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Abstract

An effective host immune system prevents the growth of most cancer cells. However, as intestinal nematodes are able to
induce both immunotolerance and immunosuppression in the host, it is possible that their presence could allow co-occurring
cancer cells to proliferate and metastasize. Our findings indicate that previous, subsequent or concurrent intestinal nematode
infection affects the formation of lung metastatic nodules in mice experimentally infected with Heligmosomoides polygyrus.
In addition, pre-infection with nematodes renders mice resistant to metastasis development in lungs, with the inoculated EL4
cancer cells being located mainly in mesenteric lymph nodes. The present paper discusses the nematode-induced mechanisms

which may influence the metastatic process.

Keywords Immunomodulation - Intestinal nematodes - Tumour - Metastasis

Introduction

Parasite infections induce a wide range of adaptive changes
in the host, ranging from changes in the immune system,
through physiological changes, to behavioural changes
(Wraith 2017). In addition, factors produced and released by
the parasite are known to induce immunoregulatory mecha-
nisms that can inhibit the inflammatory reaction (Maizels
et al. 2004). Such immunosuppression and immunotolerance
probably arose during the course of host-parasite coevolu-
tion with the aim of protecting both the host and the parasite
against the effects of excessive inflammatory reactions; dur-
ing this time, the immunogenicity of many parasitic antigens
has tended to decrease, while the parasitic mechanisms regu-
lating the host immune response have evolved and become
stronger (Garside et al. 2000). Consequently, many studies in
recent years have proposed the use of helminth therapy and
helminth-derived product therapy based on helminths such
as Trichuris trichiura and Necator americanus as potential
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treatment for autoimmune diseases. However, nematode
colonization can be potentially life threatening in more sus-
ceptible patients, such as those with compromised or sup-
pressed immune systems (Correale 2014).

To survive for a long time in an adverse and aggres-
sive environment, invading nematodes secrete a range of
soluble factors that may modify host-cell homeostasis by
interacting with host cells (Donskow et al. 2011; Donskow-
Lysoniewska et al. 2013; Packham and Stevenson 2004). In
addition, both parasites and tumours provoke an immune
response and promote persistent growth in surrounding
and peripheral tissue, and both have developed numerous
methods to avoid detection and eradication by the immune
system. One such strategy involves the recruitment of infil-
trating leukocytes, such as immunoregulatory myeloid cells,
regulatory T (Treg) cells CD8* and CD4™, T helper 17 cells
and regulatory B cells, and modulating their expansion and
function. These cells have been found to protect parasite
and cancer cells from the immune response and relieve the
stresses associated with the hostile environment in the host
(Dunn et al. 2004; Maizels et al. 2004).

One prominent factor that is often found to be overpro-
duced in animal models of cancer, cancer patients and in
cases of parasite infection is transforming growth factor
(TGF)-p. TGF-f is produced by inter alia T cells, and has
wide-ranging effects on tumour or parasite development: it
promotes primary tumour growth and tumour metastasis
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by suppressing anti-tumour T cell function, suppresses the
immune response to maintain worm burden through path-
ways involving TGF-p production, and maintains worm
fecundity by influencing TGF-p activity (Doligalska et al.
2006; Li and Flavell 2008). Furthermore, in the absence of
the host source of TGF-p in physiological settings, nema-
todes can act on mammalian receptors and activate the
TGF-p pathway by proteins that functionally mimic the
immunosuppressive TGF-f (Johnston et al. 2017).

In addition, TGF-p plays a crucial role in maintaining the
tolerance of peripheral T cells to self-antigens.

Accordingly, infection may change or even improve
the tumour microenvironment, and influence the immune
responses of the host and immunomodulatory functions of
the tumour. The question of whether intestinal nematode
infection can contribute to tumour development and metasta-
sis remains an interesting yet unexplored avenue of research.
Understanding the precise effects of nematode infection on
tumours is of fundamental interest in developing safe, tar-
geted helminth-derived therapies. To address this question,
the present study examines the effect of intestinal nematode
infection on the development of malignancy under fully-
controlled experimental conditions. The intestinal nematode
chosen for the experiment was Heligmosomoides polygyrus:
a member of the Trichostrongylidae family which takes part
in natural, asymptomatic, chronic invasions in mice. During
infection, H. polygyrus inhibits inflammatory reactions by
similar mechanisms to those employed by a fellow stron-
gylid, the hookworm Necator americanus, in humans; this
similarity is not surprising considering the high proteomic
and genomic homology between the two (Moreno et al.
2011). To address the current lack of information in the
literature regarding this aspect of nematode-host relations,
the present paper examines the effect of H. polygyrus nema-
tode infection on EL4, a lymphoblast cell line that secretes
TGF-f.

Materials and Methods

The study group was formed from male C57BL/6 mice,
aged between 8 and 10 weeks (weight 22-27 g). All mice
were allowed to adjust to laboratory conditions for seven
days at the animal-house facilities before the study. They
were housed in cages in groups of six, at a temperature of
24-25 °C, 50% humidity and a 12-h/12-h lighting regimen.
Food and water were provided ad libitum. All mice were
maintained under specific pathogen-free conditions, and ani-
mal experimentation was conducted according to the rules
of the Local Ethics Committee.

The EL4 asyngenic murine lymphoma cells were cultured
in vitro in RPMI-1640 media supplemented with 10% foetal
calf serum, 0.1 mM glutamine and 10 U/ml penicillin. The
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cells were then washed two times in endotoxin-free PBS
pH 7,2 and labelled with carboxyfluorescein succinimidyl
ester (CFSE, eBioscience, San Diego, CA, USA). Following
this, 1x 10° cells were injected intravenously to the mice
through the tail vein in a volume of 0.1 mL PBS pH 7.2.
Cell viability was estimated to be at least 95% according to
trypan blue exclusion.

H. polygyrus infective larvae (L3) were prepared in drink-
ing water. Briefly, the mice were infected per os with 300
L3 using a gavage tube. Following the experimental pro-
tocol, the mice were terminally anesthetized and sampled
individually. Adult nematode numbers were estimated using
the Baermann technique.

The EL4 T-lymphoma-bearing C57BL/6 mice were
divided into groups of six. Each group followed one of three
protocols: (a) the mice were infected with H. polygyrus in
drinking water 15 days after EL4 cell inoculation (EL4-
Hpoly); a set of controls were also formed that received
drinking water without nematodes (EL4). (b) The mice were
infected with H. polygyrus in drinking water, 15 days before
inoculation with EL4 cells (Hpoly-EL4); a group of controls
was also set up that only received drinking water (EL4"). (c)
The mice were infected with H. polygyrus and inoculated
with EL4 cells at the same time (EL4&Hpoly).

All animals were weighed and observed daily. Fifteen
(EL4&Hpoly and Hpoly-EL4) or 30 days (EL4-Hpoly) from
the start of experiment, the mice were terminally anesthe-
tized with O,/CO,. The isolated lungs were fixed in Bouin’s
fixative and the number of metastases counted and measured
with a dissecting microscope.

Blood samples (700-800 pL) were taken from all mice
by intracardiac puncture. The samples were treated with
heparin, and the resulting serum was isolated and stored
at— 80 °C. The mesenteric lymph nodes (MLN) and spleen
were isolated aseptically from the mice and pressed through
a nylon cell strainer (BD, Falcon) to produce a single-cell
suspension. The blood was depleted of erythrocytes by
hypotonic lysis and washed in PBS pH 7.2.

Lung tissue samples were prepared by mechanical dis-
ruption followed by 1-h treatment with 0.5 mg/mL colla-
genase Type D (Sigma-Aldrich, St. Louis, MO, USA) at
37 °C. Digested tissue was pressed through a cell strainer
(0.2 pm) (BD, Falcon) to produce a single-cell suspension.
The cells were washed and re-suspended in PBS pH 7.2. The
viability of cells were ascertained using Muse Count and
Viability Assay kits (Merck Millipore, USA) using a Muse
Cell Analyzer (Merck Millipore, USA) in accordance with
the manufacturer’s instructions.

The MLN, spleen and lungs were examined for EL4
CFSE-positive cells, and the CFSE dilution was deter-
mined by FACSCalibur (BD Biosciences, San Jose, CA)
and analysed by FACS Diva software Version 6.1.2. Live
lymphocytes were manually gated on the basis of forward
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scatter and side scatter. Immunofluorescence reactivity was
determined by flow cytometry set to analyse 500,000 cells
in the sample gate.

Serum TGFf-1 concentration was measured in serum and
in EL4 cell culture after 24 h by ELISA (e-Biosciences, San
Diego, USA) according to the manufacturer’s recommenda-
tions. The plates were read at 490 nm. The readings were
taken in triplicate, and the mean optical densities (OD) were
compared with the standard curves prepared using recom-
binant proteins.

Results were analysed with a one-way analysis of vari-
ance (ANOVA) or Student’s ¢ test with Statistica software.
Differences between groups were considered significant
when the p <0.05. Significant relationships are denoted with
an asterisk on graphs. All experimental groups comprised
six mice kept in one cage, and all experiments were per-
formed in triplicate, yielding similar results.

Results

The effect of nematode infection on EL4 metastasis was
examined in three experimental models. All mice were inoc-
ulated with EL4; however, one set of mice was post-treated
with the nematode, one was pre-treated with the nematode
and another was co-treated with the nematode. Although
no significant differences in the body weight were observed
between the uninfected controls and those that were pre-
or post-infected with the nematode, a significant increase
was observed in the co-infected mice (EL4&Hpoly group,
Fig. 1a). No significant difference was observed between the
parasite burdens of analysed groups during infection.

In the control mice, the inoculated EL4 cells grew pro-
gressively, leading to detectable tumours in lungs (EL4) at
15 days post inoculation and massive contiguous lung metas-
tases at 30 days post inoculation (EL4"). Nematode infection
had significant effects on tumour metastasis: significantly
fewer lung EL4 tumours were observed in mice infected with
nematodes. In mice pre-infected with H. polygyrus, lung
metastases were almost completely rejected, while two of
the six showed no signs of tumour growth in the lungs: it
would appear that pre-infection appears to induce resistance
to tumour development in lungs; however, tumour nodules
were observed in the MLN (data not shown).

In the early and later stages following EL4 inoculation
(15-30 days), a large number of small-sized EL4 nodules
were observed in controls (0.8 mm). Those observed in all
groups of mice infected with nematodes were significantly
larger (1.3 mm; Fig. 2b—d). The pre-infected mice (Hpoly-
EL4) presented fewer nodules in the lungs; however, their
presence was accompanied by visible nodules in the MLN
(data not shown).

The locations of the transferred CFSE-stained EL4 cells
were determined based on the presence of various malignant
nodules in mice with nematode infections. The presence of
CFSE-positive trafficked lymphocytes in the single-cell sus-
pensions from the lungs, spleen and MLN were evaluated
by flow cytometry.

Significantly greater numbers of EL4 cells were detected
in the lungs of control mice (EL4 and EL4') than in those of
the mice infected with nematodes (Fig. 2).

Similar percentages of CFSE-positive cells were observed
in pre-infected mice, co-infected mice and controls; how-
ever, the pre-infected mice demonstrated lower numbers of
CFSE-labelled cells in the lungs, and these cells were traf-
ficked to the MLN, where nodules were observed (Fig. 2):
almost 45% of the MLN cells of the pre-infected mice were
CFSE-positive (Fig. 2b). No changes in CFSE-positive cells
were observed in the spleen for all mice infected with nema-
todes (Fig. 2c). No nodules were found in any other organs
or in the peritoneal cavity.

The EL4 cells produced TGFf-1 in vitro, and inocula-
tion with EL4 led to elevated TGFp-1 levels in serum. H.
polygyrus infection intensified such elevation in all tested
groups of mice (Fig. 3).

Discussion

The immunomodulatory status associated with nematode
infection influences both dividing and non-dividing cells,
and it is possible that the factors secreted by helminths could
play a role in the promotion and progression of neoplasms.
Schistosoma haematobium, Taenia taeniaformis, Spiromera
mansonoides and T. solium possess significant tumour-pro-
moting activity (Herrera and Ostrosky-Wegman 2001). In
addition, excretory-secretory products from the small intes-
tine nematodes Trichostrongylus vitrinus, Trichostrongylus
colubriformis, Cooperia curticei and Nematodirus battus,
and the abomasal nematode Teladorsagia circumcincta, have
all been shown to induce over-proliferation in normal intes-
tinal epithelial cells and cell lines (Huby et al. 1995), and
exposure to Anisakis larvae has recently been reported as a
potential risk factor for gastric and colon adenocarcinoma
(Garcia-Perez et al. 2015). However, the precise nature of
the influence exerted by nematodes on the immune response
to tumours remains unknown. In the present study, our aim
was to identify how intestinal nematode infection influences
the infiltration of EL4 cancer cells and the subsequent for-
mation of metastatic foci in lungs in vivo.

EL4 cell lines with inherent immunogenicity and the
capacity to form metastatic tumours following injection were
established. The established EL4 aggressive tumour lines are
syngeneic to C57BL6 mice.
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Fig. 1 Experimental metastasis
studies using EL4 cell line in
C57BL6/]J mice infected with
the intestinal nematode H.
polygyrus. Mice were injected
with either 1 x 10° EL4 cells or
PBS pH 7.2 (vehicle control)
and infected with nematodes,
as described in “Materials

and Methods”. The mice were
observed daily for changes in
body weight. Final changes in
body weight are presented as
(a). After 15-30 days, the mice
were sacrificed and the lungs
excised and photographed (b).
Pulmonary metastatic nod-
ules were assessed according
to number and size (¢, d). H.
polygyrus female morphology
(e). Data are representative of
three independent experiments.
Six animals were used in each
experimental group. Error bars
(horizontal/vertical) indicate
standard errors (SE), and an
asterisk indicates a significant
difference (p <0.05) to analo-
gous control mice injected with
ELA4 cells
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formed intensive contiguous lung metastases by 15-30 days
post inoculation. No decrease in body weight was found to
be associated with EL4 lymphoma induction, indicating that
EL4 nodule loading does not induce obvious signs of dis-
ease, expressed as significant changes in body weight, and
that intestinal nematode burden also does not affect body
weight.

In addition, H. polygyrus infection did not appear to
exacerbate the condition, indicating that it is does not play
an essential role in the induction of host tolerance to EL4
metastasis. Although lower numbers of lung nodules were
detected in the pre-infected and co-infected mice, these
were of larger size than those of the EL4 control mice.

Comparable percentages of trafficked EL4 cells were
observed in the lungs of groups of infected mice, suggest-
ing that subsequent and concurrent infection is important
for nodule formation.

The differences in nodule size observed between infected
mice and controls suggest that the nodules may be formed
by different pathways, either by the division of a single EL4
cell, or from a number of different cells. Although nematode
infection significantly reduced the numbers of cancer cell
colonies, the presence of large nodules might reflect the pro-
liferative abilities and aggressive potential of cancer cells.

Interestingly, a lower frequency of lung metastases was
observed in mice previously infected with H. polygyrus,
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suggesting that pre-infection of mice with nematode ren-
ders them resistant to tumour development in lungs. After
injection of EL4 cells, the cancer cells were transported
to specific organs via the blood, and tumour nodules were
found growing in the MLN. Therefore, in this group of mice,
lung colonization of EL4 would not appear to be a definitive
measure of host protective immunity.

The inhibition of host immune responses might be real-
ised by multiple mechanisms, with Treg lymphocytes and
myeloid-derived suppressor cells being the potential tar-
get of nematodes. Treg cells produce various regulatory
cytokines, such as interleukin 10 and TGF-f, and directly
influence other leukocytes. Treg cells were shown to block
the activation of dendritic cells by influencing the expres-
sion of co-stimulatory molecules, thus hampering their
maturation. Myeloid-derived suppressor cells directly and
indirectly suppress antigen-specific and non-specific activa-
tion of CD4* and CD8* lymphocytes (Maizels et al. 2004;
Valanparambil et al. 2017).

In vivo, EL4 tumour line growth is associated with TGF-f
production in both the tumour and host cells (Gorelik and
Flavell 2001). Our results confirm that EL4 cells produce
TGFp-1 in vitro, that nematode infection enhanced the con-
centration of TGF-f in mouse serum in vivo, and that this
elevation was associated with different forms of metastatic
foci in the lungs. TGFp-1 is enhanced during H. polygyrus
infection (Doligalska et al. 2006). H. polygyrus secretes a
ligand which activates the TGF-f pathway, providing an
example of structural mimicry which replicates the func-
tional activity of this cytokine (Johnston et al. 2017; Smyth
et al. 2018). However, it was postulated that the suppres-
sive effect of Treg cells on EL4 cells in vitro works in a
dose-dependent manner through cell-cell contact, but not
in a cytokine-dependent manner (Ying et al. 2009). Further
studies are necessary to explore the possibility that TGF-f
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mimics a protein on EL4 cells. TGF- plays a dual role in
tumour development: both promoting cancer progression
and suppressing the development of tumours in spontane-
ous cancer (Pu et al. 2009).

To conclude, our findings indicate that intestinal nema-
tode infection was associated with elevated TGFf-1 levels
and resulted in fewer, but larger, tumour nodules in the
lungs. The molecular background of this phenomenon is not
yet known, but it is evident that the changes in the metastatic
microenvironment induced by nematode infection affects the
immunogenic or immunomodulatory abilities of the host.
The functional outcome of T cell responses to tumours is
governed by a balance between anti-tumour responses and
inhibitory signals. It is possible that changes caused by the
nematode infection are directed at tumour cells and could
indirectly regulate Treg cell activity or angiogenesis.

The present study has certain limitations. Firstly, the
immune responses to transplanted tumours could be funda-
mentally different from those associated with spontaneous
tumours (Willimsky and Blankenstein 2007), and further
experimental studies are needed to confirm this. In addi-
tion, our system did not reflect the reality of the first stage of
cancer metastasis in terms of migration of cells to a primary
site for infiltration and subsequent growth based on their
escape and mobility; however, our findings nevertheless
provide an indication of the changes provoked by nematode
infection. Finally, as both nematodes and EL4 secrete TGF-
B, it remains unclear which source has the greatest influ-
ence on metastasis formation, or how it may be affected
by increased numbers of transferred EL4 cells. The area of
research needs further study: the development of safe and
trustworthy helminth therapy for inflammatory disorders and
cancer immunotherapy in humans remains one of the most
important and scientifically interesting challenges faced by
modern medicine.



Archivum Immunologiae et Therapiae Experimentalis (2020) 68:30

Page7of7 30

Acknowledgements This work was supported by grants from the
TEAM TECH/2017-4/22 project carried out within the TEAM TECH
programme of the Foundation for Polish Science co-financed by the
European Union under the European Regional Development Fund.

Compliance with ethical standards
Conflict of interest The authors report no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Correale J (2014) Helminth/parasite treatment of multiple sclerosis.
Curr Treat Options Neurol 16:296

Doligalska M, Rzepecka J, Drela N et al (2006) The role of TGF-f in
mice infected with Heligmosomoides polygyrus. Parasite Immu-
nol 28:387-395

Donskow K, Drela N, Doligalska M (2011) Heligmosomoides bak-
eri antigen rescues CD4 positive T cells from glucocorticoid-
induced apoptosis by Bcl-2 protein expression. Parasite Immunol
33:158-169

Donskow-Lysoniewska K, Brodaczewska K, Doligalska M (2013)
Heligmosomoides polygyrus antigens inhibit the intrinsic path-
way of apoptosis by overexpression of survivin and Bcl-2 protein
in CD4 T cells. Prion 7:319-327

Dunn GP, Old LJ, Schreiber RD (2004) The immunobiology of cancer
immunosurveillance and immunoediting. Immunity 21:137-148

Garcia-Perez JC, Rodriguez-Perez R, Ballestero A et al (2015) Previous
exposure to the fish parasite Anisakis as a potential risk factor for
gastric or colon adenocarcinoma. Medicine 94:¢1699

Garside P, Kennedy MW, Wakelin D et al (2000) Immunopathology
of intestinal helminth infection. Parasite Immunol 22:605-612

Gorelik L, Flavell RA (2001) Immune-mediated eradication of tumors
through the blockade of transforming growth factor-beta signaling
in T cells. Nat Med 7:1118-1122

Herrera LA, Ostrosky-Wegman P (2001) Do helminths play a role in
carcinogenesis? Trends Parasitol 17:172-175

Huby F, Hoste H, Mallet S et al (1995) Effects of the excretory/secre-
tory products of six nematode species, parasites of the digestive
tract, on the proliferation of HT29-D4 and HGT-1 cell lines. Epi-
thel Cell Biol 4:156-162

Johnston CJ, Smyth DJ, Kodali RB et al (2017) A structurally dis-
tinct TGF-p mimic from an intestinal helminth parasite potently
induces regulatory T cells. Nat Commun 8:1741

Li MO, Flavell RA (2008) TGF-beta: a master of all T cell trades. Cell
134:392-404

Maizels RM, Balic A, Gomez-Escobar N et al (2004) Helminth para-
sites—masters of regulation. Immunol Rrev 201:89-116

Moreno Y, Gros PP, Tam M et al (2011) Proteomic analysis of excre-
tory-secretory products of Heligmosomoides polygyrus assessed
with next-generation sequencing transcriptomic information.
PLoS Negl Trop Dis 5:¢1370

Packham G, Stevenson FK (2004) Bodyguards and assassins: Bcl-2
family proteins and apoptosis control in chronic lymphocytic leu-
kemia. Immunology 114:441-449

Pu H, Collazo J, Jones E et al (2009) Dysfunctional transforming
growth factor-beta receptor II accelerates prostate tumorigenesis
in the TRAMP mouse model. Cancer Res 69:7366-7374

Smyth DJ, Harcus Y, White MP et al (2018) TGF-p mimic proteins
form an extended gene family in the murine parasite Helig-
mosomoides polygyrus. Int J Parasitol 48:379-385

Valanparambil RM, Tam M, Jardim A et al (2017) Primary Helig-
mosomoides polygyrus bakeri infection induces myeloid-derived
suppressor cells that suppress CD44 Th2 responses and promote
chronic infection. Mucosal Immunol 10:238-249

Willimsky G, Blankenstein T (2007) The adaptive immune response
to sporadic cancer. Immunol Rev 220:102-112

Wraith DC (2017) The future of immunotherapy: a 20-year perspective.
Front Immunol 8:1668

Ying ZT, Guo J, Ren J et al (2009) Autologous regulatory T cells can
suppress the proliferation of lymphoma cell line in vitro. Zhong-
guo Shi Yan Xue Ye Xue Za Zhi 17:583-587

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/

	Intestinal Nematode Infection Affects Metastasis of EL4 Lymphoma Cells
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgements 
	References




