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SUMMARY
Type 1 immunity mediates host defense through pathogen elimination, but whether this pathway also im-
pacts tissue function is unknown. Here, we demonstrate that rapid induction of interferon g (IFNg) signaling
coordinates a multicellular response that is critical to limit tissue damage and maintain gut motility following
infection of mice with a tissue-invasive helminth. IFNg production is initiated by antigen-independent activa-
tion of lamina propria CD8+ T cells following MyD88-dependent recognition of the microbiota during hel-
minth-induced barrier invasion. IFNg acted directly on intestinal stromal cells to recruit neutrophils that
limited parasite-induced tissue injury. IFNg sensing also limited the expansion of smooth muscle actin-ex-
pressing cells to prevent pathological gut dysmotility. Importantly, this tissue-protective response did not
impact parasite burden, indicating that IFNg supports a disease tolerance defense strategy. Our results
have important implications for managing the pathophysiological sequelae of post-infectious gut dysfunc-
tion and chronic inflammatory diseases associated with stromal remodeling.
INTRODUCTION

Decades of research have made incredible advances in our un-

derstanding of host resistance, that is, pathogen elimination.

However, our knowledge of pathways that limit tissue damage

to ensure survival in the face of persistent infection, a host de-

fense strategy referred to as disease tolerance, is comparatively

limited.1 A relevant, yet understudied, setting to investigate the

mechanisms of disease tolerance is intestinal helminth infec-

tion.2 Helminths are large, tissue-invasive parasites that migrate
All rights are reserved, including those
through host tissues to complete their life cycle, resulting in pro-

found tissue damage. Remarkably, however, most enteric hel-

minths colonize their hosts without inducing overt morbidity,

likely contributing to their pervasiveness across mammalian

species.3

Comparedwithmicrobial pathogens such as bacteria, viruses,

and fungi, the size and tissue-invasive nature of helminths pose

unique challenges to their hosts. As a result, type 2 immune re-

sponses, including the production of interleukin (IL)-4 and IL-

13, evolved to promote the expulsion of diverse enteric helminth
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species by enhancing the physiological functions of the intestine,

including motility, epithelial turnover, and mucus secretion.4 Tis-

sue-specific type 2 cytokine signaling also induces de novo gen-

eration of reparative monocytes/macrophages that execute

wound healing.5 However, the ‘‘weep and sweep’’ and tissue

repair functions of type 2 immunity are dominant during the

luminal stage of helminth infection, leaving unanswered ques-

tions about the host defense pathways that limit tissue damage

imposed during the invasive stage of infection.

We and others have described a transient, yet robust, type 1

immune response during the tissue-invasive stage of infection

with Heligmosomoides polygyrus bakeri (Hpb), an enteric para-

sitic roundworm.6–8 This response is characterized by interferon

g (IFNg)-dependent transcription of interferon-stimulated genes

(ISGs) that largely precedes the canonical type 2 immune

response.6 Although classically involved in microbe elimination

and anti-tumor immunity,9 ISG expression during Hpb infection

has been suggested to promote regeneration of the gut barrier

by inducing Sca-1+ fetal-like intestinal epithelial cells (IECs).7 In

addition, direct IFNg signaling on enteric glial cells acts to repair

Hpb-induced granulomatous lesions.8 IFNg signaling also pre-

serves barrier integrity by recruiting tissue-protective natural

killer (NK) cells to the Hpb infection site.6 These effects were

independent of changes in parasite burden, suggesting that,

in this context, type 1 immunity may be integral to disease

tolerance.1,10

Here, we performed an in-depth analysis of the cellular sour-

ces and targets of IFNg signaling to reveal the fundamental

type 1 immune networks required to endure an enteric helminth

infection. We demonstrate that a breach of the epithelial barrier

elicits microbiota-dependent activation of tissue-resident lamina

propria CD8+ T cells that rapidly produce IFNg in an antigen-in-

dependent manner. Despite widespread IFNg signaling at the

site of infection, direct sensing of this cytokine by the small intes-

tinal stromal cell compartment is critical for the recruitment of tis-

sue-protective neutrophils and restraining the expansion of

smooth muscle actin-expressing cells. Indeed, germline or stro-

mal cell-specific deletion of the IFNg receptor resulted in
Figure 1. Transient IFNg signaling limits tissue damage and mediates

(A–C) Kinetic analysis of (A) interferon-stimulated genes (ISGs) from small intes

infection). (B) Representative contour plots of Sca-1 by small intestinal epithelial c

of Sca-1+ IECs.

(D) Small intestinal ISG expression from Ifngr+/+ and Ifngr�/� mice.

(E) Enumeration of total visible granulomas (left) and their diameter (right) at 4 dp

(F) Representative images of the duodenum at 4 dpi with an inset of normal and

(G) Frequency of hemorrhagic granulomas. Three independent experiments, n =

(H) Representative H&E images of Hpb granulomas at 4 dpi. Scale bar, 50 mm.

(I) Worm burden following infection with 200L3 Hpb larvae. Four independent ex

(J) Daily unfasted blood glucose levels from high-dose infected mice (600L3 larv

(K) Kaplan-Meier survival curve of high-dose Hpb-infected mice, three independ

(L and M) (L) Representative image at day 8 post-high-dose infection with (M) qu

(N) Transit time (left) and small intestinal (SI) length (right).

(O) Worm burden at 8 dpi following high-dose infection.

(P) Representative contour plots of mesenteric lymph node (mesLN) IL-13+ Gata

(Q and R) (Q) Frequency of hemorrhagic granulomas at 4 dpi following 200L3 chall

anti-IL-4 and anti-IL-13 treatment. Two to three independent experiments, n = 5

mouse. Between-group comparisons were analyzed with nonparametric Student

analysis. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. Survival curves w

See also Figures S1 and S2.
enhanced granulomatous pathology and, following high-dose

parasite challenge, severe gut dysmotility and mortality. Collec-

tively, this study reveals the unexpected functions of IFNg in dis-

ease tolerance and provides a conceptual framework for inves-

tigating how immune pathways, conventionally thought to only

mediate host resistance, ensure tissue preservation during

infection.

RESULTS

Type 1 immune activation during early Hpb infection
controls parasite-induced tissue damage and preserves
organ function
We and others have previously shown that IFNg activity domi-

nates the intestinal immune landscape during the tissue-invasive

phase of Hpb infection.6,7 To further evaluate the dynamics of

IFNg signaling, we performed a kinetic analysis of ISG expres-

sion during the tissue-invasive (days 1–6) and luminal stages

(days 8–14) of Hpb infection. We found ISG expression to be

robust yet transient with Cxcl9, Cxcl10, and Ly6a (encoding for

Sca-1) mRNA all highly expressed at 2 days post-infection

(dpi) and rapidly decreasing thereafter (Figure 1A). Similarly, sur-

face Sca-1 expression by IECs also peaked between 2–4 dpi

(Figures 1B and 1C). This response was specific to IFNg

signaling because Hpb-infected mice with a germline deletion

of the IFNg receptor (Ifngr�/�) failed to induce ISGs at these

time points compared with IFNgR-sufficient (Ifngr+/+) animals

(Figure 1D).

We next assessed gross changes to the larval-induced granu-

lomas in IFNgR-sufficient and -deficient mice. At 4 dpi, we

observed an increase in the number and size of detectable gran-

ulomas in Ifngr�/� mice compared with controls (Figure 1E). We

also found an increased frequency of granulomatous lesions in

the Ifngr�/� mice (Figures 1F and 1G), which were confirmed to

be hemorrhagic by a positive blood stain with intense eosin Y

signal (Figure 1H) as well as detection of intravenously adminis-

tered tetramethylrhodamine isothiocyanate (TRITC)-Dextran dye

in the granulomas of Ifngr�/�, but not control, mice (Figure S1A).
disease tolerance during tissue-invasive helminth infection

tinal tissue at the indicated time points after Hpb infection (dpi, days post-

ells (IECs) gated on viable CD45-EpCAM+ cells quantified in (C) as a percentage

i. Each data point represents an average of 30 granulomas per mouse.

‘‘hemorrhagic’’ granulomas.

10 per group.

periments, n = 9–16 per group.

ae), n = 16 per group.

ent experiments, n = 14 per group.

antification of duodenal weight.

3+ CD4 T cells at 8 days post-high-dose infection +/� anti-IL-4 and anti-IL-13.

enge and (R) transit time (left) and SI length (right) at 8 dpi with 600 L3 larvae +/�
–10 mice per group unless otherwise noted. Each dot represents an individual

’s t test and time course analyses with two-way ANOVA and Tukey’s post hoc

ere analyzed using log-rank (Mantel-Cox) test.
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Blinded granuloma examination provided similar results (Fig-

ure S1B). Conversely, treatment of Ifngr+/+ mice with low-dose

recombinant IFNg decreased the number and size of visible

granulomas (Figure S1C), further indicating that type 1 cytokine

signaling reduces helminth-induced tissue remodeling. We did

not detect differences in barrier permeability as quantified

by serum fluorescein isothiocyanate (FITC)-dextran following

gavage (Figure S1D) or differences in circulating endotoxin levels

(Figure S1E). Importantly, there was no difference in the number

of adult Hpb worms between groups at 8 dpi, the earliest time

point in which adult parasites can be detected in the intestinal

lumen11 (Figure 1I). However, we did detect a decrease in adult

worms isolated from the intestine of Ifngr�/� mice compared

with controls at later time points of infection, a finding consistent

with a previous study12 (Figure 1I). These results indicate that

transient activation of IFNg signals restrains helminth-induced

damage during the tissue-invasive stage of infection, indepen-

dent of parasite burden.

Although we observed an increase in tissue damage in the

absence of IFNg signals using a conventional infection dose

(200 L3 larvae), no appreciable sickness behavior (e.g., weight

loss or altered posturing) was noted. To test whether a higher

dose of Hpb would exacerbate the phenotype we observed at

day 4 and result in disease manifestation, we challenged mice

with 600 L3 larvae. Ifngr�/� mice exhibited a greater reduction

in systemic glucose levels and a 75% mortality rate compared

with Ifngr+/+ mice (Figures 1J and 1K). While we detected a larger

increase in serum endotoxin levels in the Ifngr�/�mice compared

with controls (Figure S1F), sepsis did not appear to be a key

driver of mortality as no striking differences in systemic bacterial

translocation or serological indicators of organ failure were

apparent (Figures S1G and S1H). Similarly, serum cytokine

quantification was similar between groups, except for an in-

crease in IFNg and smaller increases in IL-17 and IL-6 in high-

dose infected Ifngr�/� mice (Figure S1I). Furthermore, we could

not detect a difference in food intake or weight loss

(Figures S1J and S1K). Rather, digestive contents aggregated

in the small intestinal lumen of Ifngr�/� mice (Figure 1L), where

Hpb infection primarily takes place, resulting in an overall in-

crease in intestinal weight of this region (Figure 1M). High-dose

Hpb infection also induced a significant increase in intestinal

transit time in Ifngr+/+ and Ifngr�/� mice at 8 dpi compared with

uninfected animals (Figure 1N). Differences in transit time were

coupled with a significant shortening of the infected small intes-

tine that was also greater in Ifngr�/� mice compared with con-
Figure 2. Tissue-resident CD8+ T cells produce IFNg independent of c

(A–D) (A) Representative contour plots of total IFNg+ (eYFP+) cells from the small i

gated on viable CD45+ cells. SILP ISG expression in (B) WT mice treated with c

adoptive transfer of total WT or Ifng�/� T cells.

(E) Frequency of eYFP+ TCRb+ T cell subsets at 2 dpi.

(F and G) (F) Representative contour plots of eYFP+ CD8 T cells during Hpb infe

(H) Schema of OT-1 adoptive transfer experiment.

(I) Representative contour plots of proliferating (Ki67+) OT-1- or WT-derived CD8

(J and K) (J) Frequency of Ki67+ CD8+ T cells and (K) SILP ISG expression at 4 d

(L and M) (L) Number of eYFP+ CD8+ T cells in blood (left) and SILP (right) of 4 dp

independent experiments with n = 6–10 mice per group. Between-group compa

analyses included one- or two-way ANOVAs with Tukey’s post hoc analysis. *p

See also Figures S2, S3, and S4.
trols (Figure 1N), without differences in parasite burden

(Figures 1O and S1L). Together, these results indicate that

high-dose Hpb infection induces an altered physiological set

point of intestinal function, an adaptation that cannot be

achieved in the absence of IFNg signals.

Since IFNg signaling is antagonistic to canonical type 2 cyto-

kine production,13 we performed immunophenotyping of the

small intestinal lamina propria (SILP) and gut-draining mesen-

teric lymph node (mesLN) cells at various time points after Hpb

infection. Our results showed a significant increase in

Gata3+IL-13+ Th2 cells in the mesLN and SILP of Hpb-infected

mice as early as 4 and 6 dpi, respectively, and as previously re-

ported,14 the magnitude of this response in Ifngr�/� mice was

increased compared with Ifngr+/+ mice (Figures S2A and S2B).

We also observed a trending increase in type 2 innate lymphoid

cells in the small intestine of Ifngr�/� mice compared with con-

trols by 6 dpi (Figure S2C). Consistently, an enhanced type 2 im-

mune gene signature and increased numbers of goblet and tuft

cells were present in the small intestine of Hpb-infected

Ifngr�/� mice compared with controls at 6–8 dpi (Figures S2D

and S2E). To test whether type 2 cytokines contribute to patho-

physiological changes in the absence of IFNg signaling during

Hpb infection, we neutralized IL-4 and IL-13 using function-

blocking antibodies in Ifngr+/+ and Ifngr�/� mice and assessed

tissue pathology and dysfunction at 4 and 8 dpi with low and

high-dose infection, respectively. Despite effective blockade of

type 2 cytokine activity (as determined by prevention of Th2

cell differentiation; Figures 1P and S2F), we did not observe

any granuloma differences at 4 dpi (Figures 1Q and S2G). In

addition, blockade of IL-4 and IL-13 had no impact on intestinal

length or transit time between groups after high-dose infection

(Figure 1R). Collectively, these results indicate that transient

IFNg signaling promotes disease tolerance, independent of

type 2 cytokine production and parasite load.

Antigen-independent production of IFNg by tissue-
resident CD8+ T cells drives the type 1 immune
signature during Hpb infection
Diverse subsets of immune cells are capable of producing IFNg

during early Hpb infection.7 Using IFNg reporter mice in which

Ifng mRNA is detectable by eYFP expression,15 we found an in-

crease in eYFP+ cells as early as day 2 post-infection and

confirmed that more than 90% of these cells were either

TCRb+ ab T cells or NK1.1+ TCRb� NK cells (Figure 2A). Deple-

tion of NK cells during Hpb infection6 did not impact ISG
ognate antigen

ntestinal lamina propria (SILP) of uninfected and day 2 Hpb-infected mice, pre-

ontrol or anti-NK1.1, (C) WT or TCRb�/� mice, or (D) TCRb�/� mice following

ction, gated on viable CD45+ TCRb+ CD8+ SILP cells, quantified in (G).

+ T cells at 4 dpi, pre-gated on CD45+ TCRb+ CD8+ T cells.

pi.

i, FTY720-treated mice with (M) SILP ISG expression. Pooled results from 2–3

risons were analyzed with nonparametric Student’s t tests, while time course

< 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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induction (Figure 2B). By contrast, infection of TCRb�/� mice

abrogated ISG expression compared with wild-type (WT) con-

trols (Figure 2C). To test whether IFNg production by T cells

was sufficient to induce ISG expression, TCRb-deficient mice

received WT or IFNg�/� T cells and, 2 weeks later, were infected

with Hpb. Notably, the transfer of WT, but not IFNg-deficient,

T cells restored ISG expression in TCRb-deficient animals (Fig-

ure 2D). These data indicate that T cell-derived IFNg is necessary

and sufficient to drive intestinal ISG expression duringHpb infec-

tion. Using Ifng-eYFP expression to examine the T cell response

to infection revealed that SILP CD8+ ɑb T cells significantly

increased eYFP expression at the peak time of ISG expression

(Figure 2E). eYFP+ CD4+ T cells were also detected, but their fre-

quency did not differ between uninfected and infected condi-

tions (Figure 2E). Mirroring the kinetics of ISG expression (Fig-

ure 1A), the frequency of eYFP+ CD8+ T cells peaked at 2 and

4 dpi (Figures 2F and 2G), which was not observed in CD4+

T cells (Figure S2H). These results were further confirmed by

in vitro phorbol myristate acetate (PMA)/ionomycin stimulation

at the same time points in non-reporter mice (Figures S2I and

S2J). As an additional approach, we acutely depleted CD4+

T cells, CD8+ T cells, or both during Hpb infection. Interestingly,

single subset depletion only partially decreased intestinal ISG in-

duction, compared with combined depletion (Figures S3A–S3C).

Thus, while CD8+ T cells are the responsive cell type in immune-

replete conditions, CD4+ T cells can compensate in their

absence.

We next tested whether CD8+ T cells were sufficient to induce

IFNg-dependent gene expression during Hpb infection. To this

end, we used a previously published protocol16 in which we

transferred CD8+ T cells from the spleens of C57BL/6 or OT-1

x Rag1�/� animals—in which the entire lymphocyte repertoire

of the latter is ovalbumin-specific CD8+ T cells—into Rag1�/�

recipients 6 weeks prior to Hpb infection (Figure 2H). This com-

bined approach also allowed us to test whether CD8+ T cell

activation during Hpb infection could occur in an antigen-inde-

pendent manner. Consistent with prior results,16 we readily de-

tected donor T cells in the SILP of uninfected and infected recip-

ients, which increased Ki67 expression following infection

(Figures 2I and 2J). Remarkably, we observed an equal increase

in ISG induction in both groups of recipients at 4 dpi (Figure 2K).

Given the rapid induction of IFNg-producing CD8+ T cells during

Hpb infection and that no Hpb-derived major histocompatibility

complex class I (MHC class I)-restricted antigens have been

described, this experiment suggests that SILP CD8+ T cells

were activated in an antigen-independent manner. Indeed, we

observed similar activation of Thy1.1+ lymphocytic choriomenin-

gitis virus (LCMV)-specific P14 donor cells in C57BL/6 mice

(hosting an endogenous T cell repertoire) previously infected

with LCMV Armstrong and then challenged with Hpb 1 month

later (Figures S3D–S3F). Together, these results indicate that

CD8+ ab T cells are sufficient to drive IFNg target gene expres-

sion in the intestine during Hpb infection in an antigen-indepen-

dent manner.

We next examined whether eYFP+ CD8+ T cells were tissue-

resident or derived from the circulation. Immunophenotyping

indicated that eYFP+ cells expressed a CD44+CD62L� memory

phenotype with variable expression of CD49d, CD103, CD69,
3140 Cell 188, 3135–3151, June 12, 2025
PD-1, and ICOS (Figure S3G). Intravenous (i.v.) administration

of a fluorochrome-conjugated anti-CD45 antibody at 4 dpi 3 mi

before sacrifice demonstrated that eYFP+ CD8+ T cells found

in the SILP cell preparation were not within the intestinal vascu-

lature (Figures S4A–S4C). We could detect an increase in eYFP+

CD8+ T cells in mesLN, Peyer’s patches, and, to a lesser degree,

the bone marrow, but not until 4 dpi, a later time point than initial

CD8+ T cell activation in the SILP (Figure S4D). Consistently,

expression of the gut-homing integrin ɑ4b7 was not detectable

in SILP CD8+ T cells until day 4 (Figure S4E). To formally test

whether CD8+ tissue-resident memory (Trm) T cells were critical

for ISG expression in the Hpb-infected intestine, we blocked

migration of circulating T cells by administration of the sphingo-

sine 1-phosphate receptor agonist FTY72017 prior to and during

infection. As expected, FTY720 treatment led to a significant

decrease in the number of detectable eYFP+ CD8+ T cells in

the circulation. However, FTY720 had no impact on the number

of SILP eYFP+ CD8+ T cells or induction of ISG expression in the

small intestine (Figures 2L and 2M).

IFNg production during Hpb infection requires the gut
microbiota and MyD88 signaling
To investigate the trigger of IFNg production by CD8+ Trm cells,

we tested several antigen-independent modes of activation. IL-

33 and IL-36g, although upregulated at the transcriptional level

during early Hpb infection (Figure S5A), were dispensable for

IFNg production from CD8+ T cells in vivo and in vitro

(Figures S5B–S5E). Likewise, Il18 was upregulated during early

Hpb infection (Figure S5A), but functional neutralization using

an anti-IL-18 antibody had no effect on CD8+ T cell IFNg produc-

tion (Figure S5F; confirmation of neutralization efficiency is

shown in Figures S5G and S5H). IL-15 neutralization, while elim-

inatingHpb-induced NK cell recruitment to the SILP, also had no

impact on the frequency of IFNg+ CD8+ T cells or Sca-1 expres-

sion by IECs (Figures S5I–S5L). One compartment that has been

previously implicated in intestinal CD8+ T cell activation is the gut

microbiota.18 To directly test whether the gut microbiota was

required for IFNg production and ISG induction, we implemented

our recently developed model of germ-free (GF) Hpb infection.19

To this end, GF mice were infected with 200 GF Hpb larvae, and

at 4 dpi, IFNg and ISG expression were assessed. Littermate GF

mice reconstituted with a specific pathogen-free (SPF) micro-

biota (i.e., conventionalizedmice) were used as a positive control

(Figure 3A). Importantly, we have previously shown that the adult

worm burden and fecundity of GF Hpb are comparable to

conventionally reared SPF larvae in both SPF and GF hosts.19

Using this approach, we found that ISG induction and IFNg by

CD8+ T cells were entirely dependent on the presence of the

gut microbiota (Figures 3B–3D), whereas IFNg production by

CD4+ T cells under these conditions did not change (Figure S5M).

Helminth-infected GF mice phenocopied many features of in-

fected Ifngr�/�mice, including the number, size, and hemorrhag-

ing of detectable granulomas (Figures 3E, 3F, and S5N), as well

as an overall shortening of the small intestine following a high-

dose infection, compared with conventionalized controls

(Figure 3G).

We next examined the role of MyD88, an intracellular adaptor

protein critical for downstream signaling of most Toll-like
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Figure 3. CD8+ T cell activation requires the gut microbiota and cell-extrinsic MyD88 signaling

(A) Schema for (B)–(G). Germ-free (GF) mice were gavaged with saline or fecal slurries from specific pathogen-free (SPF) mice 3 weeks prior to infection with 200

GF Hpb larvae.

(B) SILP ISG expression.

(legend continued on next page)
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receptor (TLR) and IL-1R family members.20 As a crucial cell

interface between the microbiota and the immune system, we

first deleted MyD88 signaling in the IEC compartment using Vil-

lin-cre x Myd88fl/fl animals. We found epithelial-derived MyD88

expression was dispensable for Hpb-induced IFNg signaling

(Figures 3H and S5O). By contrast, a systemic deletion approach

using a tamoxifen-inducible Rosa26Ert2-cre x Myd88fl/fl mouse

line collectively demonstrated that MyD88 signaling was abso-

lutely required for IFNg signaling in an epithelial cell-independent

manner (Figures 3I and S5P). To test whether MyD88 signaling

was intrinsic to the CD8+ T cell compartment, we generated irra-

diation chimeras in which bone marrow cells from tamoxifen-

inducible Rosa26Ert2-cre x Myd88fl/fl mice were transplanted

into irradiated CD45.1 WT hosts (Figure 3J). Examination of

these chimeras revealed an incomplete depletion of host

CD45.1 CD8+ Trm cells residing in the SILP, resulting in a mixed

CD45.1 WT:CD45.2 Myd88fl/fl hematopoietic compartment

(Figure 3K). Examining these mice as mixed chimeras, we deter-

mined that the activation of CD8+ T cells occurred in a cell-

extrinsic manner as IFNg was produced by both CD45.1+ (WT-

derived) and CD45.2+ (Myd88fl/fl-derived) cells (Figures 3L and

3M). Therefore, Hpb-induced tissue invasion is not sufficient to

induce IFNg production but rather depends on the presence of

the gut microbiota and CD8+ T cell-extrinsic MyD88 signaling.

IFNg signals recruit tissue-protective neutrophils to the
site of Hpb infection
We next sought to understand how IFNg signaling acts to limit

tissue dysfunction and promote disease tolerance to Hpb infec-

tion. Immunofluorescence imaging of Hpb-infected tissue

showed accumulation of CD8+ T cells in proximity to the granu-

lomas as comparedwith their dispersed localization in non-gran-

uloma areas of Hpb-infected mice (Figure 4A). Consistent with

this observation, immunohistochemical analyses of 2 dpi tissue

indicated pervasive activation of STAT1 (pSTAT), a transcription

factor critical for IFNg target gene expression, surrounding the

granulomas in IFNgR competent but not receptor-deficient

mice (Figure 4B). Notably, pSTAT1 was detected in diverse

cellular compartments, including immune, stromal, and epithelial

cells. Since all cells express the IFNgR, we reanalyzed our previ-

ously published bulk RNA sequencing (RNA-seq) dataset from

the intestine of day 2 Hpb-infected mice6 to survey which cell

types or pathways may contribute to the tissue-protective role

of IFNg production. Granulocyte migration and neutrophil migra-
(C and D) (C) Representative contour plots pre-gated on viable CD45+ TCRb+ CD

(E and F) (E) Representative image of Hpb 4 dpi conventionalized or GF intestin

quantified in (F), scored blinded to the investigator.

(G–I) (G) Small intestinal length at day 8 following high-dose Hpb infection. Deleti

(I) whole body (R26Ert2-cre3Myd88fl/fl) compared with respective controls. SILP

stimulation.

(J) Schema for hematopoietic deletion of Myd88 using bone marrow chimeras.

(K) Frequency of donor and host CD8+ T cells (left) and percentage of host CD45.1

(L) Representative contour plot of IFNg+ CD8+ T cells, pre-gated on viable CD45+

cells.

(M) Quantification of CD45.1 (host) or CD45.2 (donor) IFNg+ CD8+ T cells from (L

tween-group comparisons were analyzed using nonparametric Student’s t tests a

analysis. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.

See also Figure S5.
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tion, in particular, were highly upregulated as determined by

Gene Ontology and gene set enrichment analysis (GSEA)

(Figures 4C, 4D, and S6A). Highlighting genes related to neutro-

phils and their associated chemokines, a volcano plot of all the

differentially expressed genes at 2 dpi showed that Cxcl5 was

among the most highly upregulated (Figure 4E). We validated

this result by performing gene expression analysis of ISGs and

Cxcl5 in tissue biopsies from granuloma and non-granuloma re-

gions of the Hpb-infected small intestine of Ifngr+/+ and Ifngr�/�

mice (Figures 4F and S6B). In situ hybridization revealed that

Cxcl5 transcripts were enriched around the granuloma at 4 dpi

of Ifngr+/+ mice but significantly decreased in Ifngr�/� mice (Fig-

ure 4G). Consistently, we observed a striking accumulation of

Ly6G+ neutrophils at the Hpb infection site that was abrogated

in Ifngr�/� mice (Figure 4H), a phenotype also observed during

GF Hpb infection (Figure S6C).

Neutrophils are early responders to infection with potent in-

flammatory and microbicidal activity.21 However, substantial

heterogeneity in neutrophil populations has been revealed,22

including a growing appreciation for their tissue-protective func-

tions.23,24 To examine whether neutrophils impact tissue remod-

eling upon infiltration of the Hpb granuloma, we administered an

anti-Ly6G neutrophil-depleting antibody from days �1 to 3 of

infection. Remarkably, neutrophil depletion recapitulated many

features of infected germline Ifngr�/�mice, including an increase

in the size, number, and frequency of hemorrhagic granulomas

(Figure 4I). Likewise, administration of an anti-Cxcl5 antibody

to WT mice during Hpb infection attenuated neutrophil recruit-

ment to the granuloma to a similar degree as that observed in

Ifngr�/� mice (Figure 4J) and phenocopied the granulomatous

phenotype (Figure S6D). By contrast, Ccr2�/� mice that lack

Ly6C+ circulating inflammatory monocytes25 did not exhibit the

same phenotype as neutrophil-depleted mice (Figures S6E–

S6G). However, neutrophil-depleted mice challenged with a

high dose of Hpb larvae did not succumb to infection (Fig-

ure S6H). These results indicate that IFNg must act on distinct

cellular compartments to ensure host survival during high-dose

helminth infection.

IFNg signaling recruits neutrophils to helminth
granulomas in a cell-extrinsic manner
A recent study demonstrated that successful cancer immuno-

therapy was linked with a robust IFNg gene signature in neutro-

phils that controlled tumor growth.24 In this setting, anti-tumor
8+ SILP cells, quantified in (D).

es with granuloma number, size, and frequency of hemorrhagic granulomas

on of MyD88 signaling in the (H) intestinal epithelium (Villin-cre 3 Myd88fl/fl) or

CD8+ T cell production of IFNgwas quantified following in vitro PMA/ionomycin

(Myd88fl/+) and donor CD45.2 (Myd88fl/fl) cells from the total populations (right).

TCRb+ CD8+ SILPs, and further gated into CD45.1+ (host) and CD45.2+ (donor)

). Pooled results from 2–3 independent experiments, n = 6–10 per group. Be-

nd time course analyses using one- or two-way ANOVA with Tukey’s post hoc
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neutrophils were identified as expressing low amounts of

Siglec-F compared with their pro-tumor counterparts.24 To

investigate whether this neutrophil phenotype also applies to

infection, we first examined Sca-1 expression on infiltrating

innate immune cells. Whereas Ly6C+ monocytes highly ex-

pressed Sca-1 in an IFNgR-dependent manner, neutrophils

failed to express this IFNg target gene (Figure 5A). Interestingly,

whenwe assessed Siglec-F expression, neutrophils from Ifngr+/+

mice expressed significantly less Siglec-F compared with the

neutrophils we recovered from Ifngr�/� mice (Figure 5B), sug-

gesting that they may be amenable to IFNg-mediated immuno-

modulation. To definitively determine whether direct IFNg

signaling in neutrophils was required for their recruitment to

Hpb granulomas, we constructed reciprocal irradiation chimeras

where Ifngr+/+ or Ifngr�/� bone marrow cells were transplanted

into either irradiated Ifngr+/+ or Ifngr�/� mice (WT-knockout

(KO) and KO-WT; Figure 5C). Genotype-matched (WT-WT and

KO-KO) chimeras were generated as controls. As expected,

there was a strong ISG signature at day 4 in the WT-WT control

chimeras that was absent in the KO-KO group. However, the

KO-WT group, with an IFNgR-competent radioresistant

compartment, retained ISG expression while the WT-KO group

did not (Figure 5D). Consistently, the loss of an IFNg signature

in the WT-KO chimeras, but not the KO-WT group, was associ-

ated with a defect in neutrophil recruitment (Figures 5E and 5F).

These results indicated that IFNg signaling on a radioresistant

cell population is required for neutrophil recruitment.

Direct sensing of IFNg by the intestinal stromamediates
neutrophil recruitment and tissue preservation during
infection
Recently, the intestinal epithelium has been shown to integrate

IFNg signals to mediate host defense against bacterial infection

and tumor immunity.26 To test whether the intestinal epithelium

was the radioresistant population sensitive to IFNg signals dur-

ing Hpb infection, we generated Villin-cre x Ifngrfl/fl mice that

failed to induce Sca-1 through IFNg signaling in the intestinal

epithelium (Figure S6I). At day 4, there were no defects in the

early granulomatous damage phenotype (Figure S6J) nor was

there elevated mortality in high-dose infected mice compared
Figure 4. IFNg-mediated neutrophil recruitment limits tissue damage d
(A) Representative immunofluorescence image of CD8+ T cell localization in Ifng

yellow; scale bar, 100 mm.

(B) Representative immunohistochemistry image of pSTAT1 staining in Ifngr+/+ gr

indicate granulomas; scale bar, 100 mm.

(C) Top differentially expressed Gene Ontology terms at 2 dpi compared with uninf

(D and E) (E) Gene set enrichment analysis (GSEA) and normalized enrichment sc

neutrophil-related genes. FC, fold change.

(F) Gene expression of biopsies taken from granuloma (open circles) and non-gr

(G) Cxcl5 in situ hybridization in granuloma areas; scale bar, 50 mm (left), quan

averages 3–5 granulomas from three mice.

(H) Immunofluorescent imaging (Ly6G, yellow; Ki67, pink; DAPI, blue) of granulom

dot averages 3–5 granulomas. Scale bar, 50 mm.

(I) Number, size, and frequency of hemorrhagic granulomas in isotype- or anti-Ly

(J) Immunofluorescent imaging and quantification as in (H) but with Ifngr+/+ mice

independent experiments, n = 6–10mice per group. Scale bar, 50 mm. Between-gr

analysis (F). *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.

See also Figure S6.

3144 Cell 188, 3135–3151, June 12, 2025
with littermate controls (Figure S6K). Neutrophil recruitment

was also intact in Villin-cre x Ifngrfl/fl mice (Figure S6L), indicating

that the epithelium is not involved in IFNg-mediated tissue pro-

tection or disease tolerance during Hpb infection.

An additional radioresistant population in mice is the stromal

cells. The stroma is a heterogeneous cell compartment typically

associated with production of the extracellular matrix.27

Recently, the immunomodulatory properties of the stroma

have become more appreciated in response to injury,28 infec-

tion,29,30 and in mesenchymal stem cell therapy.31 As an initial

examination of the intestinal stroma during Hpb infection, alpha

smooth muscle actin (aSMA)-producing cells were visualized at

day 4 by immunofluorescence microscopy. As expected, the

muscularis propria was densely populated by aSMA+ cells in

Ifngr+/+ and Ifngr–/– mice. However, in the absence of IFNg sig-

nals, there was substantial remodeling of the stromal cells with

significant accumulation of aSMA-producing cells surrounding

the granuloma and extending throughout the intestinal villi that

was not observed in Hpb-infected Ifngr+/+ mice (Figure 6A), a

result that remained even with the additional inhibition of IL-4

and IL-13 neutralization (Figure S6M). We obtained similar re-

sults in GFHpb-infectedmice compared with their conventional-

ized controls (Figure S6N). To determine whether direct IFNg

sensing by the stromal cell compartment regulated aSMA-pro-

ducing cells, we crossed mice expressing a tamoxifen-inducible

cre recombinase under control of the smooth muscle myosin

Myh11 (Myh11Ert2-cre) with our Ifngrfl/fl mouse line to generate

Myh11Ert2-cre x Ifngrfl/fl animals. Importantly, Myh11 and

aSMA expression overlap within the small intestinal mesen-

chyme and include various smooth muscle and fibroblast sub-

sets.27 Similar to the germline Ifngr�/� mice, we observed an

increase in aSMA staining in Myh11Ert2-cre x Ifngrfl/fl but not

Myh11Ert2-cre x Ifngrfl/+ littermate controls at day 4 (Figure 6B).

Furthermore, eliminating IFNg signaling in this stromal cell

compartment reduced Cxcl5 expression (Figure 6C) and neutro-

phil recruitment (Figure 6D) in the vicinity of the granuloma. To

directly assess whether stromal cells express Cxcl5 mRNA, we

crossed Myh11Ert2-Cre mice with Rosa26lsl-Tdtomato mice

and combined detection of tomato+ cells with in situ single

gene transcript identification. Indeed, a population of tomato+
uring early Hpb infection
r+/+ mice. Granuloma is highlighted in a white hashed line. DAPI, blue; CD8b,

anuloma (left), non-granuloma (middle), and Ifngr�/� mice (right). Black arrows

ected controls following bulk RNA-seq analysis of whole small intestinal tissue.

ore (NES) for neutrophil migration and (E) volcano plot highlighting upregulated

anuloma (closed circles) regions of Ifngr+/+ and Ifngr�/� mice.

tified as a percentage of positive pixels per granuloma area (right). Each dot

as (left) quantified as the number of neutrophils per granuloma area (right). Each

6G-treated mice at 4 dpi, scored blinded.

treated with anti-Cxcl5 antibody or isotype control. Pooled results from 2–3

oup comparisons were analyzed with nonparametric Student’s t tests or paired
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Figure 5. IFNg recruits tissue-protective neutrophils to Hpb granulomas in a cell-extrinsic manner

(A and B) Representative histograms of (A) Sca-1 and (B) Siglec-F expression (MFI) by intestinal monocytes (CD45+ CD11b+ MHCIIlo Ly6Chi) and neutrophils

(CD45+ CD11b+ Ly6G+) (left) with quantification (right).

(C) Schema of bone marrow chimera approach with WT-WT and KO-KO controls not shown.

(D–F) (D) ISG expression, (E) representative immunofluorescence images (Ly6G+, yellow; Ki67, pink; DAPI, blue; scale bar, 50 mm), and (F) quantification of

intestinal neutrophils in respective chimera groups. Each dot averages 3–5 granulomas per mouse. Two independent pooled experiments, n = 8–10 mice per

group. Between-group comparisons were analyzed with Student’s t tests. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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cells co-expressed Cxcl5 at the site of Hpb infection (Figure 6E).

Furthermore, stimulation of primary intestinal aSMA+Vimentin+

myofibroblasts with recombinant IFNg rapidly induced ISGs

and Cxcl5,but not other quintessential neutrophil chemokines

such as Cxcl1 and Cxcl2 (Figures 6F and 6G) or Ccl2 and Ccl3

(Figure S6O). Combining these results with our gene expression

analyses of tissue biopsies (Figures 4F and S6B) indicates that

the intestinal stroma is highly responsive to IFNg signals and ex-

presses a gene signature that supports neutrophil recruitment

via Cxcl5 production.

Using outcomes of parasite-induced damage that we

measured in Hpb-infected germline Ifngr�/� mice, GF mice,

and neutrophil-depleted mice, we also found that the number,
size, and frequency of hemorrhagic granulomas were all

increased in Myh11Ert2-cre x Ifngrfl/fl compared with littermate

controls (Figure 6H). Similar results were observed in Hpb-in-

fected mice lacking the IFNgR in Collagen1A2-expressing stro-

mal cells (Col1A2Ert2-cre x Ifngrfl/fl mice; Figure S6P). Upon

challenge with a high dose of Hpb larvae, Myh11Ert2-cre x

Ifngrfl/fl also experienced a higher rate of mortality compared

with controls (Figure 6I), without any difference in worm burden

(Figures 6J and S6Q). Finally, assessment of intestinal transit

and small intestinal length prior to the expected onset of mor-

tality phenocopied the defects observed in germline Ifngr�/�

mice (Figures 6K and 6L). Collectively, our data indicate that

direct IFNg signaling into the intestinal stroma promotes
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disease tolerance to infection by recruiting tissue-protective

neutrophils and restraining elaboration of the smooth muscle

actin-expressing cell network to prevent pathological gut

dysmotility.

DISCUSSION

Type 1 immunity involves a multicellular sensing and signaling

network indispensable for protection against intracellular patho-

gens.32 A central effector molecule in this defense pathway is

IFNg, first identified by its potent ability to ‘‘interfere’’ with viral

replication in leukocytes.33 This function as well as many others,

including the amplification of anti-bacterial and anti-protozoan

immunity as well as a more recent measure of successful cancer

immunotherapy, has continued to draw attention to this cytokine

for over half a century.34 However, pathogen elimination, also

known as host resistance, is only one defense strategy against

infection. A complementary or alternative defense strategy is

disease tolerance. First described by plant biologists over a

century ago35 and nowbeing investigated inmammals, including

humans,36,37 disease tolerance is defined as the host’s ability to

control tissue damage without reducing pathogen load1.

Although studies have identified immune cell-intrinsic check-

points38 and metabolic resilience39–41 as ways to support this

defense strategy, a role for immune-stromal cell networks has

not been described. Our study reveals that, in addition to its

robust anti-microbial activity, IFNg is also fundamental to dis-

ease tolerance by preserving tissue function during infection.

These data align with the concept that disruptions, not only to

host immunity but also to tissue physiology (e.g., intestinal transit

time and regulation of blood glucose levels), can impact disease

tolerance to infection1.

Despite the global prevalence of intestinal helminths, knowl-

edge of the tissue response during the earliest events of infec-

tion remains nebulous compared with other pathogens. Here,

we use Hpb infection that follows a well-defined kinetic of infec-

tion in the small intestine to investigate how a multicellular para-

site is tolerated by the host. Our results build on previous
Figure 6. Stromal cell-intrinsic IFNg signaling orchestrates disease to

(A) Representative immunofluorescence images of granuloma regions visualized w

staining (left) with quantification of aSMA-positive pixels to total granuloma-asso

bar, 50 mm.

(B) Same as (A) in Myh11Ert2-cre 3 Ifngrfl/fl mice and controls (Myh11Ert2-cre 3

(C) Cxcl5 in situ hybridization of Myh11Ert2-cre 3 Ifngrfl/fl mice (left) with quantifi

experiment, n = 4–5 mice per group, and each dot averages 2–5 granulomas pe

(D) Immunofluorescent imaging (Ly6G, yellow; Ki67, pink; DAPI, blue; scale bar, 5

quantification (right). Each dot averages 3–5 granulomas per mouse.

(E) Representative co-labeling of Cxcl5 mRNA (in situ hybridization; red) and Myh

arrows.

(F) Representative images of primary fibroblasts derived from uninfected small int

(bottom) labeled with DAPI (blue), aSMA (green), and vimentin (red).

(G) Gene expression of IFNg-stimulated fibroblasts.

(H) Quantification of visible granuloma number, hemorrhagic frequency, and size

blinded.

(I and J) (I) Kaplan-Meier survival curves of high-dose infected Myh11Ert2-cre 3

(K and L) (K) Transit time (left), intestinal length (right), and (L) representative inte

n = 6–10 mice per group, unless otherwise stated. Between-group comparison

***p < 0.001; ns, not significant.

See also Figure S6.
studies demonstrating that the early tissue-invasive phase of

Hpb infection is defined by a type 1 immune response6–8 and

that the absence of this pathway impacts granuloma resolution

and host resistance during the chronic stages of infec-

tion.12,42,43 We now demonstrate that CD8+ ab T cells residing

in the SLIP are the primary source of IFNg production during

early Hpb infection. Our results also indicate that, in this

context, cognate antigen encounter was not required. However,

the presence of the gut microbiota was critical, indicating that

these cells were responding in an innate-like manner for host

defense. Although antigen-independent differentiation and

maintenance of CD8+ Trm cells has been previously shown,16,44

the ability of the microbiota to induce tissue-protective activity

by this subset has not been described. We also found that he-

matopoietic cell sensing of the microbiota was required in a

T cell-extrinsic, MyD88-dependent pathway. Additional gnoto-

biotic and cell-specific gene-targeting approaches are needed

to reveal the signaling network leading to Trm cell activation in

this context.

Intestinal dysfunction affects up to a third of the Western

population, with a significant proportion involving severe dysmo-

tility.45 Many of these conditions are associated with recent in-

testinal infections, inflammatory events, or post-surgical compli-

cations, while others remain ‘‘idiopathic.’’46 Upon high-dose

Hpb infection, we observed that mice with a germline or stromal

cell-specific deletion of IFNgR demonstrated quantitative small

intestinal dysmotility. Type 1 cytokines have been linked to hypo-

contractility of gut smooth muscle47 with IFNg directly inhibiting

aSMA production by arterial smooth muscle cells in vitro.48

Functionally, IFNg decreased longitudinal muscle contractility

ex vivo47 and reduced contractibility and proliferation of hu-

man-derived intestinal smooth muscle cells.49 Likewise, Trichi-

nella spiralis infection of mice exhibiting elevated IFNg produc-

tion resulted in muscle hypocontractility.50 The regulatory

impact of IFNg on smoothmuscle contractility serves as an addi-

tional example of the mutual antagonistic nature of type 1 and

type 2 cytokines,13 as it is well-known that the latter, including

IL-4 and IL-13, enhance contractility to promote the weep and
lerance to Hpb infection

ith alpha smoothmuscle actin (ɑSMA, green), E-cadherin (red), and DAPI (blue)

ciated tissue area (right). Each dot averages 2–3 granulomas per mouse; scale

Ifngrfl/+).

cation of transcript-positive signal per unit area (right). Scale bar, 50 mm. One

r mouse.

0 mm) in Myh11Ert2-cre 3 Ifngrfl/fl mice or littermate control animals (left) with

11+ cells via tdTomato detection (green). Colocalization highlighted with white

estines of C57BL/6 mice unstimulated (top) or following 24 h of rIFNg treatment

at 4 dpi between Myh11Ert2-cre3 Ifngrfl/fl mice and littermate controls, scored

Ifngrfl/fl mice and littermate controls with worm burden at 8 dpi (J).

stinal morphology images. Pooled results from 2–3 independent experiments,

s were analyzed with nonparametric Student’s t tests. *p < 0.05, **p < 0.01,
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sweep response during helminth infection51 and protect from

infection-induced dysmotility.52 Indeed, the absence of IFNg

has been shown to increase Hpb expulsion at the later time

points of infection (28 dpi),12 a finding that we reproduced.

Examining the early time points in which a type 1 immune

response is dominant, however, we did not observe a significant

difference in worm burden in the presence or absence of IFNg

signals. Consistently, additional neutralization of IL-4 and IL-13

within the first week of Hpb infection had no discernible impact

on granuloma size, hemorrhaging, or intestinal motility, suggest-

ing that induction of type 1 cytokine signaling is not simply used

as an immune evasion strategy by the parasite but may be more

relevant for preserving tissue function. Consistent with these re-

sults, loss of IFNgR signaling in Sox10-expressing enteric glial

cells during Hpb infection was recently shown to also compro-

mise gut motility.8 This study reported that enteric glial cell-

intrinsic IFNg signals promoted resolution of granulomas and,

in combination with previous studies,12,43 indicate that IFNg

also contributes to tissue repair during chronic infection. Given

the transient induction of IFNg and its associated target genes

during the early stage of infection, these data suggest that brief

activation of type 1 immunity may have long-term impacts on

wound healing, applicable to other settings of dysregulated

repair and fibrosis such as ulcerative colitis.

Gut motility disorders are commonly associated with enteric

nervous system (ENS) dysfunction, and, in contrast to our

results, CD8+ T cell production of IFNg can aggravate dysmotil-

ity.53,54 In these instances, the effects were due to direct regula-

tion of enteric neuron density and signaling. However, distinct

mechanisms underlie gut dysmotility. Infection of mice with the

roundworm Nippostrongylus brasiliensis led to hypercontractility

of the small intestine that was independent of the ENS, confirm-

ing the importance of the stroma as an additional mediator of gut

motility.55 Stratifying disease based on the form or cell types

driving gut dysmotility may allow for more personalized ap-

proaches to treat this morbidity.

We also observed a direct link between stroma-intrinsic IFNgR

signaling and neutrophil recruitment to the site of infection. Stro-

mal-neutrophil communication is an understudied field, though

recent studies highlight the importance of the extracellular matrix

in regulating leukocyte chemotaxis during mucosal tissue dam-

age.56 Our data indicate that IFNg acts directly on aSMA+ cells

to mediate neutrophil chemotaxis through Cxcl5 expression.

This response parallels a recent finding where skin stromal cells

upregulated a set of immunomodulatory and repair transcripts

following acute tissue damage.29 Among these transcripts was

Cxcl5, and blockade of this chemokine led to protracted inflam-

mation.28 Similarly, Cxcl12+ fibroblasts recruit neutrophils to

cutaneous Staphylococcus aureus infection through the detec-

tion of IL-17.29 Additionally, successful cancer immunotherapy

was recently associated with local neutrophil recruitment to the

tumor site,24 supporting the notion that IFNg sensing by stromal

cells could be a prime mediator of neutrophil recruitment.

Although we demonstrated that neutrophils limit excessive dam-

age to the vasculature tominimize tissue hemorrhage and initiate

wound healing, their depletion did not result inmortality following

high-dose Hpb challenge as observed by eliminating IFNg

signaling in the germline or Myh11-expressing cells. Although
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this result may stem from the technical inability to completely

deplete rapidly renewing neutrophils over a prolonged period

of time (e.g., more than 3–4 days), we hypothesize that neutrophil

recruitment is important for tissue damage control and proper

wound healing23 but not critical for host survival under these

conditions. By contrast, the regulation of intestinal motility by

IFNg-dependent stromal cell activation is necessary to preserve

tissue function and survival. We cannot rule out other effects the

stroma may have on tissue integrity that support disease toler-

ance during Hpb infection.

Finally, our data dovetail with studies showing a tissue-pro-

tective role for type 1 immunity in other contexts. For example,

epithelial cell-intrinsic IFNg signaling during intestinal bacterial

infection and inflammation inhibited inflammasome activation

responsible for driving CD4+ T cell-mediated colonic barrier

damage.26 Importantly, the tissue-protective effects of IFNg

had no impact on pathogen burden, indicating another setting

in which IFNg supports disease tolerance.26 In addition,

neutralization of IFNg during pulmonary fungal infection of

mice prevented lung damage while enhancing pathogen clear-

ance, suggesting that IFNg can simultaneously impact disease

tolerance and host resistance pathways.57 Moreover, IFNg can

also protect from immunopathology in non-infectious disease

settings. IFNg signaling has been shown to limit alloreactive

T cell responses during transplantation by inducing indolemine

2,3-dioxygenase in antigen-presenting cells, which blunts T cell

expansion.58 In addition, the presence of IFNg is associated

with neutrophil recruitment and regeneration following periph-

eral nerve injury.59 Elegant in vitro studies have also revealed

that human CD8+ T cell production of IFNg can support epithe-

lial tissue remodeling and wound healing by sensitizing cells to

the tissue repair factor, amphiregulin.60 Combining these

studies with our data provides the impetus for re-evaluating

how a cytokine, regarded to strictly drive inflammation and

pathogen killing, can support adaptive tissue responses during

injury and insult.

Limitations of the study
Although our data identify IFNg signaling as critical for disease

tolerance to an enteric pathogen in a mouse model, the impor-

tance of this pathway to helminth infection in a natural setting re-

quires validation. In addition, identifying how granuloma-associ-

ated neutrophils promote vascular integrity during Hpb infection

remains to be defined. Evaluating the relevance of this immune-

stromal network in other intestinal disorders of motility, such as

the post-infectious state (‘‘irritable bowel syndrome’’)61 or the

aged state,62 may be informative. Finally, the specific origin of

the myosin (Myh11)-expressing cells within the broader stromal

compartment remains to be determined.
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Data and code availability

d Previously published RNA-seq data6 have been deposited at NCBI

Gene Expression Omnibus as GEO: GSE292516 and are publicly avail-

able as of the date of publication.

d Microscopy data reported in this paper will be shared by the lead con-

tact upon request.

d All original code is available in this paper’s methods section.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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36. Read, A.F., Graham, A.L., and Råberg, L. (2008). Animal defenses against

infectious agents: is damage control more important than pathogen con-

trol. PLoS Biol. 6, e4. https://doi.org/10.1371/journal.pbio.1000004.

37. Powell, R.E., Soares, M.P., and Weis, S. (2023). What’s new in intensive

care: disease tolerance. Intensive Care Med. 49, 1235–1237. https://doi.

org/10.1007/s00134-023-07130-8.

38. Pernet, E., Downey, J., Vinh, D.C., Powell, W.S., and Divangahi, M. (2019).

Leukotriene B4-type I interferon axis regulatesmacrophage-mediated dis-

ease tolerance to influenza infection. Nat. Microbiol. 4, 1389–1400. https://

doi.org/10.1038/s41564-019-0444-3.

39. Schieber, A.M.P., Lee, Y.M., Chang, M.W., Leblanc, M., Collins, B.,

Downes, M., Evans, R.M., and Ayres, J.S. (2015). Disease tolerance medi-

ated by microbiome E. coli involves inflammasome and IGF-1 signaling.

Science 350, 558–563. https://doi.org/10.1126/science.aac6468.

40. Weis, S., Carlos, A.R., Moita, M.R., Singh, S., Blankenhaus, B., Cardoso,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45.2 Pacific Blue, clone 104 eBioscience Cat#48-0454-82; RRID: AB_11042125

CD45.2 PE, clone 104 eBioscience Cat#12-0454-83; RRID: AB_465679

CD45.1 BV650, clone A20 Biolegend Cat#110736; RRID: AB_2562564

CD11b BUV395, clone M1/70 BD Biosciences Cat#563553; RRID: AB_2738276

CD11b APC Cy7, clone M1/70 eBioscience Cat#47-0112-82; RRID: AB_1603193

NK1.1 AF700, clone PK136 eBioscience Cat#56-5941-82; RRID: AB_2574505

Ly6G AF700, clone 1A8 Biolegend Cat#127622; RRID: AB_10640452

CD11c PerCP Cy5.5, clone N418 eBioscience Cat#45-0114-82; RRID: AB_925727

MHCII APC-Cy7, clone M5/114.15.2 eBioscience Cat#47-5321-82; RRID: AB_1548783

MHCII Pacific Blue, clone M5 Invitrogen Cat#48-5321-82; RRID: AB_1272204

Ly6C BV711, clone HK1.4 Biolegend Cat#128037; RRID: AB_2562630

CD64 PeCy7, clone X54-5/7.1 Biolegend Cat#139314; RRID: AB_2563903

CD3 BV650, clone BM10-37 BD Biosciences Cat#564378; RRID: AB_2738779

TCRb APC Cy7, clone H57-597 Invitrogen Cat#47-5961-82; RRID: AB_1272173

CD4 PE, clone GK1.5 eBioscience Cat#12-0041-85; RRID: AB_465508

CD4 BUV 395, clone GK1.5 BD Biosciences Cat#563790; RRID: AB_2738426

CD8 BV605, clone 53-6.7 Biolegend Cat#100744; RRID: AB_2561352

CD8 PeCy7, clone 53-6.7 eBioscience Cat#25-0081-82; RRID: AB_469584

B220 FITC, clone RA3-6B2 eBioscience Cat#11-0452-85; RRID: AB_465055

CD103 PETR, clone 2E7 eBioscience Cat#61-1031-82; RRID: AB_2802379

CD69 PECy5, clone H1.2F3 eBioscience Cat#15-0691-82; RRID: AB_468772

CD44 BV786, clone IM7 BD Biosciences Cat#563736; RRID: AB_2738395

CD62L BV711, clone MEL-14 Biolegend Cat#104445; RRID: AB_256415

PD1 PeCy7, clone J43 eBioscience Cat#25-9985-82; RRID: AB_10853805

ICOS FITC, clone C398.4A eBioscience Cat#11-9949-82; RRID: AB_465458

CD49d PE, clone R1-2 Invitrogen Cat#12-0492-82; RRID: AB_465697

CXCR3 BV650, clone CXCR3-173 Biolegend Cat#126531; RRID: AB_2563160

EpCAM PerCP ef710, clone G8.8 eBioscience Cat#46-5791-82; RRID: AB_10598205

Ly6A APC, clone E13-161.7 Biolegend Cat#122512; RRID: AB_756197

ɑ4b7 APC, clone DATK32 Invitrogen Cat#17-5887-82; AB_1210577

Ki67 FITC, clone SolA15 eBioscience Cat#11-5698-82; RRID: AB_11151330

Ki67 ef660, clone SolA15 eBioscience Cat#50-5698-82; RRID: AB_2574235

IFNg FITC, clone XMG1.2 eBioscience Cat#53-7311-82; RRID: AB_469932

Gata3 PerCP ef710, clone TWAJ eBioscience Cat#46-9966-42; RRID: AB_10804487

Ly6G AF647, clone 1A8 Biolegend Cat#127636; RRID: AB_2563207

CD8b PE, clone eBioH35-17.2 (H35-17.2) eBioscience Cat#12-0083-81; RRID: AB_657769

IL13 PE, clone eBio13A eBioscience Cat#12-7133-82; RRID: AB_763559

ɑSMA, clone EPR5368 AbCAM Cat# ab124964; RRID: AB_11129103

RFP Antibody Pre-adsorbed Rockland Cat# 600-401-379; RRID: AB_2209751

Vimentin, clone EPR3776 AbCAM Cat# ab194719; RRID: AB_2909595

E-Cadherin, clone 36 BD Biosciences Cat#610181; RRID: AB_397580

Lectin Sigma Cat#L9006; RRID: AB_261832

Anti-DCAMKL1 AbCAM Cat# ab31704; RRID: AB_873537
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Goat anti-Mouse AF647 Invitrogen Cat# A21235; RRID: AB_2535804

Goat anti-Rabbit AF555 Invitrogen Cat# A48283; RRID: AB_2896347

Donkey anti-Rat DyLight 555 Invitrogen Cat# SA5-10027; RRID: AB_2556607

pStat1 Tyr701, clone 9167 Cell Signaling Technology Cat#9167S; RRID: AB_3094776

Anti-mouse NK1.1, clone PK136 BioXCell Cat# BP0036; RRID: AB_3094777

Anti-mouse Ly6G, clone 1A8 BioXCell Cat# BE0075-1; RRID: AB_1107721

Anti-mouse IL18, clone YIGIF74-1G7 BioXCell Cat# BE0237; RRID: AB_2687719

Anti-mouse IL15, clone M96 Amgen Cat#M96; RRID: AB_2262243

Anti-mouse CD4, clone GK1.5 BioXCell Cat#BE0003-1; RRID: AB_8718664

Anti-mouse CD8, clone YTS.1694 BioXCell Cat#BE0117; RRID: AB_6533215

Anti-mouse IL-13, clone PARS-43905 Genentech PARS-43905; RRID: N/A

Anti-mouse IL-4, clone 11B11 BioXCell Cat#BE0045; RRID: AB_1107707

Anti-LIX, clone 61905 R&D Biosystems Cat#MAB433-500; RRID: 2086587

Rat IgG2b, isotype control BioXcell Cat#BP0085; RRID: AB_3094778

Anti-mouse IgG2a, clone C1.18.4 BioXCell Cat#C1.18.4; RRID: AB_4758199

Envison+ Single Reagent (HRP.Rabbit) Agilent Cat#K400311-2

Bacterial and virus strains

Lymphocytic Choriomeningitis Virus (LCMV) Pardy et al.63 Plos Pathogens Provided by Martin Richer

E. coli, strain HA107 Hapfelmeier et al.64 Donated by Andrew McPherson

Chemicals, peptides, and recombinant proteins

FTY720 Sigma Cat#SML0700

SB431542 Sigma Cat#S4317-5MG

Viability dye, ef660 Invitrogen Cat#65-0866-14

Contour next Blood Glucose Test Strips Ascensia Diabetes Care N/A

Carmine Red Sigma Cat#C1022

Recombinant Mouse IFNg Peprotech Cat#315-05

Recombinant Murine IL2 Peprotech Cat# 212-12

Recombinant Murine IL12 Peprotech Cat# 210-12

Recombinant Mouse IL18 Biolegend Cat# 767004

Recombinant Murine IL33 Peprotech Cat#:210-33

Recombinant Mouse IL36g Biolegend Cat# 552802

TRITC-Dextran Sigma Cat#T1037

FITC-Dextran Sigma Cat#FD4

Collagenase VIII Sigma Cat#C2139

Collagenase XI Sigma Cat#C7657-100MG

Dispase II Sigma Cat#D4693-1G

DNase II Sigma Cat#D8764-30KU

DNase I Sigma Cat#D5025-375KU

Tri-reagent Sigma Cat#T9424-200ML

GolgiStop BD Bioscience Cat#554724

3,3’-Diaminobenzidine (DAB) reagent Sigma Cat#D3939

Cxcl5 RNAScope Probe ACDBio Cat#467441

Prolong diamond antifade mountant Invitrogen Cat#P36970

Epredia� Cytoseal� Mountant; 60, 280 and XYL ThermoFisher Cat#:23-243-256

Defibrinated Sheep Blood Hardy Diagnostics Cat#DSB500

Tamoxifen Sigma Cat#T5648

Hematoxylin Sigma Cat#MHS16-500mL

Eosin Sigma Cat# HT110116-500mL
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Critical commercial assays

RNAScope 2.5HD Detection Reagents ACDBio Cat#322310

RNAScope Multiplex Fluorescent V2 ACDBio Cat#UM323100

Foxp3 Fixation/Permeabilization Kit Invitrogen Cat#00-5123-43

Advance Tech QPCR Mix Advantech Cat#AD100-21 402

AdvanTech 5x Reverse Transcription Mastermix Advantech Cat#AD100-31404

EasySep Stem CD8 T Cell Isolation Kit Stem Cell Technologies Cat#19853C.1

EasySep Mouse T Cell isolation kit Stem Cell Technologies Cat#19851

Experimental models: Cell lines

HEK-Blue mTLR4 cells InvivoGen Cat#hkb-mtlr4

Experimental models: Organisms/strains

Parasite: Heligomosomoides polygyrus bakeri In house Gentile et al.6

Mouse: C57BL/6 Charles River Cat#027

Mouse: NCI B6-Ly5.1 Charles River Cat#564

Mouse: Ifng-/- The Jackson Laboratories Cat#002287

Mouse: GREAT The Jackson Laboratories Cat#017581

Mouse: Myd88fl/fl The Jackson Laboratories Cat#009108

Mouse: Ccr2-/- The Jackson Laboratories Cat#017586

Mouse: Ifngr-/- The Jackson Laboratories Cat#003288

Mouse: Ifngrfl/fl The Jackson Laboratories Cat#025394

Mouse: Germ Free Mouse International Microbiome Centre

at the University of Calgary

N/A

Mouse: OT-1 Rag-/- Ly5.1 Heather Melichar N/A

Mouse: Rag1-/- Jackson Cat#002216

Mouse: TCRb-/- Judith Mandl N/A

Mouse: CreERT2 Joaquin Madrenas, The

Jackson Laboratories

Cat#008463

Mouse: Myh11Ert2-cre The Jackson Laboratories Cat#019079

Mouse: Col1A2-cre Alex Gregorieff N/A

Mouse: Villin-cre The Jackson Laboratories Cat#004586

Mouse: IL33-/- Herbert De’Broski N/A

Mouse: E8i-cre x Il36r-/- Oliver Harrison N/A

Oligonucleotides

Ifng F: TTCTTCAGCAACAGCAAGGC This Paper N/A

Ifng R: ACTCCTTTTCCGCTTCCTGA This Paper N/A

Cxcl9 F: CTTTTCCTCTTGGGCATCAT This Paper N/A

Cxcl9 R: GCATCGTGCATTCCTTATCA This Paper N/A

Cxcl10 F: GCACCATGAACCCAAGTG This Paper N/A

Cxcl10 R: TTCATCGTGGCAATGATCTCAACA This Paper N/A

Ly6a F: GGAGGCAGCAGTTATTGTGG This Paper N/A

Ly6a R: GCTACATTGCAGAGGTCTTCC This Paper N/A

Il18 F: CAAGCATCCAGGCACAGC This Paper N/A

Il18 R: CTGATGCTGGAGGTTGCAGA This Paper N/A

Il33 F: ATCCTTGCTTGGCAGTATCC This Paper N/A

Il33 R: AGCTGGTTGTCCTTCACTCC This Paper N/A

Il36g F: ATGGACACCCTACTTTGCTG This Paper N/A

ILl36g R: TGTCCGGGTGTGGTAAAACA This Paper N/A

Hprt F: AGGACCTCTCGAAGTGTTGG This Paper N/A
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Hprt R: AACTTGCGCTCATCTTAGGC This Paper N/A

Cxcl1 F: CCAGAGCTTGAAGGTGTTGC This Paper N/A

Cxcl1 R: CAGACAGGTGCCATCAGAGC This Paper N/A

Cxcl2 F: TCCAGAGCTTGAGTGTGACG This Paper N/A

Cxcl2 R: TCCAGGTCAGTTAGCCTTGC This Paper N/A

Cxcl5 F: CCATCTCGCCATTCATGC This Paper N/A

Cxcl5 R: AGCTATGACTTCCACCGTAGG This Paper N/A

Ccl2 F: GCTCAAGAGAGAGGTCTGTGC This Paper N/A

Ccl2 R: GTGCTTGAGGTGGTTGTGG This Paper N/A

Ccl3 F: GCCCTTGCTGTTCTTCTC This Paper N/A

Ccl3 R: GGCAATCAGTTCCAGGTC This Paper N/A

Ym1 F: CAGTGCCATGGTCTCTACTCC This Paper N/A

Ym1 R: AATGATTCCTGCTCCTGTGG This Paper N/A

Arg1 F: TGATGGAAGAGACCTTCAGC This Paper N/A

Arg1 R: CACCTCCTCTGCTGTCTTCC This Paper N/A

Software and algorithms

Flow Jo v10 BD Biosciences https://www.flowjo.com

FACSDiva v9.0 BD Biosciences https://www.bdbiosciences.com/en-ca/products/

software/instrument-software/bd-facsdiva-software

Prism v10 Graphpad Software https://www.graphpad.com/features

Image J National Institute of Health (NIH) https://wsr.imagej.net/notes.html

Biorender N/A Biorender.com

Zen Microscopy Software Zeiss https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen.html

QuPath QuPath https://qupath.github.io

clusterProfiler Bioconductor https://doi.org/10.18129/B9.bioc.clusterProfiler

enrichplot Bioconductor https://doi.org/10.18129/B9.bioc.enrichplot
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
All experimental procedures were performed in accordance with the McGill University Health Centre Research Institute Animal

Resource Division with approved use protocol #7977. All mice were used between 6-10 weeks of age with an average weight of

18-25g. Wildtype (C57BL/6, No. 027) and CD45.1 (NCI B6-Ly5.1, No. 564) were obtained from Charles River. Ifng-/- (No. 002287),

GREAT (No. 017581), Myd88fl/fl (No. 009108), Ifngr -/- mice (No. 003288), Ccr2 -/- mice (No. 017586), Ifngr fl/fl (No. 025394), Villin-

cre (No. 004586),Myh11Ert2-cre (No. 019079), R26ERT2cre mice (No. 008463) and Col1A2Ert2-cre were all obtained from Jackson

Labs. Germ free mice on a B6 background were purchased from the International Microbiome Centre at the University of Calgary.

OT-I x Rag-/- Ly5.1 were bred and maintained at our institution while TCRbKO mice were provided by Judith Mandl (McGill).

IL-33-/- mice and E8icre-Il36rfl/fl mice were bred and maintained at the University of Pennsylvania and Benaroya Institute, respec-

tively. All mice were backcrossed to the C57BL/6 background and transgenic lines were bred in house. Mice were housed in groups

(4-5 mice per cage) with ad libidum access to standard chow and water. Animals were housed at 22C with a 12h cycle of lights on

(7am) and lights off (7pm). For all transgenic mice, littermates of the same sex were randomly assigned to experimental groups. For

WT and germline transgenic models, mice of the same sex and age were randomly assigned to experimental groups. Sex had no

effect on the experimental outputs, so all combined data is expressed as a combination of the sexes. Experiments involving germline

gene-deficient mice were conducted at least once in adults co-housed (female mice) or mixed bedding (male mice) for at least three

weeks prior to experimentation to normalize microbiome effects. Uninfected and infectedmice were not co-housed during an exper-

iment. Health of the mice wasmonitored every 2-3 days or daily, in the case of high dose infection studies. Any mouse that reached a

body score of 2 or lost more than 20% of their initial weight was euthanized as a humane endpoint.
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Cell lines
The mouse TLR4 reporter HEK293 cells (HEK-Blue mTLR4 cells) were engineered from the human embryonic kidney HEK293 cell

line. Cells were used below 10 passages at 70-80% confluency and maintained at 37C with 5% CO2. Source details can be found

in the key resources table. Primary fibroblast cultures were generated from the top 10 cm of the small intestine as previously

described.65 Briefly, the intestine was washed with antibiotics and the epithelial layer removed with a EDTA (5mM) and DTT

(1mM) solution for 30 min at 37C. Fibroblasts were liberated in a digestion media composed of collagenase XI (300U/mL), dispase

II (0.08 U/mL) and DNase II (50U/mL), for 20 min at 37C. Fibroblasts were filtered, pelleted and resuspended in fibroblast media

(DMEM, 10 % FBS, penicillin/streptomycin, glutamine and non-essential amino acids). After 3 h, the media with non-attached cells

was aspirated and the adherent cells were defined as fibroblasts. Cultures were passaged three times before experiments were con-

ducted. Replicates were completed from both male and female mice and there was no association between sex and experimental

output.

Parasite
Heligmosomoides polygyrus bakeri is maintained in house.

METHOD DETAILS

Helminth infection and tamoxifen treatment
Infectious L3 larvae were propagated from specific pathogen free (SPF) feces according to standard practices.66 Briefly, feces were

collected in empty cages from adult mice infected with 200 L3 larvae at 2-12 weeks post infection. The feces wasmoistened in water

and placed on double-lined whatman paper inside a cell culture dish. The fecal-egg mixture was moistened every 3-4 days and after

10 days, the larvae were harvested by washing the whatman paper in sterile water. Collected larvae were counted, at kept at 4C until

use. Viability and concentration of larvae were validated before every infection. Unless indicated, mice were infected with 200 L3

larvae by oral gavage in sterile water. For high dose infection studies, mice were gavaged with 600 L3 larvae in sterile water. For

inducible promoters, micewere gavagedwith 5mg of tamoxifen (SigmaCat#T5648) dissolved in a 9:1mixture of corn oil and ethanol.

Treatments were delivered on days -7 and -6 days before infection.

Antibody treatment
FTY720 experiments were conducted by treating mice intraperitoneally (i.p.) with 1 mg/g of body weight of FTY720 in sterile water

starting 4 days before infection and every other day until sacrifice. For NK cell depletion experiments, mice were treated i.p. with

200 mg of anti-NK1.1 depletion antibody (clone PK136, BioXcell) or isotype (clone C1.18.4, BioXcell) on the day before infection

and every second day until sacrifice.6 Neutrophils were depleted with an ɑLy6G antibody (clone BE0075-1, BioXCell) with a dose

of 200 mg i.p. at days -1 and alternating until sacrifice. Neutrophil depletion was verified with Gr-1 staining in blood and tissue.

CD4 (BioXCell, clone GK1.5) and CD8 (BioXCell, clone YTS.1694) T cells were depleted using 250 mg and 200 mg i.p. of neutralizing

antibodies, respectively, 1 day before infection. IL-18 was depleted using the anti-IL18 antibody (BioXCell, clone YIGIF74-1G7), at a

dose of i.p. 200 mg per mouse starting 1 day before infection and every other day until sacrifice. IL-15 was similarly neutralized using

i.p. 200 mg of theM96 clonewith the IgG2a (clone C1.18.4) as a control. CXCL5 (clone 61905) was neutralized with a dose of 30 mg, the

day before, and every second day until sacrifice. Type 2 cytokines were eliminated using 500mg each of anti-IL4 (clone BE0045) and

IL13 (clone PARS-43905) 1 day before infection. For the high dose infections lasting until 8 dpi, a second dose was given 4 days after

infection.

Small molecule treatment experiments
TRITC-Dextran (Sigma Cat#T1037) was administered intravascularly at 50 mg/kg in sterile physiological saline 10 min before sacri-

fice. Tissue for histology was prepared as described for immunofluorescence below. FITC-Dextran (Sigma Cat#FD4) was adminis-

tered to 3 h fasted mice at a dose of 12 mg in 150 ml of PBS by oral gavage. Food was replaced and mice were sacrificed 4 h later by

cardiac puncture. Plasma was isolated and FITC signal was read immediately on a Tecan infinite M200 plate reader. Dosing of rIFNg

was conducted by i.p. treatment with 1 mg of rIFNg (Peprotech, Cat#315-05) daily from the day of infection until the day of sacrifice. To

validate the IL-18 neutralization approach, mice were treated with the anti-IL18 neutralization antibody as described above 1 day

before IL-12p70 (250ng) and IL-18 (750ng) by i.p. injection on day 0 and 1, before sacrifice on the third day.

Adoptive transfer experiments
For the adoptive transfer ofWT and Ifng-/- T cells into TCRb-/- mice, T cells from the spleen and lymph nodeswere isolated using Stem

cell EasySep Mouse T Cell isolation kit (Cat#19851) and a total of 5 million cells were transferred to recipient TCRbKO mice. For the

adoptive transfer of OT-1xRag1-/- cells into Rag1-/- mice, whole spleens fromOT-1 Rag1-/- micewere isolated and 5million cells were

transferred to CD45.2 Rag1-/- mice. For the controls, CD8 T cells were isolated from the spleens of CD45.2 WT mice using the

EasySep StemCell Kit for CD8 T cells (Cat#19853C.1) and 5million cells were transferred into CD45.2 Rag1-/- mice. P14 cell adoptive

transfer and LCMV infection was conducted as previously described.63 Thy1.2 CD8+ TCR transgenic cells (P14 cells, specific to
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GP33-41 of LCMV) were i.v. injected into WT Thy1.1 C57BL/6 recipient mice. After 1 day, mice were infected (i.p.) with 23105 PFU of

LCMV Armstrong. Mice were allowed to rest for 6 weeks to clear the infection and rechallenged with 200L3 Hpb larvae.

Bone marrow chimeras
Recipient mice were irradiated (X-RAD SmART Irradiator) twice, 4 h apart with 5.5 Gy of irradiation for a final lethal dose of 11 Gy. 1-2

mice were kept as sentinels to verify lethal dose of irradiation was given. Immediately after the second dose, mice were i.v. injected

with total bone marrow cells from donor mice with 5 million cells/mouse. Mice were allowed to reach chimerism for 8 weeks before

infection with Hpb.

Germ free mice experiments
Fecal microbiota transfers (FMT) were performed by taking SPF feces from sex-matched adult WT mice and diluting 160 times in

sterile reduced PBS. The slurry was filtered through 100 mm mesh filters and 250 mL was gavaged into germ free (GF) mice. Mice

were allowed to conventionalize for 3 weeks before infection. GF larvae were prepared from adult SPF mice as previously

described.19 Adult worms were collected from SPF mice at 2-3 weeks post-nfection and placed in an antibiotic bath. After 18h,

the worms and eggs were collected and worms were filtered out through a 100 mm filter and eggs were pelleted by centrifugation.

The eggswere incubated at 4�C for 24 hourswith a high concentration of antibiotics. The sterilized eggswerewashed several times in

sterile PBS, counted and mixed with aucotrophic E. coli HA107. The egg-bacteria mixture was placed on a nutrient agar and eggs

were allowed to hatch for 5 days. Eggs were collected in sterile water, washed several time in sterile water and the number of viable,

sterile Hpb larvae were counted. After preforming sterility verification on bacterial and fungal plates, the larval preparation was given

to GF or conventionalized mice. Both GF and conventionalized mice were infected with sterile Hpb larvae as described above.

Granuloma characterization
Where possible, and indicated, the researchers were blinded to the experimental groups. The top 5-10 cm of the proximal duodenum

was harvested and placed in sterile HBSS supplemented with 5 % FBS. Intestines were cut longitudinally and under a Micromaster

dissection microscope (Fisher scientific) at 4X zoom, visible granulomas were counted and scored for their hemorrhagic nature. The

granuloma diameter was measured using an electric caliper (Electronix Digital Caliper, IP54) and each point is representative of the

average size of 20-30 granulomas found within the tissue processed.

For the blinded assay, 2 researchers were blinded to the experimental groups and agreed upon a hemorrhagic rubric. ‘‘Hemo1’’

was designated a damaged granuloma whose bleeding did not extend beyond the bounds of the active granuloma whereas

‘‘Hemo2’’ was more extensive damage where the damage extended beyond the confines of the granuloma.

Carmine red transit time assay
Unfasted mice were orally gavaged with 200mL of 6% carmine red, prepared in PBS, within 2 h of the facility’s lights on. Fecal pellets

were monitored continuously until the first pellet with a full red color was passed by each mouse while the time for the first pellet to

emerge was considered to be transit time.

Cell Extraction and flow cytometry
The proximal 5-10cm of the duodenum was used to extract lamina propria (LP) or intestinal epithelial cells (IECs) as previously

described.6 In brief, fat and peyer’s patches were removed from the tissue and subsequently washed in Hank’s Balanced Salt So-

lution (HBSS) before two 20 min incubations at 37�C in 5mM EDTA buffer in HBSS supplemented with 10% heat inactivated fetal

bovine serum (FBS) and 15mMHEPES. The tissue was filtered through a 100 mm filter to collect the IEC compartment. The remaining

tissue was washed twice in HBSS with 10% FBS and digested in RPMI 1640 supplemented with 10% FBS, 15mMHEPES, 100U/mL

of DNase and 200 U/mL of collagenase VIII for 23min at 37�Cwith shaking at 250rpm. The digestion was stopped by adding 35mL of

cold R10 buffer (RPMI 1640 supplemented with 10% FBS, 15mM HEPES, 1% L-glutamine and 1% penicillin/streptomycin). The tis-

sue was manually crushed, passed through a 100 mm filter and centrifuged at 1800 rpm for 8 min at 4�C and resuspended in R10

buffer. For experiments where cells were stimulated, 3 million cells were washed twice in sterile PBS m resuspending them in

PMA (100 nM), ionomycin (1 mm) and GolgiStop (0.67uL/mL) for 4h at 37�C. The cell suspension was incubated with a fixable viability

dye (eFluor 506) for 20 min at 4�C. Cells were washed and incubated with Fc block (10 min at 4�C) following be surface staining

(30 min at 4�C). Cells were fixed and permeabilized with the FoxP3 Fix/Perm kit for 30 min at 4�C according to manufacturer’s in-

structions and intercellular staining was performed in the kit’s permeabilization buffer (45min at 4�C). Data acquisition was performed

with a LSR Fortessa (BD Biosciences) and analyzed using FlowJo software (BD Biosciences).

Immunofluorescence
Stainings for ɑSMA, neutrophils and goblet/tuft cells were conducted on formalin-fixed paraffin-embedded tissues (FFPE). Freshly

dissected tissues were cut longitudinally, washed in cold PBS, immediately prepared into a ‘‘Swiss roll’’ and placed in a histological

cassette. Tissue was fixed in 10 % formalin for 24 h before being rinsed and transferred to 70 % ethanol. Sections were paraffin

embedded by the histological core at the RI-MUHC and cut into 5 mm section using a microtome (Leica). Sections were deparaffi-

nized in sequential xylene washes followed by serial hydration steps in descending concentrations of ethanol. Antigen retrieval was
Cell 188, 3135–3151.e1–e10, June 12, 2025 e6



ll
Article
done in citrate buffer for 20 min in a steamer followed by rest in the hot citrate buffer for 20 min at room temperature. Slides were

washed 3 times for 5 min in PBS before blocking with 3% bovine serum albumin (BSA) in PBS for 3 h. Samples were left with the

primary antibody (indicated in key resources table) for 24 h at 4 �C followed by a secondary antibody stain (indicated in key resources

table) for 2 h at room temperature in a hydration chamber. Slides were mounted in Prolong diamond antifade mountant (Invitrogen,

Cat#P36970) and allowed to cure at room temperature overnight before imaging on Zeiss confocal microscope (LSM700). Images

analysis was done in ImageJ (NIH) and in QuPath.67 Enumeration of neutrophils within the granuloma was done manually and rep-

resented as the number of neutrophils per granuloma area determined using an automated function of QuPath. ɑSMA quantification

was conducted in ImageJ (NIH) as the number of positive ɑSMA pixels per granuloma associated region, including the affiliated villi.

Quantification of the number of goblet and tuft cells was determined manually, compared to an automatically selected outline of villi

regions in the granuloma associated regions using an automatic function in Qupath. For all immunofluorescent quantifications, an

average of 4-5 granuloma regions per mouse were averaged to represent the enumeration for 1 mouse.

Staining for CD8 T cells was conducted on fresh-frozen tissue sections. Swiss rolls were prepared as described above but were

embedded in OCT in plastic cassettes and frozen slowly in liquid nitrogen vapour. Samples were cut on a cryostat to 6mm thickness

and fixed in an ice cold ethanol-acetone 75:25 v/v mixture for 10 min at room temperature. Slides were washed 3 x 5 min in PBS and

blocked in 3% BSA with Fc block. Unconjugated CD8 primary antibodies were added (see key resources table) for 2h at room tem-

perature before being transferred to 4�C overnight. Slides were washed 3 x 5 min in PBS and incubated with secondary antibody for

2 h at room temperature. Slides were washed again, stainedwith DAPI for 10min at room temperature, washed again andmounted in

Prolong antifade mountant as described above.

Immunohistochemistry
Slides were prepared as described for immunofluorescence. Slides were deparaffinized and rehydrated in several gradients of de-

scending ethanol. Antigen retrieval was performed for 20 min at >90�C in pre-warmed citrate buffer in a steamer. Samples were al-

lowed to rest in the citrate buffer for 20 min outside of the steamer followed by quenching in 3 % hydrogen peroxide for 15 min and

one 10 min wash in PBS. Samples were blocked in 1 % BSA in PBS for 3 h in a hydration chamber followed by primary antibody

staining with pStat1 (Tyr701, Cell Signaling #9167) at 1:200 dilution overnight at 4 �C. After 3, 20 min washes in PBS, a secondary

antibody stain with a ready-mix rabbit HRP antibody (Dako Cat#K4003) was performed for 90 min at room temperature. After 3,

20 min washes in PBS, staining was revealed with 3,3’-Diaminobenzidine (DAB) reagent (Sigma Cat#D3939) according to manufac-

turer’s instructions. Images were further counterstained with hemoxylin, followed by bluing in acidified water and dehydration and

clearing in xylene. Slides were mounted in a xylene-based mountant (Cytoseal; Thermofisher) and imaged on an Axio Imager M2 mi-

croscope (Zeiss) with 20X magnification.

H&E Staining
Formalin-fixed paraffin-embedded blocks were cut to 5mm on a microtome, as described for immunofluorescence. After drying,

slides were hydrated by 3x3 min washes in xylene, 3x3 min in ethanol and 1 min in 95% ethanol. Slides were placed in Mayer’s he-

matoxylin for 10 min followed by washing and blueing in an acidic bath. Eosin counterstain was done for 30 sec followed by 2x2 min

washes in 90% ethanol and 3x2 min washes in xylene. Slides were mounted in a xylene-based mountant (Cytoseal; Thermofisher)

and imaged on an Axio Imager M2 microscope (Zeiss) with 20X magnification.

RNAScope
RNAScope was performed according to manufacturer instructions (ACD bio, Cat#322310) using the RNAscope probe Cxcl5

(Cat#467441). Images were acquired with an Axio Imager M2microscope (Zeiss) at 20Xmagnification. Images were quantified using

the pixel count function of Qupath, a digital pathology image analysis software.67

Co-staining of Cxcl5 (RNAScope) with immunofluorescence of a TdTomato tag was conducted using the Multiplex flurescent re-

agent kit v2 (RNAScope, UM323100), according to manufacturer’s instructions and following the immunofluorescent staining proto-

col as described above.

RNA extraction and qPCR
RNA was extracted from 0.5 cm of tissue using Tri reagent (Sigma-Aldrich) following manufacturer’s instructions, with an additional

overnight ethanol precipitation step. Briefly, cleaned RNAwas resuspended in 90 ml of water with 10 ml of 3M ammonium acetate and

combined with 300 ml of ice cold ethanol and left at -20�C for 18 h. Purified RNA was centrifuged, washed in 70% ethanol and

resuspended in a final volume of RNase/DNase-free water. Reverse transcript was performedwith AdvanTech 5x Reverse Transcrip-

tion Mastermix (Cat# AD100-31404) and quantitative PCRwas conducted using Advance Tech QPCRMix (Advantech, Cat# AD100-

21 402) and analyzed relative to HPRT internal controls using the 2-DDCT method. All primer pairs are listed in the key resources table.
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Ex vivo stimulation
Small intestinal cell preparations were made according to the protocol for FACS. Single cells were placed in a 24 well plate at 3 x 106

cells in T cell media containing RPMI, 10% FBS, penicillin/streptomycin and 5mMHEPES. Cells were stimulated with a combination

of IL-2 (0.55 ng/mL), IL-12 (10 ng/mL), IL-33 (25 ng/mL), IL-18 (10 ng/mL) and/or IL-36g (10 ng/mL) for 18 h at 37 �C). 4 h before the end
of the stimulation, GolgiStop was added to the preparation.

Fibroblast stimulation
Once at confluency, primary fibroblasts were split into 24 well plates and allowed to grow for 24h. Following, cells were washed twice

in PBS andmedia was replaced with a starvation media (DMEM, 0.1%BSA, pen/strep, glutamine and non-essential amino acids) for

16h. Cells were stimulated by replacing media with fresh starvation media with 5 ng/mL of rIFNg. Cells were harvested in Trizol at the

appropriate time point.

Granuloma biopsies
Mice were sacrificed one at a time and intestines were placed in cold HBSS + 10% FBS. Intestines were immediate cut longitudinally

and placed epithelial side up behind a dissectionmicroscope in a cold room. Biopsies of granuloma and non-granuloma regionswere

made with a circular biopsy punch (3mm) and immediately frozen in liquid nitrogen.

Tissue Bacterial Burden
Systemic bacterial burden was determined by taking whole tissue slurries of the lung, liver and spleen prepared bymanually crushing

the tissue through a 100 mm filter. The suspension was made up to 5 ml and 100 ml of this solution, or its dilutions, was plated on TSA

plates with 5%defibrillated sheep’s blood. The TSA base was composed of 10 g of Peptone, 10 g of yeast, 5 g of NaCl and 15 g agar

per liter of water. Plates were incubated aerobically for 48 h before enumeration of colonies manually.

Serology
Plasma was stored at -80�C until further analysis. Measurements of conventional serological parameters were performed by SYN-

LAB.vet GmbH (Leipzig, Germany).

Cytokine measurements
Plasma cytokines were determined in duplicates using the LEGENDplex� Mouse Inflammation Panel 13-plex (BioLegend, San

Diego) on a BD Accuri� C6 Plus Flow Cytometer (BD Biosciences) according to manufacturer instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bulk RNA seq analysis
Reanalysis of the RNASeq dataset was conducted in R using ClusterProfiler and DOSE R packages. Code is available in the supple-

mental information.

Statistical analysis
Details of the statistical analyses in terms of group sizes and specific tests used can be found in the figure legends. All data are rep-

resented at the mean results derived from independent mice with the spread of data represented as the standard error of the mean

(SEM) with significance determined when p < 0.05. GraphPad Prism 10 software was used to perform statistical analyses. Student’s t

test, one- or two-way ANOVA were used as appropriate. Nonparametric tests were used when the results did not fit a normal

distribution.

GSEA analysis raw code
# Load required packages

‘‘‘{r, message=F, warning=F}

library(tidyverse)

library(magrittr)

library(clusterProfiler)

library(enrichplot)

library(ggrepel)

# Set organism to mouse

‘‘‘{r, message=F, warning=F}

organism <- "org.Mm.eg.db"

library(organism, character.only = TRUE)
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# Prepare data

‘‘‘{r}

#load deseq of bulk small intestine RNAseq uninfected vs 2 dpi of Hpb

df <- read_csv("Constrast3.uninf.vs.day2.csv")

#Create a vector of the log2 fold changes

original_gene_list <- df$log_FC

#Add ENSEMBL IDs as names to the vector

names(original_gene_list) <- df$id

#Remove NAs

gene list< -na:omit
�
original gene list

�

#Sort the vector by decrease log2 fold change

gene_list = sort(gene_list, decreasing = TRUE)

# GSE

‘‘‘{r}

#Perform the gene set enrichment using biology process terms

gse <- gseGO(geneList=gene_list,

ont ="BP",

keyType = "ENSEMBL",

pvalueCutoff = 0:05;
nPermSimple = 10000;
verbose = TRUE;
minGSSize = 10;
maxGSSize = 500;
OrgDb = organism;

pAdjustMethod = "none",

eps = 0)

# Dotplot

‘‘‘{r, fig.height= 9}

require(DOSE)

dotplot(gse, showCategory=20)+

coord_fixed(ratio = 0.01)

# Export GSE results

‘‘‘{r}

write.csv(gse@result, "GSEA_results.csv", row.names=FALSE)

# Print GSEA plots

‘‘‘{r, fig.height=6}

#GO:1990266

gseaplot(gse, by = "all", title = gse$Description[16], geneSetID = 16, line_width = 16)

‘‘‘{r, fig.height=6}

#GO:0030593

gseaplot(gse, by = "all", title = gse$Description[19], geneSetID = 19)

‘‘‘{r, fig.height=6}

#GO:0002274

gseaplot(gse, by = "all", title = gse$Description[60], geneSetID = 60)

‘‘‘{r, fig.height=6}
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#GO:0090594

gseaplot(gse, by = "all", title = gse$Description[306], geneSetID = 306)

‘‘‘{r, fig.height=6}

#GO:0042060

gseaplot(gse, by = "all", title = gse$Description[311], geneSetID = 311)

‘‘‘{r, fig.height=6}

#GO:0032609

gseaplot(gse, by = "all", title = gse$Description[312], geneSetID = 312)

# Print enrichment map

‘‘‘{r echo=TRUE}

emapplot(pairwise_termsim(gse), showCategory = 50, cex_category = 0.5, cex_line = 0.5, cex_label_category = 0.75)
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Figure S1. Local and systemic measures of morbidity during early Hpb infection, related to Figure 1
(A) TRITC-dextran dye was administered intravenously to 4-dayHpb-infected mice 10min before sacrifice. Representative immunofluorescent images of Ifngr+/+

and Ifngr�/� mice showing TRITC infiltration (yellow) into the granuloma (left) with quantification (right). Quantification represents the fraction of fluorescent area

with a TRITC-positive signal normalized to the total area of the granulomatous area. Scale bar, 50 mm; one experiment, n = 3 mice per group.

(B) Repeated counting, sizing, and scoring of hemorrhagic granulomas of Ifngr+/+ and Ifngr�/� mice by two blinded investigators (refer to Figure 1E). Hemo1

corresponds to low-grade hemorrhaging within the granuloma area, and Hemo2 indicates high-grade hemorrhaging extending into nearby tissue areas.

(C) Granuloma characterization following daily low-dose recombinant IFNg (rIFNg) treatment of Ifngr+/+ mice until the time of sacrifice. Two pooled independent

experiments, n = 6 mice per group.

(D) FITC-dextran test of intestinal permeability following Hpb infection at various time points. One experiment, n = 3 mice per group.

(E) Indirect endotoxin measurement from Hpb-infected mice from plasma using TLR4-HEK-Blue cell reporter line. Semi-quantitative data are represented as the

OD655 from the cell supernatant. Two independent pooled experiments, n = 7 mice per group.

(F) Circulating endotoxin levels as a proxy for intestinal permeability in high-dose Hpb-infected mice were measured semi-quantitatively with TLR4-HEK-Blue

reporter cells represented as raw OD655 levels.

(G) Total aerobically culturable bacterial burden from high-dose infected mice at day 8 post high-dose Hpb infection in the whole spleen, liver, and lung

normalized to the weight of tissue harvested. Three pooled independent experiments, n = 10–14 mice per group.

(H) Serology report from high-dose Hpb-infected mice at day 8.

(I) Cytokine profile of the same groups shown in C. Serology and cytokines conducted using n = 9–10 mice per group.

(J) Daily average food intake of 2 mice (3 cages of 2 mice per cage; total n of 6) following high-dose infection.

(K) Weight change of Ifngr+/+ and Ifngr�/� mice following high-dose infection measured as the percent change from initial weight on day 0; pooled data from two

independent experiments, 5 mice per group. (L) Worm burden at 14 dpi of surviving mice following high-dose infection in Ifngr+/+ and Ifngr�/� mice. Two in-

dependent pooled experiments, n = 5–10 per group. ALT, alanine transaminase; GLDH, glutamate dehydrogenase; LDH, lactate dehydrogenase; CK, creatine

kinase. Each dot represents an individual mouse. Between-group comparisons were analyzed with nonparametric Student’s t test and time course analyses’

significance with two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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Figure S2. Characterization of type 1 and type 2 immune responses during early Hpb infection, related to Figures 1 and 2
(A and B) Type 2 immune profiling of Gata3+ IL13+ CD4+ T cells from the mesenteric lymph nodes (mesLN) (A) and SILP (B) of Hpb-infected Ifngr+/+ and Ifngr�/�

mice following ex vivo PMA/ionomycin stimulation. The frequency of Gata3+ CD4 T cells and Gata3+ IL13+ CD4+ T cells is represented as the frequency of total

CD4+ T cells.

(C) Frequency and number of Gata3+ ILCs in the SILP are presented. All experiments were pooled from 2–3 separate experiments with 4–8 mice per group.

(D) Small intestinal gene expression of IL-4/IL-13 target genes Ym1 (chitinase-like protein, CLP) and Arg1 (arginase 1) in Hpb-infected Ifngr+/+ and Ifngr�/� mice.

(E) Tuft and goblet cell enumeration in granuloma-associated regions of Ifngr+/+ and Ifngr�/� mice following Hpb infection by immunofluorescence of double-

cortin-like kinase (DCLK, tuft cells) and Lectin labeling (goblet cells), respectively. Quantification represents the average number of tuft or goblet cells per unit area

of the crypt/villus axis surrounding the granuloma. Two pooled independent samples, n = 5–8 mice.

(F and G) (F) Enumeration of Gata3+ IL13+ CD4+ T cells from the mesLNs and (G) quantification of the number and size of granulomas at 4 dpi following anti-IL-4

and anti-IL-13 treatment. Two pooled independent experiments, 6 mice per group. Each dot represents an individual mouse.

(H) Quantification of eYFP expression (IFNg) by SILP CD4+ T cells following Hpb infection at different time points. Representative contour plots pre-gated on

CD45+ TCRb+ CD4+ T cells (left) and quantification (right) of frequency of eYFP+ CD4+ T cells of total CD4+ T cells.

(I and J) (I) Representative contour plots of SILP IFNg+ CD8 T cells from uninfected or days 2 or 4 post-Hpb infection inWTmice following ex vivo PMA/ionomycin

stimulation. Gated on live, CD45+ TCRb+ CD8+ T cells. Frequency and number of IFNg+ (J) CD8+ T cells or CD4+ T cells from the indicated time points following

Hpb infection. Two independent experiments, n= 4–6 per group. Each dot represents an individual mouse. Between-group analysis was conductedwith two-way

ANOVA and Tukey’s post hoc analysis. Time course analyses were conducted with two-way ANOVA and Tukey’s post hoc analysis. *p < 0.05, **p < 0.01,

***p < 0.001; ns, not significant.
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Figure S3. Characterizing T cell responses during early Hpb infection, related to Figure 2

(A–D) Depletion of CD4+ T cells, CD8+ T cells, or both was conducted with neutralizing antibodies. Quantification of (A) CD8+ T cell frequency and number, (B)

CD4+ T cell frequency and number, and (C) ISG expression under all conditions is shown. Three independent pooled experiments, 3–8 mice per group. Each dot

represents an individual mouse. To validate antigen-independent activation, an additional experimental approach was used (D) (see Figures 2H–2K). Purified

LCMV-specific Thy1.1+ P14 cells were adoptively transferred into Thy1.1�WTmice. Mice were infected with LCMV Armstrong. 30 days later, recipient mice were

infected with Hpb.

(E) Representative contour plots of uninfected and day 4 Hpb-infected mice, gated on live, CD45+ TCRb+ CD8+ SILP T cells.

(F) Quantification of Ki67+ CD8+ T cells of Thy1.1� (recipient) and Thy1.1+ (donor P14) cells following Hpb infection at day 4. Two independent pooled experi-

ments, n = 4–8 per group.

(G) eYFP+ (IFNg-producing) and eYFP�CD8+ T cells were gated from live, CD45+ TCRb+ SILP cells at day 2 ofHpb infection, and themean fluorescence intensity

(MFI) of a selection of T cell activation and tissue-resident markers was assessed. Two independent pooled experiments, n = 5 mice per group. Each dot

represents an individual mouse. Analyses were conducted with one-way ANOVA and Tukey’s post hoc analysis, while between-group comparisons were

analyzed with nonparametric Student’s t test. *p < 0.05, ***p < 0.001; ns, not significant.
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Figure S4. Systemic distribution of Ifng-expressing cells during early Hpb infection, related to Figure 2

(A) Ex vivo labeling was conducted by i.v. injection of color discordant CD45.2 antibodies, 3 min before sacrifice. Representative contour plots of viable T cells

found in the SILP, spleen, or blood at 4 dpi are shown. Gated on live, total CD45+ TCRb+ T cells.

(B andC) (B) Quantification of the frequency of intravascularly labeledCD8+ T cells within the SILP and (C) spleen, represented as a frequency of total CD8+ T cells.

Two independent pooled experiments, n = 6 per group. Each dot represents an individual mouse. Between-group comparisons were analyzed with nonpara-

metric Student’s t test.

(D) At days 2 and 4 post-Hpb infection, indicated tissues were harvested for enumeration of IFNg-expressing (eYFP+) CD8+ T cells. In all cases, samples are gated

on live, CD45+ TCRb+ CD8+ T cells, and frequencies are represented as eYFP+ cells as a percentage of total CD8+ T cells. IELs, intestinal epithelial lymphocytes;

mesLNs, mesenteric lymph nodes; BM, bone marrow; PP, Peyer’s patches. Two independent pooled experiments, n = 6 mice per group.

(E) Quantification of the frequency and number of ɑ4b7+ CD8 T cells in the SILP, from total CD8+ T cells. Two pooled experiments, 6 mice per group. Each dot

represents an individual mouse. Time course analyses were conducted with one-way ANOVA and Tukey’s post hoc analysis. **p < 0.01, ***p < 0.001; ns, not

significant.
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Figure S5. Role of alarmins in type 1 immunity during early Hpb infection, related to Figure 3

(A) Il18, Il33, and Il36g gene expression during early Hpb infection. Three independent pooled experiments, n = 5–6 per group.

(B and C) In vitro stimulation of SILP cells from uninfected and day 2 Hpb-infected eYFP+ mice for 18h with the indicated combination of cytokines. Two in-

dependent experiments, n = 4 mice per group, with each dot representing a biological replicate.

(D) ISG expression analysis of day 2 Hpb-infected tissue from WT and Il33�/� mice. One experiment, n = 4 mice per group.

(E) Representative contour plots (right) and quantification (left) of IFNg production by CD8+ T cells from E8iCre+/+3 Il36rfl/fl Hpb-infected mice stimulated ex vivo

with PMA/ionomycin. Il36r is encoded by Il1rl2 gene, knocking out IL36ɑ, b, and g signaling. One experiment, 4 mice per group.

(F–L) (F) Frequency and cell count of eYFP+ CD8+ T cells at days 2 and 4 of Hpb infection, following administration of a neutralizing anti-IL-18 antibody. Two

independent experiments, 5–7 mice per group. Validation of the anti-IL-18 blocking antibody following administration of recombinant IL-12 and IL-18 to mice.

Quantification of eYFP+CD8+ T cells in the (G) SILP and (H) spleen is shown, gated on viable, CD45+, TCRb+ cells. One experiment, 4mice per group. IL-15 activity

was neutralized with an anti-IL-15 antibody and validated by NK cell quantification in the blood (I) and SILP (J). Quantification of (K) eYFP+ CD8+ T cells and (L)

Sca1+ epithelial cells in the SILP following treatment with anti-IL15 or isotype control. Two pooled independent experiments, 7–8 mice per group.

(M) Frequency and number of IFNg+ CD4+ T cells in conventionalized and GF mice during Hpb infection. Gated on live, CD45+ TCRb+ IFNg+ CD4+ T cells.

(N) Representative H&E staining of conventionalized and GF mice at 4 days post-Hpb infection. Scale bar, 50 mm. One independent experiment, 3–4 mice per

group.

(O) ISG expression in Villin-cre 3 MyD88fl/fl mice at days 2 and 4 post-Hpb infection compared with littermate controls.

(P) ISG expression in R26Ert2cre3MyD88fl/fl mice at days 2 and 4 post-Hpb infection compared with littermate controls. Two independent pooled experiments

were performed for each genotype, 8mice per group. Each dot represents an individual mouse. Time course analyses were conducted with two-way ANOVA and

Tukey’s post hoc analysis. Between-group comparisons were analyzed with nonparametric Student’s t test and time course analysis with two-way ANOVA and

Tukey’s post hoc analysis. **p < 0.01, ***p < 0.001; ns, not significant.
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Figure S6. Cellular mechanisms of disease tolerance to Hpb infection, related to Figures 4 and 6

(A) Top 20 differentially expressed GO pathways at day 2 of Hpb infection compared with uninfected controls. Complete list of genes represented in Figure 4C of

the main document.

(B) Gene expression analysis of various chemokines from tissue biopsies of granuloma- and non-granuloma-associated regions of Hpb-infected mice. One

independent experiment, 4 mice per group. Line indicates paired granuloma and non-granuloma regions from the same mouse.

(C) Immunofluorescent staining (left) of neutrophils (Ly6G+, yellow) in granuloma regions of conventionalized and germ-free mice at 4 days post-Hpb infection.

Ki67, pink; DAPI, blue; scale bar, 50 mm (right). Total number of neutrophils per granuloma area (right). Each dot represents the average of 3–5 granulomas per

mouse.

(D) Granuloma characterization of total number, size, and hemorrhagic scoring in Ifngr+/+ mice treated with anti-Cxcl5 antibodies and controls. Two independent

blinded experiments, 5–6 mice per group.

(E) Representative immunofluorescence images of neutrophil accumulation in granuloma regions in Ccr2�/� mice and littermate controls at day 4 post-Hpb

infection. Ly6G, yellow; Ki67, pink; and DAPI, blue; scale bar, 200 mm.

(F) Characterization of granuloma-associated tissue remodeling in Ccr2�/� and control mice at day 4 of Hpb infection. Two independent pooled experiments,

6 mice per group.

(G) IFNg production by CD8+ T cells following Hpb infection isolated from the SILP of Ccr2�/� mice and littermate controls following in vitro PMA/ionomycin

stimulation. Two independent pooled experiments, 4–8 mice per group.

(H) Survival plot (left) and worm burden (right) of high-dose infected mice treated with anti-Ly6G antibody from days �1 to 5 of Hpb infection. Two independent

pooled experiments, 8–10 mice per group.

(I) Sca-1 expression by IECs in Villin-cre 3 Ifngrfl/fl mice and controls at days 2 and 4 of Hpb infection. Gated on live, CD45- EpCAM+ cells. Two independent

pooled experiments, 4–6 mice per group.

(J) Enumeration of granuloma counts, size, and hemorrhaging in Villin-cre 3 Ifngrfl/fl mice and littermate controls at day 4 of Hpb infection. Two independent

pooled experiments, 5–6 mice per group. Investigator blinded to the experimental groups.

(K) Survival plot of high-dose (600 L3 larvae) infected Villin-cre 3 Ifngrfl/fl mice and control animals.

(L) Representative immune fluorescence imaging (left) and quantification (right) of neutrophil recruitment (Ly6G+, yellow) in Villin-cre 3 Ifngrfl/fl mice and control

animals at day 4 post-Hpb infection. Ki67, pink; DAPI, blue; scale bar, 100 mm. Two independent pooled experiments, 6 mice per group.

(M) Representative immunofluorescent imaging of ɑSMA remodeling in Ifngr+/+ and Ifngr�/� mice following anti-IL-4 and anti-IL-13 treatment. DAPI, blue; ɑSMA,

green; E-cadherin, red. Scale bar, 100 mm. Representative of two independent experiments, 4 mice per group.

(N) Representative immunofluorescent imaging of ɑSMA remodeling in conventionalized and germ-free mice at 4 dpi. DAPI, blue; ɑSMA, green; Ecadherin, red.

Scale bar, 100 mm.

(O) QPCR analysis of chemokines of IFNg-stimulated primary fibroblasts. Two independent pooled experiments, 6 mice per group.

(P) Quantification of granuloma counts, size, and hemorrhaging in Col1A2Ert2-cre3 Ifngrfl/fl and Col1A2Ert2-cre3 Ifngrfl/+ mice at day 4 ofHpb infection. n = 4–6

mice per group.

(Q) Worm burden at 14 dpi in surviving high-dose infected Myh11Ert2-Cre3 Ifngrfl/+ or Myh11Ert2-Cre3 Ifngrfl/fl mice. One experiment, n = 3–5 mice per group.

Each dot represents an individual mouse. Between-group analyses were conducted with nonparametric Student’s t test, time course with two-way ANOVA, and

Tukey’s post hoc analysis, while survival curves were analyzed with log-rank (Mantel-Cox) test. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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