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Abstract

Background: Programmed death-1 (PD-1) and programmed death ligand-1 (PD-L1) immune 

checkpoint blockade is efficacious in certain cancer therapies. 

Objectives: The present study aimed to provide a picture about the development of innate and 

adaptive immune responses upon PD-L1 blockade in treating chronic murine AE. 

Methods: Immune treatment started at 6 weeks post E. multilocularis-infection, and was 

maintained for 8 weeks with twice per week anti-PD-L1 administration (intraperitoneal). The 

study included an outgroup-control with mice perorally medicated with albendazole five 

days/week, and another one with both treatments combined. Assessment of treatment efficacy was 

based on determining parasite weight, innate and adaptive immune cell profiles, histopathology, 

and liver tissue cytokine levels. Results/conclusions: Findings showed that the parasite load was 

significantly reduced in response to PD-L1 blockade, and this blockade a) contributed to T cell 

activity by increasing CD4+/CD8+ effector T cells, and decreasing Tregs; b) had the capacity to 

re-store DCs and Kupffer cells/Macrophages; c) suppressed NKT and NK cells; and thus d) lead to 

an improved control of E. multilocularis infection in mice. This study suggests that the PD-L1 

pathway plays an important role by regulating adaptive and innate immune cells against E. 

multilocularis infection, with significant modulation of tissue inflammation. 

Key words: Echinococcus multilocularis; anti-PD-L1; immunotherapy; albendazole 
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Introduction

Alveolar echinococcosis (AE) is one of the clinically most severe zoonotic helminthic 

diseases in humans, caused by the continuous proliferation of the larval stage (metacestode) of 

Echinococcus multilocularis. Upon ingestion of the E. multilocularis eggs by intermediate hosts 

such as small rodents and human, echinococcal metacestodes form alveolar structures with 

multiple vesicles of different sizes within the liver. In humans, the severity of this disease results 

from both a continuous asexual proliferation of the metacestode and an intense inflammatory 

granulomatous infiltration around the parasite which causes pathological damages in the liver. The 

lesions act like a slow-growing liver cancer, progressively invading the neighboring tissues and 

organs (1). During the past decades, the AE case incidence has significantly increased in 

Switzerland. This is due to a high environmental contamination with parasite eggs through very 

high fox population density, and also opportunistically due to an increased number of patients 

receiving immunosuppressive therapy that renders them more susceptible to AE infection and 

disease (2,3). Mechanistically, AE patients present a periparasitically down-regulated immune 

response that is triggered by the parasite such as to orient immunity towards anergy. Different 

treatment options of AE primarily depend on the metacestode tissue size and location: first choice 

is a radical (curative) resection of the parasite by surgery (3,4). If not feasible, long-term to 

life-long daily medication with albendazole (ABZ) provides a good health improvement in many 

of the patients, but this approach is frequently not curative (5). Thus, new alternative curative 

treatment strategies are needed, and a respective focus on the appropriate support of the immune 

system for a better control of the infection appears highly attractive (6–8). 

Previous studies showed that an initial acute inflammatory Th1 response (putatively immune 

protective) is gradually converting into a mixed Th1/Th2 response during the chronic phase of AE, 

allowing parasite survival upon regulation via CD4+CD25+Foxp3+ T (Treg) cells and Th17 cells, 

and thus finally leading to a lethal outcome of disease due to continuous long-term parasite 

proliferation and maturation (6). The presence and expression level of the programmed cell A
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death-1 (PD-1) and PD-L1 has a major role in the inhibition of effector T-cell function (9). 

Antibodies targeting those immune check points are in clinical use (pembrolizumab and 

nivolumab) and are showing promising results to treat various forms of cancer (10), and infectious 

diseases (7). With regard to echinococcosis, significantly higher levels of sPD-L1 in patients with 

cystic echinococcosis were observed compared with healthy controls, and elevated levels of Th2 

cytokines in the sera of patients with CE (11). In one of our previous studies in mice (12), 

anti-PD-L1 administration significantly decreased parasite growth when compared to non-treated 

animals, and the effect was associated with an increased Th1 response in the secondary AE model 

(intraperitoneal infection with metacestodes), and decreased Treg/Th2 responses in the natural 

primary AE model (oral infection with eggs). This preliminary study aimed to test whether PD-L1 

blockade protects against both primary and secondary infection mouse models. We blocked 

PD-L1 before E. multilocularis infection, and mainly focused on the effect of PD-L1 blockade by 

using two models in murine AE. These models revealed that, the immune response mediated by T 

cells and Tregs upon PD-L1 blockade was protective against murine AE.

However, to date, few immunological studies have been undertaken to characterize the 

adaptive and innate immune response in detail as a result of PD1/PD-L1 blockade during E. 

multilocularis infection. The same lack refers also to conventional ABZ treatment as a standard 

control. In order to address the potential clinical implications of PD-L1 blockade for patients who 

do not respond to albendazole treatment, we mimicked a chronic AE infection by using a 

secondary infection model. Here we blocked the PD-L1 pathway at the chronic stage of E. 

multilocularis infection as a treatment, and the conventional chemotherapy with albendazole or a 

combined therapy as controls. The aims of this study were thus: 1) to investigate the immune 

checkpoint blockade in E. multilocularis infected mice, using the PD-1/PD-L1 axis and immune 

parameter assessment in the liver and exudate peritoneal cells (PECs); 2) to give a comprehensive 

picture on the immune system dynamics during E. multilocularis infection, in response to PD-L1 

blockade and as an outgroup control, to conventional ABZ treatment. To address these questions, A
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we applied a long period (2 months) of treatment (using two different approaches: immunotherapy 

and/or medication with ABZ) in the intraperitoneal-infection mouse model (secondary infection 

model), mimicking a chronic and rather advanced, but not final stage of infection for human 

patients. 

Materials and Methods

Ethics Statement

The animal studies were performed in accordance with the recommendations of the Swiss 

Guidelines for the Care and Use of Laboratory Animals. The protocol was approved by the 

governmental Commission for Animal Experimentation of the Canton of Bern (approval no. 

BE112/17).

Experimental design, infection, and treatments

Mice. 48 Female 8-week-old wild type C57BL/6-mice were purchased from Charles River GmbH 

(Sulzfeld, Germany), and divided randomly into 8 groups (6 mice each group) as follows: 1) E. 

multilocularis infected (named as "AE"); 2) non-infected control (named as "Control"); 3) E. 

multilocularis infected + αPD-L1 blocking (named as "AE-αPD-L1"); 4) non-infected + αPD-L1 

blocking (named as "Control-αPD-L1"); 5) E. multilocularis infected + αPD-L1 blocking + ABZ 

(named as "AE-αPD-L1+ABZ"); 6) non-infected + αPD-L1 blocking + ABZ (named as 

"Control-αPD-L1+ABZ"); 7) E. multilocularis infected + ABZ (named as "AE-ABZ"); 8) 

non-infected + ABZ (named as "Control-ABZ"). All animals were housed in a standard 

daylight/night cycle room with food and water according to recommendations of the Federation of 

European Laboratory Animal Science Association (FELASA), and they were monitored by daily 

inspection, including the assessment of the appearance of health status, putative weight loss or 

gain during the whole course of the experiment. All experiments with animals were performed 

within a laminar flow safety enclosure.

Parasite preparation and intraperitoneal infection of mice. Intraperitoneal infection with E. A
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multilocularis metacestodes was performed as previously described (13). Briefly, E. multilocularis 

(H95) was isolated and maintained by serial passages (vegetative transfer) in C57BL/6 mice. In 

order to prepare the infection material for mice, metacestode tissue was obtained from previously 

infected mice by aseptic removal from the peritoneal cavity. After grinding the tissue through a 

sterile 50 μm sieve, approximately 100 freshly prepared vesicular cysts were suspended in 100 μL 

sterile PBS (Gibco, Basel, Switzerland) and intraperitoneally injected. Each experimental group 

included 6 animals unless otherwise stated. Control mice received 100 μL of sterile PBS only. 

Treatments. Groups 1&2 received 100 μL PBS by i.p. injection twice/week and 100 μL corn oil 

perorally 5 times/week. Groups 3&4 received 100 μL αPD-L1 MAb (200 μg/mouse/injection, 

BioXcell, clone 10F.9G2, West Lebanon, USA) by i.p. injection twice/week and 100 μL corn oil 

perorally 5 times/week. Groups 5&6 received 100 μL αPD-L1 MAb (200 μg/mouse/injection) by 

i.p. injection twice/week, and 100 μL ABZ in corn oil (200 mg/kg mouse /injection, Sigma, 

Buchs, Switzerland) perorally 5 times/week. Groups 7&8 received 100 μL ABZ in corn oil (200 

mg/kg mouse/injection) perorally 5 times/week and 100 μL PBS by i.p. injection twice/week. All 

the treatments start at 6 weeks post infection and maintain for another 8 weeks.

Sampling. At the end of experiments, mice were sacrificed by CO2-euthanasia. E. 

multilocularis metacestode vesicles are filled with vesicle fluid (VF), intact parasite tissues were 

surgically recovered and, if present, fat and connective tissues were carefully removed for 

subsequent wet-weight determination of the parasite mass (12).

Liver cells were isolated by using percoll density gradient centrifugation (see below), and 

peritoneal exudate cells (PECs) were collected by peritoneal rinsing.

Histopathology and histopathological grading. Liver sections and parts of the parasites from E. 

multilocularis-infected mice were fixed in 10 % neutral buffered formalin for 24 hours and 

embedded in paraffin. Blocks were sectioned and slides were stained with hematoxylin and eosin 

(H&E). The macroscopic and microscopic evaluations were performed in a blinded fashion by a 

European board-certified veterinary pathologist.

Cell preparation A
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Livers were perfused with PBS via the portal vein until blanched and then put in IMDM, 

supplemented with 10% fetal bovine serum (FBS). Whole livers were passed through a metal filter 

and digested with 0.05% collagenase IV (Worthington Biochemical, Allschwil, Switzerland) and 

0.001% DNAse I (Sigma-Aldrich, Buchs, Switzerland) for 30 min at 37 °C as described by Huang 

Li (13). Intrahepatic mononuclear cells were purified on a percoll gradient after centrifugation at 

1,250 g for 20 min without braking. Peritoneal exudate cells (PEC) were collected by peritoneal 

rinsing with 5 mL RPMI-1640. Cells were subsequently washed twice with, and then re-suspended 

in PBS containing 3% FBS for cell staining.

Flow cytometry

Aliquots of 106 cells/100 μL of staining buffer per well were incubated each with 1 μg of purified 

anti-CD16/CD32 for 20 min in the dark, in order to block non-specific binding of antibodies to the 

FcγIII and FcγII receptors. Cell suspensions were incubated with a cell viability dye efluor 506 20 

nm 4 °C in the dark (Thermo Fisher Scientific) to exclude dead cells. Subsequently, these cells 

were separately stained with the following surface markers for 20 min with 1 μg of primary 

antibodies (Table 1). For cytokines and transcription factors, cells subsequently fixed and 

permeabilized according to the manufacturer’s instructions (Foxp3/Transcription Factor Staining 

Buffer Set; eBioscience). Corresponding fluorochrome-labeled isotype control antibodies were 

used for staining controls. Cells resuspended in 250 μL of buffer (0.15 M NaCl, 1 mM NaH2PO4 

H2O, 10 mM Na2HPO4 2H2O and 3 mM NaN3) were analyzed in a flow cytometer BD LSR II 

(BD Pharmingen Inc., San Diego, CA) using the corresponding BD FACSDiva software (S1 Fig). 

Flow cytometric analysis was done using FlowJo software (Treestar, Inc., Ashland, OR). The 

gating strategy was shown in S1 Fig.

Cytokine levels from liver cell lysates measured by Mesoscale

Cells were lysed using RIPA buffer (Sigma–Aldrich), containing protease inhibitor cocktail 

(Roche, Basel, Switzerland), and centrifuged at 14,000 × g for 20 min at 4 °C. Proteins were A
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quantified using Bradford assay kit from Abcam and 40 ug of proteins were used for mesoscale. 

Each biotinylated antibody was conjugated to the assigned linker with incubating at room 

temperature for 30 min. After 30 min in stop solution, all the U-PLEX-coupled antibody solution 

was pooled and mixed by vortexing. The U-PLEX plate was coated by adding 50 μL of multiplex 

coating solution to each well at 4 °C overnight and then washed 3 times with 150 μL/well of 1× 

PBS-T (PBS with 0.05% Tween-20). After adding 25 μL dilute 41 to each well, 25 μL of prepared 

Calibrator standard or samples (non-diluted serum or 40 μg liver cell lysates) was added and 

incubated at room temperature with shaking for 1 hour. After 3 washes with 150 μL/well of 1× 

PBS-T, 50 μL of detection antibody solution was added to each well and incubated at room 

temperature with shaking for 1 hour. After 3 washes with 150 μL/well of 1× PBS-T. 150 μL/well 

of 2× Read Buffer T was added. The plated was analyzed on MESO QuickPlex SQ 120 

(Rockville, Maryland, USA).

Statistical analyses

All data were analyzed by Prism Graphpad. The results are presented as means ± SD. Normality 

of data was assessed by D’Agostino & Pearson and Shapiro-Wilk test. For normally distributed 

groups of data, One-way ANOVA with Bonferroni’s correction was used to compare the 

differences between groups. Levels of significance were assessed with specifically indicated tests 

and p-values are presented as follows: *p<0.05; **p<0.01;***p<0.001;****p<0.0001.

Results

Significantly decreased parasite load in AE mice with PD-L1 blockade or ABZ treatment

In mice intraperitoneally infected with E. multilocularis metacestodes, the parasite load was 

significantly reduced in response to PD-L1 blockade (AE- αPD-L1; 2.46 ± 1.59 g) when compared 

to mock-treated AE mice (AE; 5.47 ± 3.37 g) (Fig 1A, P=0.0068). In ABZ treated AE mice 

(AE-ABZ), parasite weight was 0.36 ± 0.18 g, while it was 0.22 ± 0.08 g in AE mice with a A
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combined treatment of αPD-L1 with ABZ (AE- αPD-L1+ABZ); they were significantly lower 

when compared to mock-treated AE mice (Fig 1A, P=0.0001). The combination of PD-L1 

blockade and ABZ treatment did not lead to a statistically significant differences in parasite 

weight when compared to AE-ABZ (Fig 1A, P＞0.05), thus we further focused on the mechanism 

of PD-1/PD-L1 ligation and ABZ individually in the immunological defense against AE.

Significant decrease of inflammation in AE mice with αPD-L1 administration

Upon macroscopical and histological assessment, none of the livers from any animal included any 

visible parasitic structures. Mixed inflammatory cell infiltrates (mostly including lymphocytes, 

eosinophils, and neutrophils) were, however, detectable in livers of animals from all groups (S2 

Fig). Extramedullary hematopoiesis (EMH) became apparent in AE mice with significant decrease 

in CD45+ hepatic immune cells compared to non-infected control animals, representing a higher 

need of immune cells in the fight against infection (S3 Fig; <0.0001). Moreover, expression of the 

inflammatory cytokines TNF-α (Figure 1B; P=0.0004), IL-1β (Fig 1C; P=0.0002), IL-6 (Fig 1D; 

P=0.0004), IFN-γ (Fig 1E; P=0.0002) and IL-33 (Fig 1F; P=0.0006) was significantly higher in 

AE mice when compared to non-infected control animals (Fig 1B-F). In the livers from AE mice 

treated with αPD-L1, there was a decrease in the inflammatory cytokines TNF-α (Figure 1B; 

P=0.0005), IL-1β (Fig 1C; P=0.0002), IL-6 (Fig 1D; P<0.0001) and IL-33 (Fig 1F; P<0.0001), 

and an increase in CD45+ hepatic immune cells (S3 Fig; P<0.0001), when compared to 

mock-treated AE mice. However, there was no difference in IFN-γ levels between AE- αPD-L1 

and mock-treated AE mice (Fig 1E).

Increased CD4+ / CD8+ Teffs and decreased Tregs from AE mice with αPD-L1 

administration 

Flow cytometric analyses showed that there was a significant increase of CD4+ Teff cells (Fig 2A; 

P<0.0001) and CD8+ Tcyt cells (Fig 2C & S4 Fig; P<0.0001) in the livers from AE-αPD-L1 mice, 

when compared to mock-treated AE mice. Moreover, AE-αPD-L1 mice also showed a decreased A
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CTLA+ frequency in both CD4+ Teffs and CD8+ Tcyts, when compared to mock-treated AE mice 

(Fig 2B; P=0.0051, 2D; P<0.0001). ABZ treatment improved CD8+ Tcyts but not CD4+ Teffs 

(Fig 2A; P=0.4908, 2C; P=0.0414; S4 Fig) when compared to mock-treated AE mice.

In the livers and peritoneal exudate cells (PECs) from AE mice, a significant increase of 

regulatory T cells (CD4+ (Fig 2E; P<0.0001, 3E; P<0.0001) and CD8+ Tregs (Fig 2G; P<0.0001, 

3G P<0.0001) became apparent, when compared to non-infected controls. Both CD4+ and CD8+ 

Treg frequency decreased significantly in the livers and PECs from AE-αPD-L1 mice when 

compared to mock-treated AE mice (Fig 2E, 3E). Moreover, there was a decrease of both CD4+ 

and CD8+ Treg cells in the livers and PECs from AE-ABZ mice when compared to mock-treated 

AE mice (Fig 2E, 3E). Moreover, IL-10 expression levels secreted by CD45+ cells increased 

significantly in AE mice when compared to non-infected controls (S5 Fig; P=0.0054), decreased 

in AE-αPD-L1 mice (S5 Fig; P=0.0038) but not in AE-ABZ mice when compared to AE mice (S5 

Fig; P=0.09). To sum up, PD-L1 blockade led to an increased CD4+ and CD8+ T cell activity in 

AE mice, while ABZ showed a partial improvement for CD8+ T cells.

Dendritic cells, Kupffer cells/Macrophages were restored in AE mice with αPD-L1 

administration

The role of innate immune cells such as dendritic cells (Plasmacytoid DCs, pDCs: CD11c+ 

CD11b-DCs; Classical DCs, cDCs: CD11b+CD11c+ DCs) and Kupffer cells (CD11c+CD11bdim 

F4/80+) was studied to assess their ability to express PD-L1. A 10-fold decrease in CD11c+ pDCs 

(Fig 4A; P<0.0001; S6 Fig), and a 2-fold decrease in CD11c+ Kupffer cells (Fig 4C; P<0.0001; S6 

Fig) was observed in the livers from AE mice when compared to non-infected control animals. 

Interestingly, there was an increase of pDCs in the livers (Fig 4A; P<0.0001; S6 Fig), CD11c+ 

CD11b+ DCs in PECs (Fig 4E; P<0.0001; S6 Fig), and CD11c+ Kupffer cells in the livers and 

CD11c+ Macrophages in PECs (Fig 4C, F; P<0.05; S6 Fig) from AE-αPD-L1 mice when 

compared to mock-treated AE mice. However, ABZ did not show any effect on innate immune 

cells in AE mice (Fig 4A-F).A
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NKT and NK cells decreased in the liver from AE mice upon αPD-L1 administration

A significant increase of NKT and NK cell frequency was observed in the livers from AE mice 

when compared to non-infected control animals (Fig 5A, C; P<0.0001; S6 Fig). Moreover, both 

NKT and NK cell frequency and activation (CD69+) were significantly decreased in the livers 

from AE-αPD-L1 mice, when compared to AE mice (Fig 5B, D; P<0.0001; S6 Fig). However, a 

significant decrease of hepatic NK cells but not NKT was observed in AE-ABZ mice when 

compared to the AE group (Fig 5A, C; P<0.0001) without significant decrease of CD69 frequency 

as in AE-αPD-L1 group when compared to mock-treated AE mice (Fig 5B, D). 

Discussion    

    In the present study, we investigated adaptive and innate immune cell dynamics at the 

chronic stage of E. multilocularis infection and the effect of anti-PD-L1 and/or ABZ 

administration on the parasite growth via immune system. We showed for the first time PD-L1 

immune checkpoint blockade as a new treatment against chronic AE in mice, and demonstrated 

that the PD-L1 pathway a) contributes to T cell activity by increasing CD4+/CD8+ effector T cells 

and decreasing Tregs; b) has the capacity to re-store DCs and Kupffer cells/Macrophages; c) 

suppresses NKT and NK cells; and d) leads to an improved control of E. multilocularis infection 

in mice (Fig 6).

E. multilocularis infection is characterized by modulation of the immune response of the host 

(14–16), during AE, a down-regulation of protective immunity in parallel with a Th2-reorientation 

of the CD4+ T lymphocytes and respective induction of an immunotolerant or anergic response to 

infection (3,17–19). Recent studies have shown that T cell exhaustion took part in the overall 

metacestode growth at late stage of infection in mice (20). Prevention of T-cell exhaustion e.g. by 

in vivo-blocking TIGIT (liver T‐cell immunoreceptor with immunoglobulin and immunoreceptor 

tyrosine‐based inhibitory motif domain) could inhibit disease progression in 

E. multilocularis-infected mice (18). Mechanistically, CD4+ T cells were totally and CD8+ T cells 

partially required for anti-TIGIT-induced regression of parasite growth in mice (21). Several A
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studies established the importance of PD-1/PD-L1 immune checkpoint blockade on T cells 

proliferation capacity and function in context of Taenia, Schistosoma and Leishmania 

amazonensis infections(22–24). In another study, Smith et al. and Terrazas et al. showed that 

blocking PD-L1 (Shistozoma,Taenia) and or PD-L2 (Taenia) blocked the ability macrophages to 

anergize T cells in Schistozoma and Taenia infected mice (25). Joshi et al. demonstrated the 

importance of PD-1/PD-L1 ratio in suppressing CD8+ Tcells during L. donovani infection. Using 

anti-PD-1 antibodies, they could increase the proliferative capacity of CD4+ and CD8+ T cell 

populations, and recovery of IFN-γ production (26). The PD-1/PD-L1 pathway negatively 

regulates T cells during priming and also the effector phase, when T cells act on the target cells; it 

thus appears as a major regulator of T-cell exhaustion (27). In the present study we showed that 

blocking the PD-L1 pathway restored both CD4+ and CD8+ T cells and improved the control of E. 

multilocularis infection. It indicated that improving CD4+ and/or CD8+ effector T cell function 

could still be the main option in treating AE. As shown by several studies (14-16), there exist a 

mixed response with Th1 and Th2 biasing at different kinetic windows. And a Th2 dominant 

response at chronic AE, preferentially might also induce PD-L2 (possibly via STAT6), as opposed 

to PD-L1, the latter of which has been neutralized in this study. PD-L2 could be a potential target 

as well in treating AE, and needs to be further studied. 

Distinctive characteristics of PD-1 expression on peripheral Tregs in HCV infection suggests 

associated with impaired adaptive immunity as well as viral long-term persistence (37). In the 

present and other studies, Treg cells significantly increased in both AE mice (8,11,12,38) and AE 

patients during the progressive course of disease (39). In this current study, this is reflected by an 

immuno-feedback regulation of T cell expansion in the liver, leading to an immune imbalance in 

favor for the parasite survival and development. In one of our previous studies, where we used a 

DEREG mouse model, we showed that E. multilocularis growth in AE mice with Foxp3+ 

Tregs-depletion yielded significantly smaller average AE lesions in the liver when compared to 

those without Foxp3+ Tregs-depletion. This phenomenon was associated with a higher Th1 

immune response, a lower IL-10 production, no difference of Th2/Th17 immunity, and A
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up-regulation of APC activation (38). Based on these findings on the role of Foxp3+ Tregs in E. 

multilocularis infection, we showed in this current study that the treatment of E. 

multilocularis-infected mice with Foxp3+ Tregs-blocking agents (i.e. PD1/ PD-L1 blockade) could 

provide a means of converting the immunological anergy during chronic disease into a more 

pro-active, improved CD4+/CD8+ effector T cell function and a decreased Treg activity. 

Moreover, this could also induce a Th1-oriented immune polarization (11), with potentially 

damaging or even fatal consequences for the metacestode, and thus a putatively healing option for 

the host. 

DCs play a major role as antigen presenting cells with high capacity of stimulating T cells in 

the in vitro mixed leucocyte reaction (43), and they secrete IL-2, which stimulate T cells by 

expanding those specific for E. multilocularis (17,18,44,45). In this study, we found that at the 

chronic infection stage, cDCs in the liver were significantly decreased, accompanied by an 

increase of CD4+ and CD8+ Treg cells and a decrease in CD4+ Teff and CD8+ Tcyt. Moreover, 

PD-L1 blockade in AE mice restored and inversed significantly the Treg/Teff ratio. This had 

already been previously demonstrated that blocking PD-L1 on DCs against melanoma increased 

Th1 and Th17 proliferation, concomitant with a Treg reduction, independently of the DCs' 

phenotype and functional characteristics (19). 

Shi et al. showed that Kupffer cells are susceptible to apoptosis after infection with 

microorganisms at the terminal stage of Trypanosoma infection in the presence of IFN-γ (50,51). 

Based on the fact that Kupffer cells express PD-L1, we hypothesized that they might also be 

involved in the PD-1/PD-L1 immune axis checkpoint. Interestingly, we observed a significant 

decrease in CD11c+ Kupffer cells in AE mice when compared to non-infected controls. Moreover, 

PD-L1 blockade restored CD11c+ Kupffer cells and CD11c+ macrophages in PECs. The increase 

of macrophage recruitment to the site of infection suggests that Kupffer cells, suppressed by Treg 

cells during the infection, are playing a major role in parasite clearance (52). However, in the 

current study, Kupffer cells were not associated with an increase of inflammation with PD-L1 A
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blockade. Their role remains still unclear, further mechanistic studies will have to be included in 

our ongoing and future projects.

NK and NKT cells are also major players in maintaining immune homeostasis, and first 

responders for infections (56–58). NK cells in the liver are very frequent, divided between cNK 

(CD49b+ NK) and resident NK cells (CD49a+ NK) (59–62). In this present study, total NK cells 

were significantly increased due to E. multilocularis infection, with also an increasing of NKT 

cells. NK cells are reported to be protective at the early stages of parasitic infections. It is known 

that Listeria induces the production of both TNF-α and IL-12 by macrophages, which 

subsequently activate NK cells (63–65). This might explain how inflammatory cytokines induce 

NK cells in E. multilocularis infected mice (AE group). And this was supported by the data from 

suppl Fig.7, which in AE group there was a conversion from ILC-1 to NK cells. This conversion 

was reversed in AE mice with PD-L1 blockade. We hypothesized that these populations of NK 

cells with decreased inflammatory cytokines might be “exhausted NK cells”, but this needs to be 

further confirmed by functional assays. This is already under study.

ABZ, as a positive control, is very efficient against E. multilocularis infection in mice. 

Long-term to life-long daily medication with ABZ provides a good health improvement in many 

of the patients, but it is only periparasitic and this approach is thus frequently not curative. 

Moreover, some patients do not respond to ABZ treatment and suffer from very aggressive lesions 

under ABZ therapy. Studies have shown that patients with cystic echinochoccosis (CE) and low 

CD4 counts have poor response to ABZ treatment, and continuous ABZ therapy was ineffective in 

HIV-infected patients with CE and low CD4 counts (70). Nowadays, possibly because of the more 

frequent use of immuno-suppressive drugs in the clinics, more and more patients become ABZ 

resistant. New alternative curative treatment strategies are urgently needed, and a respective focus 

on the appropriate support of the immune system i.e. our study documented the immune cell 

dynamic/interaction network at the chronic stage of E. multilocularis infection, with PD-L1 

blockade as a new treatment option. PD-L1 blockade is promising against larval stage of E. 

multilocularis infection by improving protective immunity, with less global liver inflammation. A
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Such an approach could be coupled with a short term anti-PD-L1 administration to improve a 

protective immune orientation in AE patients, and, putatively coupled to ABZ medication, it could 

optimize the inhibition of the parasite growth, or maybe even abrogate parasite viability, thus 

putatively leading to cure.
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Figure Legends

Fig 1. Parasite load associated with liver inflammation in AE mice with PD-L1 blockade. 

(A) Parasite weight was determined by wet weight measurement in E. multilocularis-infected mice 

at end time-point and necropsy. Data represent individual mice from a total of 6 mice in each 

group, with a statistical power ＞0.8. Comparison between groups was performed using a 

one-way ANOVA for statistical analysis. *P<0.05. The levels of TNF-α (B), IL-1β (C), Serum 

IL-6 (D), IFN-γ (E), IL-33 (F) in the livers from AE mice with/without PD-L1 blockade at end of 

experiment, corresponding non-infected animals as controls. Data represent individual mice from 

a total of 6 mice in each group, with a statistical power ＞0.8. Comparison between groups was 

performed using one-way ANOVA with Bonferroni correction for statistical analysis. *P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice; αPD-L1: 

animals received anti-PD-L1 MAb application with 200 μg/mouse/injection started 6 weeks post 

infection and was maintained for 8 weeks (application twice/week); ABZ: Animals received ABZ 

at 200 mg/kg mouse starting 6 weeks post infection and maintained for another 8 weeks 

(application 5 days/week). 

Fig 2. Effector/regulatory T cell immune responses in the liver from AE mice with PD-L1 

blockade and/or ABZ.

Frequency of Foxp3- cells within CD4+ T cells (CD4+ Teff) in the liver (A), CLTA-4+ cells within 

CD4+ Teffs in the liver (B), Foxp3- cells within CD8+ T cells (CD8+ Tcyt) in the liver (C), 

CLTA-4+ cells within CD8+ Tcyts in the liver (D), Foxp3+ cells within CD4+ T cells (CD4+ Treg) 

in the liver (E), CLTA-4+ cells within CD4+ Tregs in the liver (F), Foxp3+ cells within CD8+ T 

cells (CD8+ Treg) in the liver (G), CLTA-4+ cells within CD8+ Tregs in the liver (H) from AE 

mice with/without PD-L1 blockade and/or ABZ treatment at end of experiment, corresponding 

non-infected animals as controls.

Data represent individual mice from a total of 6 mice in each group, with a statistical power ＞0.8. 

Comparison between groups was performed using one-way ANOVA with Bonferroni correction A
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for statistical analysis. *P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice

Fig 3. Effector/regulatory T cell immune responses in PECs from AE mice with PD-L1 

blockade and/or ABZ.

Frequency of Foxp3- cells within CD4+ T cells (CD4+ Teff) in the PECs (A), CLTA-4+ cells 

within CD4+ Teffs in the PECs (B), Foxp3- cells within CD8+ T cells (CD8+ Tcyt) in the PECs 

(C), CLTA-4+ cells within CD8+ Tcyts in the PECs (D), Foxp3+ cells within CD4+ T cells (CD4+ 

Treg) in the PECs (E), CLTA-4+ cells within CD4+ Tregs in the PECs (F), Foxp3+ cells within 

CD8+ T cells (CD8+ Treg) in the PECs (G), CLTA-4+ cells within CD8+ Tregs in the PECs (H) 

from AE mice with/without PD-L1 blockade and/or ABZ treatment at end of experiment, 

corresponding non-infected animals as controls.

Data represent individual mice from a total of 6 mice in each group, with a statistical power ＞0.8. 

Comparison between groups was performed using one-way ANOVA with Bonferroni correction 

for statistical analysis. *P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice; PECs: 

peritoneal exudate cells.

Fig 4. DCs and Kupffer cells/Macrophages in AE mice with PD-L1 blockade and/or ABZ.

Frequency of CD11c+CD11b- DCs within CD45+ cells (cDC) in the liver (A), CD11c+CD11b+ 

DCs within CD45+ cells (pDC) in the liver (B), CD11b+CD11c+ F4/80+ cells (CD11c+ Kupffer 

cells) within CD45+ cells in the liver (C), 11c+CD11b- DCs within CD45+ cells (cDC) in the PECs 

(D), CD11c+CD11b+ DCs within CD45+ cells (pDC) in the PECs (E), CD11b+CD11c+ F4/80+ 

cells (CD11c+ Macrophages) within CD45+ cells in PECs (F) from AE mice with/without PD-L1 

blockade and/or ABZ treatment at end of experiment, corresponding non-infected animals as 

controls.

Data represent individual mice from a total of 6 mice in each group, with a statistical power ＞0.8. 

Comparison between groups was performed using one-way ANOVA for statistical analysis. A
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*P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice; PECs: 

peritoneal exudate cells.

Fig 5. NK/NKT cells in AE mice with PD-L1 blockade and/or ABZ.

Frequency of NK1.1+CD3+ cells within CD45+ cells (NKT cell) in the liver (A), CD69+ cells 

within NKT cells in the liver (B), NK1.1+CD3- cells within CD45+ cells (NK cell) in the liver (C), 

D69+ cells within NK cells in the liver (D), NK1.1+CD3+ cells within CD45+ cells (NKT cell) in 

the PECs (E), CD69+ cells within NKT cells in the PECs (F), NK1.1+CD3- cells within CD45+ 

cells (NK cell) in the PECs (G), D69+ cells within NK cells in the PECs (H), from AE mice 

with/without PD-L1 blockade and/or ABZ treatment at end of experiment, corresponding 

non-infected animals as controls.

Data represent individual mice from a total of 6 mice in each group, with a statistical power ＞0.8. 

Comparison between groups was performed using one-way ANOVA for statistical analysis. 

*P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice; PECs: 

peritoneal exudate cells.

Fig 6. Schematic presentation of hypothetical role for immune dynamics due to AE and 

PD-L1 blockade to modulate the host-parasite relationship to improve the outcome of AE. 

E. multilocularis infection and/or metabolites induce the up-regulation of Tregs and T cell 

exhaustion at the chronic infection stage, as demonstrated previously. PD-L1 blockade was shown 

to be a promising therapeutic approach to treat murine AE by suppressing Treg cells and their 

function through IL-10, increasing functional T cells, decreasing NK/ NKT cell frequency and 

activation, enhancing Kupffer cells and pDCs antigen presentation to T cells, and meanwhile by 

decreasing excessive inflammatory cytokines in the liver to minimize the “self-injury”. Overall, A
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this led to an improved immune status that controlled the continuous “tumor-like” progression of 

the parasitic metacestode.

Supporting Information Legends

S1 Fig. Gating strategy for the assessment of different cell populations in the liver

Gating strategy for the assessment of different cell populations showed by FACS dot plots (Left): 

A gate was firstly positioned around lymphocytes, and CD45+Viability dye+ cells within this gate 

were used for identifying whole living immune cells. Frequency of different cell populations was 

based on the fluorescence signal of different cell marker staining; As shown in the table (Right), 

CD45+CD3+ cells were distinguished as T cells (A), CD3+NK1.1+ cells as NKT cells (B), 

CD3-NK1.1+ cells as NK cells (C), CD3+CD4+CD8- cells as CD4+ T cells (D), CD3+CD4-CD8+ 

cells as CD8+ T cells (E), CD4+Foxp3- cells within CD3+ T cells as CD4+ Teff cells (F), 

CD4+Foxp3+ cells within CD3+ T cells as CD4+ Tregs (G), CD8+Foxp3- cells within CD3+ T cells 

as CD4+ Tcyt cells (H), CD8+Foxp3+ cells within CD3+ T cells as CD8+ Tregs (I), CD45+CD19+ 

cells as B cells (J), CD11b-CD19+ cells within B cells as CD11b- B cells (K), CD11b+CD19+ cells 

within B cells as CD11b+ B cells (L), CD11b+Ly6Ghigh cells as Neutrophils (M), CD11b-CD11c+ 

cells as cDCs (N), CD11b-CD11c+ cells as pDCs (O), CD11b+CD11c+ cells as pDCs (O), 

CD11b+CD11c+F4/80+ cells as CD11c+Kupffer cells/Macrophages (P), FSC-A++CD11c- cells as 

Eosinophils (Q), CD11c-Ly6C+CD11b+ cells as Monocytes (R), CD11b+CD11c+ cells as pDCs 

(O), CD11c-CD11b+ Ly6C+F4/80+ cells as CD11c-Kupffer cells/Macrophages (S).

S2 Fig. Histological analyses from the liver and spleen in AE mice with PD-L1 blockade 

and/or ABZ.

A. Representative picture of the liver from AE mice with PD-L1 blockade and/or ABZ, respective 

non-infected animals as control (HE staining, magnification 200x High Power Field (HPF)). Few 

randomly distributed inflammatory infiltrates and/or accumulation of different precursor cells 

(EMH) are present in mice from all groups (arrow, unspecific finding). Mild vacuolation of A
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hepatocytes from groups Control- aPD-L1, Control- aPD-L1+ABZ and Control- ABZ (arrowhead) 

displays a treatment related increased metabolic rate.

B. Representative picture of the spleen from AE mice with PD-L1 blockade and/or ABZ, 

respective non-infected animals as control (HE staining, magnification 100x HPF). Strongly 

increased extramedullary hematopoiesis (EMH, arrow) within the white pulp is visible in all 

infected groups (first row). Mice from AE and AE- aPD-L1 groups present loss of lymph follicles 

and PALS, whereas activated follicles are visible in the group AE- aPD-L1+ABZ and AE- 

ABZ(arrowhead). Mild to moderate EMH and regular follicles and PALS are visible in the spleen 

of non-infected mice (second row).

S3 Fig. Frequency of CD45+ immune cells 

Frequency of CD45+ cells in the liver and PECs from AE mice with/without PD-L1 blockade 

and/or ABZ treatment at end of experiment, corresponding non-infected animals as negative 

controls. Data represent individual mice from a total of 6 mice in each group, with a statistical 

power ＞0.8. Comparison between groups was performed using one-way ANOVA for statistical 

analysis. *P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice; PECs: 

peritoneal exudate cells.

S4 Fig. Effector/regulatory T cell immune responses in the liver from AE mice with PD-L1 

blockade

Frequency of Foxp3- cells within CD4+ T cells (CD4+ Teff), Foxp3+ cells within CD4+ T cells 

(CD4+ Treg), Foxp3- cells within CD8+ T cells (CD8+ Tcyt), Foxp3+ cells within CD8+ T cells 

(CD8+ Treg) in the liver from AE mice with/without PD-L1 blockade at a repeated experiment, 

corresponding non-infected animals as controls.

Data represent individual mice from a total of 6 mice in each group, with a statistical power ＞0.8. 

Comparison between groups was performed using one-way ANOVA with Bonferroni correction 

for statistical analysis. *P<0.05.A
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Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice

S5 Fig. Frequency of IL-10+ and TNF-α+ in CD45+ cells 

Frequency of IL-10+ within CD45+ cells in the liver (A) and PECs (B), TNF-α+ within CD45+ 

cells in the liver (C) and PECs (D) from AE mice with/without PD-L1 blockade and/or ABZ 

treatment at end of experiment, corresponding non-infected animals as negative controls. Data 

represent individual mice from a total of 6 mice in each group, with a statistical power ＞0.8. 

Comparison between groups was performed using a one-way ANOVA for statistical analysis. 

*P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice; PECs: 

peritoneal exudate cells.

S6 Fig. DCs and Kupffer cells/Macrophages in AE mice with PD-L1 blockade.

Frequency of CD11c+CD11b- DCs within CD45+ cells (cDC), PD-1+CD11c+CD11b- DCs within 

CD45+ cells, CD11b+CD11c+ F4/80+ cells (CD11c+ Macrophages) within CD45+ cells, 

PD-1+CD11b+CD11c+ F4/80+ cells (PD-1+CD11c+ Macrophages), NK1.1+CD3- cells within 

CD45+ cells (NK cells) in the liver from AE mice with/without PD-L1 blockade at a repeated 

experiment, corresponding non-infected animals as controls.

Data represent individual mice from a total of 6 mice in each group, with a statistical power ＞0.8. 

Comparison between groups was performed using one-way ANOVA for statistical analysis. 

*P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice.

S7 Fig. CD49a+ and CD49b+ cell levels in ILC-1 and NK cells in the liver from AE mice with 

PD-L1 blockade and/or ABZ 

Representative images of CD49a+ and CD49b+ cells within ILC-1 and NK cells in the liver (A), 

mean fluorescence intensity (MFI) of CD49a+ and CD49b+ cells within ILC-1 and NK cells in the A
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liver (B) from AE mice with/without PD-L1 blockade at end of experiment, corresponding 

non-infected animals as controls.

Data represent individual mice from a total of 6 mice in each group, with a statistical power ＞0.8. 

Comparison between groups was performed using 

one-way ANOVA for statistical analysis. *P<0.05.

Control: non-infected wild type mice; AE: E. multilocularis infected wild type mice; PECs: 

peritoneal exudate cells. 
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Table. 1 Antibodies used for FACS staining 

Fluorescence Cell marker Clone Company Catalog no. 

Alexa Fluor 700 NK1.1 PK136 BioLegend 108730 

PE-cy5 NK1.1 PK136 BioLegend 108716 

PE-efluor-610 Eomes Dan11mag eBioscience 61-4875-82 

APC Roryt AFKJS-9 eBioscience 17-6988-80 

APC-efluor780 PD-1 J43 eBioscience 47-9985-82 

PE-cy7 CD49b DX5 BioLegend 108922 

PE-cy7 CD4 GK1.5 eBioscience 25-0041-81 

APC CD4 RM4-4 BioLegend 116014 

BV570 CD8 53-6.7 BioLegend 301038 

Alexa Fluor 700 CD11b M1/70 BioLegend 101222 

BV421 CD49a Ha31/8 BD Biosciences 740046 

PE CD19 SJ25C1 eBioscience 12-0198-41 

PE-Dazzle 594 CD19 6D5 BioLegend 115554 

BUV395 CD45 30-F11(Ruo) BD Biosciences 564279 

Percp cy.5.5 FoxP3 FJK-16s eBioscience 45-5773-80 

PE FoxP3 FJK-16s eBioscience 12-5773-80 

PE-Dazzle 594 CD152 UC10-4B9 BioLegend 106318 

APC IL-10 JES5-16E3 BioLegend 505010 

PE IL-10 JES3-9D7 eBioscience 12-7108-41 

FITC CD69 H1.2F3 BioLegend 104506 

PE Ly6G RB6-8C5 eBioscience 12-8931-81 

PE-cy7 Ly6G RB6-8C5 eBioscience 25-5931-81 

APC F4/80 BM8 eBioscience 17-4801-82 

eFluor450 CD11c N418 eBioscience 48-0114-82 

FITC TNFα MP6-XT22 BioLegend 506304 

eFluor506 VIABILITY DYE - eBioscience 65-0866-18 

- CD16/CD32 2.4 G2 BioLegend 101302 
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