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ABSTRACT

Co-infections are a common reality but understanding how the immune system responds in this
context is complex and can be unpredictable. Despite this, it is key to develop models that will
provide better translatability to real world situations. Heligmosomoides polygyrus (parasitic
roundworm) and Toxoplasma gondii (protozoan parasite) are well studied organisms that
stimulate a characteristic Th2 and Th1 response respectively. IFNy-producing T cells, NKand y& T
cells contribute to early protective immunity during T. gondii infection. To minimise
immunopathology, IL-10 is also key to a successful response. Previous research has found H.
polygyrus to improve survival during co-infection with both parasites. IFNy-producing CD4* and
CD8* T cells were implicated in this protection. Using a similar approach, we have found the
opposite. Our co-infected animals displayed greater mortality and intestinal pathology than
either single infection. This was associated with an early increase in Th2 cytokines in the Peyer’s
patches, mesenteric lymph nodes and spleen. Co-infected animals also had reduced
IFNy—producing cells at day 5 post T. gondii infection in the Peyer’s patches (CD8 T cells only) and
in the MLN (NK, NKT, y5 T, CD4* T and CD8* T cells). This correlated with increased parasite loads
in the MLN at 10 days post T. gondii infection. Our results demonstrate that co-infection
dynamics can vary dramatically and that careful consideration needs to be taken when

interpreting data in each situation.
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INTRODUCTION

Co-infections are a common reality [1]. However, understanding the complexities which underlie
their impact on host immune responses remains difficult. Data are conflicting and impacted by a
number of variables which include host and parasite genetics, age, immune history and nutrition
to name but a few. Despite this, there is a need to unpick the simplified scenarios that can be set

up in a laboratory and apply them to the real world.

Co-infection by pathogens stimulating different arms of the immune response can result in a
number of different outcomes [2] although certain traits are thought to predict the interplay
between multiple infectious agents. For example, parasite infection dynamics can be predicted
by the type of immune effector mechanisms required to clear infection, as well as the ability of
parasites to induce immunosuppression [3]. Both these traits are defined by specific cytokine
signatures. Changes in the characteristic signatures can have significant impacts on disease
management. This is particularly important in the context of parasitic worm infections since
intestinal roundworm infections are so common in humans (approximately 1.8 billion infections
worldwide [4], livestock [5] and wildlife [6]. These parasites negatively impact vaccine and
treatment efficacy [3],[7], which can be restored with anthelminthic treatment that clear the

worms [8].

The intestinal mucosa is continually subjected to a multitude of pathogens and commensals.

The interplay between these different players impacts the ability of the immune system to
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maintain a strong barrier and contain these populations. The gut-associated lymphoid tissue
(GALT), including the mesenteric lymph nodes (MLN), Peyer’s Patches (PP) and the small
intestine (SI), represents the largest lymphatic mass in the body. Trafficking to and interactions
between lymphocytes in these sites are important in host defence. Through interactions
between the intestine and the GALT/MLN, homing of activated lymphocytes to the gut mucosa
is achieved during intestinal inflammation [9]. Here, we used two parasites that stimulate

opposing immune responses in the small intestine and the GALT.

Heligmosomoides polygyrus (Hp) is a parasitic nematode (roundworm) which matures within
the intestinal tissue and causes a chronic infection whereby adult worms reproduce and lay
eggs in the intestinal lumen [10]. The immune response to this parasite has been well
characterised. To clear worms, the host stimulates a potent Th2 immune response leading to
the formation of a Th2 granuloma that allows the trapping/killing of larvae. Antibodies and
intestinal physiological responses also promote worm killing/expulsion. In conjunction, a Treg
response is mounted, thought to limit any potentially immunopathological Th1 response [11].
However, in susceptible mice (C57BI/6 mice, used here), the granulomas and Th2 response are

not strong enough to clear the worms [12] and the infection remains chronic.

Toxoplasma gondii (Tg) is an intracellular parasite that first infects intestinal cells, followed by
multiple other cell types as it spreads systemically [13]. The host response to Tg is a strong
inflammatory response involving IFNy production by lymphocytes. NK cells are essential for the

early control of Tg [14]-[16], as is the induction of CD8* T cells [17]. Similarly, Tg infection
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studies demonstrate that Y0 T depleted mice are less resistant to Tg than their wildtype
counterparts, due to the early IFNy production of yd T cells during infection [18],[19]. The role
of NKT cells however is not clear during T. gondii infection. While they play a large part in the
induction and initiation of inflammatory responses, this can lead to overproduction of

IFNy, which can be detrimental for the host [20]. Others have found that NKT cells may even be
directly involved in the suppression of protective immunity against Tg [21]. However, most
studies published on helminth-Tg co-infections focus on IFNy production by conventional T cells
(CD4+ and CD8+ T cell) [22]-[24] with much less known about the role of other lymphocyte
populations (e.g. Y0 T and NKT cells). Finally, as well as a strong IFNy response, Tg stimulates

high levels of IL-10 to limit immunopathology [25].

Several studies have demonstrated reduced inflammatory cytokine responses in animals co-
infected with an intestinal nematode and a microparasite such as Tg [23],[24],[26],[27]. However,
while general cytokine signatures have been examined, the impact on the different cytokine
producing lymphocytes is not fully understood. To shed more light on the lymphocyte response
in the context of HpTg co-infection, we investigated the changes of Thl and Th2 cytokines, as
well as the IFNy-producing lymphocytes (NK, NKT, CD4* T, CD8* T and yd T cells) at day 5 and day
10 post-Tg infection in a number of different organs. Most studies have focused on organs that
are distant to the infection site (e.g. spleen (SPL), Liver (LIV) and MLN). Few studies like us have
also focused on the SI, which is Hp’s niche and is Tg’s first contact with the host, or on the PP
which are intricately linked to the SlI. This isimportant since lymphocytes generally display distinct

phenotypes and functions in different organs [28].
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We detected early increases in Th2 cytokines in the PP, MLN and SPL of HpTg animals. Co-infected
animals also had reduced IFNy—producing cells at day 5 post Tg infection in the PP (CD8* T cells
only) and in the MLN (all lymnphocytes: NK, NKT, yo T, CD4* T and CD8* T cells). This correlated
with increased Tg loads in the MLN at 10 days post Tg, increased Hp loads, increased intestinal

pathology and reduced survival compared to Tg animals.
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METHODS

Animals, Parasites and Infection Protocols

C57BL/6 female mice, aged between 8-10 weeks old, were bred in house at the University of
Calgary. Breeding pairs were originally purchased from Charles River Laboratories (Senneville,
Quebec). All mice were housed under specific pathogen-free conditions. The University of

Calgary’s Animal Care Committee approved all experimental animal procedures.

The Me49 strain of Toxoplasma gondii (Tg) (maintained in house, original stock was a gift from
Dr. Georgia Perona Wright, University of British Columbia, Canada) was maintained in male
C57BL/6 mice by bimonthly passage into new animals. Cysts were obtained from the brains of
these animals a month after infection. Brains of infected mice were homogenised in PBS to count
tissue cysts. 20 cysts were orally administered per mouse (female C57BL/6). Animals were

euthanized either 5 or 10 days post infection.

Female C57BL/6 mice were infected with 200 Heligmosomoides polygyrus (Hp) infective larvae
(maintained in house, original stock was a gift from Dr. Allen Shostak, University of Alberta,
Canada). Animals were euthanized either 12 or 17 days post infection. Larvae were obtained from

fecal cultures after approximately 8-9 days of incubation at room temperature.
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For co-infected animals, mice were first infected with Hp for 7 days. At day 7 post-infection,
animals were orally infected with 20 cysts of the Me49 strain of Tg (all other experimental
animals were gavaged with PBS as a control). Mice were euthanized 5 or 10 days post Tg infection

(equivalent to 12 or 17 days post Hp infection).

For worm counts, small intestines of Hp and HpTg infected mice were harvested and opened
longitudinally. The number of adult worms present in the intestinal lumen along the length of the

small intestine was counted under a dissection microscope.

Histopathology

Small intestines, spleens and livers were isolated and fixed in 4% paraformaldehyde. Paraffin
embedded sections were obtained for each tissue and stained with hematoxylin and eosin (H&E)
and/or hematoxylin and alcian blue (for goblet cell counts in the small intestine). Stained tissue
sections were analysed visually using the Leica DMRB light microscope and/or the OLMYPUS
SZX10 microscope according to a scoring system developed by the Finney group (Sup. Fig. 1 & 2,
and Sup. Tables 1-3). Images were captured using the QCapture and the cellSens software and

processed using the Imagel software.

For the spleen and liver scoring systems, slides were blindly evaluated by two independent
researchers at x40 magnification. Three scoring parameters were developed for the spleen:

follicle shape, marginal zone thickness and size of the germinal center (light zone). For the liver,
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we used the presence/absence of necrosis, infiltrate size, proportion of infiltrates, perivascular
infiltrate characteristics. The parameters within each scheme were given an equal weighting and
were combined to give a total, gross pathological score for each slide. A higher score is

representative of a greater amount of observed tissue damage.

For goblet cell counts, the average number of goblet cells from five consecutive villi was
calculated for each animal in the proximal and distal SI. The villi perimeters were calculated using

Imagel.

Serum ELISAs

Blood samples were collected using a terminal cardiac bleed. Blood was left to clot for 30 minutes

and then centrifuged twice at 11, 000 g at 4°C for 10 minutes.

IFNy cytokine production was measured in the serum of Tg and HpTg infected, and naive mice

with the Mouse DuoSet ELISA development system (R&D Systems), according to the

manufacturers’ instructions.

RNA/DNA Extraction and Quantitative PCR

RNA and gDNA was extracted from snap frozen SPL, LIV, MLN, PP, and 4 equal sections of the SI

(sections 1-4, where 1 is the most proximal section and 4 the most distal) by crushing the tissue
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using a pestle and mortar on dry ice and using Trizol (Ambion, Life Technologies) following

manufacturer guidelines.

To measure cytokine levels in the RNA samples, cDNA was prepared using Perfecta DNase |
(Quanta), and gScript cDNA Supermix (Quanta) or iScript Reverse Transcription Supermix for RT-

gPCR (Bio-Rad).

Primers for quantitative PCR were obtained from Integrated DNA Technologies (San Diego). For
IFNy TCAAGTGGCATAGATGTGGAAGAA forward, and TGGCTCTGCAGGATTTTCATG reverse, IL-10
GTCATCGATTTCTCCCCTGTG forward, and ATGGGCCTTGTAGACACCTTG reverse, IL-4
CGAAGAACACCACAGAGAGTGAGCT forward, and GACTCATTCATGGTGCAGCTTATC reverse, 1L-13
GATCTGTGTCTCTCCCTCTGA forward, and GTCCACACTCCATACCATGC reverse, and p-actin
GACTCATCGACTCCTGCTTG forward, and GATTACTGCTCTGGCTCCTAG reverse primers were
used. To confirm primer product size, all products were run on a gel. Samples were run on a Bio-
Rad CFX96 real time system C1000 touch thermocycler. Relative quantification of the cytokine
genes of interest was measured with the delta-delta cycle threshold quantification method [29],
with B-actin for normalization. Data are expressed as a fold change relative to uninfected

samples.

To quantify the T. gondii parasite burdens in the gDNA samples, we used a standard curve of T.

gondii tachyzoites. T. gondii B1 was the target gene for the quantification of parasite in all tissues


https://doi.org/10.1101/2021.05.27.445631
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.27.445631; this version posted May 27, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

or organs [30]. B1 primers (Forward: TCCCCTCTGCTGGCGAAA, reverse:

AGCGTTCGTGGTCAACTATCGATT) were prepared by IDT (San Diego).

Flow Cytometry

Cell suspensions were obtained from the MLN, and LIV. For the MLN, cells suspensions were
obtained through mechanical disruption of whole tissues. Perfused liver lobes were homogenised
as per MLN. Lymphocytes were isolated from the cell suspension using a 37 % and 70 % percoll
gradient (GE Healthcare Bio-Sciences AB, Sweden) diluted with HBSS (with or without phenol red,

Lonza, Switzerland), and resuspended in RPMI.

For ex vivo restimulation, cells were incubated with 50ng/mL phorbol myristate acetate and 1
ug/mL ionomycin for 6 h at 37 °C with 5% CO. in the presence of BD GolgiStop. Single cell
suspensions for all tissue types were stained and analysed according to [31]. Cells were in stained
for: viability (APC-H7 or AF700, BD Biosciences), surface markers: CD45 (BV510), CD3 (BV605),
CD4 (PerCP-Cy5.5), CD8 (BUV395), NK1.1 (BV421), y6 TCR (BV711) and intracellular markers: IFNy
(APC), and granzyme B (FITC). All antibodies were purchased from BD Biosciences apart from
CD4 (PerCP-Cy5.5, BioLegend), Granzyme B (FITC, eBioscience). Cells were blocked with rat a-
mouse CD16/32 (Biolegend). Cells were run on an LSRFortessa X-20 flow cytometer and data
analysed using FlowlJo software. For analysis, doublets and dead cells were removed from the
analysis, and NK, NKT, y6 T, CD4 T and CD8 T IFNy and GrzmB producing cells were quantified

(Sup. Fig 3).
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Statistical Analysis

GraphPad Prism software (La Jolla, CA, USA) was used for all statistical analysis. To compare
multiple groups (three or more), we performed a normality test (Anderson-Darling normality
test). ANOVA or Kruskal-Wallis tests were performed on parametric/non-parametric pooled data,
and when significant, Sidak’s/Dunn’s Multiple comparisons were performed on Hp vs. HpTg and
Tg vs. HpTg. For survival analysis, we used a Mantel-Cox test. Data are presented as median and

individual data points, unless otherwise specified.
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RESULTS

Increased mortality of HpTg infected mice correlates with increased intestinal, but not spleen

or liver, pathology.

200 H. polygyrus larvae (L3) were orally administered to female C57BI/6 mice 7 days prior to
infection with 20 Me49 T. gondii tissue cysts. Animals infected with both parasites (HpTg) died
earlier than mice with T. gondii infection alone (Tg), while all mice survived with single H.
polygyrus (Hp) infection (Fig. 1A). Over 60% of Tg infected mice survived, but fewer than 20% of

HpTg animals survived until day 16.

Tg and Hp both infect their host via the small intestine. Hp has an entirely enteric lifecycle, with
larval stages developing within the intestinal tissue and adult stages residing in the intestinal
lumen [32]. In contrast, Tg first invades the lamina propria of the small intestine, then
disseminates throughout the body as early as day 3 post-infection [13],[33],[34]. Increased Tg
burden has been associated with more severe pathology and death [35]. Therefore, we next
investigated whether the increased mortality rate observed in co-infected animals correlated
with increased intestinal pathology. Whole small intestines were formalin fixed, paraffin
embedded and stained with either hematoxylin and eosin to investigate intestinal pathology or
Alcian blue and hematoxylin to investigate goblet cell numbers. Goblet cells serve an important
physical barrier against pathogens through the maintenance and production of mucus layer in

the small intestine by the production of mucins [36]. Our data show significant differences in
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pathology of the small intestine between Tg and HpTg infected animals (Fig. 1B). HpTg infected
mice had pathology resulting from both Hp (granulomas) and Tg (inflammatory infiltrates)
parasites (described in Sup. Table 1). However, the decrease in villi perimeter and goblet cell
number observed in the proximal small intestine of Tg infected mice at d5 (day 5) post-infection
was not observed in HpTg animals (Fig. 1B). No differences between any of the groups was
observed in the villi perimeter length and goblet cell number at d10 post-infection in the proximal

small intestine, or in the distal small intestine at either d5 or d10 post-infection (data not shown).

After having replicated in the intestinal tissue, Tg rapidly disseminates to other organs, including
the spleen and liver. Analysis of spleen and liver sections indicate that Tg and HpTg infected
animals had similar severe pathologies, while Hp infected animals were far less affected (Fig. 1.
C&D, Sup. Table 2 & 3, Sup. Fig. 1 & 2). At d5 post-infection, spleens from all three infected groups
looked similar with distinct follicles and marginal zones (mean pathology score of 5.3). However,
by day 10, in both Tg and HpTg animals, the follicles and marginal zones had completely
disappeared resulting in a highly disorganised structure (mean pathology score of 9.5). At day 5
in the liver, mild pathology was observed in Tg and HpTg infected groups characterised by small
leukocyte infiltrates (mean pathology score of 7.8, +/- 0.2 SD, and 9.7,+/- 0.9 SD) compared to Hp
infected animals (mean pathology score of 6.9, +/- 2 SD, respectively). By day 10, the pathology
was much more severe with larger leukocyte infiltrates and areas of necrosis observed (mean
pathology score of 12.3, +/- 1.4 SD for the Tg group, and 14.4, +/- 2.4 SD for the HpTg group, Fig

1D).
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Commonly Me49 infection culminates in brain tissue being invaded by approximately 3 weeks
post-infection. No tissue cysts were found in any of the infected mice at d5 or day 10 post-

infection, or at the time of death (up to day 16 post-infection).

Parasite burdens of HpTg co-infected animals are increased compared to single infections.

Based on the pathology results, we hypothesized that not only the presence of both Hp and Tg,
but also the increase in parasite burden was contributing to the reduced survival of the HpTg
infected animals. Hp burden was measured by manually counting adult parasites in the intestinal
lumen. Adult worm numbers were increased in HpTg compared to Hp infected mice at d5 and
d10 post Tg infection (Fig. 2A). Tg burden was measured in all organs (SI, PP, MLN, SPL and LIV)
using qRT-PCR, quantified to a known standard of parasites. In all organs, parasite loads increased
from day 5 to day 10 post-infection (Fig 2B-F). The highest levels were observed in the lymphoid
organs: PP (approximate mean of 1x1078 parasites at d10 post-infection, Fig 2C), followed by the
MLN (approximate mean of 1x1077 parasites at d10 post-infection, Fig 2D) and SPL (approximate
mean of 0.9x1078 parasites at d10 post-infection, Fig 2E). In all organs/time points studied Tg
burden did not differ between Tg and HpTg infected mice, with one notable exception: Tg levels
were increased in the MLN of HpTg compared to Tg infected mice at d10 post infection, with an
average of 9.8x1077 (+/- 3.2 S.D) parasites in HpTg animals and only 2.0x1077 (+/- 4.4 S.D)

parasites in Tg animals (Fig 2B-F).
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IFNy gene expression in HpTg mice mirrors that of Tg infected mice, except in the MLN at day

5 post-infection.

Thl responses, specifically IFNy produced by NK and CD8* T cells, are crucial for protection
against Tg [14],[37]-[42]. A lack of sufficient IFNy production early during infection results in
increased replication of Tg [43],[44]. To assess whether the increased Tg parasite loads observed
in HpTg mice were associated with decreased IFNy production, we measured IFNy protein levels
in the serum and gene expression levels in the SI, PP, MLN, SPL and LIV. Our data show increased
levels of IFNy in all samples tested for the Tg and HpTg groups compared to low levels in naive
and Hp infected animals at both day 5 and 10 post-infection (Fig. 3). In the serum, proteins levels
were similar at both d5 and d10 post-infection at around 2000pg/ml for both Tg and HpTg groups
(Fig. 3F). In the SI, IFNy gene expression increased with infection similarly in Tg and HpTg infected
animals, in all regions. The fold increase was below 20-fold at d5, but increased to up to 100-fold
by d10 post-infection (Fig. 3A). IFNy expression levels also increased equally in Tg and HpTg
groups in the PP, SPL and LIV (Fig. 3B, D & E). Levels increased by approximately 20 and 50-fold
in the SPL and LIV respectively (Fig. 3E & F), while in the PP, the fold increase ranged from
approximately 50 to 200 (Fig. 3B). The MLN were the organ with the highest fold increase
(approximately 700 at d5 post-infection, Fig. 3C) and the only site with a significant decrease in
levels observed at d10 post-infection (down to approximate 150-200 fold, Fig. 3C). Importantly,
the only difference observed between Tg and HpTg infected animals was found at d5 post-
infection in the MLN (Fig. 3C), where the fold increase in IFNy in HpTg animals was only a

approximately a third of that measured in the Tg-infected group.
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The expression of IL-4 and IL-13 in HpTg mice is associated with the Hp profile at day 5 and
the Tg profile at d10 in all organs studied except for the MLN, while IL-10 expression in HpTg

mice is associated with the Tg profile only

It is known that production of Th2 cytokines can lead to reduced inflammatory responses
[45],[46], with IL-4 production directly inhibiting IFNy production [47]. The Th2 cytokines IL-4, IL-
13 and IL-10 are involved in worm expulsion [12],[48]-[50]. In the absence of IL-4 and IL-13, worm
expulsion is compromised [50] and high levels of IL-10 have been associated with resistant
phenotypes [12]. Interestingly, as well as playing a role during worm infections, IL-10 expression
in the Sl is required to prevent necrosis and mortality of Tg infected animals [35]. Therefore, we

next measured the gene expression of IL-4, IL-13 and IL-10 (Fig. 4 & 5).

Hp adult worms are mostly found in the proximal part of the SI, in close proximity to the stomach
[51]. Tgis mostly associated with pathology in the ileum [52],[53], but has been found to replicate
all along the SI, both proximal and distal [13]. We analysed IL-4 and IL-13 gene expression in the
SI, divided into four equal parts (11-4, from proximal to distal). At d5 post-infection, IL-4 and IL-
13 production was increased in Hp infected animals in all sections (apart from in 14 for IL-13), as
expected (Fig 4A). By day 10, levels had significantly increased in all sections; this was most
apparentin the proximal sections (11 & 12, Fig 4A). In Tg infected animals, IL-4 and IL-13 expression
was similar to naive mice in all sections and time points tested (Fig 4A). At day 5, HpTg animals

had profiles that resembled Hp animals while at d10, they switched over to the profile observed


https://doi.org/10.1101/2021.05.27.445631
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.27.445631; this version posted May 27, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

in Tg animals. At day 5, IL-4 expression significantly differed between Tg and HpTg mice along
most of the small intestine (sections 11, I3 and 14); this was also observed for IL-13 (sections 11, |2
and 13). In section 13, IL-4 expression was highest in HpTg animals. At d10, the Tg and HpTg group
cytokine levels remained low and did not differ between any section or time point tested (Fig

4A).

Surprisingly, IL-10 levels were only increased in Tg and HpTg, and not Hp infected groups at both
time points in most of the small intestine (sections 11, 12 and 13 (Fig 5A)). Levels at d10 post Tg-
infection were greater than at d5 in all sections, and only in 12 at d5 post Tg infection did levels
between Tg and HpTg groups differ (levels were extremely low with a mean fold increase of 4.9
+/- 2.4 for the Tg group and 3.5 +/- 1.4 for the HpTg mice). IL-10 levels were not elevated in Hp

infected animals at any time point, nor were they in any experimental group in 14.

To analyse whether the IL-4, IL-13 and IL-10 cytokine profiles could be observed outside the SI,
we measured IL-4, IL-13 and IL-10 cytokine expression in the PP, MLN, SPL, and LIV (Fig. 4B-E &
5B-E). Like in the SI, levels of IL-4 and IL-13 were increased in all organs (except for IL-13 in the
LIV) in Hp infected animals while they remained at naive levels in Tg infected animals (Fig. 4B-E).
HpTg animals had profiles that resembled Hp animals at day 5 but Tg animals at d10. The
exceptions were the low levels of IL-13 in the SPL of HpTg mice at d5 and the elevated levels of

IL-13 in HpTg mice in the MLN at d10.
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For IL-10, levels were increased in all organs at both time points in Tg/HpTg infected animals like
in the SI, while they remained at naive levels in Hp infected animals (Fig. 5B-E). HpTg animals had
profiles that resembled Tg animals at both time points. The highest levels were recorded in the

PP and SPL at d10 post-infection.

Decreased IFNy production in the MLN of d5 infected HpTg mice is not specific to a particular

cell type and is associated with an increase in GrzmB producing cells.

The MLN are the draining lymph nodes to the SI. Different lymphocytes produce IFNy within this
immune organ, including NK and CD8* T cells, traditionally associated with IFNy production during
Tg infection [15],[16],[54],[55], as well as NKT, yd and CD4* T cell more recently implicated in the
inflammatory response to Tg infection [21],[56],[57]. To determine whether a particular cell type
was associated with the decrease in IFNy production observed in HpTg in the MLN at d5 post-Tg
infection, we studied cell kinetics and IFNy production in these five cell types. Compared to the
naive group, MLN cell numbers were increased approximately 4-5 times in all infected groups
(Fig. 6A). As expected, percentages of NK, NKT and yd T cells were low (under 3% approximately),
while percentages of CD4* and CD8* T cells were much higher (means ranging from 13 to 34%)
(Fig. 6B). For all cell types, apart from NK cells, cell percentages and numbers were similar
between HpTg and Hp infected animals and different between HpTg and Tg infected animals (Fig.
6B). The percentage and number of NK cells in HpTg infected animals was different to both Hp
and Tg groups (Fig. 6B). IFNy-producing cells are mainly observed in the Tg-infected group. y0 T

and NK cells have the highest proportion of IFNy producers at 12% each (+/- 6.2 and 11
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respectively), while the highest number of IFNy-producing cells are within the CD8* T cell subset
(mean of 5.8x10° cells, +/- 5.7x10°). Across all cell types, the percentage and number of IFNy-
producing cells is similar between HpTg and Hp-infected animals, and decreased compared to Tg-
infected animals (Fig. 6C). By d10 post-Tg infection, the proportion and number of all IFNy
producing lymphocytes studied in the MLN of HpTg infected are no longer decreased compared

to those in Tg-infected mice (data not shown).

Interestingly, the same pattern was not observed for Granzyme B (GrzmB, Fig. 6D). GrzmB, a
serine protease that activates apoptosis, has traditionally been associated with NK and CD8* T
cell killing mechanisms, explaining its increase during Tg infection [58]. However, the extent of
its role during Tg infection remains controversial. Some studies have shown that Tg can actively
inhibit GrzmB in infected cells [59] implying that GrzmB production negatively impacts Tg
infection. Others have found GrzmB to have a limited role in host protection [60]. Interestingly,
GrzmB is also upregulated during nematode infections, although its precise role
(harmful/beneficial to the host) also remains controversial [61]. We observe no increase in the
proportion of GrzmB-producing lymphocytes between the HpTg and Tg infected groups in any of
the cell types, with NK cells having the largest proportion of GrzmB producers (Fig. 6D). However,
the numbers of NK, NKT and CD4* T cell GrzmB producers were significantly increased in HpTg
compared to Tg infected animals (Fig. 6D). By d10 post-Tg infection, the proportion and number
of all GrzmB producing lymphocytes studied remain similar between Tg and HpTg mice (data not

shown).
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In the PP, IFNy production is only decreased within the CD8* T cell compartment while GrzmB

production is increased in both CD4* and CD8* T cells.

The PP are loosely organised lymphoid follicles found along the SI that exhibit differential
responses after Hp infection [62]. Tgis also known to infect and replicate within them [63]. Unlike
in the MLN, we found no difference between the levels of IFNy transcripts in the Tg and HpTg
groups (Fig 3). However, differential effects on the different IFNy producing cells could account
for this. We therefore studied the percentage of IFNy-producing lymphocytes within the PP (NK,
CD8* T, NKT, y0 T and CD4* T) (Fig. 6). Unlike with the MLN, we did not study the cell numbers as

the PP are not a discreet organ and the number of cells varies per experiment.

The percentages of all cell types in the HpTg group were similar to the Hp group (Fig. 7, left),
which equates to a decrease in T cells (CD8* T and CD4* T) and an increase in the NK and NKT cells
compared to Tg infected animals (Fig. 7, left). Only the IFNy-producing CD8" T cells were
decreased in the HpTg group compared to the Tg group (Fig. 7, middle), while both the GrzmB-
producing CD8" and CD4* cells increased in the HpTg compared to the Tg infected groups (Fig. 7
right). By d10 post-Tg infection, no differences were observed in the PP between the HpTg and
Tg groups in any of the parameters studied (data not shown). Differences between the HpTg and
Tg groups were not found in any of the IFNy-producing or the GrzmB-producing lymphocytes in

the spleen and/or liver at either time point (data not shown).


https://doi.org/10.1101/2021.05.27.445631
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.27.445631; this version posted May 27, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

DISCUSSION

Early IFNy production plays a key role in the host defence against T. gondii. However, its
production can be limited by the Th2 immune profile generated against H. polygyrus during co-
infections [64]. We set out to determine whether the IFNy response was affected equally
amongst the different lymphocyte producers (NK, CD8* T, CD4* T, NKT and y3 T cells) in different
organs (SI, PP, MLN, SPL, and LIV). We also studied the impact of these cytokine changes on organ

pathology and animal survival.

The PP and the MLN are the local lymphoid organs most involved in the response to intestinal
parasites. In both these lymphoid tissues, as well as in the intestine (SI), we found immunological
differences between the Tg and HpTg groups. This was not true in other organs more distant from
the initial infection site (SPL and LIV). We found an increase in Th2 cytokine levels, IL-4 and IL-13,
in HpTg mice in the SI, PP, MLN, and SPL. The differences observed were short-lived, only present
in the early stages of co-infection (d5 post-Tg-infection), with the exception of IL-13, which
remained upregulated in the MLN of HpTg mice at d10 post-Tg-infection (Fig 3). It is known that
IL-4 inhibits the transcription of IFNy by effector Th1 cells [47]. This was not observed in the
distant organs (SPL and LIV) where Th2 cytokines had little impact on the IFNy production. Our
results contradict previous research showing a decrease in splenic IFNy producing CD8* T cells in
a model of HpTg coinfection [24]. However, this group used irradiated Tg tachyzoites of the RH
strain (most virulent strain) injected intra-peritoneally, and measured IFNy response 7 days post

Tg infection. Rh is known to stimulate much stronger IFNy responses than the Me49 strain used
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here [65], and intraperitoneal injection is more likely to stimulate splenic responses than
infection by gavage. In contrast, in the lymphoid organs associated with immune responses in
the small intestine, the PP and MLN, the presence of Th2 cytokines was associated with a
reduction on the proportion of IFNy-producing lymphocytes (Fig 4, 6 & 7). In the HpTg animals,
the proportion of IFNy producing CD8* T cells was reduced in the PP (Fig 7) and all IFNy producing
lymphocytes studied (NK, CD8, yo T, NKT and CD4) were decreased in the MLN, (Fig 6). Our
findings are in accordance with previous research finding reduced IFNy producing CD4* and CD8*
T cells in the MLN of HpTg mice [23], although this group observed the decrease was still present
in CD8* T cells at a later time point which we did not. Interestingly, when the infections are
reversed, Tg inoculated first followed by Hp, no differences between the frequency of Tbet* or
IFNy* T cells in TgHp and Tg animals have been found [22]. In our hands, the lack of
IFNy producers at d5 post-Tg-infection in the MLN of HpTg mice was associated with high levels
of mortality later in infection. This correlates with findings by Khan et al. where the

IFNy producing ability of CD4* T cells after 30 days was associated with survival past 50 days [23].

Increased levels of IL-4 and IL-10 are responsible for the decrease in IFNg" CD8* T cells observed
in the spleens of HpTg co-infected mice [24]. In contrast, we found that in the presence of IL-10,
IFNy production by CD8" T cells is not reduced by the co-infection. At d10 post-Tg-infection,
increases in IFNy are correlated to increases in IL-10 (Fig 3 & 5). This was not unexpected since
IL-10 is required to limit excessive immunopathology during Tg infection [66]. We were surprised
not to see higher levels of IL-10 transcription in Hp infected mice since in vitro Ag stimulated

lamina propria cells [67] and MLN [11] cells from C57BL/6 Hp infected animals produce IL-10.
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However, studies measuring IL-10 transcript levels in the spleen of C57BL/6 mice co-infected with
Hp and Plasmodium chabaudi found that IL-10 only increased by 2-fold after 7 days of Hp
infection which is in line with our findings (Fig 5D). The highest level of Th2 cytokines observed
in the gut were in the proximal regions, which coincide with Hp’s preferred niche. Despite Hp
being entirely enteric, IL-4 (but not IL-13) was detected in sites distal to infection, such as the
liver, at both time points. This extends previous findings whereby IL-4 and IL-13 were both
previously detected at earlier time points in the liver of infected mice (4 and 7 days post-

infection) [68].

Interestingly, studies have also reported that IL-4 production results in increased cytotoxicity in
splenic NK cells in the context of Nb infection [69]. Others have found that IL-4 suppresses NK
cell cytotoxicity in vitro [70]-[72]. We found that GrzmB-producing cells were increased Hp and
HpTg groups in the PP and MLN, but not Tg group (Fig 6 & 7). This was surprising because GrzmB
is a molecule involved in CD8* T cell and NK cell cytotoxicity [18],[73]. Despite the increase in cells
capable of neutralising Tg-infected cells, the HpTg had worse survival and higher Tg loads than
the Tg animals. However, Tg can inhibit GrzmB mediated apoptosis of infected cells [59],[74],
which may explain why increased levels of GrzmB expressing cells are not linked with decreased
parasite loads in the HpTg animals (Fig 2, 6 & 7). GrzmB expressing lymphocytes were increased
in Hp and HpTg infected animals. However, the role of GrzmB during helminth infection is unclear
[61] and requires further investigation.

There are few studies examining the impact of Tg infection on organ pathology. We, like others

[75], have shown that Tg induces villous blunting, associated with a decrease in goblet cell


https://doi.org/10.1101/2021.05.27.445631
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.27.445631; this version posted May 27, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

numbers (Fig 1B & 1C). Goblet cells are responsible for the production and release of mucins that
protect the intestinal epithelium against pathogens. These cells are regulated by IL-4 and IL-13
[76]. During helminth infections, the increase in mucin secretion as a result of goblet cell
hyperplasia, helps expel intestinal worms [22],[77]-[83]. While we observed a decrease in goblet
cell numbers in Tg infected mice in the proximal small intestine, both HpTg and Hp infected
animals had goblet cell hyperplasia (Fig 1B) as well as elevated IL-4 and IL-13 (Fig 2B) in the
proximal SI. The regulation of IL-4 and IL-13, and therefore goblet cell hyperplasia has been
attributed to T cells, but recent studies demonstrate that NK cell-derived IL-13 has an important
role in the induction of goblet cell hyperplasia early in the infection [84]. It is still unclear whether
these cell types are responsible for increased Th2 cytokine production during co-infection, as the
assessment of NK1.1* derived IL-4 and IL-13 in the SI of Tg and HpTg animals are technically

challenging in Hp infected animals. However, further investigation is needed.

Differences in goblet cell numbers therefore do not account for the observed difference in Hp
load between Tg and HpTg infected mice (Fig 2A). However, in the HpTg animals, despite
elevated IL-4, IL-13 and goblet cell numbers, the increased IL-10/IFNy levels likely interfered with
a more effective anti-worm response (Fig 2A). IFNy can reduce Th2 cytokine (including IL-4 and
IL-13) expression in CD8* T cells in vivo, as well as reduce the responsiveness of these cells to IL-

4 stimulation [85].

Splenomegaly has recently been observed in mice infected with Me49 at 30 days post-infection,

with splenic tissue showing a pro-oxidative and pro-inflammatory profile [86]. Similarly, we
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measured increased spleen weights in HpTg compared to Tg infected mice, although the spleen
pathology was similar between the two groups (Fig. 1C). Increased splenic levels of IL-10 (Fig. 5D)
and IFNy (Fig. 3D) were associated with splenomegaly as early as d5 post Tg infection, with a high
Tg burden (Fig. 2E) and severe pathology by d10 (Fig. 1C). The IL-10 was likely produced by both
NK and CD4*T cells [25], while the IFNy was mainly produced by CD4* T cells (data not shown).
We did not find any differences between the Tg and HpTg groups in the liver. There was no
difference in the liver weights (data not shown) or liver pathology. IL-10 (Fig. 5E) and IFNy (Fig.
3E) were increased in both groups, while IL-4/IL-13 remained low (Fig 4E). We also found that the
number of T cells (CD8*, CD4*, yd and NKT) were increased at d10 post-infection in the liver (data
not shown). Our results agree with previous studies showing increases in T cells in the liver d10
post-Tg infection [87], as well as a general increase in liver pathology, infiltrates and inflammation

[88].

The impact of HpTg co-infection on survival remains controversial in the context of helminths and
Tg. Some [23] have found that found HpTg co-infection results in improved survival of co-infected
mice, while others, like ourselves, report increased mortality in the coinfected group using either
Hp (Fig 1A), N. brasiliensis [26] or Schistosoma mansoni [89]. We found that HpTg animals had
increased mortality as well as intestinal pathology compared to Tg infected mice (Fig 1, Sup Table
1) despite elevated IL-10 (Fig 4). From day 7, when mice were infected with Tg, Hp was
transitioning from a tissue dwelling to a lumen dwelling phase, resulting in pathology in the
proximal small intestine as the worms exit the tissue. This, in association with the necrosis and

inflammatory infiltrates caused by Tg likely contributed to the accelerated death of the animals.
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The effect of helminth infection on microparasite density varies depending on the species pairs
involved. A meta-analysis of several co-infection experiments in laboratory mice reveals that the
outcome of co-infections by a helminth parasite and a microparasite, is governed by basic
ecological rules [90]. Surprisingly, host genotype, sex, parasite taxa, dose, and infection intervals
didn’t influence microparasite control during co-infection in this analysis [90], although this has
been challenged by other studies (dose: [91], sex: [46],[92],[93]. The main finding suggests that
the greater the helminth-induced reduction in microparasite-specific IFNy, the greater the
increase in microparasite density [90]. Our findings are in agreement with this model. The
reduced IFNy production in the MLN of HpTg animals (Fig 3C) is associated with increased Tg
parasite density in the MLN (Fig 2D), which in turn correlates with higher mortality. Interestingly,
this association between IFNy and parasite load was only observed in the MLN, which is the main
site of the Hp Th2 response. We also found that Hp burden was increased in HpTg animals. While
others have not seen this, they have observed increased fecundity in the worms of the HpTg

group [22],[94].

Unlike our findings, the data in [23]Khan et al., 2008 do not fit the prediction made by the Graham
meta-analysis [90]. HpTg infected animals showed improved survival, with lower serum IFNy
levels and Tg burden compared to Tg infected animals. The contradictory results may be
explained by a difference in dose. Their main findings were obtained from animals infected with
10 cysts. However, they also performed experiments using 35 Tg cysts and showed that animals

receiving a cell transfer of CD8* T cells obtained from HpTg mice followed by a 35 Tg cyst infection
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had worse survival than animals with a cell transfer from naive animals (0 vs. 30% survival at d16
post infection). These results align with our findings where we used 20 cysts. Similarly, it has been
shown that co-infection with 100 cysts of Me49 Tg did not improve the survival of NbTg infected
animals compared to Tg infection alone, and did not lead to a change in IFNy protein levels in

restimulated MLN or SPL cells [26].

Another explanation for the differences observed in co-infection outcomes between the different
groups is the microbiota of laboratory mice. Evidently, differences in the microbiota of laboratory
mice exists between institutes [95],[96]. It is also known that both Hp and Tg alter the host
microbiota [97]-[99], and in turn, these changes in the microbiota impact immune responses,
such as limiting Th2 immunity to Hp [100]. Therefore, we cannot rule out a key role by the

microbiota in these different studies.

Overall, we found a decrease in all IFNy-producing lymphocytes early post-Tg-infection in HpTg
animals, highlighting that both innate and adaptive IFNy producers were affected by the co-
infection. The decrease was associated with increased Th2 cytokines, and increased GrzmB
expression. These changes were observed only at sites local to Hp infection, in the SI, PP and
MLN. The differences in immune responses in the HpTg compared to the Tg infected, as well as
their increased intestinal pathology affected their survival. In early infection, HpTg mice had a
similar immune phenotype to the Hp animals. This was reversed by day 10, when HpTg mice
exhibited a Tg phenotype. Preliminary results from our lab suggest that that the order of infection

may be less important than the spacing between the infections. Animals infected with Tg first,
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and Hp second (at day 0, 3 or 5 day post-Hp infection) also showed increased mortality compared

to Tg infection alone. This is not true for animals infected with Tg 14 days post Hp infection.

Our results indicate that co-infection with parasites stimulating different arms of the immune
system can lead to drastic changes in infection dynamics. Understanding the intricacies of
immune responses during co-infections is key to developing models that will provide better
translatability to real world situations, where invariably humans, livestock, companion animals

and wildlife will be harbouring more than one type of infection.
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FIGURE LEGENDS

Figure 1: H. polygyrus co-infection leads to high mortality and pathology in mice co-infected
with Toxoplasma gondii. 200 Hp larvae were given to mice 7 days prior to infection with 20 Tg
tissue cysts. A. Survival was measured for 16 days post Tg infection. N = 4 mice (Tg and HpTg-
infected groups) and 2-4 mice (naive/Hp-infected groups) per experiment, 3 independent
experiments. Mantel-Cox test performed for pooled data, *p=0.02 (Tg vs. HpTg). B. Small
intestines were harvested from mice 5 and 10 days post Tg infection, and formalin fixed. 6uM
slides were cut from the paraffin embedded swiss rolls, and stained with hematoxylin and eosin
(top) or Alcian blue (bottom). Representative photographs are from each experimental group
and each time point Scale: 1mm top and 50um bottom. Black arrows depict granulomas (Hp
pathology) and white arrows depict leukocyte infiltrates (Tg pathology). Top right, average villi
perimeter in the proximal small intestine of each experimental group on day 5 post Tg
infection. The perimeter of 5 intact continuous villi was measured and averaged. N= 2-4 mice
per group per experiment, 2 independent experiments. Anderson-Darling normality test
followed by ANOVA were performed for pooled data, n.s. = non significant, * = p<0.05. Bottom
right, average number of goblet cells in 5 intact and continuous villi within the proximal small
intestine of each experimental group on day 5 post Tg infection. N= 2-4 mice per group per
experiment, 2 independent experiments. Normality test followed by ANOVA was performed for
pooled data, n.s. = non significant, ** = p<0.01. Spleens (C) and livers (D) were harvested from
mice 5 and 10 days post Tg infection, and formalin fixed. 6uM slides were cut from the paraffin

embedded tissue and stained with hematoxylin and eosin. Representative photographs are
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from each experimental group and each time point. Scale: 10um. White arrows depict
leukocyte infiltrates (Tg pathology). Average spleen (C) and liver (D) pathology score for each
mouse, euthanized at day 5 (middle) and 10 (right) post Tg infection. N= 3-7 mice per group per
experiment, 2 independent experiments. Anderson-Darling normality test followed by ANOVA

were performed for pooled data, n.s. = non significant, ** = p<0.01 and *** = p<0.001.

Figure 2: Parasite burdens differ between HpTg and Tg in the small intestine and the MLN.
200 Hp larvae were given to mice 7 days prior to infection with 20 Tg tissue cysts. (A) Adult
worms were counted in the small intestine of Hp and HpTg infected mice at 5 (left) and 10
(right) days post Tg infection (12 and 17 days post Hp infection). Data were tested for normality
(Anderson-Darling test). Students’ T and/or Mann-Whitney tests were performed on
parametric/non-parametric pooled data for each time point (D5 and D10), * = p<0.05, and ***=
p<0.001. (B-F) Tg loads were measured by quantitative RT-PCR in the small intestine (B), Peyers
patches (C), mesenteric lymph nodes (D), spleen (E) and liver (F) at 5 (left) and 10 (right) days
post -infection. N= 2-6 mice per group per experiment, 2 independent experiments. Data was
tested for normality (Anderson-Darling test). T-tests/Mann Whitney tests were performed on
parametric/non-parametric pooled data on either Hp vs. HpTg or Tg vs. HpTg; n.s. = non

significant and ***= p<0.001.
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Figure 3: IFNygene expression profile in HpTg infected mice mirrors that of Tg infected mice
except in the MLN at d5 post infection. 200 Hp larvae were given to mice 7 days prior to
infection with 20 Tg tissue cysts. IFNy gene expression was measured by quantitative RT-PCR in
the small intestine (A), the Peyer’s Patches (B), the mesenteric lymph nodes (C), the spleen (D)
and the liver (E) at 5 (left) and 10 (right) days post -infection. IFNy protein levels were measured
in the serum by ELISA (F). N= 2-4 mice per group per experiment, a minimum of 2 independent
experiments. Data was tested for normality (Anderson-Darling test). ANOVA or Kriskal-Wallis
tests were performed on parametric/non-parametric pooled data, and when significant,
Sidak’s/Dunn’s Multiple comparisons were performed on Hp vs. HpTg and Tg vs. HpTg; n.s. =

non significant, * = p<0.05, ** = p<0.01, ***= p<0.001 and ****= p<0.0001.

Figure 4: IL-4 and IL-13 gene expression profiles in HpTg infected mice mirror those of Hp
infected mice at day 5 and Tg infected mice at day 10 post-infection. 200 Hp larvae were given
to mice 7 days prior to infection with 20 Tg tissue cysts. IL-4 (top) and IL-13 (bottom) gene
expression was measured by quantitative RT-PCR in the small intestine (A), the Peyer’s Patches
(B), the mesenteric lymph nodes (C), the spleen (D) and the liver (E) at 5 (left) and 10 (right)
days post Tg-infection. N= 2-4 mice per group per experiment, 2 independent experiments.
Data was tested for normality (Anderson-Darling normality test). ANOVA or Kruskal-Wallis tests
were performed on parametric/non-parametric pooled data, and when significant,
Sidak’s/Dunn’s Multiple comparisons were performed on Hp vs. HpTg and Tg vs. HpTg; n.s. =

non significant, * = p<0.05, ** = p<0.01 and ***= p<0.001.
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Figure 5: IL-10 gene expression profiles in HpTg infected mice mirror those of Tg infected
mice. 200 Hp larvae were given to mice 7 days prior to infection with 20 Tg tissue cysts. IL-10
gene expression was measured by quantitative RT-PCR in the small intestine (A), the Peyer’s
Patches (B), the mesenteric lymph nodes (C), the spleen (D) and the liver (E) at 5 (left) and 10
(right) days post -infection. N= 2-4 mice per group per experiment, 2 independent experiments.
Data was tested for normality (Anderson-Darling normality test). ANOVA or Kruskal-Wallis tests
were performed on parametric/non-parametric pooled data, and when significant,
Sidak’s/Dunn’s Multiple comparisons were performed on Hp vs. HpTg and Tg vs. HpTg; n.s. =

non significant, * = p<0.05, ** = p<0.01 and ***= p<0.001.

Figure 6: Compared to Tg infected mice, HpTg infected mice have a decrease in IFNy-
producing NK, CD8 T, NKT, Yo T and CD4 T cells in the MLN at d5 post Tg infection. 200 H.
polygyrus larvae were given to mice 7 days prior to infection with 20 Me49 T. gondii tissue
cysts. (A). The total number of viable cells was counted for the MLN at d5. MLN cell populations
were assessed by flow cytometry. (B) The cell percentage (left) and total number (right) of NK
(1%t row), NKT (2" row), yd T (3™ row), CD4 (4" row) and CD8 (5% row) cells. (C) The cell
percentage (left) and total number (right) of IFNB-producing NK (15t row), NKT (2" row), y8 T
(3" row), CD4 (4t row) and CD8 (5t row) cells. (C) The cell percentage (left) and total number
(right) of GRZb-producing NK (1% row), NKT (2" row), yd T (3™ row), CD4 (4*" row) and CD8 (5%
row) cells. N=2-4 mice per group per experiment, 2 independent experiments. Data was tested
for normality (Anderson-Darling test). ANOVA or Kriskal-Wallis tests were performed on

parametric/non-parametric pooled data, and when significant, Sidak’s/Dunn’s Multiple
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comparisons were performed on Hp vs. HpTg and Tg vs. HpTg; n.s. = non significant, * = p<0.05,

** = p<0.01, ***= p<0.001 and ****= p<0.0001.

Figure 7: At d5 post Tg infection in the PP, the HpTg infected mice have decreased
proportions of IFNy producing CD8 T cells compared to Tg infected mice. 200 H. polygyrus
larvae were given to mice 7 days prior to infection with 20 Me49 T. gondii tissue cysts. PP cell
populations were assessed by flow cytometry. (A) The proportion of NK (left), IFNy-producing
NK cells (middle) and GZB- producing NK cells (right). (B) The proportion of CD8 T (left), IFNy-
producing CD8 T cells (middle) and GZB- producing CD8 T cells (right). (C) The proportion of NKT
(left), IFNE-producing NKT cells (middle) and GZB-producing NKT cells (right). (D) The proportion
of gd T cells (left), IFNy-producing y5 T cells (middle) and GZB-producing y3 T cells (right). (E)
The proportion of CD4 T cells (left), IFNy-producing CD4 T cells (middle) and GZB-producing CD4
T cells (right). N= 2-4 mice per group per experiment, 2 independent experiments. Data was
tested for normality (Anderson-Darling test). ANOVA or Kriskal-Wallis tests were performed on
parametric/non-parametric pooled data, and when significant, Sidak’s/Dunn’s Multiple
comparisons were performed on Hp vs. HpTg and Tg vs. HpTg; n.s. = non significant, * = p<0.05,

** = p<0.01, ***= p<0.001 and ****= p<0.0001.

SUPPLEMENTARY DATA

Supplementary Figure 1: The spleen pathology scale. (A). Follicle damage: All follicles are

distinct and defined in shape (score of 1, top left). A majority of follicles are distinct and defined
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in shape (score of 2, top middle). Approximately equal numbers of intact and damaged follicles.
(score of 3, top right). The majority of follicles are damaged, with some defined follicles
observed (score of 4, bottom left). All follicles are damaged (score of 5, bottom right). Scale
10um. (B) Marginal zone thickness: More than 50% of the follicles have a thick marginal zone
(score of 1, left). More than 50% of the follicles have a thin marginal zone (score of 2, middle)
More than 50% of the follicles do not have an observable marginal zone (score of 3, right). (C)
Size of the light zone of the germinal centre: More than 50% of the follicles have a small
germinal center (score of 1, left). More than 50% of the follicles have a large germinal center
(score of 2, middle). More than 50% of the follicles have no observable germinal center (score

of 3, right).

Supplementary Figure 2: The liver pathology scale. (A). Necrosis: absence (score of 1, left) and
presence (score of 2, right) of necrosis. Scale 10um. (B) Infiltrate Size: All infiltrates observed
are organized into small groups (score of 1, left), 75% of infiltrates observed are organized into
small groups and 25% into large groups (score of 2, middle left), 50/50 split between small and
large infiltrate groups (score of 3, middle right), 100% of infiltrates are organized into large
groups (score of 4, right). (C). Proportion of infiltrates: very few infiltrate groups are observed
(score of 1, top left), some groups of infiltrates are observed (score of 2, top middle), a medium
number of infiltrates is observed (score of 3, top right), many infiltrate groups are observed and
occupy the majority of the tissue (score of 4, bottom left), infiltrate groups are distinguishable,
and occupy most of the tissue (score of 5, bottom middle), and Infiltrate groups are

indistinguishable and occupy the entire tissue (score of 6, bottom right). (D) Perivascular
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infiltrates: Very few infiltrating leukocytes can be observed in the vessels (score of 1, left).
Infiltrating leukocytes are observed in small numbers leaving most of the vessels (score of 2, left
middle). Most of the vessels are surrounded by infiltrating leukocytes (score of 3, right middle).

All of the vessels are filled with infiltrating leukocytes (score of 4, right).

Supplementary Figure 3: The flow cytometry gating strategy. (A). FSC-A vs. FSC-H (left) and
SSC-A vs. SSC-W (right) were used to exclude doublets. (B) Lymphocytes were identified using a
viability stain (left), a CD45 stain (middle left) and the FSC-A vs. SSC-A parameters (middle
right). CD3 was used to discriminate between the CD3- lymphocytes (NK cells) and the CD3+
lymphocytes (NKT, CD4 T, CD8 T and y3 T cells). (C) NK1.1 identified NK cells (left). IFNg and
GrzmB producers were detected using FMOs. (D) CD3+ cells were split into ¥ T cells, NK T cells
and conventional T cells using FMOs (left and middle), conventional T cells were further defined
as CD4+ and CD+ T cells (right). (E) IFNg and GrzmB producing Yo T cells were detected using
FMOs. (F) IFNg and GrzmB producing NK T cells were detected using FMOs. (G) IFNg and GrzmB
producing CD8+ T cells were detected using FMOs. (H) (F) IFNg and GrzmB producing CD4+ T

cells were detected using FMOs.
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Distribution

Group Villi Pathology Peyers Patches
Proximal Distal
. . - Randomly across | Randomly across small
Naive Tall and thin Few and small infiltrates . . . . Appear normal
small intestine intestine
Hp D5 Distorted around granulomas | Discontinuous & severe (granulomas) ]| Most granulomas | Similar to naive tissue. | Appear normal
Discontinuous & severe (granulomas Mild infiltrates found
Hp D10 Distorted around granulomas e ® ) Most granuloma Appear normal
and mild infiltrates here.
Tg5 Distorted around inflammation Discontinuous & mild (infiltrates) Little pathology Most pathology Appear normal
Increased frequency, severity and Appear
Tg 10 Distorted around inflammation q . y 4 Pathology Pathology ) PP .
continuity. disorganised
Discontinuous mild/moderate Pathology (mostl Pathology (mostl
HpTg5 Distorted where pathology . . / By ( y - gy ( y Appear normal
inflammation (Tg) & granulomas (Hp) granulomas) infiltrates)
. . Appear
HpTg 10 Distorted where pathology Severe & more continuous Pathology Pathology

disorganised

Supplementary |Intestinal pathology of the different experimental groups. Results are based on observing H&E sections of whole small intestine swiss

Table 1

rolls on adissecting microscope. Data are from 2 pooled experiments for each time point where n =2-4 animals per group.
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Parameter Definition Score

All follicles are distinct and defined in shape. 1
The majority of follicles are distinct in shape but some are damaged 5

(75% vs. 25%).
Follicle Shape Approximately half of the follicles are damaged 3
The majority of follicles are damaged, but some defined follicles are observed. 4

(75% vs. 25%).
All follicles are damaged, to the point where they are indistinguishable from 5

therest of the tissue.

>50% of follicles have a thick marginal zone. 1
Marginal Zone >50 % of follicles have a thin marginal zone. 2
>50 % of follicles have no observable marginal zone. 3
>50% of follicles have a small germinal center. 1
Germinal Center (Light Zone) >50% of follicles have a large germinal center. 2
>50% of follicles have no observable germinal center. 3

Supplementary Table 2

Spleen Pathology Scale. Thetotal score for each animal was calculated by adding the
score for the pathology associated with the follicle shape, the marginal zoneand the
germinal centre
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Parameter Definition Score
No necrosis observed 1
Necrosis .
Necrosis observed 2
All infiltrates observed are organized into small groups 1
75% of infiltrates observed are organized into small groupsand 25% into large groups 2
Infiltrate Size
50/50 split between small and largeinfiltrate groups 3
100% of infiltrates are organized into large groups 4
Very few infiltrate groups are observed (e.g. 1-2) 1
Some groups of infiltrates are observed. 2
Proportion of Infiltrates | Amedium number of infiltrates is observed. 3
Many infiltrate groups are observed. They occupy the majority of the tissue. 4
Infiltrate groups are distinguishable, and occupy most of the tissue. 5
Infiltrate groups are indistinguishable and occupy the entire tissue.
Very few infiltrating leukocytes can be observed in the vessels. 1

Perivascular Infiltrates

Infiltrating leukocytes are observed in small numbers leaving most of the vessels.

Most of the vessels are surrounded by infiltrating leukocytes.

All of the vessels arefilled with infiltrating leukocytes.

Supplementary Table 3

Liver Pathology Scale. The total score for each animal was calculated by adding the score for the pathology
associated with necrosis, theinfiltrate size, the proportion of infiltrates and the nature of the perivascular

infiltrates.
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