepatic damage 
markers AST and ALT was significantly attenuated 
compared with EGFP transduced control mice. 
Because the anti-viral immune response is activated in 
mice following intravenous adenovirus application, 
mice were left untreated for four days after 
adenovirus injection, to allow the immune system to 
recover. However, disease severity followed by ALT 
and AST release into the serum 24 h after CLP 
operation in the EGFP-transduced mice (AdTrack) 
was not as high as in mice without gene transfer 
(Figure 3E). Therefore, minor effects of adenovirus 
infection, possibly involving desensitization of the 
immune system, cannot be excluded completely.  

 

 
Figure 5. PD-L1 expression in Hepa1-6 cells following LPS- or LTA-stimulation. Hepa1-6 cells were stimulated for the indicated times with 100 ng/ml LPS 
or 100 ng/ml LTA. Afterwards, cells were harvested and mRNA or proteins were recovered as described in “Methods”. mRNA expression of (A) PD-L1 was 
analyzed by quantitative PCR. 18s rRNA was used as a house-keeping gene. (B) PD-L1 protein expression following LPS and LTA stimulation was determined by 
Western analysis. (C) Reactive oxygen species (ROS) formation was determined in Hepa1-6 cells by seeding Hepa1-6 cells on slides in 10 cm petri-dishes. After 
twenty-four hours, cells were incubated simultaneously with LPS [100 ng/ml] and the redox-sensitive dye hydroethidine [3 µM]. NAC [10 mM] was added in parallel 
where indicated. ROS generation was assessed twenty-four hours later by fluorescence microscopy. Cells were counterstained with DAPI. For determining PD-L1 
(D) mRNA and (E) protein, Hepa1-6 cells were treated for the indicated times with LPS [100 ng/ml] with or without NAC [10 mM]. Afterwards, cells were harvested 
and mRNA and proteins were prepared as described in “Methods”. (D) PD-L1 mRNA expression was analyzed by qPCR and (E) PD-L1 protein expression was 
determined by Western analysis. All experiments were performed at least five times. Data represent the means ± SD (*p<0.05) or show a representative blot. 
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Figure 6. Source of ROS downregulating PD-L1 expression. (A) Hepa1-6 cells were incubated with the NOX4 inhibitor GKT13781 for 24 h. Afterwards 
cells were harvested and surface expression of PD-L1 was determined by FACS-analysis. (B) Western blotting. A representative blot is shown. Quantification of data 
of PD-L1 expression (WT vs. NOX4-KO; n=5/5; *p<0.05) is provided in (C). PD-L1 mRNA expression is shown in (D). PD-L1 expression on hepatocytes following 
polymicrobial sepsis initiation by cecal ligation and puncture (CLP) was studied in hepatic single cell suspensions by FACS-analysis gating for CD45-, i.e. non-immune 
cells as described in “Methods”. Data are shown in (E), (sham vs. CLP, WT sham was set as 1; n=5/5/5/5; *p<0.05). (F) Liver damage in global NOX4-knockout mice 
after CLP operation followed by the release of ALT/AST into the serum as described in “Experimental Procedures” (NOX4-KO; sham vs. CLP; n=5/5, *p<0.05). In 
(G) and (H) mice with a global NOX2- knockout (NOX2-KO) and a myeloid lineage-specific knockout (LysM-Cre NOX2-KO) were used as well as wild type 
littermates (WT). Twenty-four hours following CLP- or sham-operation, mice were sacrificed. Blood was collected and the liver was removed. (G) PD-L1 protein 
expression on hepatocytes was determined in single cell suspensions of livers by FACS-analysis gating for CD45-, i.e. non-immune cells as described in “Methods”. 
(WT vs. NOX2-KO vs. LysM-Cre NOX2-KO; sham vs. CLP; sham treated WT is set as 1; n=5/5/5; *p<0.05). (H) Serum was isolated from blood and ALT/AST 
release was assessed as described in “Methods” (LysM-Cre NOX2-KO vs. NOX2-KO; sham vs. CLP; n=5/5/5/5; *p<0.05). 

 
 To circumvent this problem, we used a second 

approach to overexpress PD-L1 in the liver. With 
hydrodynamic injection (HDI), a technique which was 
originally described in 2005 by Carlson et al. [19], we 
used a transposon-based sleeping beauty vector 
system to achieve transduction in hepatocytes. To 
allow liver recovery and transgene establishment, 
mice could rest for 10 days. In addition to our 
demonstration that maintaining PD-L1 expression on 
hepatocytes prevents liver damage, mouse survival 
was significantly improved when HDI was performed 
before CLP-operation. In line with this finding, the 
cytokine storm [39], which is also indicative for the 

human situation [40], was significantly reduced 
compared to that in mice, which suffered only from 
CLP. Interestingly, liver expression of the 
pro-inflammatory cytokines TNFα and IL-6 was 
significantly reduced. Correspondingly, expression of 
anti-inflammatory cytokines such as IL-10 was 
significantly elevated. These data support the 
conclusion that CLP-dependent inflammation in the 
liver was attenuated by maintaining PD-L1 express-
ion on hepatocytes. Results from other groups also 
support the notion that abolition of the cytokine storm 
is a marker of diminished inflammation and associ-
ated with improved survival during sepsis [39, 41, 42].  
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Figure 7. % of CD8+, CD4+ T cells as well as Tregs in livers of septic mice. Operation was performed (A) in mice with the indicated genetic background 
(WT, LysM-Cre NOX2-KO, NOX2-KO, NOX-KO). Moreover in (A)-(C), wildtype mice treated with hydrodynamic injection (HDI) as described in “Methods” to 
overexpress PD-L1 in the liver, ten days before and wildtype mice, which directly after CLP-operation received recombinant 12 mg/kg PD-L1-Fc (PD-L1-Fc) were 
used. Twenty-four hours following CLP mice were sacrificed. Livers were removed to prepare single cell suspensions. Cell subpopulations were determined by FACS 
analysis. Data from five mice per treatment are shown and represent the mean ± SD (*p<0.05, **p<0.01, ***p<0.001). 

 
As these two gene transfer approaches cannot be 

performed in humans, we took advantage of a 
recombinant PD-L1-Fc chimera [43], which when 
exogenously added, should saturate PD-1 binding 
moieties exposed by CD8+ T cells, thus, mimicking 
PD-L1 expression on antigen presenting cells and 
consequently inhibit CTL activation. In our in vitro 
cytotoxicity assay, this treatment significantly 
reduced CTL-dependent cytotoxicity. Altering 
PD-L1/PD-1 signaling has been approached mainly to 
inhibit PD-1, thereby provoking CTL activation to kill 
tumor cells [44]. For this purpose, PD-1 inhibiting 
antibodies have entered clinical trials [45], whereas 
recombinant PD-L1 has not been used so far to 
prevent CTL-dependent cytotoxicity. Interestingly, 
recombinant PD-L1-Fc, already at 5 µg/ml, was most 
effective with no further decrease in CTL-mediated 
cytotoxicity at higher concentrations. In the CLP 
mouse model, we administered 12 mg/kg, directly 
following CLP-operation. With this approach, liver 
damage, as estimated by ALT/AST release, was 
significantly reduced. Whereas in the present study, 
recombinant PD-L1-Fc chimera was only applied 
once, further studies are necessary to characterize 
whether sequential administration will improve 
disease outcome. Because regulatory T cells (Treg) are 
involved in tolerance induction in CTLs [46], we 
determined their percentage in liver T cells. 
Interestingly, our data (Figure 7) support the 
assumption that during CLP-mediated sepsis the 
percentage of liver Tregs is increased after 24 h. In 
contrast, PD-L1-Fc application and functional 
expression of PD-L1 on hepatocytes following 
hydrodynamic injection (HDI), both decreased the 
percentage of Tregs in the liver. This is in line with the 
report of Cao et al. showing in wildtype mice an 
increase of Tregs 24 h following CLP [47]. Moreover, 
neutralization of Tregs has been found to provoke 

improved survival [48], as in some analogy was 
observed in our setting following PD-L1-Fc treatment 
or HDI-dependent PD-L1 overexpression in 
hepatocytes. It will be interesting to determine 
putative differences in the expression profile of Tregs 
isolated from CLP-treated control animals compared 
to mice with restored PD-L1 expression or following 
recombinant PD-L1-Fc application. Also a time course 
following the Treg number, would be interesting 
taking the recent study of Nascimento et al. into 
consideration, who demonstratied a role of Treg 
expansion during sepsis, contributing to long-term 
immunosuppression [49]. 

To characterize mechanisms responsible for 
PD-L1 downregulation, we studied the involvement 
of ROS formation. First evidence for this possibility 
came from in vitro experiments with the glutathione 
precursor N-acetylcysteine (NAC), which restored 
PD-L1 expression in response to LPS- or LTA- 
treatment. NAC therapy has already been used to 
treat sepsis patients [50]. Although protective in 
animal models [51, 52], NAC did not improve patient 
survival, while inhibiting the pro-inflammatory 
transcription factor NF-κB [51]. In none of these 
previous studies was expression of PD-L1 
determined. Further proof for our hypothesis was 
obtained from in vivo experiments using global 
NOX4-deficient mice. In these mice, basal PD-L1 
expression was significantly higher compared with 
wild type controls. This suggested a role for Nox4 
generated ROS, most likely H2O2 [53], but possibly 
superoxide (O2-) as well [26], in fine-tuning PD-L1 
expression in the control situation. NOX4-knockout, 
however, did not protect mice against CLP-mediated 
sepsis, although hepatocyte NOX4 is involved in liver 
fibrosis [54]. Therefore, we employed mice deficient in 
the classical phagocytic NADPH oxidase, NOX2. 
Nox2 is expressed in cells of myeloid origin, including 
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neutrophils or liver resident macrophages, namely 
Kupffer cells, but also in other cells, like hepatocytes 
[55] or endothelial cells [56]. Thus, to distinguish the 
cellular source of the ROS involved in inhibition of 
PD-L1 expression, we used global NOX2-knockout 
(NOX2-KO) mice as well as myeloid-specific NOX2- 
deficient (LysM-Cre NOX2-KO) mice. Following CLP 
operation, only global NOX2-knockout mice were 
protected, whereas Kupffer cell-dependent Nox2 
activity was not important. These data are analogous 
to those in a recent report, published by Spencer et al. 
[57], claiming that hepatocyte-mediated TNFα 
production following liver ischemia-reperfusion, is 
caused, at least in part, by Nox2-dependent ROS 
formation in hepatocytes, activating NF-κB.  

We cannot completely exclude a role of T 
cell-dependent ROS generation. Although not very 
likely, in mouse as well as human T cells, Nox-2 
activity has been shown during autoimmune diseases, 
such as systemic sclerosis and type 1 diabetes [58, 59]. 
Taken together, we suggest that in hepatocytes, Nox2 
is activated in response to LPS or LTA via 
TLR2/4-mediated O2- generation, downregulating 
PD-L1 expression at the mRNA and protein level. The 
absence of this co-inhibitory molecule allows 
activation of CTLs in an autoimmune fashion, 
provoking liver damage. Blocking hepatocyte ROS 
generation restores PD-L1 expression, consequently 
maintaining CTL in a tolerant state. As a more 
applicable therapeutic regimen, recombinant 
PD-L1-Fc chimera, administered intravenously 
during sepsis, blocks CTL PD-1 molecules, thus, 
inhibiting autoimmune activation of CD8+ cells. 

Conclusions 
We conclude that maintaining PD-L1 expression 

in the liver or pharmacologically mimicking PD-L1 
using a recombinant protein improves sepsis survival 
in the CLP-mouse model. Therefore, translating our 
treatment regime to humans might open a new 
therapy approach to treat septic patients. Considering 
that PD-L1 is upregulated on classical antigen 
presenting cells such as macrophages or dendritic 
cells during sepsis progression, consequently 
contributing to immune paralysis by T cell depletion, 
the time point for modulating PD-L1 expression is an 
important issue. 
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