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Introduction: The ability of Echinococcus multilocularis (E.m) to establish
infection depends on evading host immune clearance during the early stages.
This study investigated the mechanisms by which host macrophages eliminate
E.m during this critical window.

Methods: We utilized a mouse infection model with uorescently labeled
protoscoleces to observe early immune dynamics in vivo. Histopathological
analysis was performed to characterize lesion phenotypes. The mechanism of
parasite killing was further explored using in vitro co-culture experiments and
scanning electron microscopy (SEM).

Results: Rapid immune cell in Itration and parasite clearance in the liver were
observed within 24 hours post-infection. Histopathological analysis revealed two
distinct lesion phenotypes: "Progressive Lesions," characterized by a failure of
macrophage in Itration and parasite transformation into vesicles, and "Regressive
Lesions," marked by high macrophage density and complete parasite elimination.
In vitro experiments demonstrated that macrophages mediated protoscolex
killing through complement-dependent trogocytosis, a process requiring active
serum components. SEM con rmed direct macrophage-parasite contact and
trogocytosis as the primary mode of elimination.

Discussion: These ndings highlight the pivotal role of macrophage trogocytosis
in early host defense against E.m infection and provide new insights into the
mechanisms of innate immunity in parasitic clearance.
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1 Introduction

Echinococcus multilocularis (E.m), the causative agent of
alveolar echinococcosis (AE), is a highly pathogenic zoonotic
parasite that primarily parasitizes the dogs, foxes, and rodents (1).
In humans, the larval stage of E.m predominantly establishes in the
liver, where it in Itrates the hepatic tissue in a tumor-like manner,
leading to progressive liver damage, brosis, and potentially fatal
complications if left untreated (2). Despite advances in
chemotherapy and surgical interventions, recurrence and
incomplete parasite clearance persist as major clinical challenges,
particularly in endemic regions (3, 4). The establishment of chronic
infection by this parasite critically depends on its ability to evade
host immune responses at the early establishment stage of infection,
thus determining subsequent disease outcomes.

The early establishment phase of E.m infection in the liver
represents a critical period determining whether host immunity
successfully eliminates the parasite or permits its persistence (5,
6). The hepatic immune microenvironment, particularly the
activity of resident macrophages (Kupffer cells) and recruited
myeloid cells, plays a decisive role in this process (7). While
macrophages are known to engulf and destroy pathogens, how
they speci cally target the invasive larvae stage of E.m remains
incompletely understood. Previous studies suggest that direct
cellular contact and soluble immune factors, such as
complement proteins, may contribute to parasite clearance (8—
10). However, the critical factors determining macrophage ef cacy
in eradicating the parasites remain elusive. Uneliminated parasites
can ultimately undergo metamorphosis into metacestode vesicles,
facilitating long-term parasitism.

Although the recruitment of macrophages to the infection
sites in E.m infection is well-documented (7, 11, 12), the speci ¢
effector mechanism that determine parasite fate—elimination or
immune evasion—i poorly de ned. In cases where early clearance
fails, parasites undergo metamorphosis into metacestode vesicles
within the liver, driving chronic in ammation, progressive

brosis, and eventual organ dysfunction (13). Trogocytosis, the
process by which immune cells “nibble” on fragments of target
cells, has recently emerged as a key mechanism of anti-parasitic
immunity (14). However, whether it serves as the primary mode of
macrophage-mediated clearance of E.m and what key regulators
govern this process remain unexplored. The aim of this study was
to investigate the spatiotemporal dynamics of macrophage-
parasite interactions at the early stage of infection as well as to
determine whether macrophages clear E.m primarily
through trogocytosis.

Our ndings not only elucidate a key clearance mechanism but
also suggest that modulating the complement pathway (e.g., with
complement agonists) could be a therapeutic strategy to bolster
macrophage trogocytosis and host resistance. Future work must
carefully assess the potential risks of such immunomodulation,
particularly the induction of excessive in ammation.
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2 Materials and methods
2.1 Ethics statement

All mouse experiments were approved by the Institutional
Animal Care and Use Committee as well as the Ethical
Committee of the First Af liated Hospital of Xinjiang Medical
University (Approval No. K202110-18) and complied with
ARRIVE guide for the care and use of laboratory animals. Mice
were anesthetized with iso urane during protoscolex injection and
euthanized by cervical dislocation under deep anesthesia at
designated timepoints.

2.2 Parasite materials and mice

Protoscoleces (PSCs) were isolated from intraperitoneal lesions
in Mongolian gerbils as previously reported (15). The isolated PSCs
were then carefully rinsed with phosphate-buffered saline (PBS) and
counted microscopically. The viability of PSCs was evaluated by
0.1% methylene blue (G1300, Solarbio) staining, and only PSCs
with  95% viability were used for subsequent experiments. Forty
female C57BL/6J mice, aged 6-8 weeks, 18—20 g body weight were
sourced from Vital River Laboratory Animal Technology Co.,
Beijing, China. Thirty-six mice were randomly divided into six
groups: the sham operation group (Sham, n = 6) and ve E.m
infection model groups (1, 3, 5, 7, and 10 days post-infection (dpi),
n = 6 each). Additional mice were used for preliminary

uorescence tracing experiments. All animals were maintained
under standardized speci ¢ pathogen-free (SPF) conditions at 22
+ 2 °C with 50 £ 10% relative humidity and a 12 h light/dark cycle to
maintain normal circadian rhythms.

2.3 Establishment of E.m infection models
and sample collection

Mice in E.m infection groups were inoculated with PSCs via the
hepatic portal vein, receiving 3000 PSCs diluted in 200 pL normal
saline as previously described (15), while mice in the sham
operation group were injected with equivalent amount of normal
saline under anesthesia with iso urane. E.m-infected mice were
euthanized at 1, 3, 5, 7, and 10 dpi, while Sham group mice were
sacri ced at 10 dpi. Liver tissues were collected and divided into two
portions: one was immediately snap-frozen in liquid nitrogen for
cryosectioning and subsequent uorescence staining analyses, and
the other was xed in 4% paraformaldehyde for 72 h at 4 °C
followed by paraf n embedding for histopathological examination.

2.4 Fluorescent labeling experiments

For in vivo tracing, PSCs were incubated with 5 mg/ml Dil
(42364, Sigma-Aldrich) in RPMI-1640 at 37 °C for 30 min and then
rinsed three times with PBS. For in vitro co-culture of dual

uorescent labeling, resident peritoneal macrophages (RPMs)
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were labeled with 5 mg/ml Dil and incubated with 5 mg/ml DiD
(D7778, Invitrogen) labeled PSCs in RPMI-1640 at 37 °C for 30
min, then rinsed three times with PBS. Using 3D scanning to
capture macrophages undergoing trogocytosis, with a step size of 3
mm. Image acquisition and analysis were performed using a laser
confocal microscope (Nikon AX).

2.5 Histopathological and
immuno uorescence analysis

Serial paraf n sections (4 mm thick) were stained with
hematoxylin and eosin (H&E) and Sirius red following
established protocols (16). Imaging was performed using light
microscopy (DM3000, Leica, Germany), and Sirius red-stained
sections were quantitatively analyzed with the Image-Pro Plus
software (Version 6.0.0.260, Media Cybernetics, USA) based on
positively stained areas. For immuno uorescence detection of
macrophage-mediated E.m lesion clearance, frozen liver sections
(5 mm thick) from each group were sequentially incubated with F4/
80 primary antibody (70076, CST) targeting macrophages overnight
at 4 °C, followed by AF-488-conjugated secondary antibody (4412,
CST). Imaging and analysis were conducted using a laser scanning
confocal microscope (Leica SP8).

2.6 In vitro RPMs-PSCs co-culture
experiments

RPMs were chosen for this study because they are tissue-resident
macrophages that functionally and phenotypically resemble liver
Kupffer cells, the cells that rst encounter the parasite during natural
infection, and prepared as previously reported (17). Brie y, peritoneal
lavage was performed on 6-8 weeks old C57BL/6 mice using 10 ml of
ice-cold endotoxin-free PBS (without Ca?*/Mg?"). The lavage uid was
centrifuged (400xg, 10 min, 4 °C), and cells were puri ed by adherence
(2 h, 37 °C/5% CO, in RPMI-1640 medium supplemented with 10%
FBS (Gibco)). The harvested cells were then cultured for 7 days in
complete medium containing 40 ng/ml murine macrophage colony-
stimulating factor (M-CSF, MedChemExpress) to induce
differentiation into RPMs. For co-culture experiments, RPMs were
co-cultured with PSCs at a ratio of 500:1 (RPMs: PSCs) for 72 h in
RPMI-1640 for the Mg+PSCs group, 10% heat-inactivated mouse
serum (HI-MS) (56 °C for 30 min) for the Mg+PSCs+HI-MS group,
10% normal mouse serum for the Mg+PSCs+MS group, and
antibiotics (penicillin/streptomycin, 1:100) in all groups.

2.7 Scanning electron microscopy analysis

For SEM analysis, the co-cultured PSCs were xed in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer for 48 h at 4 °C,
followed by several washes in the same buffer. Dehydration was
performed through a graded ethanol series (30%, 50%, 70%, 90%,
and 100%), and samples were then immersed in hexamethyldisilazane
(HMDS) for 5 min, 1 h, and overnight to ensure complete drying. The
dried specimens were sputter-coated with a 100 A gold layer to
enhance conductivity. Imaging was conducted using a JEOL JSM-
6390 LV scanning electron microscope operated at 15 kV, and
morphological changes in trogocytosis RPMs on PSCs were assessed.

Frontiers in Immunology

10.3389/fimmu.2026.1734332

2.8 Complement rescue experiment

To perform complement rescue experiments, RPMs and PSCs
were co-cultured at a 500:1 ratio in serum-free RPMI-1640 medium
containing penicillin/streptomycin (1:100) for 48 hours. The cultures
were supplemented with recombinant C3 (1 pg/ml, CO3-M52H4,
ACROBIosystems), C5 (1 pg/ml, CO5-M52H4, ACROBIosystems),
or both proteins simultaneously (co-treatment group). As a control
for potential cytotoxicity, PSCs were cultured alone under identical
conditions with the respective recombinant complement proteins.

2.9 Statistical analysis

GraphPad Prism (Version 8.0.1, CA, USA) was used for
statistical analyses. The normality of data residuals was
determined by the Shapiro-Wilk test. Comparisons of continuous
variables between two speci ¢ groups were performed using
unpaired two-tailed Student’s t-test. Comparisons of means
among multiple groups were conducted by one-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons. P-
value < 0.05 was considered statistically signi cant.

3 Result

3.1 Fluorescent labeling enables ef cient in
vivo tracking of PSCs

To explore the interactions between E.m and host immune cells,
we established a mouse infection model by uorescently labeling
PSCs in vitro with Dil dye and injecting them into the portal vein.
First, protoscolex viability was assessed using methylene blue
staining. Only PSCs with viability 95% were subjected to
subsequent uorescent labeling (Figures 1A, B). In vitro labeling of
PSCs with the lipophilic dye Dil showed successful staining mainly on
the tegument, clearly outlining their morphology, while not affecting
parasite viability. At 24 h post-infection, uorescence analysis of liver
cryosections from sacri ced mice revealed numerous Dil - labeled
PSCs distributed around the portal vein areas and other vascular
regions, consistent with the hematogenous liver invasion route, with
some intact parasites still present (Figures 1C, D). These ndings
con rm that Dil labeling is an effective method for in vivo tracking of
PSCs and a new tool for studying parasite-host interactions.

3.2 Hepatic pathology and host response
at the early establishment stage of E.m
infection

Successful parasite clearance at the early stage is critical for host
resistance to E.m infection. To elucidate key pathological events at the
early stage, particularly host immune responses, infected mice were
sacri ced at 1, 3, 5, 7, and 10 dpi for histopathological analysis of
livers. Gross liver examination revealed normal morphology in the
Sham group, while the infected groups exhibited scattered punctate
white lesions at all time points, though no distinct cyst formation was
evident yet (Figure 2A). H&E staining revealed immune cell
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Merge

In vitro labeling and in vivo tracking of PSCs. (A) Representative image of in vitro culture of PSCs. Scale bar, 100 pm. (B) Viability assessment of PSCs
using methylene blue staining. PSCs stained blue are dead. Scale bar, 100 um. (C) Representative images of PSCs labeled with the uorescent
lipophilic dye Dil. Scale bar, 75 um. (D) Representative images demonstrating the distribution of Dil-labeled PSCs (red uorescence) in the mouse
liver at 1 dpi with E. multilocularis infection. Blue uorescence, nucleus. Scale bar, 100 um. Data are representative of three independent

experiments with similar results

in Itration around hepatic lesions as early as 1 dpi, indicating that E.m
infection rapidly triggers the host immune responses. Notably, intact
PSCs were observed within some lesions at 1-3 dpi. However,
signi cant structural alterations in PSCs occurred after 5 dpi. In
some lesions, immune cells in Itrate the lesion, and fragmented PSC
structures are observed, suggesting active immune-mediated damage.
In parallel, within other lesions, PSCs underwent metamorphosis,
initiating a structural transformation toward vesicle, leading to the
expansion of the lesion. In addition, there are lesions that no longer
contain visible protoscoleces but are surrounded by an in ammatory
reaction and form granuloma-like structures (Figure 2B). Sirius red
staining revealed progressive brosis within the areas of in ammatory
cell in Itration surrounding lesions, with the brotic area expanding
alongside lesion growth (Figures 2C, D). These results demonstrate
that the host mounts an early immune response to E.m infection
aimed at clearance. The ability of PSCs to resist immune-mediated
clearance and successfully undergo metamorphosis into vesicles is
crucial for establishing successful parasitism.

Frontiers in Immunology

3.3 In vivo tracing demonstrates that
macrophages participate in the early
clearance of E.m infection

Our previous studies have demonstrated that host clearance of
E.m infection at the early stages primarily relies on innate immunity.
As core effector cells of innate immunity, macrophages play a pivotal
role in the anti-parasitic immune response at the early establishment
stage of E.m infection (7). To investigate the potential mechanisms of
macrophage clearance, we performed immuno uorescence staining
of mouse liver tissue sections for the macrophage marker F4/80,
combined with in vivo tracking of the PSCs at 1, 3, 5, 7, and 10 dpi.
Analysis of uorescence imaging revealed that macrophages
in Itrated the core of the lesions at the early stage of E.m infection,
establishing direct contact with parasites to facilitate clearance
(Figure 3A). Interestingly, after detailed analysis of lesions with
divergent developmental outcomes, we identi ed two distinct lesion
phenotypes: clearance-resistant “Progressive Lesions” exhibited
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Histopathological changes of mouse liver at the early stage of E.m infection. (A) Representative gross images of mouse livers at different post-
infection time points. Scale bars: 0.5 cm (B) H&E staining of liver sections at different post-infection time points. Scale bars: upper panels, 100 mm;
lower panels, 25 mm. (C) Sirius red staining of liver sections at different post-infection time points. Scale bars: upper panels, 100 mm; lower panels, 25
mm. The area outlined in solid red line represents the lesion. (D) Quanti cation of Sirius red-positive areas in liver tissues. Data are presented as
mean = SD (n = 6 per group). Statistical analyses were performed using one-way ANOVA with Tukey’s post hoc test. P < 0.05 compared to the

vesicular structure formation with macrophages localized
peripherally around parasite masses, demonstrating failure to
in Itrate lesion interiors. Conversely, the “Regressive Lesions”
displayed signi cantly higher macrophage density, with complete
overrunning of protoscolex-occupied regions. The parasite structures
were largely completely eliminated, and these lesions subsequently
developed into granulomas until they are completely repaired
(Figure 3B). These ndings indicate that effective macrophage
in Itration into the core of the lesion is critical for host resistance
to the E.m infection, and this resistance hinges on the ability of
macrophages to establish direct contact with the parasites.

3.4 Direct macrophage-parasite contact is
critical for clearing early E.m infection and
preventing lesion progression

To determine whether macrophages eliminate E.m infection
through contact-dependent Killing, we co-cultured PSCs with
mouse peritoneal macrophages in vitro (Figure 4A). After 72 h,
PSCs in the MS group (supplemented with mouse serum) exhibited
signi cantly suppressed viability. Surrounded by attacking
macrophages, the dying PSCs showed numerous vacuoles forming

Frontiers in Immunology

around their tegument (Figure 4B). In addition, it has been well
documented in previous studies that the complement system plays a
critical role in facilitating macrophage recognition and elimination
of parasites (18-20). To investigate whether complement
components are essential for macrophage killing PSCs, we
performed co-culture experiments using heat-inactivated mouse
serum (in order to deplete of functional complement components).
Consistent with our hypothesis, macrophage cytotoxicity was
signi cantly reduced in the Mg+PSCs+HI-MS group (Figures 4C,
5A). Similarly, dual uorescent labeling demonstrated a higher
number of DiD-labeled macrophages adhered to DiD-labeled
PSCs in the Mg+PSCs+MS group compared to the Mg+PSCs
+HI-MS group (Figures 5B, Supplementary Figure 1A). In order
to show more clearly how macrophages function to kill PSCs
through direct contact, we performed scanning electron
microscopy (SEM) on PSCs under different co-culture conditions.
In both the Mg+PSCs+MS and Mg+PSCs+HI-MS groups,
macrophages were observed rmly attached to parasites, whereas
no macrophage adhesion was observed in the Mg+PSCs group.
Critically, the Mg+PSCs+MS group exhibited a signi cantly higher
number of adherent macrophages, and these cells displayed typical
phagocyte-like morphology (Figure 5C).
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FIGURE 3

Spatial dynamics of macrophage in Itration dictate lesion fate in E.m infection. (A) Spatiotemporal in Itration of F4/80" macrophages (green

uorescence) into E.m lesions (red uorescence) at 1, 3, 5, 7, and 10 dpi. Scale bars, 100 mm. Right column (magni ed views). Images are
representative of results from 6 mice per group. (B) Representative images of different lesion phenotypes at 10 dpi. Upper panels: Progressive lesion
showing peripheral macrophage localization (White arrowheads) around developing vesicular structures. Lower panels: Regressive lesion exhibiting
core-in ltrating macrophages (White arrows) overrunning parasite foci. Scale bars, 100 mm. Blue uorescence, nucleus.

3.5 Complement-dependent trogocytosis
mediates macrophage killing of PSCs

To exclude nonspeci c interference from other components in
mouse serum, we performed rescue experiments with puri ed
recombinant complement proteins (C3 and C5). Co-culture
results demonstrated that groups receiving either C3 or C5
supplementation alone, as well as those receiving combined C3

Frontiers in Immunology

and C5 supplementation, were able to activate macrophage killing
activity against PSCs (Figures 6A, C). To determine whether the
death of PSCs was caused by direct complement-mediated killing
(e.g., via membrane attack complex formation), the corresponding
toxicity controls we established ruled out this possibility
(Figures 6B, D). Similarly, we also con rmed that the clearance of
PSCs depends on the co-presence of macrophages and mouse
serum (Supplementary Figures 1B, C). Given that macrophages
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