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Summary

The enteric nervous system (ENS) controls several intestinal functions including motility and
nutrient handling, which can be disrupted by infection-induced neuropathies or neuronal cell
death. We investigated possible tolerance mechanisms preventing neuronal loss and disruption

in gut motility after pathogen exposure. We found that following enteric infections, muscularis
macrophages (MMs) acquire a tissue-protective phenotype that prevents neuronal loss, dysmotility
and maintain energy balance during subsequent challenge with unrelated pathogens. Bacteria-
induced neuroprotection relied on activation of gut-projecting sympathetic neurons and signaling
via Bo-adrenergic receptors (B2AR) on MMs. In contrast, helminth-mediated neuroprotection was
dependent on T cells and systemic production of interleukin (IL)-4 and -13 by eosinophils, which
induced arginase-expressing MMs that prevented neuronal loss from an unrelated infection located
in a different intestinal region. Collectively, these data suggest that distinct enteric pathogens
trigger a state of disease- or tissue tolerance that preserves ENS number and functionality.
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Bacterial and helminth pathogens in the intestine induce distinct pathways converging on tissue
macrophages that mediate enteric neuronal protection, aiding host fitness via intestinal motility

and energy balance during subsequent infections.

Introduction

The gastrointestinal (GlI) tract needs to simultaneously generate tolerance to harmless or
beneficial dietary and microbial antigens and resistance to pathogen invasion. Additionally,
disease tolerance to pathogen- and inflammation-induced tissue damage must operate in
the intestine to maintain homeostasis (Medzhitov et al., 2012; Soares et al., 2014). This is
particularly relevant for cells with reduced proliferative or regenerative capacity, such as
enteric neurons, which are abundantly present in the gut and serve to modulate intestinal
motility and secretory function (Balemans et al., 2017; Furness et al., 2013; O’Leary et al.,
2019).

Previous studies in mice and rats, supported by clinical observations, indicate enteric
infections can lead to neuronal loss, long-term dysmotility and neuropathies (Holschneider
et al., 2011; Matheis et al., 2020; Ohman and Simren, 2010; White et al., 2018). Yet,
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whether a state of tolerance can be induced after exposure to pathogens, preventing
cumulative neuronal loss and functional changes, is still not known.

We investigated possible tolerance mechanisms preventing neuronal loss and disruption in
gut motility after pathogen exposure. We found that following helminth or bacterial infection
and via distinct pathways MMs acquire tissue-protective qualities and prevent neuronal loss
during subsequent challenge with an unrelated pathogen. Collectively, our data suggest that
distinct enteric pathogens trigger a state of tolerance aimed to preserve the numbers and
functionality of the ENS.

Y. pseudotuberculosis infection induces enteric neuron protection during subsequent

infection.

To test whether primary infection can prevent neuronal loss after secondary challenge

with an unrelated pathogen, we used an attenuated strain of Sa/monella Typhimurium,

spiB, which harbors a mutation in the type-111 secretion system, impacting its intracellular
replication (Tsolis et al., 1999). In contrast to wild-type Sa/monella, spiB is not lethal and
is cleared from wild-type C57BL/6 mice in 7-10 days, inducing a less severe form of
Salmonellosis; nevertheless, sp/B infection is sufficient to induce rapid neuronal loss and
long-term dysmotility (Matheis et al., 2020). We thus first asked whether primary infection
with an unrelated bacterium influences the tissue’s response to a subsequent exposure to
spiB. We used Yersinia pseudotuberculosis ( Yp), which like Salmonella, is a foodborne
Gram-negative bacterium that primarily localizes to the ileum (Fonseca et al., 2015), causing
a transient infection undetectable in the feces by 21 days post-infection (dpi) (Figure 1A).
Primary infection with Y led to significant neuronal loss, however not as pronounced as
after primary sp/B infection. Additionally, as suggested by our recent studies (Matheis et
al., 2020), spiB exposure following an earlier Yp infection did not result in further neuronal
loss (Figure 1B). This was not a result of an improved resistance to sp/B as mice previously
infected with Ypdisplayed similar pathogen load and clearance pattern to naive mice
(Figure 1C).

Disease tolerance strategies alleviate the fitness costs by promoting resilience in the
presence of an insult (Ayres, 2020). Because one of the main roles of the ENS regarding
fitness cost is the control of intestinal motility, we measured Gl transit time as a functional
readout for neuronal loss. Decreased enteric neuron numbers generally correlated with
increased Gl transit time; while sp/B infection led to increased Gl transit time, previous

Yp infection preserved gut motility after subsequent spiB challenge (Figure 1D). These
results point to development of tissue-, or disease tolerance (Ayres, 2020; Martins et al.,
2019) post-bacterial infection, which prevented neuronal loss to subsequent infection with a
different pathogen.

We have previously shown that MMs quickly acquire a tissue-protective phenotype and
limit enteric neuron loss during primary spiB infection via B, adrenergic receptor (Bo-AR)
signaling and Arginase 1-dependent polyamine production by MMs (Gabanyi et al., 2016;
Matheis et al., 2020). To test whether Yp-induced tolerance relied on MMs, we used

Cell. Author manuscript; available in PMC 2022 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahrends et al.

Page 4

anti-CSF1R antibody, which selectively depletes MMs while preserving lamina propria
macrophages (LpM) when administered at 50 mg/kg, and does not affect neuronal numbers
(Matheis et al., 2020; Muller et al., 2014), as opposed to long-term steady-state macrophage
depletion (De Schepper et al., 2018). Administration of anti-CSF1R antibody to mice

post Ypclearance led to a pronounced neuronal loss following challenge with spiB,
suggesting the requirement for MMs to maintain Yp-induced neuronal protection (Figure
1E). Flow cytometric analysis of the ileum from mice after primary infection revealed that
Yp infection leads to the upregulation of Argl by MMs beyond a basal level (Figures

1F and 1G). To examine whether heightened Argl expression by MMs is required for Yp-
induced neuroprotection, we used LysM24%9Z mice, in which Arg is conditionally deleted
in myeloid cells. Yp-mediated neuroprotection was abolished in LysMA4%91 following
challenge with spiB infection (Figure 1H). Moreover, this neuroprotective mechanism also
required B,-AR expression by MMs, as LysMAAd2 mice previously infected with Yp
showed significant neuronal loss compared to wild-type littermate control mice upon sp/iB
infection (Figure 11). This effect correlated with decreased Argl expression by MMs and
increased Gl transit-time (Figure 1J and 1K). Consistently, while disease tolerance was
impaired by both Argl and pB,-AR targeting on MMs, sp/B load was not affected by these
strategies (Figures S1A and S1B). These results indicate that primary bacterial infection
results in a state of disease tolerance that mediates neuroprotection to subsequent infections,
preserving intestinal motility.

Helminth infections induce long-term neuronal protection during subsequent infection.

Next, we asked whether infection-induced neuroprotection could be induced by other
pathogens. We aimed to determine whether helminths, which co-evolved with mammals
and typically induce a very distinct immune response to bacterial pathogens, could prevent
neuronal loss. We chose to infect mice with Strongyloides venezulenesis (Sv), a parasitic
nematode that causes an acute infection and primarily localizes to the duodenum (Esterhazy
etal., 2019; Silveira et al., 2002). Initial Svinfection was cleared by 12 dpi and, contrary to
the bacterial pathogens we tested, it did not lead to neuronal loss in the ileum or duodenum
(Figures 2A, 2B, S2A, and (Matheis et a/., 2020)). However, primary Svduodenum infection
completely prevented neuronal loss in the ileum and colon following subsequent sp/B
challenge (Figures 2B and S2B). This distal protection by previous, proximal Svinfection
was not associated with changes in sp/B load and resulted in the maintenance of normal gut
motility (Figures 2C and 2D).

We addressed whether enteric neuronal loss-associated dysmotility also affected feeding
behavior and activity of mice. Using CLAMS or metabolic cages, we found that spiB
challenge resulted in higher food intake in spiB-infected mice that had not been previously
infected with Sv; changes that did not translate into higher weight (Figures S2C and S2D).
Moreover, spiB infection led to higher ambulatory activity and increased energy balance, all
of which were prevented by initial Svinfection (Figures S2E and S2F). These observations
point to a deficient nutrient absorption in sp/B-infected mice, possibly associated with the
loss of enteric neurons and prevented by previous helminth infection. While the proximal
intestine-helminth Heligmosomoides polygyrus (Hp) was recently shown to impair anti-
neurotropic virus immunity (Desai et al., 2021), we observed distal protection from neuronal
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loss in the ileum in Hp-infected and ivermectin-treated mice subsequently infected with sp/iB
(Figure S2G). Moreover, initial Svinfection also led to neuroprotection after subsequent Yp
challenge (Figure S2H). Consistent with a disease tolerance phenotype, primary Svor Hp
infection did not affect subsequent clearance of sp/B or Yp, respectively (Figures S21 and
S2J).

Sr-induced tolerance depended on MMs, as evidenced by anti-CSF1R antibody-mediated
depletion of MMs post Sv clearance, which abolished the neuroprotection upon sp/B
infection (Figure 2E). Following Sv challenge ~80% of MMs expressed Argl, compared
to ~60% observed after sp/B infection (Figure 2F and S2F). MMs in the duodenum
expressed heightened Argl already at steady state compared to the ileum, and this was not
further increased following spiB or Svinfection (Figure S2K). Svinfection also influenced
mucosal macrophages beyond the site of infection, evidenced by increased frequencies

of Argl+ MMs in colon and lung, but did not change arginase-1 expression by spleen
macrophages (Figures S2L-S2N). In contrast to wild-type mice, LysMA4%Z mice infected
with Svdisplayed neuronal loss, which was nevertheless maintained upon subsequent sp/iB
infection (Figure 2G). In opposition to Yp, Svinfection did not result in activation of
gut-projecting sympathetic neurons (Figure 2H). In contrast to the phenotype observed
post Yp, Sv~-mediated neuronal protection to subsequent sp/B infection was maintained

in LysMAAdD2 mice, Mice lacking B,-AR signaling in myeloid cells previously infected
with Svalso sustained similar neuronal numbers, Argl expression by MMs, and Gl transit
time upon sp/B infection as wild-type littermate controls (Figures 21-2K). Moreover,
initial infection with Svdid not affect spiB load and clearance in either LysM2A@52 and
LysMAAGI mice (Figures S20 and S2P). These results indicate that while converging on
neuroprotective MMs, Y- and Sw-induced disease tolerance mechanisms are distinct.

We also examined how long Sv-mediated neuroprotection is maintained after the initial
infection is cleared. Subsequent sp/B challenge up to 12 weeks after primary Svinfection
did not result in any neuronal loss. Challenge at 24 weeks post-infection did result in
significant neuronal loss, however the enteric neuron numbers were still higher when
compared to controls infected with spiB only. (Figure 2L). Long-term enteric neuron
protection correlated with sustained high expression of Argl in MMs observed up to 12
weeks post-infection (Figure 2M). These results reveal a long-term neuroprotection in the
ileum induced by a single duodenal helminth infection.

Finally, we performed transcriptomic analysis of ileum MMs isolated from non-infected
mice or from mice infected with sp/iB, Ypor Sv. Comparison between different infections
resulted in a low number differentially regulated genes, indicating a significant overlap in
MM phenotype induced by different types of enteric infection (Figures 3A-3C). Comparison
of gene expression profiles between MMs isolated from all infected versus non-infected
mice revealed a broad tissue-protective signature which include wound healing genes,
characteristic of alternatively-activated macrophages (Figure 3D and Table S1), confirming
and extending our previous observations (Gabanyi et a/., 2016). This gene signature was
highly enriched in previously published transcriptomic data from human “alternatively-
activated” (Pello et al., 2012) and “tolerogenic macrophages” (Mages et al., 2007) (Figures
3E and 3F). These data indicate that regardless of the type of infection, proximal versus
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distal upstream stimuli, MMs acquire a default tissue-protective gene signature, resembling
murine and human ‘M2-like’ phenotype.

Immune response to S. venezuelensis is associated with neuronal protection during
subsequent infection.

To identify a mechanism responsible for the long-term helminth—driven disease tolerance,
we further characterized the immune response to Sv. Helminths are known to drive a robust
type-2 immunity, with accumulation of innate immune cells, including tuft cells, eosinophils
and group 2 innate lymphoid cells (ILC2), and later CD4* T helper 2 (T2) cells (Maizels,
2020; O’Leary et al., 2019; Vivier et al., 2018). Coinfections with helminths may result in
deviation of appropriate immune responses resulting in breakdown of barrier and increased
susceptibility to unrelated pathogens (Desai et al., 2021; Marple et al., 2017). We observed
an accumulation of Gata3* CD4* “T,,2” cells in the duodenum, but not in the ileum LP
following Svinfection, which was further increased when mice underwent subsequent

spiB infection (Figures 4A and S3A). Additionally, we found a significant increase in

the frequencies of mucosal mast cells and eosinophils in the LP and intraepithelial (IE)
compartments of the ileum and duodenum of Sv-infected mice (Figures 4B, 4C, S3B, and
S3C). At steady-state, however, the duodenum harbored higher numbers of eosinophils than
the ileum, the former reaching almost 80% of total CD45* cells found in the LP post
Sw-infection (Figures 4B and 4C). Of note, duodenal eosinophilia was maintained for up to
12 weeks post-infection and diminished at week 24 (Figure 4D), reflecting changes observed
in MMs, Gl transit time and neuroprotection post-Sv infection described above. Consistent
with an overall heightened type-2 immunity, serum of Sv-infected mice showed prolonged
increase in interleukin (IL)-4 and 1L-13 levels (Figures 4E and 4F) that were not affected by
subsequent spiB infection (Figure S3D).

We next examined whether CD4* T cells were required for Sv-induced neuroprotection
using a depleting anti-CD4 antibody following primary infection (Figure 4G). Depletion

of CD4-expressing cells hindered type-2 immunity and the capacity to clear Svinfection.
Therefore, we treated mice with the anti-helminthic drug, ivermectin, before infecting them
with spiB, which on its own did not lead to neuronal loss (Figure 4H and S3E). Mice treated
with anti-CD4 antibody showed significant neuronal loss, which correlated with reduced
eosinophilia and Argl expression by MMs (Figures 41-4K). Tissue-resident memory T
(Trm) cells mediate important /in situ resistance functions and were also shown to provide
cross-protection against different pathogens (Ariotti et al., 2014). We examined their role

in Si-induced neuroprotection by using mice with selective deficiency in the transcription
factors Hobit and Blimp-1 (DKO mice), which were shown to be unable to generate Trm
cells (Mackay et al., 2016). Compared to wild-type controls, DKO mice displayed no
differences in neuron numbers, frequencies of eosinophils and Argl-expressing MMs after
successive exposure to Svand spiB, suggesting that Try cells do not play a significant role
in this process (Figures S3F-S3H). These results indicate that CD4" T cells are required for
Sw-induced neuroprotection and point to their “accessory” or “helper” role in this process.

We then assessed whether the two main innate immune cell types that accumulate during
helminth infections, mast cells and eosinophils, play a role in Sr-induced neuroprotection.
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Mast cell accumulation after Svinfection was predominantly observed in the duodenum
epithelial compartment (Figure S3B). To target mast cells, we generated a novel CRISPR-
based knock-in strain in which human diphtheria toxin receptor (hnDTR) and the td tomato
fluorescent protein are expressed under a promoter preferentially active in mast cells and
in a subset of basophils (Lilla et al., 2011), carboxypeptidase A3 (cpa3). Administration
of diphtheria toxin (DT) after initial Svinfection led to a significant reduction in mast
cell numbers (Figure S3I). Consistent with a role for mast cells in resistance to helminths,
DT-treated mice showed a significant delay in Sv clearance (Figure S3J). Nevertheless,
Sv-infected DT-treated ¢cpa3PTR-tdTomato anq control mice showed similar enteric neuron
numbers upon subsequent sp/B challenge, suggesting that mast cells are dispensable for
neuroprotection (Figure S3K).

To address a possible role for eosinophils in this process, we first treated Sv-infected mice
with neutralizing anti-I1L-5 antibody followed by sp/iB infection. ILC2- and Th2-derived

IL-5 drives eosinophil activation and accumulation (Maizels, 2020; O’Leary et al., 2019;
Vivier et al., 2018); consistently, following Svinfection the frequencies of ILC2s and
IL-5-producing CD4* T cells in duodenum LP were elevated and IL-5 blockade resulted

in impaired eosinophilia (Figures 3L and S3L-S3N). Additionally, Sv-infected mice treated
with anti-1L-5 displayed a significant neuronal loss and reduced Argl expression by MMs
upon subsequent sp/B exposure (Figures S30 and S3P). This data points to an important role
for eosinophils in neuroprotection and disease tolerance post helminth infection.

Pet store mice are resistant to neuronal loss upon spiB infection.

We next turned to potential implications of infection-induced neuroprotection in free-living
or non-laboratory organisms, which are exposed to more pathogens and sustain a higher
immune activation than laboratory animals (Abolins et al., 2017). We asked whether
increased exposure to pathogens in mice maintained in a pet store resulted in altered

enteric neuron numbers at steady state and loss upon bacterial infection. At steady state,

pet store mice displayed lower neuronal numbers per mm?2 when compared to naive specific-
pathogen-free (SPF) C57BL/6 mice (Figure 5A), resembling what we observed in SPF mice
previously infected with Yp. However, we observed that pet store mice had significantly
longer small intestines (Figure 5B). To account for these morphological differences, we
analyzed the numbers of neurons found in each ganglion. Pet store mice had similar
numbers of neurons per ganglion when compared to non-infected SPF controls (Figure 5C).
Nevertheless, infection with sp/B resulted in a decrease of both total number and neurons
per ganglia in SPF, but not in pet store mice, although the latter also cleared sp/B two

days earlier than average SPF mice (Figures 5A, 5C and 5D). We noted a wide range in

the frequency of eosinophils in the LP of pet store mice, probably reflecting their varied
infection history (Figure 5E). Additionally, pet store mice showed overall elevated levels

of serum IL-4 and I1L-13, and Argl expression by MMs (Figures 5F and 5G). Finally,
consistently with the increased frequency of eosinophils in the tissue, analysis of bone
marrow of pet store mice revealed that both hematopoietic progenitors (Lineage~Scal*c-
Kit*, LSK) cells and eosinophil progenitor (EoP) cells were enriched when compared to
SPF controls (Figures 5H-5J). The mixed genetic background of pet store mice might
contribute to the spread observed in this group. To independently address whether a
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skewed type-2 immune response prior to infection influence neuronal loss upon enteric
infections, we analyzed syngeneic SPF BALB/c mice, known to exhibit “Th2-dominant
immune responses” (Iniesta et al., 2002). Indeed, BALB/c mice displayed higher frequency
of Argl+ MMs in the ileum than C57BL/6 counterparts and no significant neuronal loss
upon sp/B infection, indicating that genetic makeup comprises an essential component

in neuro-immune responses to infection (Figures 5K and 5L). Overall, the above data
suggest that both infection history and genetic makeup contribute to long-term protective
mechanisms that regulate or prevent neuronal loss during enteric infections occurring in life.

IL-4— and IL-13—producing eosinophils mediate Sv-induced neuronal protection.

To directly investigate the contribution of eosinophils to this process, we utilized a genetic
mouse model in which hDTR is expressed through eosinophil peroxidase locus (iPHIL)
(Jacobsen et al., 2014). Administration of DT to Sw-infected iPHIL mice significantly
reduced the numbers of eosinophils in duodenum and ileum LP (Figures 6A and 6B).
Depletion of eosinophils did not affect egg load and Sv clearance, but abolished Sv~induced
neuroprotection upon sp/B infection (Figures 6C and 6D). This effect correlated with
decreased levels of serum IL-4 and IL-13, lower frequency of Argl+ MMs and reduced

GI motility (Figures 6E-6G). In contrast, Yp-induced neuronal protection was not affected
by depletion of eosinophils (Figures S4A and S4B).

Eosinophils are known to be major producers of IL-4 and IL-13, both of which can skew
macrophages towards a tissue-protective phenotype (Liang et al., 2011; Wu et al., 2011).
To evaluate the role of these cytokines produced by eosinophils in neuroprotection, we
utilized Epx2/41123 mice, in which //4and //13genes are excised by eosinophil peroxidase
promoter-driven Cre recombinase (Doyle et al., 2013). While Sr-induced eosinophilia was
preserved in EpxA4 1123 mice, subsequent spiB infection resulted in significant neuronal
loss compared to wild-type control mice (Figures 6G and 6H). Consistently, absence of
IL-4 and IL-13 in eosinophils resulted in their decreased serum levels as well as lower
Argl expression by MMs and increased Gl transit time (Figures 6J-6L). To assess whether
increased numbers of eosinophils per se could also mediate neuronal protection, we utilized
hydrodynamic overexpression of IL-5 (Nakagome et al., 2007). The treatment resulted

in elevated frequencies of duodenum LP eosinophils (Figure S4C). However, when mice
were challenged with spiB, we still observed a significant neuronal loss and no effect on
the levels of Argl+ MMs (Figure S4D and S4E). To investigate the exact localization

of neuroprotective eosinophils, we performed a series of adoptive transfer experiments.
Eosinophils derived from the ileum or duodenum of Sv~infected mice were transferred

to congenic hosts that were subsequently challenged with spiB (Figure 6M). Transfer of
6,5x10° duodenum eosinophils resulted in neuronal protection (Figures 6N and 60). In
contrast, equal numbers of ileum eosinophils failed to induce a neuroprotective effect upon
spiB challenge; these effects correlated with increased expression of I1L-4 by eosinophils
derived from duodenum versus ileum of Sy-infected mice and duodenum of host mice
(Figures 6P, 6R and S4F). We then assessed whether direct administration of recombinant
IL-4 or IL-13 could mediate neuronal protection following sp/B infection. Repeated
administration of recombinant IL-4 (rIL-4) or rIL-13 complex resulted in slightly delayed
spiB clearance but prevented neuronal loss (Figures S4G and S4H). This result correlated
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with increased frequencies of Argl+ MMs (Figure S41). These results suggest that secretion
of IL-4 and/or IL-13 by activated duodenum eosinophils mediates distal neuroprotective
effects by inducing Argl expression in MMs.

Similarly to eosinophils, tuft cells are known to respond to parasitic infections and initiate
innate and adaptive type-2 responses in the intestine (Ting and von Moltke, 2019). Hence,
we assessed whether their expansion and activation would result in neuro-protective effects
by treating mice with succinate, which has been recently shown to induce tuft cell expansion
and induction of type-2 responses in the small intestine (Nadjsombati et al., 2018; Schneider
et al., 2018). Supplementation of succinate in the drinking water indeed led to increased
frequencies of tuft cells in the epithelial compartment of the small intestine (Figure

S4J), without impacting sp/B clearance after subsequent oral infection. Nevertheless, this
treatment did not prevent sp/B-induced neuronal loss, increased transit time or result in
higher levels of Argl+ MMs (Figure S4K-S4N). Taken together, these data further suggest
that only 1L-4- and/or IL-13-producing eosinophils, enriched in the site of the infection, can
mediate distal neuronal protection.

Long-term neuroprotection is maintained by modulation of hematopoietic progenitors

We wondered if macrophages differentiated from newly recruited monocytes can acquire

a tissue-protective phenotype in response to activated eosinophils induced by Svinfection.
We treated mice with anti-CSF1R antibody following Svinfection and waited for new
monocytes to be recruited to the tissue and differentiate into MMs (Gabanyi et al.,

2016). Despite MM depletion post-Sv infection, subsequent sp/B infection did not result

in neuronal loss or reduced Argl expression by MMs when compared to isotype-treated
animals, suggesting that long-term neuronal protection can be achieved by newly developed
MMs (Figures SSA-S5C).

While eosinophils have been shown to survive up to 3 weeks within tissues, Sv-infection
resulted in neuroprotection up to 24 weeks. Therefore, we investigated whether long-term
neuronal protection is dependent on constant replenishment of eosinophils from bone
marrow precursors. Based on recent reports (Kaufmann et al., 2018; Mitroulis et al., 2018),
we hypothesized that initial Svinfection modulates bone marrow hematopoietic stem and
progenitor cells, skewing them towards eosinophilic lineage. We analyzed bone marrow

of Sw-infected mice and found that hematopoietic progenitors (LSK) cells, granulocyte
macrophage progenitor (GMP) and eosinophil progenitor (EoP) cells were enriched up to

8 weeks post-infection (Figures 7A-7E). To assess whether changes in the bone marrow
contribute to the increased frequencies of tissue eosinophils, and neuronal protection,

we performed a series of bone marrow transfer experiments. First, we transferred 1000
long-term HSCs (LT-HSCs) from Sv-infected or non-infected donors to lethally irradiated
congenic CD45.1+ hosts (Figures 7F and S5A). Host mice that received LT-HSCs from
Sw-infected donors showed elevated levels of CD45.2+ eosinophils in the duodenum, but not
ileum (Figures 7G and 7H). To assess whether skewing of bone marrow progenitors towards
eosinophilic lineage can contribute to neuronal protection, we transferred 1x10° Lin~ cells
from Sw-infected and non-infected donors to sublethally irradiated host mice, and after 12
weeks challenged them with sp/iB (Figure 71). Regardless of the source of the bone marrow

Cell. Author manuscript; available in PMC 2022 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahrends et al.

Page 10

progenitors, we observed significant neuronal loss and unaltered frequencies of Argl+ MMs
(Figures 7K and 7J).

Based on the above results, we hypothesized that in order to mediate their protective
effect, newly recruited eosinophils need to be activated in the tissue microenvironment
post-infection. To test this possibility, we transferred 1x10° Lin™ cells from Sicinfected
donors to previously Sv-infected or non-infected lethally irradiated hosts, and after 12
weeks challenged them with sp/iB (Figure 7L). At day 5 post-infection we observed higher
spiB burden in mice that were previously infected with Sv, but by day 7 both groups had
cleared spiB (Figure S5E). We observed significant neuronal protection in bone marrow
hosts that had been previously infected with Sv, which correlated with increased numbers of
Argl-expressing MMs (Figures 7M and 7N). To exclude the contribution of host MMs

in this process we confirmed that ~90% of MMs were derived from the donor bone
marrow (Figure 70). These results indicate that Svinduces long-term restructuring of
bone marrow precursors sustaining increased eosinophilic output that, together with post-
infectious changes in the tissue microenvironment, induce a protective phenotype in tissue
macrophages.

Discussion

Tissues can vary in their susceptibility to damage, regenerative capacity of their cells and

in the impact caused by damage to host fitness; consequently, distinct disease tolerance
mechanisms have been reported in different tissues and organs (Ayres, 2020; Martins ef

al., 2019; Medzhitov et al., 2012). The intestine is exposed to high amounts of microbes

and potentially harmful substances, and consequently hosts highly regenerative cells like
enterocytes, but also cells with low regenerative capacity such as neurons. While an
increased regenerative capacity has been reported for enteric neurons, when compared to
central nervous system (CNS) neurons (Furness, 2012), infection-induced neuronal loss can
have a long-term impact in gut motility and host physiology (Balemans et a/., 2017; Matheis
et al., 2020; White et al., 2018).

Our findings raise the possibility that infections early in life determine the number of enteric
neurons in adult life. Pet store mice had significantly longer small intestines, which has

been shown to depend on elevated levels of systemic IL-4 and -13 and in models of chronic
helminth infections (Schneider et a/., 2018; Wong et al., 2007). Based on intestinal surface
area and average neuronal densities, estimated total number of enteric neurons in the ileum
is comparable between SPF and pet store mice, suggesting that free-living animals might
maintain the state of tissue tolerance due to constant exposure to different pathogens. Further
studies are needed to define the impact of infections on enteric neurons during development,
as well as the neurochemical code of neurons lost, and restored during episodes of microbe
exposure throughout the life of animals (Furness, 2012).

The mechanistic studies described here indicate that the intestinal tissue co-opted pathways
induced by distinct pathogens into a convergent tissue macrophage phenotype that mediates
enteric neuronal protection, aiding host fitness via intestinal motility and energy balance.

Transcriptomic analysis of MMSs suggests an evolutionary conserved gene signature similar
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to human alternatively activated macrophages (Mages et al., 2007; Pello et al., 2012).
Further studies into the epigenetic state of MMs might explain the mechanism behind the
acquisition of a specific tissue-protective program independent of the type of infection. Our
observations point to arginase-1 as a common downstream effector molecule instrumental
for long-term neuronal protection. Expression of arginase-1 was required even in response
to primary infection to Svdescribed here, similarly to what we had previously demonstrated
in primary responses to sp/iB (Matheis et al., 2020). Of note, at the timepoint analyzed here,
we did not observe upregulation of Argl by MMs in response to spiB, a result somewhat
discordant with our earlier study, which we attribute to the distinct timepoints analyzed and
the focus on protein expression (here) versus RNA expression (Gabanyi et al., 2016).

Our observations demonstrate how certain enteric infections induce durable beneficial
effects utilizing pathways distinct from classical immunological memory. Another example
of such process has been recently shown to rely on infection-induced changes in the

gut microbiota composition resulting in enhanced resistance to other pathogens (Stacy et

al., 2021). However, initial infections with enteric pathogens in our study never affected
subsequent bacterial burden and pathogen clearance. Thus, these observations fit the main
defining characteristics of disease tolerance (Ayres, 2020; Martins et al., 2019; Medzhitov et
al., 2012).

Early studies on eosinophils have mostly focused on their role in clearance of helminths and
on their contribution to allergic disorders. Their role in tissue tolerance shown in our study,
as well as in a preprint study describing their contribution to the gut physiology (Shah et

al., 2021) highlight previously unappreciated eosinophil functions. Mast cells and ILC2s are
required for Svclearance and have been shown to induce eosinophil accumulation (Mukai
etal., 2017; Nussbaum et al., 2013). In our model this process was dependent on CD4* T
cells, while depletion of mast cells did not impact neuronal protection. These observations
suggest a division of labor between different innate cell subsets during type-2 responses:
ILC2s and mast cells involved in pathogen resistance and eosinophils required for disease
tolerance. The relatively short lifespan of eosinophils does not preclude their involvement

in maintaining the state of tolerance in the long term. This effect was most likely due

to epigenetic modulation of myelopoiesis progenitors skewing them towards eosinophilic
lineage, a speculation that needs experimental demonstration. Of note, analogous long-
term mechanisms of bone marrow restructuring have until now been described regarding
macrophage’s role in pathogen resistance (Kaufmann et a/., 2018; Mitroulis et al., 2018).
We hypothesize that certain infections can ‘educate’ HSCs in bone marrow resulting in
increased eosinophilic output. As suggested by our comparison between duodenum versus
ileal eosinophils, increased eosinophil bone marrow output must be accompanied by changes
in the local microenvironment primed by initial infection, which then results in eosinophil
activation and secretion of cytokines that modulate tissue macrophages. However, it remains
open the question of whether a post-infectious microenvironment per se is sufficient to
induce neuronal protection in the absence of bone marrow re-modelling. While the impact
of disease tolerance mechanisms for host fitness have been demonstrated against a wide
range of pathogens, our observations indicate that disease tolerance induced upon infection
can have a long-term effect that benefit the host upon subsequent encounter with unrelated
pathogens.
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Limitations of the Study

While we have defined two main neuroprotective post-infectious mechanisms accounting for
the preservation of the numbers and functionality of the ENS, our study did not address
whether other classes of bacteria (e.g. Gram-positive) or pathogens (e.g. enteric viruses)
induce similar mechanisms, and how long they would last.

STAR Methods

Lead Contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Daniel Mucida (mucida@rockefeller.edu).

Materials availability

Animal strains used in this study are available from The Jackson Laboratory or were
provided by the indicated investigators. cpa3PTR-tdTomato \yere generated in this study and
are available upon request.

Data and code availability

. RNA-seq data have been deposited at GEO and are publicly available as of the
date of publication. Accession number is listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Experimental Model and Subject Details

Mice—C57BL/6J (000664), Balb/c (000651), CD45.1 B6 (B6.SJL-Ptprc? Pepct

BoyJ), LysMCe (B6.129P2-Lyz2tmi(cre)lfo/y - argflox/flox (c57B| /6-Arg1tmiPmu/j) and
114;111.3flox/flox (B 129P2(Cg)-114/1113tM1-LkY/3) were purchased from The Jackson
Laboratories and maintained in our facilities. Adrb2floX/flox (Adrb2tM1KrY) were generously
provided by G. Karsenty, eoCRE (Epxtm1.1(cre)llee) and jpHIL (Epxtm2-1(HBEGF)Jlee) py
Jacobsen, Hobit-Blimp-1 DKO (Hobit/~Blimpflox/flox|_CKCre!9/*) by K. van Gisbergen.
cpa3PTR-tdTomato mice were generated as described below. Pet store mice were purchased at
a local pet store (Petco).

Mouse lines were interbred in our facilities to obtain the final strains described in the text.
Genotyping was performed according to the protocols established for the respective strains
by The Jackson Laboratories or personal communication with the donating investigators.
Mice were maintained at the Rockefeller University animal facilities under specific
pathogen-free conditions. Mice were fed a standard chow diet and used at 7-11 weeks of age
for most experiments. Male and female (sex-matched) mice were used for all experiments.
Animal care and experimentation were consistent with NIH guidelines and were approved
by the Institutional Animal Care and Use Committee at the Rockefeller University.
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Method Details

Infections

Salmonella enterica Typhimurium.: For infections with Salmonella sp/B, mice were pre-
treated with a single dose of streptomycin (20 mg/mouse dissolved in 100 pl of DPBS)
administered by oral gavage 18-24 h prior to infection. Mice were then orally inoculated
with 10° CFU of spiB. A single aliquot of spiBwas grown in 3 ml of LB overnight at 37
°C with agitation. Bacteria were then subcultured (1:300) into 3 ml of LB for 3.5 h at 37 °C
with agitation and diluted to final concentration in 1 ml of DPBS.

Yersinia pseudotuberculosis.: Y. pseudotuberculosis (strain IP32777) was grown as
previously described (Fonseca ef al., 2015). Briefly, a single aliquot of Yp was grown in

3 mL of 2xYT media overnight at 28 °C with vigorous agitation and diluted (1:10) to final
concentration in DPBS. Mice were fasted for 12—16 h prior to infection with 108 CFU by
oral gavage.

Strongyloides venezuelensis.: S. venezuelensis was maintained in our facility in NSG mice
by subcutaneous infection with 1000 stage 3 (L3) larvae, resulting in chronic infection of
this strain. For each experiment, feces of infected NSG mice were collected and spread on
Whatman paper, which was places into a beaker with water and incubated at 28 °C for 2-3
days. Mice were infected subcutaneously with 700 L3 larvae in 200 pl water per mouse. S.
venezuelensis was passaged periodically by infecting naive adult NSG mice.

Heligmosomoides polygyrus.: Mice were infected by oral gavage with 200 third-stage
larvae of H. polygyurs in 100 pl water.

Generation of cpa3PTR-tdTomato mjce_ CpasPTR-dTomato knock-in mice were
generated using CRISPR/Cas9 technology directly in C57BL/6 mice. Briefly, two guide
RNA (gRNA\) targeting exon 11 in the 3" UTR of the cpa3 locus were designed using

the online CRISPR Design Tool. These gRNAs were cloned into a plasmid (Addgene)
containing Cas9n. The plasmid was then co-injected into the pronucleus with a repair
template plasmid (i.e. targeting vector, Addgene) containing an IRES-DTR-tdTomato fusion
cassette. WT and knock-in genotypes were confirmed by PCR. DTR and IRES expression
were confirmed using the repair template plasmid as a positive control. Insertion of the
cassette into the correct locus was verified by using primers located inside the cassette and
outside of the 3’ and 5° homology regions, respectively.

Mouse treatments—Ivermectin (Milipore Sigma) was dissolved in DMSO at 100 mg/ml.
14 days after Svinfection, ivermectin was orally gavaged at 50 ug/mouse. 14 days after Hp
infection ivermectin was injected subcutaneously at 20 mg/kg.

Diphtheria toxin (Sigma Aldrich) was reconstituted in DPBS. iPHIL mice were treated i.p.
on indicated days at 15 ng/gram body weight. Cpa3-DTR mice were treated i.p. on indicated
days at 300 ug/mouse.
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For succinate treatment, mice were provided with 150mM sodium succinate hexahydrate
(Alfa Aesar) ad /ibitum in drinking water for 14 days. As a control NaCl solution was given
at 300 mM to match sodium molarity with succinate treatment.

For hydrodynamic gene delivery, pPCAGGS vector containing mouse IL-5 coding sequence
was used. Mice received hydrodynamic tail-vein injections of 100 ug plasmid DNA
dissolved in lactated Ringer’s solution (B. Braun) in a volume equal to 10% body weight
(0.1 ml/g) within £ 5 s. As a control, empty pCAGGS expression vector was injected.
Plasmid DNA was purified using EndoFree Plasmid Mega Kit (QIAGEN).

IL-4 or IL-13 complexes were prepared by incubating 5ug of recombinant IL-4 or 1L-13
(PeproTech) with 25ug of anti-mouse IL-4 (clone 11B11, Bio X Cell) or IL-13 (clone
eBio13A, ThermoFisher Scientific) for 5 mins at 4°C and injected i.p. at indicated
timepoints in 100 ul PBS.

Antibodies against CD4 (Clone GK1.5, cat. # BE0003-1), CSF1R (Clone ASF98, cat. #
BE0213) and IL-5 (Clone TRFKS5, cat. # BE0198) and corresponding isotype controls were
purchased from BioXCell. CD4 mAb was injected i.p. on indicated days at 200 pg/mouse/
timepoint. IL-5 mAb was injected i.p. on indicated days at 500 pg/mouse/timepoint. CSF1R
mAb was injected i.p. on indicated days at 50 mg/kg. Mice were previously habituated to i.p.
injections for at least 5 days prior to the antibody treatments.

Bone marrow transfer—Bone marrow cells were harvested from WT CD45.1* or
CD45.2* donors. Lineage-negative cells were isolated using direct lineage cell depletion

kit (Miltenyi) according to manufacturer’s protocol and r.o. injected into lethally irradiated
(2 x 6 Gy) hosts at 1x108 cells/mouse along with 2x10° carrier bone marrow cells isolated
from non-infected mice. LT-HSCs were sorted and r.o. injected into sublethally irradiated (6
Gy) hosts at 1000 cells/mouse. Mice were kept under sulfatrim diet for 2 weeks after the
reconstitution and analyzed at indicated timepoints.

Metabolic cages—Body weight, food consumption and ambulatory activity was measured
using the Phenomaster automated home cage phenotyping system (TSE systems, Bad
Homburg, Germany). Mice were housed separately in a controlled environmental chamber
set at 22 °C with 40 % humidity and with a 12 : 12 h light-dark cycle (lights on at 0700 and
lights off at 1900). All mice were given food and water ad /ibitum. Mice were acclimatized
in the metabolic cages for 24 h and thereafter metabolic values were automatically recorded
for 72 h. Sampling interval for each mouse was 15 min with a settle time of 3 min.

Raw values were analyzed using CalR (Mina et al., 2018). Data points represent the mean
group value per hour. Error bars represent the group SEM per hour. For food consumption,
p indicates the ANCOVA value with body weight as a covariable. For body weight and
ambulatory activity, p indicates the two-way ANOVA value. n = 7 animals / group.

Flow cytometry and whole-mount immunofluorescence antibodies.—Antibodies
against CD64-APC (Clone X54-5/7.1, cat. # 13906), CD4-BV605 (Clone RM4-5, cat. #
100548), CD150 (Clone TC15-12F12.2, cat. # 115921), CD48-APC (Clone HM480-1,

cat. # 103411), Lineage Cocktail-PB (cat. # 133305) were purchases from BioLegend.
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Antibodies against CD11b-APC-eFluor780 (Clone M1/70, cat. # 47-0112-82), FceR1-APC
(Clone MAR1, cat. # 17-5898-80), CD45-PE-Cy7 (Clone 30-F11, cat. # 25-0451-82),
CD45-AF700 (Clone 30-F11, cat. # 56-0451-82), CD45.1-PE-Cy7 (Clone A20, cat. #
25-0453-82), GATA-3-PE (Clone TWAJ, cat. # 12-9966-42), FOXP3-eFluor450 (Clone
FJK-16s, cat. # 48-5773-82), MHC 11-AF700 (Clone M5/114.15.2, cat. # 56-5321-82),
Ly-6G-eFluord50 (Clone RB6-8C5, cat. # 48-5931-82), CD11c-AF488 (Clone N418, cat. #
53-0114-82), IL-4-APC (Clone 11B11, cat. # 17-7041-82), Arg1-PE-Cy7 (Clone AlexF5,
cat. # 25-36-97-82), Ly6A/E(Sca-1)-PE (Clone D7, cat. # 12-5981-82), CD16/CD32-FITC
(clone 93, cat. # 11-0161-82) were purchases from Thermo Fisher Scientific. Antibodies
against CD11b-FITC (Clone M1/70, cat. # 553310), Siglec-F-APC-Cy7 (Clone E50-2440,
cat. # 565527), -PE (Clone E50-2440, cat. # 552126) and -BV421 (Clone E50-2440, cat. #
56268), c-kit-PE-Cy7 (Clone 2B8, cat. # 558163), CD45.2-PerCP-Cy5.5 (Clone 104, cat. #
552950), CD45.2-AF700 (Clone 104, cat. # 560693), CD45R-FITC (Clone RA3-6B2, cat.
# 553088), CD8a-AF488 (Clone 53-6.7, cat. # 557668), I-A/lI-E-FITC (Clone M5/114.15.2,
cat. # 553623), CD125-AF488 (Clone T21, cat. # 558533) were purchased from BD. Cell
surface and intracellular antibodies were used at 1:200 and 1:100 dilution, respectively.
Antibody against ANNA-1 was a gift from Dr. Vanda A. Lennon. Fluorophore-conjugated
secondary antibody H&L goat anti-human-AF568 (Thermo Fisher Scientific) was used to
detect anti-ANNA-1 antibody.

Intestine dissection—Mice were sacrificed and duodenum (1 cm moving distal from the
gastroduodenal junction) or ileum (1 cm moving proximal from the ileocecal junction) was
removed. For dissection of the muscularis, following the above procedures, the intestinal
tissue was placed on a chilled aluminum block with the serosa facing up (Gabanyi et al.,
2016). Curved forceps were then used to carefully remove the muscularis. Tissue was then
used for whole-mount imaging or flow cytometry.

Muscularis processing for flow cytometry—Muscularis was finely cut and digested
in HBSS Mg2*Ca2* + 5% FBS + 1x NaPyr + 25mM HEPES + 50 ug/ml DNasel (Roche)

+ 400 U/ml Collagenase D (Roche) + 2.5 U/ml Dispase (Corning) at 37 °C. The muscularis
was digested for 40 min. The tissue was then homogenized with an 18-gauge needle and
filtered through a 70 um cell strainer and washed with HBSS Mg2*Ca2*. The cells were
incubated with Fc block and antibodies against the indicated cell surface markers in FACS
buffer (PBS, 1% BSA, 10 mM EDTA, 0.02% sodium azide).

Bone marrow, spleen and lung processing—Bone marrow cells from femurs and
spleen cells were passed through 70 um filter and treated with red blood cell lysis buffer,
followed by staining with fluorescently labeled antibodies. Lungs were dissected following
perfusion with PBS, incubated for 45mins at 37°C in Collagenase A (Sigma Aldrich) and
DNase | solution and passed through 70 pm filters.

Isolation of intraepithelial and lamina propria cells—Intraepithelial and lamina
propria cells (eosinophils, T cells, mast cells, ILC2s and tuft cells) were isolated as
previously described (Bilate et al., 2016). Briefly, sections of small intestines were
harvested and washed in PBS and 1mM dithiothreitol (DTT) followed by 30 mM EDTA.
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Intraepithelial cells were recovered from the supernatant of DTT and EDTA washes and
mononuclear cells were isolated by gradient centrifugation using Percoll. Cells from lamina
propria were obtained after collagenase 8 digestion of the tissue. Single-cell suspensions
were then stained with fluorescently labeled antibodies for 30 min on ice.

Intracelluar staining for flow cytometry—Intranuclear staining for transcription
factors was conducted using Foxp3 / Transcription Factor Staining Buffer Set according

to manufacturer’s instructions (eBioscience, USA). For analysis of IL-5 secretion, total
mononuclear cells isolated from lamina propria were plated on 48-well plates and incubated
at 37°C with 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich) and 200
ng/mL ionomycin (Sigma) for 4 h. Golgi stop solution containing Monensin (2 mM, BD
Biosciences) was added 1 h after PMA and ionomycin. Intracellular staining for cytokines
was conducted in Perm/Wash buffer after fixation and permeabilization in Fix/Perm buffer
(BD Biosciences, USA) according to kit instructions. Flow cytometry data were acquired on
an LSR-11 flow cytometer (Becton Dickinson, USA) and analyzed using FlowJo software
package (Tri-Star, USA).

Gating strategies—For flow cytometric analysis following gating strategy was used to
identify macrophages: single, live, myeloid cells (based on FSC, SSC and live/dead fixable
dye Aqua stain), CD45+, CD11b+ and CD64+. Eosinophils: single, live, myeloid cells,
CD45+, CD11b+ and Siglec-F+. Mast cells: single, live, myeloid cells, CD45+, CD117+
and FceR1+. LT-HSCs: single, live, Lin—, Scal+, cKit+, CD150+, CD48-. ILC2s: single,
live, CD45+, Lin—, CD127+, KLRG1+. Tuft cells: single, live, CD45-, EpCam+, Siglec-F+.
For all cell types, B220+ and CD8a+ cells were excluded.

Eosinophil sorting—Following lamina propria cell isolation, cells were stained with
fluorescently labelled antibodies against CD11b, CD11c, Grl and MHCII (Geslewitz et
al., 2018). Cells (single, live, CD45+, CD11b+, Grl+, CD11c—, MHCII-) were then

sorted using a FACSAria™ cell sorter flow cytometer (Becton Dickinson) and subsequently
transferred by retro-orbital injection at numbers indicated in Figure 5.

RNA-Seq Library Preparation—Sorted muscularis macrophages (1000 cells) were
lysed in guanidine thiocyanate buffer (TCL buffer, Qiagen) supplemented with 1% B-
mercaptoethanol. RNA was isolated by solid-phase reversible immobilization bead cleanup
using RNACIean XP beads (Agentcourt), reverse-transcribed and amplified as described
(Trombetta et al., 2014). Uniquely barcoded libraries were prepared using Nextera XT kit
(IMumina) following manufacturer’s instructions. Sequencing was performed on an lllumina
NextSeq500 for a total yield of 400M reads.

RNA-Seq Analysis—Raw fastq files were processed by using the mouse transcriptome
(gencode M23) with the kallisto (v0.46) software. Analysis of transcript quantification was
performed at the gene level by using the sleuth (v0.30) package for R. To spot statistically
significantly expressed genes between group pairs, we used the wald-test function. Genes
with false discovery rate less than 0.01 and 2 or 4 log2 fold-change were used in
downstream analysis. The batch effect was removed from the expression matrix by using the
removebatcheffect function available in the limma package. Gene set enrichment analysis
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(GSEA) was performed by using signature gene sets in gmt format and a pre-ranked gene
list by log2 fold-change between two groups as input for the fgsea.

Cytokine quantification—After centrifugation of peripheral blood, the serum samples
were immediately aliquoted and stored at 4 °C until the experiment was conducted. The
concentrations of IL-4 and IL-13 were measured once after collection of each individual
samples by using the cytometric bead array assay (BD Biosciences) according to the
manufacturer’s instructions.

CFU counting—TFecal pellets from sp/iB- or Yp-infected mice were weighed and then
disrupted in 400 mL of DPBS. Serial dilutions were made from the original suspension

and then 5 ml of each dilution was plated onto Salmonella-Shigella or 2xYT-Irgasan plates,
respectively. The plates were then incubated overnight, and the number of black colonies
were counted for the serial dilution with the clearest delineation of single units. This humber
was then multiplied by the dilution factor and by 80 to give the number of colony-forming
units (CFU) in the original suspension. CFU numbers were then divided by the original fecal
pellet weight to give the number of CFU per mg of feces.

Quantification of Sv eggs in feces—Fecal pellets from Sv-infected mice were weighed
and then disrupted in 400 pl of DPBS. 100 pl of iodine solution was added to increase

the visibility of fecal eggs. Eggs in small portions of each sample were counted under a
microscope, and the number of eggs per gram of feces was determined for each sample.

Intestine motility measurements—For measurement of total intestinal transit time,
mice were given an oral gavage of 6% carmine red (Sigma-Aldrich) dissolved in 0.5 %
methylcellulose (prepared in sterile 0.9% NaCl). Total intestinal transit time was measured
as the time from oral gavage it took for mice to pass a fecal pellet that contained carmine.

Neuronal imaging and counting quantification—After dissection muscularis was
pinned down on a plate coated with Sylgard and then fixed overnight with 4 % PFA. After
washing in DPBS whole mount samples were then permeabilized first in 0.5 % Triton X-100
(perm buffer) for 2 h at room temperature (RT) with gentle shaking. Samples were then
blocked for 2 h in blocking buffer (5 % bovine serum albumin and 5 % goat serum in

perm buffer) for 2 h at RT with gentle agitation. Anti-ANNA-1 antibody was added to the
blocking buffer at appropriate concentrations and incubated for 2 days at 4°C. After primary
incubation the tissue was washed 4 times in perm buffer and then incubated in blocking
buffer with secondary antibody for 2-3 h at RT. Samples were again washed 4 times in perm
buffer and then mounted with FluoroMount G on slides with coverslips. Slides were kept

in the dark at 4 °C until they were imaged. A minimum of 5-10 images were randomly
acquired across a piece of whole-mount muscularis. These images were then opened in Fiji,
and the cell counter was used to count the number of ANNA-1+ cells in a given field. This
number was then multiplied by a factor of 2.95 (20x objective) or 3.125 (25x objective), to
calculate the number of counted neurons per square millimeter (mm?2). The average of 8-10
images was then calculated and plotted. Whole-mount intestine samples were imaged on an
inverted LSM 880 NLO laser scanning confocal and multiphoton microscope (Zeiss) and on
an inverted TCS SP8 laser scanning confocal microscope (Leica).
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CG-SMG dissections and cFos staining—Mice were cervically dislocated and a
midline incision was made; the viscera were removed out of the peritoneal cavity. The
superior mesenteric artery was located by identifying the intersection of the descending
aorta and left renal artery. Fine forceps and microdissection scissors were used to remove the
CG-SMG which is wrapped around the superior mesenteric artery and associated lymphatic
vessels. CG-SMG samples were washed in cold 1x PBS and fixed overnight at 4 °C in 4%
PFA. CG-SMG samples were then washed four times in 1x PBS at room temperature and
blocked overnight in 5% Normal Donkey Serum with 0.5% Triton X-100/0.05% Tween-20/4
ug heparin (PTxwH) at 4 °C. Samples then incubated with anti-cFos (1:500; Cell Signaling
Technologies, 2250S) and anti-TH (1:200; Milipore; AB1542) for 48 hours at 4 °C. Samples
were washed four times in PTxwH at room temperature and incubated with highly cross-
adsorbed donkey anti-rabbit AF647 (Invitrogen A31573) and donkey anti-sheep AF568
(Invitrogen; A21099) antibodies at 4 °C for 48 hours (rotating). Samples were washed four
times in PTxwH at room temperature and mounted in Fluoromount G. TH staining was used
to identify the sympathetic neurons and number of cFos+ nuclei were counted in multiple
z-stack images with confocal microscope. ImageJ Cell Counter plugin was used to count the
cFos+ nuclei and data were not normalized to area or volume. Each data point represents the
total number of cFos+ cells per CG-SMG.

Intestine neuronal quantification: neurons per ganglion.—A myenteric ganglion
was defined as a continuous group of ANNAZ1+ cells that are separated by less than 15

um in distance. Only complete ganglia were counted per field of view. Thus, the following
ganglia were excluded: 1. Ganglia that were truncated; 2. No clear separation (>15 um) was
noted between the last ANNAL+ cell and the edge of the field of view. In the case of single
ANNAL1+ cells that are separated by 15um on all sides, this was counted as extraganglionic.
The number of quantifiable ganglia was averaged across a minimum of 10 images per gut
segment per animal.

Quantification and Statistical Analysis

Statistical analysis—Significance levels indicated are as follows: * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001. All data are presented as mean + SD or mean £
SEM. At least two independent experiments were performed throughout in this study. All
statistical tests used were two-tailed. Multivariate data were analyzed by one-way ANOVA
and Tukey’s multiple comparisons post hoc test. Comparisons between two conditions were
analyzed by unpaired Student’s t test. GraphPad PRISM version 9 was used for generation
of graphs and statistics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Bacteria-induced neuroprotection is mediated by f-2AR signaling in
macrophages.

Helminth-induced neuroprotection relies on eosinophil-derived I1L-4 and -13.

Pet store mice display similar neuroprotection as previously infected SPF
mice.

Post-infectious bone marrow and tissue environment maintain long-term
neuroprotection.
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Figure 1. Y. pseudotuberculosis infection induces neuronal protection during subsequent
infection.
(A-D) C57BL/6J mice were orally gavaged with PBS (non-infected, NI), 10° colony-

forming units (CFU) of Salmonella Typhimurium spiB, 108 CFU of Y. pseudotuberculosis
(Yp) only or 108 CFU of Ypand 21 days later with 109 CFU of spiB. (A) Quantification

of fecal Yp CFU. (B) Neuronal quantification in the ileum myenteric plexus assessed by IF
staining of ANNA-1 on day 10 post-sp/B infection. Left, representative images; Scale bars,
50 um. (C) Quantification of fecal sp/B CFU. (D) Total Gl transit time measured at 12 days
post infection (dpi). (E) C57BL/6J mice were orally gavaged with PBS, spiBor Yp. At 20
dpi Yp-infected mice were treated with anti-CSF1R or 1gG isotype control, followed by oral
gavage with sp/B. lleum myenteric plexus neurons were quantified at 7 dpi. (F and G) Flow
cytometry analysis of Argl-expressing macrophages isolated from ileum muscularis at 14
dpi with Ypor spiB. (H) Quantification of ileum myenteric plexus neurons of LysMAA41
mice and WT littermates orally gavaged with Yponly or followed by sp/B infection 21 days
later. (1-K) LysM2Ad52 (Cre+) mice and WT (Cre-) littermates were orally gavaged with
Ypand 21 days later with sp/B. (1) Neuronal quantification of ileum myenteric plexus 7 days
post-spiB infection. (J) Argl expression by macrophages in ileum muscularis at 7 dpi as
determined by flow cytometry. (K) Total gastrointestinal (Gl) transit time at 12 dpi. Dashed
lines indicate the range of day 7 enteric neuron numbers defined by mean + SEM of a set of
control non-infected C57BL/6J mice (n=25). Data is from 2 pooled independent experiments
(3-5 mice per condition, A-C and F) or one out of two representative experiments (D-E and
G-K). See also Figure S1.
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Figure 2. S. venezuelensis infection induces long-term neuronal protection during subsequent
infection.

(A-D) C57BL/6J mice were s.c. injected with water and then orally gavaged with PBS
(non-infected, NI) or infected with spiB, Svonly or Svand 14 days later with sp/iB. (A)
Quantification of fecal Sveggs. (B) Right, Neuronal quantification in the ileum myenteric
plexus assessed by IF staining using ANNA-1 on day 8 post- sp/B infection or 14 days
post-Svinfection. Left, representative images; Scale bars, 50 um. (C) Quantification of
fecal sp/B CFU. (D) Total Gl transit time measured at 10 dpi. (E) C57BL/6J mice were
orally gavaged with PBS or infected with spiB or Sv. At 14 dpi Sv-infected mice were
treated with anti-CSF1R or IgG isotype control, followed by oral gavage with sp/B. lleum
myenteric plexus neurons were quantified 7 days post-sp/B infection. (F) Flow cytometry
analysis of Argl-expressing macrophages isolated from ileum muscularis at 14 dpi with Sv
or spiB. (G) Neuronal quantification of ileum myenteric plexus of LysMA4%9Z (Cre+) mice
and WT (Cre-) littermates orally gavaged with Svonly or followed by sp/iB infection 14
days later. (H) Number of cFos+ neurons in CG-SMG 3 days after Ypinfection, 7 days after
Svinfection and in non-infected controls. (I-K) LysMAA@52 mice and WT littermates were
orally gavaged with Svand 14 days later with sp/B. (1) Quantification of ileum myenteric
plexus neurons 7 days post-spiB infection. (J) Argl expression by macrophages in ileum
myenteric plexus at 7 dpi. (K) Total Gl transit time at 10 dpi. (L and M) C57BL/6J mice
were orally gavaged with spiB only or s.c. injected with Svand 8, 12 or 24 weeks later
infected with spiB. (L) lleum myenteric plexus neurons were quantified 10 days post-spiB
infection. (M) Argl expression by macrophages in ileum myenteric plexus at 7 dpi as
determined by flow cytometry. (G and I) Dashed lines indicate the range of day 7 enteric
neuron numbers defined by mean + SEM of a set of control non-infected C57BL/6J mice
(n=25). Data is from 2 pooled independent experiments (3-5 mice per condition, A-C and
H) or one out of two representative experiments (D-G and I-M). See also Figure S2.
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Figure 3. Transcriptomic analysis of MMs.
(A-F) C57BL/6J mice were s.c. injected with water (non-infected, NI) or infected with sp/B,

Svor Yp. lleum MMs were sorted for RNA-seq at 14dpi. (A-D) Volcano plots showing
comparisons between (A) Ypand sp/iB group, (B) Svand spiB group, (C) Svand Ypgroup
and (D) infected (all infections pooled) and non-infected group. All significantly regulated
genes (FDR<0.01) are colored. (E-F) GSEA of MM gene signature from all infected mice in
indicated publicly available datasets. See also Table S1.
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Figure 4. Immune response to S. venezuelensisis associated with neuronal protection during
subsequent infection.

(A-F) C57BL/6J mice were s.c. injected with water (non-infected, NI) or infected with
spiB, Svonly or Svand 14 days later with spiB. (A) Flow cytometric intranuclear analysis
of CD4™" T cells in lamina propria (LP) expressing indicated transcription factors 2 days
post-spiB infection. (B and C) Frequency of ileum (B) and duodenum (C) LP eosinophils
at 14 dpi with Sv. (D) Frequency of duodenum LP eosinophils in mice infected with sp/iB
only and Svfollowed by spiB 12 or 24 weeks later and analyzed at 7 dpi. (E and F)

Serum levels of IL-4 (E) and IL-13 (F) measured over time post-infection with sp/B or

Sv. (G) Experimental design for (H-K). (H-K) C57BL/6J mice were infected with spiB or
Sv. On indicated days Sw-infected mice were treated with anti-CD4 antibody, followed by
treatment with ivermectin and oral gavage with sp/B. (H) Quantification of fecal Sveggs.
(1) Quantification of ileum myenteric plexus neurons 7 days post-spiB infection. Dashed
lines indicate the range of day 7 enteric neuron numbers defined by mean + SEM of a large
set of control C57BL/6J mice. (J) Frequency of duodenum LP eosinophils at 7 dpi. (K)
Argl expression by ileum myenteric plexus macrophages at 7 dpi. (L) C57BL/6J mice were
subcutaneously injected Svor PBS. IL-5 expression in CD4™ T cells was determined after
4-hour /n vitro stimulation of duodenum LP cells with PMA and ionomycin at 21 dpi. Data
in (C) is from 2 pooled independent experiments (3 mice per condition). All other data is
from one representative out of two independent experiments with 3—4 mice per condition.
See also Figure S3.
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Figure 5. Pet store mice are resistant to neuronal loss upon spiB infection.
Pet store mice were analyzed at steady-state (A-C and E-J) or 7 days post sp/B-infection (A,

C and D). (A) Quantification of ileum myenteric plexus neurons. (B) Small intestine length.
(C) Number of neuron per ganglion within the ileum myenteric plexus. (D) Quantification
of fecal sp/B CFU. Shaded area indicates range of sp/B CFU numbers defined by mean +
SEM from a large set of control SPF mice. (E) Frequency of duodenum LP eosinophils.

(F) Serum levels of IL-4 and IL-13. (G) Frequency of Argl-expressing ileum myenteric
plexus macrophages. (H-J) Frequencies of indicated bone marrow progenitor cell subsets.
(K) Frequency of Argl-expressing ileum MMs in non-infected BALB/c and C57BL/6
mice. (L) BALB/c mice were orally gavaged with PBS (non-infected, NI) or sp/B. lleum
myenteric plexus neurons were quantified at 15 dpi. Data is from one representative out of
2 independent experiments (B-J) or 2 pooled independent experiments with 3-5 mice per

condition (A and K).
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Figure 6. IL-4 and IL-13 producing eosinophils mediate Sv-induced neuronal protection.
(A-C) iPHIL mice and WT littermates were infected with Svand treated with DT on day

0, 1, 4, 6 and 8 post-infection. Analysis was performed at 10 dpi. (A and B) Frequency of
duodenum (A) and ileum (B) LP eosinophils. (C) Quantification of fecal Sveggs. (D-F)
iPHIL mice and WT littermates were infected with Svand treated with DT on day 0, 1, 4,
7, 10, 13, 16 and 18 post-infection. On day 14 post-Sv infection mice were orally gavaged
with spiB. (D) Quantification of ileum myenteric plexus neurons at 7 dpi. (E) Serum levels
of IL-4 and IL-13 at 7 dpi. (F) Argl expression by ileum myenteric plexus macrophages

at 7 dpi. (G) Total Gl transit time measured 10 days post-spiB infection. (H-L) EpxA /41113
mice or WT littermates were infected with Svlarvae and 14 days later with spiB. (H)
Frequency of duodenum LP eosinophils at 7 dpi. (I) Quantification of ileum myenteric
plexus neurons at 7 dpi. (J) Serum levels of IL-4 and IL-13 7 dpi. (K) Argl expression

by ileum myenteric plexus macrophages at 7 dpi. (L) Total Gl transit time measured 10
days post-spiB infection. (M) Experimental design for (N-P). (N-P) C57BL/6J CD45.2 mice
received indicated numbers of eosinophils isolated from duodenum or ileum LP of CD45.1
mice infected with Sv'7 days earlier. Recipient mice were subsequently infected with spiB.
(N) Frequency of donor CD45.1* duodenum eosinophils found in LP of recipient mice at 7

Cell. Author manuscript; available in PMC 2022 November 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ahrends et al.

Page 30

dpi. Quantification of ileum myenteric plexus neurons in mice receiving duodenum (O) or
ileum (P) eosinophils 7 days post-sp/B infection. (R) C57BL/6J mice were infected with Sv.
Expression of IL-4 was measured in duodenum and ileum eosinophils 7 days post-infection.
Dashed lines indicate the range of day 7 enteric neuron numbers defined by mean + SEM of
a set of control non-infected C57BL/6J mice (n=25). Data is from one representative out of 2
independent experiments (A-H and J-R) or 2 pooled independent experiments with 3-5 mice
per condition (1). See also Figure S4.
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Figure 7. Long-term neuroprotection is maintained by modulation of hematopoietic progenitors.
(A-E) C57BL/6J mice were infected with Sv. Frequencies of indicated bone marrow

progenitor cell subsets 1, 2 and 8 weeks post-Svinfection. (F) Experimental design for

(G and H). (G and H) Lethally irradiated CD45.1* host mice received 1000 LT-HSCs
isolated from donor CD45.2* mice s.c. injected with water or infected with Sv14 days
earlier. (G and H) Frequency of CD45.2* duodenum and ileum LP eosinophils 4 weeks
post-HSC transfer. (1) Experimental design for (J and K). Sublethally irradiated CD45.2*
host mice received 1x106 lineage-negative bone marrow cells isolated from donor CD45.1*
mice s.c. injected with water or infected with S 14 days earlier. After 12 weeks, host mice
were infected with sp/iB. (J) Quantification of ileum myenteric plexus neurons at 7 dpi.

(K) Argl expression by ileum myenteric plexus macrophages at 10 dpi. (L) Experimental
design for (M-0). (M-0) CD45.2* host mice were s.c. injected with water or Sv larvae

and 14 days later lethally irradiated and i.v. injected with 1x106 lineage-negative bone
marrow cells isolated from donor CD45.1* mice infected with Sv'14 days earlier. After

12 weeks, host mice were challenged with sp/B. (M) Quantification of ileum myenteric
plexus neurons at 10 dpi. (N) Argl expression by ileum myenteric plexus macrophages at 10
dpi. (O) Frequency of CD45.1" and CD45.2* ileum myenteric plexus macrophages in host
mice. Data is from one representative out of 2 independent experiments (G-O) or 2 pooled
independent experiments with 3-5 mice per condition (B-E). See also Figure S5.
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