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Abstract: Capillaria hepatica is a seriously neglected zoonotic parasite, which infects the liver of mam-
malian hosts, causing fibrosis or even hepatic failure. At present, the immune responses elicited by
C. hepatica are not fully understood, and the role(s) of the programmed death 1 (PD-1) signaling pathway
in the context of C. hepatica-induced pathology are not known. In this study, we identify that the late
stage of infection with C. hepatica—especially the egg-derived antigens—modulates the host immune
responses to promote alternatively activated macrophage (M2) polarization and programmed death
ligand 2 (PD-L2) expression. The PD-L2-expressing alternatively activated M2 macrophages play
an important role in maintaining Th2-biased regulatory immune responses, which may facilitate the
survival of parasitic worms or eggs within the infected liver and reduce the liver pathology caused
by the egg granulomas. Treatment with anti-PD-L2 antibody had no effect on the survival of parasitic
eggs but deteriorated the pathology of egg granulomas. The obtained results suggest that PD-1/PD-L2
signaling, which is involved in alternative macrophage polarization, determines the immune response
pattern and the immunopathology, consequently determining the outcome of the parasitic infection.

Keywords: alternatively activated macrophages; Capillaria hepatica; immunomodulation; programmed
death ligand 2

1. Introduction

Capillaria hepatica is a zoonotic nematode which causes hepatic capillariasis in rodents
and other mammal species, including humans. The nematode infection results in a serious
hepatic disorder with liver functional damage, granulomatous inflammation, fibrosis, or
even death [1]. Due to the rarity of infection in humans and the associated non-specific
clinical manifestations, C. hepatica infection has been seriously neglected and is often
misdiagnosed as other diseases.

Humans acquire C. hepatica infection through ingestion of embryonated eggs, due to
the contamination of water or food. The larvae hatch and invade the intestinal mucosa,
and then enter the liver through the mesenteric vein and portal vein system. Adult worms
parasitize in the liver of the mammalian host, where the females lay eggs in the liver
parenchyma after mating. The unembryonated eggs are passed into the environment,
either through the death and decomposition of the infected animal, or the feces of its
predator/scavenger, to develop into embryonated eggs [2].

Egg granulomas and liver fibrosis have been observed in the hepatic pathology of
humans infected with C. hepatica in our previous study [3]. The infiltration of inflammatory
cells around eggs forms granulomas and fibrosis, which eventually lead to an irreversible
impairment of the liver. Except for the tissue damage caused by the helminth infection in
the parasitized host, the helminths themselves have also developed an immune evasion
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mechanism to reduce host immune attack as a survival strategy. This defense mechanism
includes the secretion of functional molecules that play an immunomodulatory role in the
host immune response [4]. As a result, the reduced immune response to the helminth
infection may benefit the hosts themselves, with reduced immunopathology and less tissue
damage caused by the infection [5]. The helminth-induced immunomodulation may benefit
the host by restricting the helminth burden and preventing continual infection, which is
called concomitant immunity [6]. Several studies have demonstrated that hepatotropic
parasites, including Schistosoma japonicum, Schistosoma. mansoni, or Fasciola hepatica, activate
the immunomodulatory pathway to facilitate their parasitism in the host [7–9]. Recently, PD-1
and its ligands 1 and 2 (PD-L1/L2) have been identified as part of the immunomodulatory
pathways involved in peripheral tolerance and immune escape mechanisms during chronic
viral infections and cancer development [10]. The PD-1 pathway has been shown to be
significantly up-regulated in macrophages and dendritic cells during protozoa and helminth
infections—such as those associated with Plasmodium [11], Leishmania spp. [12], Schistosoma
japonicum [13], Fasciola. hepatica [14], and Trichinella spiralis [15]—suggesting its involvement in
immune modulation of the host immune response. In addition, helminth infections stimulate
alternatively activated macrophages (M2) in infected tissues. In particular, helminth-derived
proteins stimulated PD-1 expression on M2 macrophages, thus reducing inflammatory bowel
disease, indicating that the PD-1 pathway is involved in the helminth-induced M2 polarization
during helminth infections [15]. Some studies have shown that a C. hepatica infection induced
an immune response in the early stage [16,17]; however, little is known regarding its effect on
the host immune response during chronic infection, and whether the PD-1 signaling pathway
is involved in the pathological change caused by the infection.

In this study, we identify that chronic infection of C. hepatica induces alternatively
activated macrophages (M2) by activating the PD-1/PD-L2 pathway. In particular, a PD-
L2 blockade aggravated liver lesions caused by the egg granulomas and promoted liver
fibrosis associated with the shift of M2 to M1 in the liver infected with C. hepatica.

2. Materials and Methods
2.1. Parasite

C. hepatica-infected mice were donated by Dr. Yalan Zhang (Henan Institute of Par-
asitology, Henan Center for Diseases Prevention and Control, Zhengzhou, China). To
obtain embryonated eggs, a previously described method was applied with minor modifi-
cations [18]. Briefly, the liver collected from a C. hepatica-infected mouse was homogenized;
the unembryonated eggs were collected by filtering the liver homogenate through a 500 mm
filter and washed three times with centrifugation at 800 × g for 2 min. The unembryonated
eggs in the pellet were suspended in PBS-containing penicillin (100 U/mL) and strepto-
mycin (100 µg/mL) and incubated at 30 ◦C for 28–30 days. The embryonated eggs were
identified and counted under a microscope.

2.2. Mice and C. hepatica Infection

Female six- to eight-week-old BALB/c mice were purchased from the Laboratory Ani-
mal Services Center of the Capital Medical University (Beijing, China) and were maintained
under specific pathogen-free conditions at suitable humidity and temperature.

A total of 50 BALB/c mice each received 200 embryonated eggs of C. hepatica in 0.5 mL
of PBS buffer by oral gavage. The same number of control mice received 0.5 mL of PBS
only. Five mice from each group were sacrificed at 0, 3, 6, 9, and 12 weeks post-infection.
The sera, livers, and spleens were harvested for further analysis.

2.3. Preparation of Adult Worm Extracts (AWE) and Egg Extracts (EE) from C. hepatica

The adult worms and eggs were isolated from the liver parenchyma of mice infected
with C. hepatica for 2 weeks and 8 weeks, respectively, after being euthanized with an over-
dose of ethyl ether. The worms or eggs were washed three times in PBS, then homogenized
by ultrasonication under ice. The extract supernatants were collected by centrifuging at
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18,000× g for 10 min, followed by filtering through a 0.45 µm filter to obtain the AWE and
EE. The concentration of protein was measured using the Bradford assay reagent (Thermo
Fisher Scientific, Waltham, MA, USA).

2.4. Liver Macrophage Isolation

The macrophages were isolated from infected or normal mice as previously described
with modification [19]. Briefly, liver tissues were collected from the euthanized mice and
minced into small pieces through 100 µm nylon meshes. The red blood cells were removed
using a lysis buffer (Sigma Aldrich, St. Louis, MO, USA). The liver homogenate was incubated
in RPMI 1640 containing 0.1% type IV collagenase at 37 ◦C for 1 h. The liver single-cell sus-
pension was acquired through centrifugation at 500× g for 10 min at 4 ◦C, then re-suspended
in DMEM with 10% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin,
and cultured in a T25 culture flask. The non-adherent cells were removed from the culture
flask after being incubated for 2–4 h at 37 ◦C. The adherent cells were collected as hepatic
macrophages, confirmed by flow cytometry labeled with FITC-F4/80.

2.5. Hepatic Macrophages Cultured In Vitro and Cytokine Measurement

A total of 1 × 106 hepatic macrophages collected from the livers of the normal or
infected mice were cultured in an RPMI 1640 medium containing 10 µg/mL of AWE or
EE for 72 h at 37 ◦C, 5% CO2. The same number of hepatic macrophages were incubated
with 100 ng/mL LPS (Sigma Aldrich, MO, USA) or 10 ng/mL IL-4 (Peprotech Inc., Rocky
Hill, NJ, USA), as a control, for M1 and M2 macrophage activation, respectively. The
supernatants from the culture were collected and the cytokines (including IFN-γ, TNF-α,
IL-10, and IL-13) were determined by an enzyme-linked immunosorbent assay (ELISA),
according to the manufacturer’s instructions (Dakewe, Shenzhen, China).

2.6. Flow Cytometry

To examine PD-L1, PD-L2, and PD-1 expression, the hepatic macrophages or spleno-
cytes were collected from the normal or C. hepatica-infected mice and adjusted to
1 × 106 cells/100 µL in PBS containing 1% FBS. Single-cell suspensions were then blocked
with anti-CD16/32 mouse Fc Block (BioLegend, San Diego, CA, USA) and analyzed for
the expression of cell surface markers using combinations of the following antibodies:
FITC-conjugated anti-F4/80; APC-conjugated anti-CD86 or anti-CD206; PE-conjugated
anti-PD-L1; PerCP/Cyanine 5.5-conjugated anti-PD-L2; FITC-conjugated anti-CD3; APC-
conjugated anti-CD8 or anti-CD4; or PE-conjugated anti-PD-1 (R&D system, Minneapolis,
MN, USA). Rat IgG2a isotype controls were added and run with each set of samples to
define negative and positive cell populations.

To evaluate the intracellular expression of IFN-γ in the splenocytes from the mice,
spleen cells were initially stimulated with 25 ng/mL of phorbol myristate acetate (Sigma-
Aldrich, St. Louis, MO, USA) and 1 µg/mL of brefeldin A (BD Pharmingen, San Diego,
CA, USA) for 4 h at 37 ◦C, 5% CO2, then strained with FITC-conjugated anti-CD3. Once
fixed and permeabilized, PE-conjugated anti-IFN-γ or rat IgG2a isotype control antibody
was added. The stained cell suspensions were analyzed using a BD FACSCalibur Flow
Cytometer (BD Biosciences, San Jose, CA, USA). The results were analyzed using the FlowJo
software (BD Biosciences, San Jose, CA, USA).

2.7. Quantitative Real-Time PCR (RT-qPCR) Analysis

The total RNA was isolated from the hepatic macrophages using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA), and the total cDNA was reverse-transcribed from the total RNA
using a reverse transcription kit, according to the manufacturer’s instructions (Fermantas Life
Sciences, Burlington, Ontario, CA). An RT-qPCR was conducted using SYBR Green Master
reagents (Roche Diagnostics, Basel, Switzerland) in a 7300 Real-Time PCR machine (Applied
Biosystems, Foster City, CA, USA). The fold changes in gene expression, compared to the
housekeeping gene (β-actin), were calculated using the 2−∆∆Ct method.
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The sequences of the primer pairs used in RT-qPCR are as follows:
iNOS: forward 5′-CTGGAGGAGCTCCTGCCTCATG-3′, reverse 5′-GCAGCATCCC

CTCTGATGGTG-3′

Arginse-1: forward 5′-GTATGACGTGAGAGACCACG-3′, reverse 5′-CTCGCAAGCC
AATGTACACG-3′

IFN-γ: forward 5′-GCTGCTGATGGGAGGAGATG-3′ reverse 5′-TGTCTGGCCTG
CTGTTAAAGC-3′

TNF-α: forward 5′-TTCTGTCTACTGAACTTCGGGGTGATCGGTCC-3′, reverse 5′-
GTATGAGATAGCAAATCGGCTGACGGTGTGGG-3′

IL-10: forward 5′-TCTATTCTAAGGCTGGCCACACT-3′, reverse 5′-CAATTGAAA
GGACACCATAGCAAA-3′

IL-13 forward 5′-AGACCAGACTCCCCTGTGCA-3′, reverse 5′-TGGGTCCTG
TAGATGGCATTG-3′

β-actin: forward 5′-ATGGATGACGATATCGCT-3′, reverse 5′-ATGAGGTAGTC
TGTCAGGT-3′.

2.8. PD-L2 Blocking Management In Vivo

Five mice from each group received intraperitoneal injections of 500 µg anti-mouse PD-
L2 monoclonal antibody (mAb; MIH18, Mouse IgG1; Biolegend) on day 5 after C. hepatica
infection, followed by an injection of 250 µg on day 8. The control mice were given the
same amount of isotype IgG (MG1-45; Biolegend) in the same regime.

2.9. Histochemical Staining of Liver Tissue

The livers were collected from the mice infected with C. hepatica for 8 weeks and fixed
in 4% buffered formalin. The liver tissue sections were stained with hematoxylin and eosin
(H&E). The density of the hepatic granulomas in the liver was evaluated by stereological
point-counting [20]. Basically, it was estimated from the number of granulomas observed
in the grid point intersections divided by the number of grid points intersecting all the liver
sections. The grid points were generated using ImageJ analysis software. The immunohis-
tological, semi-quantitative analysis for hepatic fibrosis was evaluated by staining with
Masson’s trichrome (Sigma-Aldrich, St. Louis, MO, USA) and sirius red Sigma-Aldrich,
St. Louis, MO, USA). The area percentage of positive staining for the Masson trichrome and
sirius red in five different fields for each section was determined to quantify the collagen
deposition using the ImageJ software. The proportion of positively stained areas was
calculated as follows: (collagen area/total area-vascular lumen area) × 100%.

2.10. Assessment of Egg Burden

One gram of liver collected from each infected mouse was digested with 5% KOH at
37 ◦C overnight, following which the number of eggs per gram of liver was determined
through microscopic examination [13].

2.11. Statistical Analyses

Statistical analyses were performed with one-way ANOVA using the SPSS version
24.0 software (SPSS, Chicago, IL, USA). All the data are expressed as the mean ± standard
error of the mean (SEM), with differences considered significant when p was less than 0.05.

3. Results
3.1. C. hepatica Infection Induced Macrophages Polarization

The macrophages collected from the mouse liver tissue were incubated with either
AWE or EE (each 10 µg/mL) of C. hepatica for 72 h in vitro. The flow cytometric analysis re-
vealed that the incubation with AWE significantly increased the expression of F4/80+CD86+

(M1) on the surface of macrophages, while the EE mostly stimulated the expression of
F4/80+CD206+ (M2). There was no significant increase of CD86+ or CD206+ expression on
the surface of macrophages incubated with an isotype control. As expected, LPS stimulated
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the expression of F4/80+CD86+ and IL-4 stimulated F4/80+CD206+, as positive controls
(Figure 1a). The results indicated that the AWE mostly stimulated M1 macrophage differen-
tiation, while the EE stimulated M2 macrophages. The cytokine profile in the supernatants
of the treated macrophages was correlated with the expression of CD86+ and CD206+. The
macrophages treated with AWE secreted a higher level of M1 cytokines (IFN-γ, TNF-α)
than those treated with EE, while the EE stimulated a higher level of M2 cytokines (IL-10,
IL-13), compared to the AWE (Figure 1b,c). These data suggest that adult worm antigens
mainly induced M1 macrophages and EE induced the M2 macrophage phenotypes.

Trop. Med. Infect. Dis. 2023, 8, x FOR PEER REVIEW 6 of 16 
 

 

 

Figure 1. C. hepatica infection induced macrophage polarization in livers of infected mice: (a) 

Macrophages collected from livers of normal mice were incubated in vitro with C. hepatica AWE or 

EE, which induced M1 (F4/80+CD86+) and M2 (F4/80+CD206+) phenotypes, as measured by flow 

cytometry, respectively. Isotype antibody was used as negative control; LPS or IL-4 co-cultured with 

macrophages as M1 and M2 positive controls, respectively. (b) The levels of M1-related cytokines 

IFN-γ and TNF-α were measured in the supernatant of normal mouse hepatic macrophages 

incubated with AWE or EE by ELISA. (c) The M2-related cytokines IL-10 and IL-13 were measured 

in the supernatant of normal hepatic macrophages incubated with AWE and EE of C. hepatica by 

ELISA. (d) Macrophage polarization from M1 (CD86+) to M2 (CD206+) on gated F4/80+ intrahepatic 

macrophage cells during the natural course of C. hepatica infection in mice. (e) iNOS (M1) and 

Arginase-1 (M2) dynamic mRNA expression in macrophages collected from livers of mice infected 

with C. hepatica measured by RT-qPCR relative to the expression of β-actin (control gene). (f) M1-

related IFN-γ and TNF-α dynamic mRNA expression in the intrahepatic macrophages from C. 

hepatica-infected mice. (g) M2-related IL-10 and IL-13 dynamic mRNA expression in the intrahepatic 

macrophages from C. hepatica-infected mice. Data are expressed as mean ± SEM from three 

independent experiments (n = 5 mice per group). * p < 0.05, ** p < 0.01. 

3.2. Chronic C. Hepatica Infection-Induced M2 Macrophage Polarization through PD-1/PD-L2 
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Figure 1. C. hepatica infection induced macrophage polarization in livers of infected mice: (a) Macrophages
collected from livers of normal mice were incubated in vitro with C. hepatica AWE or EE, which induced
M1 (F4/80+CD86+) and M2 (F4/80+CD206+) phenotypes, as measured by flow cytometry, respectively.
Isotype antibody was used as negative control; LPS or IL-4 co-cultured with macrophages as M1 and M2
positive controls, respectively. (b) The levels of M1-related cytokines IFN-γ and TNF-α were measured
in the supernatant of normal mouse hepatic macrophages incubated with AWE or EE by ELISA. (c) The
M2-related cytokines IL-10 and IL-13 were measured in the supernatant of normal hepatic macrophages
incubated with AWE and EE of C. hepatica by ELISA. (d) Macrophage polarization from M1 (CD86+) to M2
(CD206+) on gated F4/80+ intrahepatic macrophage cells during the natural course of C. hepatica infection
in mice. (e) iNOS (M1) and Arginase-1 (M2) dynamic mRNA expression in macrophages collected from
livers of mice infected with C. hepatica measured by RT-qPCR relative to the expression of β-actin (control
gene). (f) M1-related IFN-γ and TNF-α dynamic mRNA expression in the intrahepatic macrophages from
C. hepatica-infected mice. (g) M2-related IL-10 and IL-13 dynamic mRNA expression in the intrahepatic
macrophages from C. hepatica-infected mice. Data are expressed as mean± SEM from three independent
experiments (n = 5 mice per group). * p < 0.05, ** p < 0.01.
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The effect of C. hepatica antigen stimulation on macrophage polarization was also con-
firmed in mice infected with C. hepatica in vivo. The macrophages extracted from the livers of
mice infected with C. hepatica expressed high levels of F4/80+CD86+, where the expression
reached its peak at 3 weeks post-infection, coincident with the development of adult worms
in the liver parenchyma. After that, the level of F4/80+CD86+ expression declined over time.
However, the expression of F4/80+CD206+ started to increase 3 weeks post-infection and was
maintained until the end of the experiment (12th week), as correlated with the time period
of the deposition of eggs laid by the gravid female worms in the liver tissue (Figure 1d). In
addition, the transcriptional levels of the M1 marker, iNOS, and the M2 marker, Arginase-1, in
the macrophages collected from the infected livers, as measured by RT-qPCR, showed the same
trends as the CD86+ and CD206+ expression during the infection course. The transcription
of the iNOS gene increased upon infection and reached its highest level at the 6th week post-
infection, then decreased; while the Arginase-1 started to increase in the 3rd week and reached
the highest level at the endpoint of the 12th week post-infection (Figure 1e), further suggesting
that adult C. hepatica worms stimulated the M1 macrophages, while the eggs boosted the
M2 macrophages in the infected liver tissue. The dynamic changes from M1 to M2 upon the
occurrence of eggs being laid by the gravid female worms in the liver were also supported by
the cytokine profiles measured in the liver-isolated macrophages by RT-qPCR. The M1-related
cytokines, IFN-γ and TNF-α, increased and reached a peak at the 6th week post-infection (with
IFN-γ higher than TNF-α), while the M2-related cytokines, IL-10 and IL-13, were boosted
during the late stage of infection (with higher IL-10 than IL-13; Figure 1f,g). All the data
from both in vitro and in vivo studies supported that adult worms or worm antigens mainly
stimulated M1 macrophages, while eggs or egg-related antigens stimulated M2 macrophage
polarization in the infected liver during the natural infection course of C. hepatica.

3.2. Chronic C. hepatica Infection-Induced M2 Macrophage Polarization through
PD-1/PD-L2 Pathway

To determine whether the PD-1/PD-L pathway is involved in macrophage polarization
in the liver during C. hepatica infection in mice, the expression levels of PD-L1 and PD-L2
on the surface of macrophages (F4/80+ gated) isolated from the livers of mice infected with
C. hepatica at different time points were evaluated kinetically by flow cytometry. The results
demonstrated that the PD-L1 expression was initially stimulated upon infection and reached
a peak in the third week—which was correlated with the development of adult worms in the
liver—and then declined during the late infection period (Figure 2a,b). On the contrary, the
PD-L2 expression on the macrophages was initiated upon the development of adult worms
and eggs being laid in the livers of the infected mice (3 weeks post-infection), and reached the
highest level at the end of the infection (9–10 weeks post-infection; Figure 2a,b). These results
suggest that C. hepatica adult worms mainly stimulated PD-L1 on the macrophages, while
the eggs or egg-derived products mainly stimulated PD-L2 expression on the macrophages
during C. hepatica infection in the liver. The PD-L2 expression on the macrophages as a result
of the eggs laid by the adult worms in the liver was correlated with the PD-1 expression on
splenic CD3+CD4+ T-cells, which increased at 3 weeks post-infection and reached a peak
at the end of infection at the 12th week (Figure 2c,d). These results clearly suggest that the
PD-1/PD-L2 axis is involved in the immune regulation at the late stage of C. hepatica infection
in the liver when the eggs start to be deposited in the hepatic parenchyma. Even though the
PD-L1 expression was stimulated on the macrophages during the early infection, PD-1 was
not significantly stimulated on the CD3+CD4+ T-cells, accordingly, at the same time.

To further determine the specific M1 or M2 macrophages related to the expression of
PD-L1 or PD-L2 during the infection of C. hepatica, the macrophages were collected from the
livers of the infected mice and the expressions of PD-L1 and PD-L2 were measured on the
macrophages gated with F4/80+CD86+ (M1) or F4/80+ CD206+ (M2). The flow cytometry
revealed that PD-L1 was stimulated on the M1 macrophages (CD86+) at the early stage
of infection and reached a peak at the 3rd week of infection. However, the expression of
PD-L2 was stimulated upon infection with C. hepatica and increased gradually to the highest
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point at the termination of the infection (12th week post-infection; Figure 2e–g), further
suggesting that M2 macrophages and the PD-1/PL-2 pathway are mainly involved in the
regulation and modulation of immune responses to the infection of C. hepatica, especially
to the eggs of the worm in the late stage of infection.
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Figure 2. Late stage of C. hepatica infection or egg-derived antigens induced M2 macrophages through
PD-1/PD-L2 pathway. Flow cytometry was performed to measure the expression of PD-L1 and PD-L2 on
F4/80+CD86+ (M1) or F4/80+CD206+ (M2) macrophages: (a) Flow cytometry gating strategy to define
F4/80+ macrophage from the infected liver tissues. (b) PD-L1 and PD-L2 expression on the macrophages
(F4/80+) collected from livers of mice infected with C. hepatica. (c) Flow cytometry gating strategy to define
CD3+ CD4+ infected splenic T-cells. (d) PD-1 expression on the CD3+CD4+ T-cells of spleens from mice
infected with C. hepatica. (e) Flow cytometry gating strategy to define F4/80+CD86+ or F4/80+CD206+

cells from infected liver tissues or RAW246.7 cell line. (f) PD-L1 and PD-L2 expression on the macrophages
expressing F4/80+CD86+ (M1) collected from livers of mice infected with C. hepatica. (g) PD-L1 and
PD-L2 expression on the macrophages expressing F4/80+CD206+ (M2) collected from livers of mice
infected with C. hepatica. (h) PD-L1 expression on the M1 (F4/80+CD86+) and M2 (F4/80+CD206+)
RAW246.7 cell line co-incubated with AWE in vitro. (i) PD-L2 expression on the M1 (F4/80+CD86+) and
M2 (F4/80+CD206+) RAW246.7 cell line co-incubated with EE in vitro. Data are expressed as mean± SEM
from three independent experiments (n = 5 mice per group). * p < 0.05, ** p < 0.01.
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The Capillaria hepatica adult worms induced PD-L1 expression on M1 macrophages,
while the eggs induced PD-L2 expression on M2 macrophages. This was further confirmed
by the incubation of macrophages (RAW246.7 cell line) with C. hepatica AWE or EE in vitro.
Flow cytometry revealed that PD-L1 was up-regulated only on CD86+ cells by AWE
antigens, while PD-L2 was up-regulated only on CD206+ cells by EE antigens up to 24 h
after incubation, further confirming that egg-derived products induce M2 polarization
through the PD-1/PD-L2 pathway (Figure 2e,h,i). There was no effect of AWE on the
expression of PD-L2 or EE on PD-L1 on different phenotype macrophages at different
culture time points (Supplementary Figure S1).

Taken together, these results suggest that C. hepatica infection regulates the host
immune response through egg-derived antigens by the PD-1/PD-L2 pathway on the
M2 macrophages.

3.3. PD-L2 Blockade Exacerbated Egg Granuloma and Fibrosis in Infected Liver

To determine whether PD-L2 is involved in the regulation of immunopathology in the
livers of mice infected with C. hepatica, the infected mice were each treated with 500 µg anti-
mouse PD-L2 monoclonal antibody intraperitoneally on day 5 after the C. hepatica infection,
followed by 250 µg on day 8. The mice were euthanized, and their livers were collected.
A histopathological examination of the livers from the mice infected with C. hepatica
demonstrated that many egg granulomas had developed in the liver tissue, with many
inflammatory cells infiltrated around the eggs (stained with H&E), and some collagen
deposited around the granuloma (stained with Masson’s trichrome and Picrosirius red;
Figure 3a). Interestingly, treatment with anti-PD-L2 monoclonal antibody significantly
increased the infiltration of the inflammatory cells around the egg granuloma, and more
collagen was deposited within the granulomas, compared to those receiving the isotype
control. The increased inflammatory cells were observed in each granuloma. The collagen
deposition area was also significantly increased in mice treated with anti-PD-L2 antibody,
compared to those without treatment (Figure 3b–d). However, there was no reduction
in the number of C. hepatica eggs observed in the livers of infected mice receiving PD-L2
monoclonal antibody, compared to those receiving PBS only (Figure 3e). The results clearly
indicate that blocking the PD-L2 pathway significantly exacerbated the inflammation and
fibrosis of egg granulomas developing in the liver of mice infected with C. hepatica but had
no effect on reducing the egg count.

3.4. PD-L2 Blockade Increased Inflammatory Immune Responses to C. hepatica Infection In Vivo

As PD-L2 is involved in the regulation of T cell activation during the infection by
C. hepatica, we attempted to determine any change in the T cell or macrophage phenotypes
related to the aggravated immunopathology after the PD-L2 pathway is blocked in vivo.
FCM analyses revealed that CD3+IFN-γ+ T cells in the spleens of mice infected with C. hepat-
ica were significantly increased after being treated with an anti-PD-L2 monoclonal antibody,
compared to those without treatment, indicating that the blockade of PD-L2 increases the
IFN-γ-expressed Th1 cells in the spleen (Figure 4a). Notably, the IFN-γ transcriptional
level was also increased significantly in the liver tissue 6 weeks after treatment with the
anti-PD-L2, compared to the control group of mice (i.e., receiving isotype IgG), as mea-
sured by RT-qPCR, indicating that the PD-L2 blockade increases the Th-1 response in the
livers of infected mice (Figure 4b). Conversely, IL-4 and IL-10 transcriptional levels were
reduced in the livers of the mice treated with anti-PD-L2 during the late stage of infection
(9–12 weeks post-infection; Figure 4c,d). As expected, the blockade of the PD-L2 with the
anti-PD-L2 antibody significantly switched M2 macrophages to M1 in the liver tissue of
the infected mice. The infection-induced M2 macrophages expressing Arginase-1 were
significantly reduced upon treatment with the PD-L2 antibody (Figure 4f), and infection-
inhibited M1 macrophages expressing iNOS were recovered, especially during the late
infection period (9–12 weeks post-infection; Figure 4e), in comparison with the infected
mice without treatment.
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with Masson’s trichrome stain in liver tissue from four view fields, performed by the ImageJ 

Figure 3. PD-L2 blockade deteriorated hepatic pathology of mice infected with C. hepatica: (a) Repre-
sentative histopathological sections of livers of mice infected with C. hepatica treated with anti-mouse
PD-L2 monoclonal antibody or isotype control. Liver sections were stained with H&E, Masson’s
trichrome, or Sirius Red to reveal the inflammatory cell infiltration and collagen deposition within
the egg granulomas. Images are representative of three independent experiments and observed by
microscopy at 200×magnification. (b) The density of hepatic granulomas measured by stereological
point-counting (SPC) in the sections of mice treated with anti-PD-L2 or not [20]. (c) The average area
of collagen stained with Sirius Red in livers of experimental mice from four view fields, performed by
the ImageJ software (version 1.48). (d) The average area of collagen stained with Masson’s trichrome
stain in liver tissue from four view fields, performed by the ImageJ software. (e) Eggs per gram
(EPG) in livers of mice treated with anti-PD-L2 antibody or isotype control. Data are expressed as
mean ± SEM from three independent experiments (n = 5 mice per group). ** p < 0.01 between two
groups. ns, not significant.



Trop. Med. Infect. Dis. 2023, 8, 46 10 of 14

Trop. Med. Infect. Dis. 2023, 8, x FOR PEER REVIEW 11 of 16 
 

 

software. (e) Eggs per gram (EPG) in livers of mice treated with anti-PD-L2 antibody or isotype 

control. Data are expressed as mean ± SEM from three independent experiments (n = 5 mice per 

group). ** p < 0.01 between two groups. ns, not significant. 

3.4. PD-L2 Blockade Increased Inflammatory Immune Responses to C. hepatica Infection In Vivo 

As PD-L2 is involved in the regulation of T cell activation during the infection by C. 

hepatica, we attempted to determine any change in the T cell or macrophage phenotypes 

related to the aggravated immunopathology after the PD-L2 pathway is blocked in vivo. 

FCM analyses revealed that CD3+IFN-γ+ T cells in the spleens of mice infected with C. 

hepatica were significantly increased after being treated with an anti-PD-L2 monoclonal 

antibody, compared to those without treatment, indicating that the blockade of PD-L2 

increases the IFN-γ-expressed Th1 cells in the spleen (Figure 4a). Notably, the IFN-γ 

transcriptional level was also increased significantly in the liver tissue 6 weeks after 

treatment with the anti-PD-L2, compared to the control group of mice (i.e., receiving 

isotype IgG), as measured by RT-qPCR, indicating that the PD-L2 blockade increases the 

Th-1 response in the livers of infected mice (Figure 4b). Conversely, IL-4 and IL-10 

transcriptional levels were reduced in the livers of the mice treated with anti-PD-L2 

during the late stage of infection (9–12 weeks post-infection; Figure 4c,d). As expected, the 

blockade of the PD-L2 with the anti-PD-L2 antibody significantly switched M2 

macrophages to M1 in the liver tissue of the infected mice. The infection-induced M2 

macrophages expressing Arginase-1 were significantly reduced upon treatment with the 

PD-L2 antibody (Figure 4f), and infection-inhibited M1 macrophages expressing iNOS 

were recovered, especially during the late infection period (9–12 weeks post-infection; 

Figure 4e), in comparison with the infected mice without treatment. 

 

Figure 4. PD-L2 blockade increased inflammatory immune responses to C. hepatica infection in vivo.
After being treated with PD-L2 monoclonal antibody, the percentage of CD3+IFN-γ+ T cells (a) was
measured in splenocytes of mice infected with C. hepatica by flow cytometry. The mRNA expression
levels of IFN-γ (b), IL-4 (c), and IL-10 (d) were measured in liver tissue by RT-qPCR, relative to
the housekeeping gene β-actin. The transcriptional levels of iNOS (e) and Arginase-1 (f) were also
measured in macrophages collected from liver tissue of mice upon treatment of PD-L2 antibody by
RT-qPCR. Data are expressed as mean ± SEM from three independent experiments (n = 5 mice per
group). ** p < 0.01; * p < 0.05.

4. Discussion

After long-term evolution in mammalian hosts, helminths have developed strategies
to survive in the hostile immune environment. It has been shown that helminths have
acquired the ability to modulate host immune responses, especially through skewing host
immune response to the type-2/regulatory phenotype, in order to escape Th-1-based im-
mune attack [21–23]. Macrophages play important roles in both innate immune responses
and adaptive immunity, as one of the first lines of defense against pathogens [24]. At the
beginning of the infection, classically activated macrophages (or M1) are activated to phago-
cytize and clear the invading pathogens, creating a pro-inflammatory microenvironment
dominated by Th-1 cytokines, such as INF-γ and TNF-α cytokines, which also causes tissue
injury as a consequence [25]. In the meanwhile, the macrophages also play a role in tissue
repair and wound healing by polarizing to M2 (or alternatively activated macrophages).
The M2 macrophages are capable of anti-inflammatory responses dominated by the se-
cretion of IL-10 and TGF-β [26]. Many studies have revealed that helminth infection or
helminth-derived products enable the induction of M2 macrophage polarization as a crit-
ical pathway or consequence of helminth infection-induced immunomodulation, with
beneficial effects to both the parasite and host, including reduced inflammatory response
and tissue damage [27–30]. The differential activation of macrophages during helminth
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infections determines the pathological outcome of the infection [27]. Late-stage (or chronic)
infection with helminths usually induces M2 macrophages, along with functional repair of
tissue damaged by the parasites [27]. In this study, we identified, for the first time, that the
late-stage infection of C. hepatica, specifically regarding the egg-derived products, induced
M2 macrophage polarization in the livers of the infected mice, associated with reduced or
limited liver damage caused by the egg granulomas.

Capillaria hepatica is regarded as a seriously neglected zoonotic parasite, which infects
the liver of mammalian hosts and causes fibrosis or even hepatic failure. Most of the
published studies on capillariasis have described the epidemic pattern in rodent infections
or the clinical features in human patients from sporadic cases [1]. To date, there have been
few reports focusing on the immune response or regulation mechanism involved with a
C. hepatica infection. In this study, we observed, for the first time, that macrophage activation
and the polarization from M1 to M2 dynamically occurred during the whole infection course
of C. hepatica in a mouse model. At the early stage of infection (1–3 weeks post-infection),
M1 macrophages were activated in the infected liver, which may be attributed to the
protective immunity against infection [25]. However, after the adult worms developed
and started to lay eggs in the liver parenchyma in the third week post-infection, M2
macrophages were induced in the liver, which may facilitate parasitism and egg production
in the host. The shift from M1 to M2 during the infection course was correlated with
the secretion of Th1 cytokines (IFN-γ and TNF-α), changing to Th2 cytokines (IL-10 and
IL-13), further indicating that M1 is related to the pro-inflammatory response and M2 to
the Th2/regulatory response. Further in vitro study in the RAW246.7 macrophage cell line
identified that PD-L1 was stimulated by the adult antigens of C. hepatica only on the M1
macrophages, while PD-L2 was induced by the egg antigens on the M2 macrophages, which
is correlated with the in vivo infection course of C. hepatica. The data were in accordance
with previous studies noting that eggs of hepatotropic helminths, such as S. japanicum [7],
S. mansoni [8], and F. hepatica [9], were metabolically active and antigenic, which enabled
them to induce M2 polarization.

Programmed death 1 (PD-1) and its ligands (PD-L1 and PD-L2) play an important role
in regulating T cell activation, tolerance, and immunopathology, during an infection or
neoplastic diseases, through the delivery of inhibitory signals [31]. In parasitic infections,
PD-1/PD-L1 or PD-1/PD-L2 signaling has been reported to be involved in the immune
responses to protozoa, nematode, trematode, and cestode infections [32]; however, the
effect of a C. hepatica infection on the regulation of the PD-1/PD-L1 or PD-L2 signaling
pattern has not been previously reported. In this study, we found that PD-1 was activated
in splenic CD4+ T-cells upon C. hepatica infection and was highly boosted at the late stage
of infection (6 weeks post-infection), indicating the C. hepatica infection induces immune
regulation in the host, especially after the adult worms have developed and eggs have
been laid in the infected liver, which is coincident with an increase in M2 macrophages
in the infected liver at the same time (Figures 1 and 2). The ligands of PD-1—that is,
PD-L1 and PD-L2—were also strongly stimulated on the surfaces of the macrophages
in the infected liver; however, they presented a totally different dynamic pattern during
the infection. PD-L1 was induced in the early infection and reached its highest level
in the 3rd week after infection, correlating with the adult worm development and the
increase in M1 macrophages in the infected liver (Figure 2). Meanwhile, PD-L2 was mainly
induced in the late stage of infection (after 3 weeks of infection) and reached a peak at
the 12th week—the period when eggs had been laid in the liver and the M2 macrophages
were induced. The concurrency of PD-L1 and M1, as well as PD-L2 and M2, in the liver
macrophages during the course of the infection prompted us to determine any correlation
between the macrophage phenotypes and the PD-L1/PD-L2 expression. Interestingly, the
PD-L1 was mostly expressed on the surface of the M1 macrophages (CD86+) during the
early infection (1–3 weeks), but not on the CD206+ M2 macrophages, while the PD-L2
was mostly expressed on the CD206+ M2 macrophages during the late stage of infection
(Figure 2f,g). An in vitro experiment with the RAW246.7 macrophage cell line also revealed
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that PD-L1 was mainly stimulated by C. hepatica adult antigens on CD86+ cells (M1), while
PD-L2 was highly induced by egg antigens on CD206+ cells (M2); see Figure 2h,i. Both
in vivo and in vitro experiments confirmed that PD-L1-expressing M1 macrophages were
stimulated during the early infection stage before the adult worms had developed in the
liver. After the adult worms started to lay eggs in the liver parenchyma, the egg-secreted
antigens stimulated PD-L2 expression on the M2 macrophages, which may regulate the
formation of egg granulomas and facilitate the survival of eggs or adult worms in the
infected liver. Even though PD-L1 was induced on the surface of the M1 macrophages at
the early stage of infection, PD-1 expression was not significantly induced on CD4+ T-cells at
the same time, until the eggs appeared in the liver at 6 weeks after infection. Therefore, we
suggest that the PD-1/PD-L2 pathway, rather than PD1/PD-L1, is mostly involved in the
immunomodulation induced by a late C. hepatica infection. It has been previously observed
that PD-L1 and PD-L2 are regulated by M1 and M2 macrophages, respectively [26].

PD-L1 is mostly expressed on T and B cells, macrophages, and dendritic cells, while PD-
L2 is typically expressed in DC and on macrophages induced by alternative activation [33–35].
Our results were consistent with reports indicating that M2 macrophages were involved
in allergic reactions and chronic parasitic infections [15,30]. Many studies have reported
that the PD-1/PD-L1 checkpoint pathway is involved in the immunomodulation induced
by helminth-stimulated M2 [15,30], but little has been reported regarding the induction
of PD-L2 in helminth infections. Here, we identified, for the first time, that a C. hepatica
infection—especially the egg-derived antigens—induced PD-L2-expressing M2 macrophages,
which may be involved in the survival of the parasitic worms or eggs, or the immunopathol-
ogy in infected liver tissue.

To further investigate the regulatory role of PD-L2 in the C. hepatica infection, an
anti-PD-L2 monoclonal antibody was used to block the PD1/PD-L2 checkpoints soon after
the mice were infected with the C. hepatica embryonated eggs. Surprisingly, the blockade
of PD-L2 in the infected mice reversed the infection-induced Th2 responses back to Th1
immune responses, with significantly increased IFN-γ-expressing T cells in the splenocytes
and IFN-γ transcriptional level in the infected liver tissue, as well as decreased levels of
IL-4 and IL-10, in parallel with increased M1-produced iNOS and decreased Arginase-1
expression on the M2. These results clearly demonstrated that the PD-1/PD-L2 pathway is
involved in the C. hepatica infection-induced M2 macrophage-related immunomodulation,
as the blockade of this pathway restored the Th1-biased immune response to the C. hepatica
infection and shifted the M2 back to the M1 phenotype. However, the results obtained in this
study differed from the observation regarding infection with the nematode Nippostrongylus
brasiliensis in mice, in which a PD-L2 blockade caused an enhanced Th2 response and
higher M2 functionality [32]. The blockade of PD-L2 in mice infected with Trypanosome
cruzi also increased the Arginase I expression in M2 and decreased iNOS expression in
M1 macrophages, facilitating the survival of the protozoan in the host [36]. However, in
cutaneous leishmaniasis, anti-PD-L1 treatment, but not anti-PD-L2, significantly increased
IFN-γ-producing CD4+ and CD8+ T cells, with significantly lower parasite loads but
bigger lesions [34]. These controversial results in different parasite models may reflect the
different immune responses or regulatory mechanisms, and the PD-1/PD-L1 or PD-L2
pathways may play different roles in controlling different parasite infections or parasite-
caused pathologies.

To determine the effect of the blockage of PD-L2 on the pathology caused by the egg
granuloma in the livers of infected mice, the mice infected with C. hepatica were treated
with an anti-PD-L2 antibody. Surprisingly, the treatment with anti-PD-L2 had no effect
on egg reduction in the liver but exacerbated the pathology caused by the egg-formed
granulomas in the infected liver, associated with higher inflammatory cell infiltration and
deteriorated fibrosis. The possible mechanism behind this finding is that blockade of the
PD-1/PDL2 pathway reverses the helminth infection-induced regulatory M2 activation
back to M1 activation, which causes the Th1 cellular response to dampen the inflammation,
egg granuloma, and fibrosis in the infected liver. The increased Th1 cellular response



Trop. Med. Infect. Dis. 2023, 8, 46 13 of 14

may have no effect on the eggs within the granuloma, due to the thick wall of collagen
surrounding the eggs providing protection.

Taken together, our study demonstrated that a C. hepatica infection modulates the
host immune response, mostly due to the egg-derived antigens, in order to promote M2
macrophage polarization and PD-L2 expression. The PD-L2-expressing M2 macrophages
play important roles in maintaining the Th2-biased and regulatory immune responses,
which may facilitate the survival of the parasitic worms or eggs within the infected liver
while reducing the pathology caused by the egg granulomas. Treatment with an anti-PD-L2
antibody had no effect on the survival of the parasitic eggs but deteriorated the pathology
of the egg granulomas. These results suggest that PD-1/PD-L2 signaling, which is involved
in alternative macrophage polarization, determines the immune response pattern and the
immunopathology, therefore determining the outcome of the parasitic infection.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/tropicalmed8010046/s1, Figure S1: Dynamic expression of PD ligands on
macrophages by flow cytometry co-cultured with AWE and EE in vitro.

Author Contributions: Conceptualization, L.W.; methodology, M.H. and X.L.; formal analysis, X.Z.;
investigation, F.W.; writing—original draft preparation, M.H. and X.L.; writing—review and editing,
M.H., X.L., X.Z., F.W. and Y.Z.; supervision, L.W. and M.H.; and funding acquisition, L.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant num-
ber 81702018, and the Gold-Bridge Project from the Beijing Association for Science and Technology,
grant number ZZ20058.

Institutional Review Board Statement: The protocol for the animal experiments in this study was
reviewed and approved by the Beijing Friendship Hospital Ethics Committee (Approval No. 2022-P2-
294) and complied with the NIH Guide for the Care and Use of Laboratory Animals. All the mice
were monitored by research personnel daily for general appearance, hunched posture, and rough
haircoat and recorded.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Yalan Zhang (Henan Institute of Parasitology, Henan Center for Disease
Prevention and Control, Zhengzhou, China) for providing meaningful comments and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fuehrer, H.P.; Igel, P.; Auer, H. Capillaria hepatica in man—An overview of hepatic capillariosis and spurious infections.

Parasitol. Res. 2011, 109, 969–979. [CrossRef] [PubMed]
2. Fuehrer, H.P. An overview of the host spectrum and distribution of Calodium hepaticum (syn. Capillaria hepatica): Part

2-Mammalia (excluding Muroidea). Parasitol. Res. 2014, 113, 641–651. [CrossRef] [PubMed]
3. Wang, L.; Zhang, Y.; Deng, Y.; Li, X.; Zheng, X.; Wang, F.; Zou, Y. Clinical and laboratory characterizations of hepatic capillariasis.

Acta Trop. 2019, 193, 206–210. [CrossRef] [PubMed]
4. Okakpu, O.K.; Dillman, A.R. Review of the role of parasitic nematode excretory/secretory proteins in host immunomodulation.

J. Parasitol. 2022, 108, 199–208. [CrossRef] [PubMed]
5. Baska, P.; Norbury, L.J. The Role of the Intestinal Epithelium in the “Weep and Sweep” Response during Gastro-Intestinal

Helminth Infections. Animals 2022, 12, 175. [CrossRef]
6. Brown, S.P.; Grenfell, B.T. An unlikely partnership: Parasites, concomitant immunity and host defence. Proc. R. Soc. B Biol. Sci.

2001, 268, 2543–2549. [CrossRef]
7. Zhu, J.; Xu, Z.; Chen, X.; Zhou, S.; Zhang, W.; Chi, Y.; Li, W.; Song, X.; Liu, F.; Su, C.; et al. Parasitic antigens alter macrophage

polarization during Schistosoma japonicum infection in mice. Parasite Vector. 2014, 7, 122–131. [CrossRef]
8. Caldas, I.R.; Campi-Azevedo, A.C.; Oliveira, L.F.; Silveira, A.M.; Oliveira, R.C.; Gazzinelli, G. Human schistosomiasis mansoni:

Immune responses during acute and chronic phases of the infection. Acta Trop. 2008, 108, 109–117. [CrossRef]
9. Flynn, R.J.; Musah-Eroje, M. Evasion of Host Immunity During Fasciola hepatica Infection. Methods Mol. Biol. 2020, 2137, 107–115.

[CrossRef]
10. Chamoto, K.; Al-Habsi, M.; Honjo, T. Role of PD-1 in Immunity and Diseases. Curr. Top. Microbiol. 2017, 410, 75–97. [CrossRef]

https://www.mdpi.com/article/10.3390/tropicalmed8010046/s1
https://www.mdpi.com/article/10.3390/tropicalmed8010046/s1
http://doi.org/10.1007/s00436-011-2494-1
http://www.ncbi.nlm.nih.gov/pubmed/21717279
http://doi.org/10.1007/s00436-013-3692-9
http://www.ncbi.nlm.nih.gov/pubmed/24257974
http://doi.org/10.1016/j.actatropica.2019.01.023
http://www.ncbi.nlm.nih.gov/pubmed/30710532
http://doi.org/10.1645/21-33
http://www.ncbi.nlm.nih.gov/pubmed/35435987
http://doi.org/10.3390/ani12020175
http://doi.org/10.1098/rspb.2001.1821
http://doi.org/10.1186/1756-3305-7-122
http://doi.org/10.1016/j.actatropica.2008.05.027
http://doi.org/10.1007/978-1-0716-0475-5_8
http://doi.org/10.1007/82_2017_67


Trop. Med. Infect. Dis. 2023, 8, 46 14 of 14

11. Faleiro, R.; Karunarathne, D.S.; Horne-Debets, J.M.; Wykes, M. The Contribution of Co-signaling Pathways to Anti-malarial T
Cell Immunity. Front. Immunol. 2018, 9, 2926. [CrossRef] [PubMed]

12. Jafarzadeh, A.; Kumar, S.; Bodhale, N.; Jafarzadeh, S.; Nemati, M.; Sharifi, I.; Sarkar, A.; Saha, B. The expression of PD-1 and its
ligands increases in Leishmania infection and its blockade reduces the parasite burden. Cytokine 2022, 153, 155839. [CrossRef]
[PubMed]

13. Zhou, S.; Jin, X.; Li, Y.; Li, W.; Chen, X.; Xu, L.; Zhu, J.; Xu, Z.; Zhang, Y.; Liu, F.; et al. Blockade of PD-1 Signaling Enhances
Th2 Cell Responses and Aggravates Liver Immunopathology in Mice with Schistosomiasis japonica. PLoS Neglect. Trop. D 2016,
10, e5094. [CrossRef]

14. Pacheco, I.L.; Abril, N.; Morales-Prieto, N.; Bautista, M.J.; Zafra, R.; Escamilla, A.; Ruiz, M.T.; Martinez-Moreno, A.; Perez, J.
Th1/Th2 balance in the liver and hepatic lymph nodes of vaccinated and unvaccinated sheep during acute stages of infection
with Fasciola hepatica. Vet. Parasitol. 2017, 238, 61–65. [CrossRef] [PubMed]

15. Wang, Z.; Hao, C.; Zhuang, Q.; Zhan, B.; Sun, X.; Huang, J.; Cheng, Y.; Zhu, X. Excretory/Secretory Products from Trichinella
spiralis Adult Worms Attenuated DSS-Induced Colitis in Mice by Driving PD-1-Mediated M2 Macrophage Polarization.
Front. Immunol. 2020, 11, 563784. [CrossRef] [PubMed]

16. Moon, E.K.; Lee, S.H.; Goo, T.W.; Quan, F.S. Immune responses induced by co-infection with Capillaria hepatica in Clonorchis
sinensis-infected rats. J. Helminthol. 2018, 92, 395–402. [CrossRef] [PubMed]

17. Aihara, N.; Kamiie, J.; Yamada, M.; Shirota, K. The development of mixed cryoglobulinemia in Capillaria hepatica-infected
mice is associated with the capillaria antigen-induced selective proliferation of splenic B-1a cells in response to interleukin-5
stimulation. Am. J. Pathol. 2015, 185, 172–184. [CrossRef]

18. Huang, H.C.; Jin, Y.G.; Liang, S.H.; Pan, C.W.; Qin, Q.; Xing, W.L.; Yi, W.P. Protective immunity against capillaria hepatica
infection induced by soluble egg antigen in rats. Chin. J. Parasit. Dis. Con. 2003, 16, 149–151.

19. Kim, E.M.; Kwak, Y.S.; Yi, M.H.; Kim, J.Y.; Sohn, W.M.; Yong, T.S. Clonorchis sinensis antigens alter hepatic macrophage
polarization in vitro and in vivo. PLoS Neglect. Trop D 2017, 11, e5614. [CrossRef]

20. Huang, J.Q.; Tao, R.; Li, L.; Ma, K.; Xu, L.; Ai, G.; Fan, X.X.; Jiao, Y.T.; Ning, Q. Involvement of heat shock protein 47 in Schistosoma
japonicum-induced hepatic fibrosis in mice. Int. J. Parasitol. 2014, 44, 23–35. [CrossRef]

21. Affinass, N.; Zhang, H.; Lohning, M.; Hartmann, S.; Rausch, S. Manipulation of the balance between Th2 and Th2/1 hybrid cells
affects parasite nematode fitness in mice. Eur. J. Immunol. 2018, 48, 1958–1964. [CrossRef] [PubMed]

22. Mayer, J.U.; Brown, S.L.; MacDonald, A.S.; Milling, S.W. Defined Intestinal Regions Are Drained by Specific Lymph Nodes
That Mount Distinct Th1 and Th2 Responses Against Schistosoma mansoni Eggs. Front. Immunol. 2020, 11, 592325. [CrossRef]
[PubMed]

23. du Plessis, N.; Kleynhans, L.; Thiart, L.; van Helden, P.D.; Brombacher, F.; Horsnell, W.G.; Walzl, G. Acute helminth infection
enhances early macrophage mediated control of mycobacterial infection. Mucosal Immunol. 2013, 6, 931–941. [CrossRef] [PubMed]

24. Atri, C.; Guerfali, F.Z.; Laouini, D. Role of Human Macrophage Polarization in Inflammation during Infectious Diseases. Int. J.
Mol. Sci. 2018, 19, 1801. [CrossRef] [PubMed]

25. Zhang, L.; Wang, C.C. Inflammatory response of macrophages in infection. Hepatob. Pancreat. Dis. 2014, 13, 138–152. [CrossRef]
26. Yunna, C.; Mengru, H.; Lei, W.; Weidong, C. Macrophage M1/M2 polarization. Eur. J. Pharmacol. 2020, 877, 173090. [CrossRef]
27. Quinteros, S.L.; O’Brien, B.; Donnelly, S. Exploring the role of macrophages in determining the pathogenesis of liver fluke

infection. Parasitology 2022, 149, 1364–1373. [CrossRef]
28. Yang, Y.G.; Dai, Y. Role of alternative activation of macrophages in hookworm therapy for inflammatory diseases: A review. Chin.

J. Schistosomiasis Control 2022, 34, 438–444. [CrossRef]
29. Li, H.; Qiu, D.; Yuan, Y.; Wang, X.; Wu, F.; Yang, H.; Wang, S.; Ma, M.; Qian, Y.; Zhan, B.; et al. Trichinella spiralis cystatin

alleviates polymicrobial sepsis through activating regulatory macrophages. Int. Immunopharmacol. 2022, 109, 108907. [CrossRef]
30. Sun, Q.; Huang, J.; Gu, Y.; Liu, S.; Zhu, X. Dynamic changes of macrophage activation in mice infected with Trichinella spiralis.

Int. Immunopharmacol. 2022, 108, 108716. [CrossRef]
31. Ai, L.; Xu, A.; Xu, J. Roles of PD-1/PD-L1 Pathway: Signaling, Cancer, and Beyond. Adv. Exp. Med. Biol. 2020, 1248, 33–59.

[CrossRef] [PubMed]
32. Lepenies, B.; Jacobs, T. The role of negative costimulators during parasitic infections. Endocr. Metab. Immune 2008, 8, 279–288.

[CrossRef] [PubMed]
33. Xing, X.; Guo, J.; Ding, G.; Li, B.; Dong, B.; Feng, Q.; Li, S.; Zhang, J.; Ying, X.; Cheng, X.; et al. Analysis of PD1, PDL1, PDL2

expression and T cells infiltration in 1014 gastric cancer patients. Oncoimmunology 2018, 7, e1356144. [CrossRef] [PubMed]
34. Keir, M.E.; Butte, M.J.; Freeman, G.J.; Sharpe, A.H. PD-1 and its ligands in tolerance and immunity. Annu. Rev. Immunol. 2008, 26,

677–704. [CrossRef] [PubMed]
35. Ghosh, C.; Luong, G.; Sun, Y. A snapshot of the PD-1/PD-L1 pathway. J. Cancer 2021, 12, 2735–2746. [CrossRef]
36. Dulgerian, L.R.; Garrido, V.V.; Stempin, C.C.; Cerban, F.M. Programmed death ligand 2 regulates arginase induction and modifies

Trypanosoma cruzi survival in macrophages during murine experimental infection. Immunology 2011, 133, 29–40. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fimmu.2018.02926
http://www.ncbi.nlm.nih.gov/pubmed/30631323
http://doi.org/10.1016/j.cyto.2022.155839
http://www.ncbi.nlm.nih.gov/pubmed/35276636
http://doi.org/10.1371/journal.pntd.0005094
http://doi.org/10.1016/j.vetpar.2017.03.022
http://www.ncbi.nlm.nih.gov/pubmed/28385539
http://doi.org/10.3389/fimmu.2020.563784
http://www.ncbi.nlm.nih.gov/pubmed/33117347
http://doi.org/10.1017/S0022149X17000682
http://www.ncbi.nlm.nih.gov/pubmed/28784187
http://doi.org/10.1016/j.ajpath.2014.09.017
http://doi.org/10.1371/journal.pntd.0005614
http://doi.org/10.1016/j.ijpara.2013.08.009
http://doi.org/10.1002/eji.201847639
http://www.ncbi.nlm.nih.gov/pubmed/30267404
http://doi.org/10.3389/fimmu.2020.592325
http://www.ncbi.nlm.nih.gov/pubmed/33193437
http://doi.org/10.1038/mi.2012.131
http://www.ncbi.nlm.nih.gov/pubmed/23250274
http://doi.org/10.3390/ijms19061801
http://www.ncbi.nlm.nih.gov/pubmed/29921749
http://doi.org/10.1016/S1499-3872(14)60024-2
http://doi.org/10.1016/j.ejphar.2020.173090
http://doi.org/10.1017/S0031182022000749
http://doi.org/10.16250/j.32.1374.2022082
http://doi.org/10.1016/j.intimp.2022.108907
http://doi.org/10.1016/j.intimp.2022.108716
http://doi.org/10.1007/978-981-15-3266-5_3
http://www.ncbi.nlm.nih.gov/pubmed/32185706
http://doi.org/10.2174/187153008786848349
http://www.ncbi.nlm.nih.gov/pubmed/19075781
http://doi.org/10.1080/2162402X.2017.1356144
http://www.ncbi.nlm.nih.gov/pubmed/29399387
http://doi.org/10.1146/annurev.immunol.26.021607.090331
http://www.ncbi.nlm.nih.gov/pubmed/18173375
http://doi.org/10.7150/jca.57334
http://doi.org/10.1111/j.1365-2567.2011.03406.x

	Introduction 
	Materials and Methods 
	Parasite 
	Mice and C. hepatica Infection 
	Preparation of Adult Worm Extracts (AWE) and Egg Extracts (EE) from C. hepatica 
	Liver Macrophage Isolation 
	Hepatic Macrophages Cultured In Vitro and Cytokine Measurement 
	Flow Cytometry 
	Quantitative Real-Time PCR (RT-qPCR) Analysis 
	PD-L2 Blocking Management In Vivo 
	Histochemical Staining of Liver Tissue 
	Assessment of Egg Burden 
	Statistical Analyses 

	Results 
	C. hepatica Infection Induced Macrophages Polarization 
	Chronic C. hepatica Infection-Induced M2 Macrophage Polarization through PD-1/PD-L2 Pathway 
	PD-L2 Blockade Exacerbated Egg Granuloma and Fibrosis in Infected Liver 
	PD-L2 Blockade Increased Inflammatory Immune Responses to C. hepatica Infection In Vivo 

	Discussion 
	References

