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Abstract

An increase in peripheral blood eosinophils in helminth infections is expected, and these cells
are known to promote immunity against these parasites. However, studies have suggested that
in some specific helminths, eosinophils may promote the needs and longevity of these para-
sites, and their role in these infections remains undefined, including in Toxocara canis infec-
tion. Thus, this study aimed to investigate the role of eosinophils in the context of larval
migration of T. canis and the immunopathological aspects of infection. For this, we used
wild-type mice and mice genetically deficient for the transcription factor GATA-binding fac-
tor 1 (GATA1−/−), infected with 1000 eggs of T. canis. At 0, 3, 14 and 63 days post-infection,
parasite load, tissue cytokine production, leucocyte profile, bronchoalveolar lavage cells and
histopathological analyses were carried out. Collectively, our results demonstrate that the pres-
ence of eosinophils mediates susceptibility to T. canis, inducing leucocytosis and the forma-
tion of granulomas, increasing the pulmonary and cerebral parasite load, and reducing the
number of neutrophils, which may be necessary to control the infection.

Introduction

Eosinophils are granulocytes present in bone marrow are derived from pluripotent progenitors
and represent 5% of the total leucocytes in the peripheral blood circulation. These leucocytes
secrete diverse granules composed of cationic eosinophil proteins, eosinophil peroxidases and
eosinophil-derived neurotoxins. Eosinophils are activated and recruited into the tissue in
response to stimuli such as the cytokine interleukin 5 (IL-5) and chemokines (Rosenberg
et al., 2013; Obata-Ninomiya et al., 2020). In response to allergic insult or some types of infec-
tions, eosinophils are recruited to the sites of inflammation secreting their granules, contrib-
uting as a source of multiple cytokines, such as IL-2, IL-4, IL-5, IL-10, IL-12, IL-13, IL-16,
IL-18, transforming growth factor-β1 and lipid mediators, in addition to being able to induce
tissue damage and dysfunction (Rothenberg and Hogan, 2006). In allergic processes, an
increase in eosinophils in the peripheral blood is typical as in helminth infections. These
cells are known to promote effector immunity against these parasites (Weller and Spencer,
2017). However, studies suggest that in some specific helminths, eosinophils may subsidize
the permanence and favour the longevity of parasites in the host, but the role of eosinophils
in these infections remains undefined (Swartz et al., 2006; Rosenberg et al., 2013).

During cell development in the bone marrow, eosinophils have properties shared with
basophils, and their differentiation occurs due to the presence of transcription factors PU.1,
CCAAT/enhancer-binding protein and GATA-binding factor 1 (GATA-1). Eosinophils have
a high affinity palindromic (or double) site of GATA-1 located in the gene regulatory region.
In mice, it is possible to perform the deletion of the GATA-1 transcription factor interrupting
eosinophilic cell maturation, resulting in complete or selective deficiency for eosinophil differ-
entiation. In this sense, these mice are essential for studying eosinophil-related functions and
pathologies (Yu et al., 2002; Rothenberg and Hogan, 2006).

In murine models, the protective role of eosinophils has been shown to prevent secondary
infection by Trichinella spiralis, and in humans with Schistosomiasis, an increase in eosino-
phils after treatment with praziquantel has been correlated with resistance to reinfection
(Hagan et al., 1985; Huang et al., 2015; Huang and Appleton, 2016). However, in mice infected
with Schistosoma mansoni, ablation of eosinophil had no significant impact on disease
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development during infection (Swartz et al., 2006). In eosinophil
genetically deficient mice, it was shown that T. spiralis larvae died
in large numbers showing that death of the parasites was corre-
lated with a reduced recruitment of T-helper 2 (Th2) cells and
a concomitant increased activity of the inducible nitric oxide syn-
thase and synthesis of nitric oxide by macrophages (Fabre et al.,
2009; Gebreselassie et al., 2012).

Toxocariasis is a zoonosis whose primary aetiological agent is
Toxocara canis. It is a neglected, cosmopolitan disease with a 19%
seroprevalence worldwide (Rostami et al., 2019). Humans are
infected by accidental ingestion of eggs containing infective
T. canis larvae, which penetrate the mucosa and migrate to vari-
ous tissues. The immunological mechanism capable of eliminat-
ing T. canis larvae remains unclear. However, studies showed
that Th2 and Th17 immune responses are triggered during infec-
tion, and there is an increase in innate immunity cells, especially
eosinophils (Resende et al., 2015; Leal-Silva et al., 2021). We have
recently demonstrated that ST2−/− receptor deficiency reduced
the parasite load combined with reduced eosinophils during
T. canis infection in mice (Leal-Silva et al., 2021), suggesting
that eosinophils may be relevant in the framework of T. canis
infection.

Studies regarding immune responses in toxocariasis are scarce,
and the role of eosinophils during this infection has not yet been
defined. In this context, the present study aimed to determine the
role of eosinophils during the immunopathology caused by
T. canis infection using a murine experimental model. Our results
revealed that eosinophils favour T. canis larvae tropism during
infection, increasing the tissue damage with induction of hepatic
and pulmonary granulomas and brain haemorrhage in mice. We
concluded that eosinophil cells are deleterious in the context of
T. canis infection in mice.

Materials and methods

Parasites

Adult T. canis worms were collected from the feces of naturally
infected puppies and were treated with anthelmintics (Drontal
Puppy, Brazil) at a dosage of 1 mL kg−1 in the Zoonoses
Control Center (Belo Horizonte, Minas Gerais, Brazil). The
adult worms were placed in water and taken to the Laboratory
of Immunology and Genomics of Parasites at the Federal
University of Minas Gerais for processing. The eggs were isolated
from the uteri of female adult worms by mechanical maceration,
purified by filtration using 100 μm nylon strainers, placed in cul-
ture flasks with 50 mL of 0.2 M sulphuric acid and maintained in a
Bio-Oxygen Demand incubator at 26 C. The eggs remained in the
culture until their embryonic period, which took approximately
6 weeks (Leal-Silva et al., 2021).

Experimental design

Eight-week-old female mice of wild-type (WT) BALB/c and mice
genetically deficient for the transcription factor GATA1−/− were
maintained in an animal facility of the Department of
Parasitology of the Federal University of Minas Gerais under con-
trolled conditions of temperature (24 ± 1 C) and lighting (12-h
light–dark cycle), and were provided with filtered water and com-
mercial food (Nuvital Nutrients, Brazil) ad libitum.

Each of the two WT and GATA1−/− mice strains was ran-
domly divided into four experimental groups: 0 days post-
infection (dpi) (control), 3, 14 and 63 dpi. Each group used a
total of 12 mice, divided into two groups containing six mice
for immunological and histological analyses and six for parasito-
logical and biochemical analyses (Fig. 1). All mice were

euthanized with a lethal injection of xylazine/ketamine (8.5 and
130 mg kg−1).

Toxocara canis infection

For Toxocara infection, before inoculation, the fully embryonated
eggs were incubated with a 5% sodium hypochlorite solution in
an incubator [37 C and 5% carbon dioxide (CO2)] for 1 h 40
min to disrupt the outer layer of the eggs and facilitate in vivo lar-
val hatching. After incubation, eggs were resuspended and washed
with phosphate-buffered saline (PBS) (0.4 M NaCl and 10 mM

NaPO4) three times. All mice, except the 0 dpi group (control),
were inoculated by oral gavage with 0.2 mL of the solution con-
taining 1000 embryonated eggs.

Parasitological analysis

Parasite burdens from infected mice were evaluated by counting
the total number of larvae recovered from the liver, lungs and
brain. Tissues were collected, punctured with surgical scissors
and placed in a modified Baermann-Moraes apparatus for 4 h
in PBS at 37 C and 5% CO2. The larvae recovered from the pellet
of the device were fixed in 10% formalin and quantified by light
microscopy.

Analysis of leucocytes and liver enzymes

For the total and differential leucocyte counts, blood samples of
the mice were collected by cardiac puncture, placed in tubes
with ethylenediamine tetraacetic acid (EDTA) and were analysed
in an automatic haematology counter (Bio-2900 Vet, Bioeasy,
USA) for a global leucocyte count. Blood smears stained with
Panotic (Laborclin, Brazil) were used for differential cell count
under microscopy.

The blood was centrifuged, and the plasma was collected to
quantify the liver enzyme activity, aspartate aminotransferase
(AST), using a colorimetric enzymatic assay employing a com-
mercial kit (Bioclin Quibasa, Brazil) according to the manufac-
turer’s instructions.

Bronchoalveolar lavage (BAL)

BAL was collected from mice with the assistance of a 1.7 mm
catheter inserted into the trachea, and then 2 mL PBS was
added through the catheter to collect the BAL fluid. The lavage
fluid was centrifuged at 300 g for 10 min, and the supernatants
were collected to estimate protein and haemoglobin levels by
using a commercial kit according to the manufacturer’s instruc-
tions. The pellets were used to quantify total and differential cel-
lularity using light microscopy as previously described (Oliveira
et al., 2019).

Cytokine profile

The right lobe of the mice lung tissue was removed to determine
tissue cytokine concentration. First, 100 mg of tissue was weighed
and then homogenized (TissueLyser LT-Qiagen, Germany) in 1
mL of extraction solution with protease inhibitors (0.4 M NaCl,
0.05% Tween 20, 0.5% bovine serum albumin, 0.1 mM phenyl-
methylsulphonyl fluoride, 0.1 mM benzethonium chloride,
10 mM EDTA and 20 IU aprotinin A). The homogenate was cen-
trifuged at 800 g for 10 min at 4 C and the supernatant was used
to determine the cytokines IL-1β, tumour necrosis factor-α, IL-6,
IL-4, IL-33, IL-13, IL-5, IL-10 and IL-17A by enzyme-linked
immunoassay (ELISA) (R&D Systems, USA) according to the
manufacturer’s protocol.
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Neutrophil myeloperoxidase (MPO) and macrophage
N-acetylglucosaminidase (NAG) assays

The indirect activity of macrophages and neutrophils was assessed
by using the concentrations of NAG and MPO, respectively, in the
liver, lungs and brain homogenates according to the method pre-
viously described (Barcelos et al., 2005; Nogueira et al., 2016).
After the tissues were homogenized (TissueLyser LT-Qiagen,
Hilden, Germany), the homogenate was centrifuged at 800 g for
10 min at 4 C, and the pellet was used to determine NAG and
MPO activity. Absorbance was expressed by using a VersaMax
ELISA microplate reader (Molecular Devices, USA) according
to each assay, and the results were expressed as optical densities.

Histopathological analysis

The left lung, right liver lobe and left half of the brain were col-
lected from mice to analyse the histological changes. The organs
were fixed in a 4% formalin solution, gradually dehydrated in
ethanol before being cleared in xylene and embedded in paraffin
blocks that were cut 4–5 μm thick and fixed on the microscope
slide. The tissue slides were stained with haematoxylin and
eosin to assess tissue damage under microscopy, and all histo-
pathological analyses were subjected to a blind study..

For the analysis of liver lesions, ten random images per mouse
were captured at 20× magnification. The score was based on four
grades for liver parenchymal damage: grade 0, no inflammatory
cells; grade 1, regions of the liver parenchyma with small inflamma-
tory foci and reduced number of inflammatory cells with small areas
of necrosis; grade 2, the liver parenchyma showed inflammatory foci
with a moderate number of cells, perivascular inflammatory infiltrate
and around the ducts with small areas of necrosis dispersed through-
out the parenchyma; grade 3, the liver parenchyma often had larger
inflammatory foci, diffuse inflammatory infiltrate, exuberant perivas-
cular inflammation and around the ducts, areas of necrosis dispersed
throughout the parenchyma (Leal-Silva et al., 2021). Hepatic and
pulmonary granuloma counts were also obtained.

For the airway inflammation score, ten random images per
mouse were captured at 20× magnification and analysed for peri-
vascular inflammation, peribronchial inflammation, parenchymal
damage and haemorrhage (Gazzinelli-Guimarães et al., 2018). For
the analysis of cellular lesions of the whole brain, the score was
based on the intensity of the lesion: 0: none; 1: minimum; 2:
light; 3: moderate; 4: intense. All semi-quantitative analyses of
the slides were conducted under microscopy coupled with a
digital image capture system (Motic 2.0, Xiam, China).

Statistical analysis

For statistical analysis, Prism 8.0 software (GraphPad Inc., USA)
was used. To detect possible outliers, the Grubb test was used.

To verify data distribution, the Shapiro–Wilk test was used. An
analysis of variance (ANOVA) test was used for the comparison
between the control groups (0 dpi) and each time of infection, fol-
lowed by the Tukey multiple comparisons post-test for parametric
data or the non-parametric Kruskal–Wallis test followed by the
Dunn’s post-test. All values were considered significant when
the P value was ≤0.05.

Results

Tissue eosinophilia induces granuloma formation but does not
control the T. canis larval migration in mice liver

In this study, we demonstrate the role of eosinophils in the immu-
nopathology of T. canis infection. After passing through the intes-
tine, Toxocara larvae migrates to the liver tissue. No significant
differences were observed between the parasite load in the liver
and the AST enzyme throughout the infection (Fig. 2A and B).
However, the uninfected GATA1−/− mice showed a basal increase
in NAG at 0 dpi persisting during the course of infection
(Fig. 2C). The neutrophilic activity was reduced in the acute
phase of infection, and remains until the chronic phase compared
to WT mice (Fig. 2D). In the score analysis, granulomas were
observed only in WT mice at 14 and 63 dpi, and no difference
was observed between strains in the total inflammation score
(Fig. 2E and F).

The histopathological analysis of the liver showed that, in the
uninfected mice, both strains retained the hepatocytes with a
morphological aspect compatible with normality (Fig. 2G). At 3
dpi, it was observed in some mice in both strains, the larvae dis-
persed throughout the parenchyma. In WT mice, there were
inflammatory foci comprising eosinophils, neutrophils, macro-
phages and lymphocytes dispersed throughout the parenchyma
and around larvae and the blood vessels, in addition to abundant
necrosis zones and parenchyma haemorrhage. In GATA1−/−

mice, the inflammatory foci comprised of a significant proportion
of neutrophils, scarce macrophages and dispersed lymphocytes,
and inflammatory infiltrate around larvae, blood vessels, bile
ducts and permeating areas of necrosis were also frequently iden-
tified. In both strains, the blood vessel congestion induced by
infection was observed throughout the hepatic parenchyma. At
14 dpi in WT mice, the presence of granulomas was found,
which were in the exudative phase, composed mostly of eosino-
phils, followed by macrophages, necrotic-exudative and necrotic
zones. In both strains of mice, it was possible to identify the pres-
ence of inflammatory foci dispersed throughout the hepatic and
perivascular parenchyma, consisting of macrophages, low lym-
phocytes and eosinophils, the latter being observed only in WT
mice. In the GATA1−/− group at 14 dpi, the presence of small
foci of necrosis near ducts and larger blood vessels, and the

Fig. 1. Characterization of the experimental design of Toxocara canis infection. WT and GATA1−/− mice were infected with 1000 eggs of T. canis and euthanized with
0, 3, 14 and 63 dpi.
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presence of fibroblasts and collagen fibre deposition were found,
characterizing early tissue fibroplasia. In the chronic phase of
infection, in WT mice at 63 dpi, the inflammatory foci were scat-
tered throughout the hepatic and perivascular parenchyma. The
presence of granulomas was also found, which were in the exuda-
tive and productive phases, consisting of macrophages, giant cells,
epithelioid cells, fibroblasts and collagen. While in the GATA1−/−

mice at 63 dpi, it was possible to identify only the presence of
small inflammatory foci dispersed throughout the liver paren-
chyma, with macrophages and low lymphocyte numbers, and
no exudative phenomena or foci of necrosis were observed.
Collectively, these data suggest that eosinophils are primarily
associated with the presence of hepatic granulomas during
T. canis infection, in addition to influencing neutrophil activity.

Fig. 2. Liver alterations in WT and GATA1−/− mice infected with T. canis. (A) The number of larvae recovered from the liver; (B) analysis of the enzymatic activity of
plasma AST; (C) NAG activity in the liver; (D) MPO activity in the liver; (E) number of granulomas; (F) analysis of liver inflammation by score and (G) representative
haematoxylin and eosin staining of liver sections, foci of inflammatory infiltration (arrowheads), area of necrosis (*). Bar = 1000 μm. Statistical comparisons were
carried out between each strain with its specific uninfected group (0 dpi) represented by the asterisk without the bar and between the strains at the same time of
infection represented by the asterisk with the bar. The results represent the mean ± S.E.M., *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA test and
Kruskal–Wallis test followed by Dunn’s test were used.
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Eosinophil deficiency is related to increased neutrophil and
reduced pulmonary parasite load leading to secondary
pulmonary tissue damage during the acute phase of the
T. canis infection in mice

The larvae migrate from the liver to the lung tissue via blood after
3 days of infection (Fig. 3A–I). By analysing the pulmonary para-
site load, we observed that GATA1−/− mice showed a reduction in
the number of larvae recovered from the lungs at 3 dpi and con-
sequently reduced the concentrations of haemoglobin and protein
in BAL when compared to WT mice (Fig. 3A–C). Regarding the
leucocytes in BAL (Fig. 3D–H), we observed an increase in
the number of total leucocytes in the GATA1−/− mice, due to the
increased number of neutrophils. However, at 14 and 63 dpi,
there was a reduction in leucocytes in GATA1−/− compared to
the WT mice due to the reduced number of neutrophils, macro-
phages and the absence of eosinophils. In the lung parenchyma,
aspects related to tissue inflammation were evaluated (Fig. 4A–H).
A reduction in macrophage activity at 3 dpi, haemorrhage score at
63 dpi and granuloma score at 14 and 63 dpi were observed in
GATA1−/− mice when compared to WT mice, demonstrating
reduced tissue inflammation.

The analysis of lungs of the uninfected mice showed compati-
bility with normality (Fig. 4I). In the WT mice group at 3 dpi,
thickening of the interalveolar septa was observed, with the pres-
ence of the mixed inflammatory infiltrate mostly composed of
eosinophils and neutrophils, macrophages and to a lesser extent
by lymphocytes. In some mice, granuloma was observed in the
exudative phase evidenced by perivascular oedema and extensive
bleeding areas. Most mice had larvae dispersed in the lung paren-
chyma and often close to the haemorrhagic zones. In the
GATA1−/− mice group at 3 dpi, a significant thickening of the
interalveolar septa was observed due to the predominantly mono-
nuclear inflammatory infiltrate characterized by macrophages and
lymphocytes, with a lower frequency of neutrophils. Exudative
phenomena were also evidenced, such as oedema present in the
alveolar and perivascular lumen, large areas of haemorrhage
and congested vessels. At 14 dpi, we observed interalveolar septal
thickening in both lineages due to the presence of inflammatory
infiltrate, and the bronchial and bronchiolar epithelium cells
showed intense hypertrophy and hyperplasia, and the formation
of a mucus plug obstructing the bronchial lumen was frequently
observed. In WT mice at 14 dpi, some macrophages presented

Fig. 3. Number of larvae recovered from lungs and airway inflammation. (A) The number of larvae recovered from the lung; (B) haemoglobin concentration in the
BAL; (C) total protein concentration in BAL; (D) number of total leucocytes in BAL; (E) number of eosinophils in BAL; (F) number of neutrophils in BAL; (G) number of
macrophages in BAL; (H) number of lymphocytes in BAL and (I) larvae recovered from the lung tissue of WT mice infected with T. canis. Bar = 100 μm. Statistical
comparisons were carried out between each strain with its specific uninfected group (0 dpi) represented by the asterisk without the bar and between the strains at
the same time of infection represented by the asterisk with the bar. The results represent the mean ± S.E.M., *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
One-way ANOVA test and Kruskal–Wallis test followed by Dunn’s test were used.
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with a brownish pigment in their cytoplasm suggestive of haemo-
siderin, and the presence of parenchyma granuloma in the
exudative phase was frequently observed. In WT mice at 63
dpi, the presence of diffuse inflammatory infiltrate was observed,
and formation of bronchus-associated lymphoid tissue was
evidenced in some of them. In all mice, it was possible to identify
the presence of granulomas in the productive phase in the
lung parenchyma and exudative and vascular phenomena
such as small haemorrhagic foci and capillary congestion.
While in GATA1−/− mice at 63 dpi, the substantial presence of

lymphocytes was observed around the vessels, and in some ves-
sels, the presence of hypertrophy and hyperplasia of bronchial
epithelial cells was observed. Sometimes, in some parenchyma
regions, the presence of extravasated red blood cells was observed
in a small proportion. These results indicate that eosinophils are
ineffective at controlling the migration of T. canis larvae in lung
tissue and contribute to attenuating the lung inflammation
reducing the number of neutrophils and secondary tissue dam-
age. However, the neutrophils may be important to control the
infection.

Fig. 4. Inflammation of the lung parenchyma in WT and GATA1−/− mice infected with T. canis. (A) NAG activity in lung tissue; (B) MPO activity in lung tissue; (C)
bleeding score; (D) perivascular inflammation score; (E) peribronchial inflammation score; (F) parenchymal injury score; (G) granuloma score; (H) total inflamma-
tion score and (I) representation of haematoxylin and eosin staining of lung sections, haemorrhage area (*), parenchymal inflammation ($), airway inflammation
(&), vascular inflammation (#), granuloma (α), bar = 1000 μm. Statistical comparisons were carried out between each strain with its specific uninfected group (0 dpi)
represented by the asterisk without the bar and between the strains at the same time of infection represented by the asterisk with the bar. The results represent
the mean ± S.E.M., *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA test and Kruskal–Wallis test followed by Dunn’s test were used.
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Eosinophil influences the pulmonary immune profile during
T. canis infection

We analysed the immune response in the lung parenchyma by
measuring cytokines from the Th1, Th2, Th17 and regulatory T
(Treg) profiles (Fig. 5). Both mice strains show a mixed type of
immune response, with increased Th1, Th2 and Th17 cytokines
compared to their respective controls. When comparing the two
strains, we observed that the IL-13 cytokine increased in the unin-
fected GATA1−/− mice (0 dpi) compared to WT mice. At 3 dpi, it
was observed that the cytokines IL-6, IL-4, IL-5 and IL-13
increased in the GATA1−/− mice compared to WT mice. In the
later stages of infection, GATA1−/− mice showed an increased
IL-1β, IL-6, IL-4, IL-5, IL-13 and IL-10 cytokines and reduced

Th17 response at 14 dpi compared to WT mice. Thus, the results
demonstrate that the absence of eosinophils favours secretion of
Th2 cytokines in special IL-13 which explains the excessive
mucus production. Finally, eosinophil deficiency increases the
pro-inflammatory cytokines IL-1β and IL-6 during T. canis infec-
tion and may sustain the neutrophilic inflammation and tissue
damage in mice.

Eosinophil deficiency changes the peripheral blood
leucocytosis during the T. canis infection in mice

To understand the influence of eosinophils on systemic inflam-
mation, the leucocyte profile in peripheral blood throughout the

Fig. 5. Concentration of cytokines present in the lung
tissue of WT and GATA1−/− mice during T. canis
infection. Radar graphics express the concentration
of pulmonary cytokines throughout the infection. The
results represent the mean ± S.E.M., *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001 when compared to the
corresponding WT mice groups. Cytokines were under-
lined when they presented statistical differences with
their respective control group (0 dpi). One-way ANOVA
test and Kruskal–Wallis test followed by Dunn’s test
were used.
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infection was evaluated (Fig. 6). GATA1−/− mice demonstrated a
physiological increase in monocytes and neutrophils compared to
WT mice, as observed in uninfected mice, but at no time of infec-
tion leucocytosis was observed in GATA1−/− mice, while in WT
mice leucocytosis was observed at 14 and 63 dpi. At 3 dpi, an
increase in lymphocytes and monocytes and a reduction in neu-
trophils at 14 dpi was observed in GATA1−/− mice compared to
WT mice. As expected, no eosinophils were observed in
GATA1−/− mice, while in WT mice, there was eosinophilia at
14 and 63 dpi. Thus, larval migration in eosinophil-deficient mice
led to an increased liver and lung tissue damage which could be
associated with chronic neutrophilic inflammation, which antici-
pated the peak of systemic leucocytosis in GATA1−/− mice.

Absence of eosinophils reduced the parasite load and
increased neutrophil activity in brain tissue during T. canis
infection in mice

We assessed the parasite load, macrophage and neutrophil activity
and haemorrhage score in brain tissue (Fig. 7A–D). The results
showed that a reduced number of larvae was recovered from the
brain of GATA1−/− mice at 63 dpi compared to WT mice,
which may be attributed to the increase in neutrophil activity
observed at the same time of infection. No difference in macro-
phage activity and haemorrhage score was observed between the
groups.

Histopathological analysis of the brains of uninfected mice
showed a morphological aspect compatible with normality
(Fig. 7E). In WT mice at 3 and 14 dpi, foci of haemorrhage and
vacuolization and small inflammatory foci were observed. At 63
dpi, there were more areas of vacuolization, multifocal areas of
haemorrhage and inflammatory foci. In GATA1−/− mice, the
histopathological parameters were minimal and were character-
ized by haemorrhage, vacuolization and focal inflammation in
all infected groups.

Discussion

This study is the first to explain in detail about the influence of
eosinophils on liver, lung and brain tissues, evaluating the
immunological and pathological aspects during T. canis infection
in mice. This study found that eosinophils do not promote effect-
ive immunity against the parasites. On the contrary, the presence
of eosinophils favours the survival and tropism of T. canis larvae
into the lungs and brain tissues. Eosinophils also mainly trigger
the formation of granulomas in toxocariasis which cannot control
larval migration, and they mediate a Th17 inflammatory response
that generates tissue damage.

T. canis larvae first targets the liver tissue both in dogs being
the definitive host and in accidental hosts as well. In experimental
models, in the initial stages of infection, the presence of liver dam-
age has been demonstrated, with inflammatory infiltrate with the
presence of eosinophils, neutrophils and polymorphonuclear cells,
with no significant contribution of lymphocytes (Resende et al.,
2015), as observed in the mice in this study, except for the pres-
ence of eosinophils in GATA1−/− mice. In the late phase of the
infection, granulomatous processes are present in the exudative
and productive phases (Fan et al., 2004; Leal-Silva et al., 2021).
This study showed that eosinophils are the main triggers for the
formation of granulomas in T. canis infection. In the eosinophil
deficiency, the presence of hepatic granulomas was not observed.
Interestingly, we observed that the neutrophil activity was shown
to be reduced in GATA1−/− compared to WT mice. Neutrophils
and eosinophils have been shown to be involved in adherence to
helminths, including T. canis larvae (Huwer et al., 1989).
Furthermore, high neutrophil counts that followed the migration
of larvae through organs and tissues were observed in T. canis
infection, probably acting as the first line of defense against
T. canis larvae, as proposed for protozoan parasites (Hermosilla
et al., 2014; Resende et al., 2015).

This study revealed a reduction in the pulmonary parasite load in
GATA1−/− mice at 3 dpi and consequently reduced concentrations

Fig. 6. White blood cells of WT and GATA1−/− mice infected with T. canis. Leucogram were shown after 0, 3, 14 and 63 dpi by T. canis. Statistical comparisons were
carried out between each strain with its specific uninfected group (0 dpi) represented by the asterisk without the bar and between the strains at the same time of
infection represented by the asterisk with the bar. The results represent the mean ± S.E.M., *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA test and
Kruskal–Wallis test followed by Dunn’s test were used.
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of haemoglobin and protein. Interestingly, an inverse relationship
was detected between the number of neutrophils present in the
airways and the number of larvae recovered from the tissues, sug-
gesting that neutrophils may be necessary for controlling the para-
site load. In addition, in WT mice at 3 dpi, even after obtaining an
increased number of eosinophils, we still observed a high parasite
load, demonstrating that eosinophils were not able to combat the
T. canis larvae effectively. Unlike other nematodes, in toxocariasis,
there seems to be no relation between eosinophils and larval
death, and quite possibly, this reflects the evasion capacity of T.
canis larvae. It was demonstrated in vitro that eosinophils from
humans with toxocariasis in the presence of infective T. canis lar-
vae were able to adhere to the surface of the larvae, form close
interdigitations with the cuticular streaks of the larvae, degranu-
late on the surface of the parasite and the larvae still remained
alive, in addition, some larvae have been shown to be able to
escape from the areas of dense eosinophil/parasite binding
(Fattah et al., 1986). In vitro studies have also indicated that neu-
trophils are not able to kill T. canis larvae (Huwer et al., 1989).
However, it is known that the in vivo and in vitro responses are
different and that leucocytes are plastic and heterogeneous,

being able to adapt to microenvironments, modifying their pheno-
typic properties and functions (Natoli and Ostuni, 2019; Ng et al.,
2019). Thus, we cannot rule out the possibility that neutrophils are
active and important immune cells involved in T. canis larvae
immune response and parasite control.

In addition to a reduction in the formation of hepatic granu-
loma in infected GATA1−/− mice, a reduction in the formation of
pulmonary granulomas was also observed, reaffirming the role of
eosinophils in the formation of granulomas. In T. canis infection,
the larvae trigger the granuloma formation in the lung tissue,
which is mainly composed of eosinophils and later on by macro-
phages. Granulomas are formed due to the chronic persistence of
the antigen or parasite in an attempt to contain it, and their for-
mation involves the interaction between the organism that acts as
an antigen and the immune cells of the host. The problem is that
their presence usually results in scar tissue formation, which ends
up reducing the organ’s function (Kayes and Adams Oaks, 1978;
Sales et al., 2017; Ariyaratne and Finney, 2019). Furthermore,
inadequate accumulation and activation of eosinophils can result
in direct tissue damage through the release of highly cytotoxic
granular proteins (Rankin et al., 2000).

Fig. 7. Parasite burden and inflammation of brain tissue during T. canis infection. (A) The number of larvae recovered from the brain; (B) MPO activity in brain
tissue; (C) NAG activity in brain tissue; (D) haemorrhage score and (E) representation of haematoxylin and eosin staining of brain sections, haemorrhage area
(*), bar = 1000 μm. Statistical comparisons were carried out between each strain with its specific uninfected group (0 dpi) represented by the asterisk without
the bar and between the strains at the same time of infection represented by the asterisk with the bar. The results represent the mean ± S.E.M., *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA test and Kruskal–Wallis test followed by Dunn’s test were used.
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Several studies have reported an increase in cytokines Th1,
Th2, Th17 and Treg responses in T. canis infection, demonstrat-
ing that during infection, there is no polarized immune response
(Liao et al., 2008; Nagy et al., 2012; Resende et al., 2015; Leal-Silva
et al., 2021). This study observed that the absence of eosinophils
alters the immune profile during infection, inducing an increase
in IL-1β, IL-6, IL-4, IL-5, IL-13 and IL-10. The cytokines IL-4,
IL-5 and IL-13 are classified as markers of the Th2 type of
immune response and influence the eosinophilic response. IL-5
has been identified as a critical regulator in eosinophil develop-
ment, migration and activation. At the same time, IL-4 and
IL-13 are essential for the recruitment of these cells into lung tis-
sue (Foster et al., 2001), so we believe that the increase in these
cytokines in the infected GATA1−/− mice is an immunological
mechanism of trying to amplify eosinophilic activity. The cyto-
kine IL-6 in lung tissue is produced from epithelial cells, intersti-
tial fibroblasts, macrophages and other inflammatory cells in
response to a variety of stimuli such as environmental particles

and inhaled toxic particles, having the function of regulating T
cell-mediated responses CD4+ which include the production of
cytokines such as IL-4, IL-13, IL-17, IL-21 and suppressor activity
in Treg cells (Kaur et al., 2020). IL-10 is expressed by many adap-
tive immune system cells, including Th1, Th2, Th17, Treg, CD8+

T, B cells and cells of the innate immune system. Moreover, its
primary role appears to be as a feedback regulator of various
immune responses, not only Th1 cell responses but also Th2
cell responses to parasites (Saraiva and O’Garra, 2010). Studies
have indicated that IL-1β in the presence of type 2 cytokines
may also support Th2-mediated immunity (Helmby and
Grencis, 2004; Ferguson et al., 2015). In our previous study
with mice infected with T. canis and genetically deficient for
the ST2 receptor, which is a ligand of IL-33 and, therefore, has
reduced eosinophils, an increase in IL-1β concentration was
also observed in later times of infection (Leal-Silva et al., 2021),
suggesting that eosinophils may influence the release of IL-1β.
Thus, we observe that the absence of eosinophils increases the

Fig. 8. Influence of transcription factor GATA-1 on
T. canis infection. The presence of eosinophils during
T. canis infection contributes to the increase in the pul-
monary and cerebral parasite load, to the formation of
pulmonary and hepatic granulomas, increases the
Th17 response and reduces the number of neutrophils.
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secretion of pulmonary cytokines from the innate and the Th2
immune responses.

During T. canis infection, an increase in blood leucocytes is
often observed, with an increase in neutrophils, followed by
eosinophilia. In mice, the peak eosinophilia is usually observed
between 14 and 18 dpi, but it can persist to the chronic phase
at 45 dpi (Pecinali et al., 2005; Margareth et al., 2014; Resende
et al., 2015). In this study, eosinophilia was observed from 14
dpi, persisting up to 63 dpi in WT mice. On the contrary, in
the infected GATA1−/− mice, leucocytosis was not observed at
any time of infection, probably due to the absence of eosinophils.

In neuro-toxocariasis, haemorrhage has been shown to be the
main histopathological finding, extending for long periods after
infection. The presence of activated microglia and focal accumu-
lation of gitter cells has also been related (Janecek et al., 2014), as
observed in this study. Interestingly, in addition to lung tissue, the
parasite load in brain tissue was also reduced in GATA1−/− mice
at 63 dpi, and again we observed an increased neutrophil activity.
In the central nervous system, neutrophils are rarely found in the
brain parenchyma due to a blood–brain barrier. However, under
pathological conditions such as infections, trauma and haemor-
rhage, a more significant number of neutrophils enter the brain
tissue. These cells can cause degranulation, phagocytosis and
release the extracellular neutrophil trap, which is composed of
histones, enzymes and granules that help eliminate pathogens
(Joice et al., 2009; Liu et al., 2018). However, this process can
lead to tissue damage, so neutrophils are often phagocytosed or
inhibited by macrophages or lymphocytes after pathogen diges-
tion to minimize tissue damage (Liu et al., 2018). Thus, we believe
that neutrophils are important cells in combating T. canis larvae,
but further studies are needed regarding the function and mech-
anism of action of cells, especially in the brain tissue, where the
damage caused by these cells can lead to significant morbidity.

In conclusion, this work described the influence of eosinophils
on acute and chronic toxocariasis (Fig. 8). The presence of these
cells induces susceptibility to infection, alters the pulmonary
immune response, cannot reduce the pulmonary and cerebral
parasite load and decreases the neutrophilic activity in tissues,
which seem to play an important role in the control of T. canis
infection. We also observed that eosinophils are the primary trig-
gers in the formation of pulmonary and hepatic granulomas that
can lead to damage and loss of tissue function. Thus, we believe
that future research investigating the escape mechanisms of
T. canis larvae from the immune system is essential to expand
therapeutic measures for the disease and dissecting the role of neu-
trophils in the context of T. canis infection may contribute to
understanding the anti-parasite role of this granulocyte subtype.
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