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A TNF-IL-1 circuit controls Yersinia within intestinal
pyogranulomas
Rina Matsuda1*, Daniel Sorobetea1*, Jenna Zhang2*, Stefan T. Peterson1, James P. Grayczyk1, Winslow Yost1, Nicolai Apenes1,
Maria E. Kovalik1, Beatrice Herrmann1, Rosemary J. O’Neill1, Andrea C. Bohrer3, Matthew Lanza1, Charles-Antoine Assenmacher1,
Katrin D. Mayer-Barber3, Sunny Shin2, and Igor E. Brodsky1

Tumor necrosis factor (TNF) is a pleiotropic inflammatory cytokine that mediates antimicrobial defense and granuloma
formation in response to infection by numerous pathogens. We previously reported that Yersinia pseudotuberculosis colonizes
the intestinal mucosa and induces the recruitment of neutrophils and inflammatory monocytes into organized immune
structures termed pyogranulomas (PG) that control Yersinia infection. Inflammatory monocytes are essential for the control
and clearance of Yersinia within intestinal PG, but how monocytes mediate Yersinia restriction is poorly understood. Here, we
demonstrate that TNF signaling in monocytes is required for bacterial containment following enteric Yersinia infection. We
further show that monocyte-intrinsic TNFR1 signaling drives the production of monocyte-derived interleukin-1 (IL-1), which
signals through IL-1 receptors on non-hematopoietic cells to enable PG-mediated control of intestinal Yersinia infection.
Altogether, our work reveals a monocyte-intrinsic TNF-IL-1 collaborative inflammatory circuit that restricts intestinal
Yersinia infection.

Introduction
Granulomas form in response to a wide variety of infections,
acting as barriers to pathogen dissemination (Petersen and
Smith, 2013; Pagán and Ramakrishnan, 2018). Although gener-
ally considered protective, granulomas can also provide a rep-
licative niche from which pathogens can spread, such as in
immune-compromised patients who experience reactivation of
latent Mycobacterium tuberculosis (Davis and Ramakrishnan,
2009; Diedrich et al., 2016). Moreover, pathogens within gran-
ulomas often exist in an antibiotic-resistant state and can pose
a significant therapeutic challenge (Adams et al., 2011).
Granulomas thus represent a localized niche where pathogens
can be contained but can also resist immune clearance. Un-
derstanding how immune cells communicate within chronic
granulomatous lesions to control pathogens remains an im-
portant question that could enable the development of im-
munomodulatory treatments against infectious agents that
persist within this niche.

Pyogranulomas and pyogranulomatous lesions (PGs) are a
subset of chronic granulomatous inflammation characterized by
a predominance of neutrophils and macrophages, often in
combination with plasma cells and giant cells (Raskin, 2010).
The enteropathogenic Yersiniae, which include Yersinia pseudo-
tuberculosis (Yp) and Yersinia enterocolitica, colonize the intestinal
mucosa and lymphoid tissues of both mice and humans, trig-
gering formation of PGs that are composed of extracellular
bacterial colonies in close association with neutrophils, bordered
closely by monocytes and macrophages (El-Maraghi and Mair,
1979; Lamps et al., 2001; Kojima et al., 2007; Rohena et al., 2014;
Peterson et al., 2017; Zhang et al., 2018; Sorobetea et al., 2023).

We previously demonstrated that organized PGs, character-
ized by central cores of cell debris surrounded by dense cuffs of
neutrophils and epithelioid macrophages, form by 5 days after
Yp infection within the mesenteric lymph nodes (MLN)
(Peterson et al., 2017). We recently also described organized
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PGs containing viable bacteria, a central neutrophil core, in-
flammatory monocytes, and epithelioid macrophages along the
length of the gastrointestinal tract following oral Yp infection
(Sorobetea et al., 2023). PGs formed in response to the activity of
Yp outer proteins (Yops), which are injected into host cells
through the Yp type III secretion system and block essential
antimicrobial functions (Atkinson and Williams, 2016; Bliska
et al., 2021; Sorobetea et al., 2023). We further demonstrated
that inflammatory monocytes were critical for the maintenance
of organized PGs and enabling neutrophils to overcome the ac-
tivity of Yp virulence factors that block host phagocytosis and
oxidative burst (Sorobetea et al., 2023). However, the mecha-
nisms by which inflammatory monocytes mediate anti-Yp host
defense are unclear.

Tumor necrosis factor (TNF) is a pleiotropic inflammatory
cytokine associated with protection during infectious granu-
lomatous disease, notably tuberculosis (Kindler et al., 1989;
Flynn et al., 1995; Bean et al., 1999; Roach et al., 2002; Algood
et al., 2005; Chakravarty et al., 2008; Clay et al., 2008; Lin et al.,
2010).While the role of TNF inmaintaining intact granulomas is
well-appreciated, its precise cellular targets and mechanisms of
action remain elusive due to the broad expression of its main
receptor, TNFR1, and its numerous downstream signaling
functions, including cell-extrinsic apoptosis, promotion of cell
survival, and control of proinflammatory gene expression (Chen
and Goeddel, 2002; Takeda and Akira, 2004; Kusnadi et al.,
2019). TNF plays a critical role in protection against infection
by intracellular pathogens, as the extensive clinical use of anti-
TNF blockade in the setting of autoinflammatory disease is as-
sociated with an increased risk of severe infections (Ali et al.,
2013; Kusnadi et al., 2019).

Although Yp is primarily an extracellular pathogen, TNF is
required for host protection against Yp (Autenrieth and
Heesemann, 1992; Parent et al., 2006; Peterson et al., 2016).
However, the mechanisms by which TNF controls Yp infection
are not completely understood. Here, we demonstrate that
monocytes serve as an essential cellular source of TNF during Yp
infection. We find that signaling through both the TNF and IL-1
receptors is required to control Yp replication in PGs. Intrigu-
ingly, monocyte-intrinsic TNF production and receptor signal-
ing are required for monocytes within PGs to produce IL-1. IL-1R
signaling is required for the production of the chemokine CXCL1,
and we further find that IL-1 receptor is required on non-
hematopoietic cells to mediate control of intestinal Yp infec-
tion. Altogether, our study demonstrates that a monocyte-driven
TNF-IL-1 feedforward circuit mediates the control of Yp infec-
tion within systemic and intestinal sites.

Results
TNFR1 is required for organized PG formation and Yp control
We recently identified the formation of PGs in the murine in-
testinal mucosa during acute Yp infection, wherein inflammatory
monocytes were required for neutrophil activation, maintenance
of organized PG architecture, and bacterial clearance (Sorobetea
et al., 2023). TNF is critical for granuloma maintenance and
bacterial control in the lung during tuberculosis infection

(Kindler et al., 1989; Flynn et al., 1995; Bean et al., 1999; Roach
et al., 2002; Algood et al., 2005; Chakravarty et al., 2008; Clay
et al., 2008; Lin et al., 2010), and we previously reported that
TNFR1 is required to control systemic bacterial burdens fol-
lowing oral Yp infection (Peterson et al., 2016). Notably, while
Tnfr1−/− mice formed similar numbers of macroscopic intestinal
lesions as wild-type (WT) mice at day 5 after infection (Fig. S1
A), histopathologic analyses revealed that intestinal lesions in
Tnfr1−/− mice were strikingly similar to lesions that we recently
described in Yp-infected CCR2-deficient mice lacking circulat-
ing monocytes (Sorobetea et al., 2023) (Fig. 1 A). In contrast to
WT PG, which had robust immune cell aggregation and a small
central Yp microcolony, Tnfr1−/− intestinal lesions contained an
area of central necrosis surrounded by a greatly expanded Yp
colony, ringed by limited immune cell infiltrates (Fig. 1, A and
B). In line with these histopathological findings, bacterial
burdens in both PG-containing (PG+) intestinal punch biopsies
and adjacent non-PG (PG−) biopsies were elevated in Tnfr1−/−

mice (Fig. 1 C). Furthermore, Tnfr1−/− lesions contained fewer
monocytes, macrophages, and neutrophils, as determined by
flow cytometry (Fig. 1 D and Fig. S1, B and C). In line with these
findings, whole-mount immunofluorescence microscopy re-
vealed that in contrast to WT PG, where Yp bacteria are entirely
contained within the CD11b+ and Ly-6G+ myeloid cell infiltrate,
Tnfr1−/− PG had limited recruitment of CD11b+ myeloid cells or
Ly-6G+ neutrophils and were unable to contain the dramatically
expanded bacterial colony, similar to PG we previously de-
scribed in CCR2-deficient animals (Sorobetea et al., 2023) (Fig. 1
E and Fig. S1 D). Surface expression of the integrin CD11b, a
marker of neutrophil activation (Borjesson et al., 2002; Mann
and Chung, 2006; Yoon et al., 2007), was also significantly
reduced in PG of Tnfr1−/− mice compared with WT controls
(Fig. 1 F), suggesting a defect in neutrophil activation in the
absence of TNFR1 signaling, consistent with our recent finding
that monocytes are required for maximal PG neutrophil acti-
vation (Sorobetea et al., 2023). Also consistent with our pre-
vious findings (Peterson et al., 2016), Tnfr1−/− mice exhibited
elevated bacterial burdens in the spleen and liver (Fig. 1 G).
Moreover, Tnfr1−/− mice succumbed to infection around day 8,
while most WT mice survived (Fig. 1 H). Notably, while TNFR2
can also signal in response to TNF, TNFR2-deficient mice
generally had no defect in intestinal or systemic control of Yp
infection, with the exception of the liver, which showed only a
relatively small increase in bacterial burdens at day 5 after
infection (Fig. S1, E and F). Overall, these data suggest that
signaling through TNFR1 rather than TNFR2 limits necrotic
core formation in PGs during Yp infection and controls bacterial
growth.

TNFR1 signaling can enhance the ability of both hematopoi-
etic (immune) and non-hematopoietic (stromal and epithelial)
cells to control pathogens (Flynn et al., 1995; Bean et al., 1999;
Clay et al., 2008; Peterson et al., 2016; Pham et al., 2020). To test
which compartment requires TNFR1 signaling to control Yp, we
generated bone marrow (BM) chimeras in which TNFR1 ex-
pression was ablated in either the hematopoietic or non-
hematopoietic compartment (Fig. S1 G). Mice lacking TNFR1 in
either the hematopoietic or non-hematopoietic compartment
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Figure 1. TNFR1 is required for organized PG formation and Yp control. (A)H&E-stained paraffin-embedded small intestinal sections from Yp-infectedWT
(left) and Tnfr1−/− (right) mice at day 5 after infection; a (black dashed lines) = immune cell infiltrate, b = bacterial colony, and c = necrosis. White dashed lines
delineate the edges of central necrosis and extracellular colonies. Images representative of two independent experiments. Scale bars = 100 μm.
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had elevated bacterial burdens within PG compared with WT
control chimeras, indicating that TNFR1 signaling is required
non-redundantly in both hematopoietic and non-hematopoietic
cells to mediate control of intestinal Yp (Fig. 1 I). In contrast, mice
lacking TNFR1 in hematopoietic cells had highly elevated bac-
terial burdens in the systemic tissues, while mice lacking TNFR1
in non-hematopoietic cells had a significant but smaller increase
in systemic bacterial burdens compared with WT controls
(Fig. 1 J). Taken together, these results demonstrate that TNFR1
signaling in both hematopoietic and non-hematopoietic cells
contribute to bacterial control in the intestine, while TNFR1
signaling in hematopoietic cells plays a dominant role in bacte-
rial control in systemic tissues during acute Yp infection.

Autocrine TNF signaling in monocytes is required for control
of Yp
TNF receptor expression is widespread in both hematopoietic
and non-hematopoietic cells, raising the question of which cells
require TNF signaling for the control of Yp infection. CCR2-
deficient mice lacking circulating monocytes fail to form func-
tional intestinal PG, are unable to control Yp burdens, and
rapidly succumb to infection (Sorobetea et al., 2023). Given the
similar outcomes of infection and histopathological appearance
of PG in TNFR1- and CCR2-deficient mice, we sought to test the
hypothesis that TNF is produced and/or detected by monocytes.
We generated mice in which TNFR1 was specifically deleted on
inflammatory monocytes by means of mixed BM chimera where
irradiated WT recipient mice were reconstituted with a 1:1 ratio
of Ccr2gfp/gfp:Tnfr1−/− BM cells. Since CCR2-deficient cells are
unable to egress from the BM to enter circulation (Serbina and
Pamer, 2006), this approach generates mice in which circulating
CCR2+ monocytes are derived only from the Tnfr1−/− cells,
whereas other hematopoietic cell types arise from both geno-
types and are thus sufficient for TNFR1 signaling (Fig. 2 A and
Fig. S2 A). Intriguingly, compared with WT chimeric mice, mice
lacking TNFR1 specifically on CCR2+ monocytes formed intesti-
nal PG lesions with expanded bacterial colonies and had elevated
bacterial burdens in PG− and systemic tissues, indicating a fail-
ure to control Yp infection and largely recapitulating the phe-
notype of mice lacking CCR2 in the entire hematopoietic system
(Fig. 2, B–D). Despite apparent gross histological differences,

bulk PG bacterial burdens as measured by colony-forming units
(CFUs) were comparable across chimeric genotypes, potentially
due to the general increased susceptibility of irradiated chimeric
mice to infection (Fig. 2 C). Importantly, the defect in bacterial
control was not due to the absence of TNFR1 expression on 50%
of immune cells, as mixed chimeras from Tnfr1−/−:WT chimeric
mice still had significantly lower bacterial burdens relative to
Tnfr1−/−:Ccr2gfp/gfpmice, notably in systemic tissues (Fig. S2, B–D).
Notably, mice lacking TNFR1 expression on all hematopoietic
cells had significantly higher burdens than mice lacking
TNFR1 on monocytes alone (Fig. S2 C). Altogether, these data
suggest that while TNFR1 has additional important roles in
other cell types beyond monocytes, TNFR1 signaling in mon-
ocytes is nonetheless essential for their protective role against
Yp infection.

Multiple immune cell types produce TNF in response to in-
flammatory signals, including monocytes, which are a major
source of TNF during Yp infection (Peterson et al., 2017). To test
whether monocyte-derived TNF is important for control of Yp
infection, we reconstituted irradiated WT recipient mice with a
1:1 ratio of Ccr2gfp/gfp:Tnf−/− BM cells, thereby generating cohorts
of mice in which circulating CCR2+ monocytes lacked the ability
to produce TNF, with other hematopoietic cell types being
comprised of a 1:1 mixture of WT and Tnf−/− cells (Fig. S2 E).
Strikingly, mice lacking TNF specifically in monocytes failed to
control Yp infection in the spleen and liver and had bacterial
burdens comparable with mice lacking TNF production in all
hematopoietic cells (Fig. 2, E and F). Altogether, our findings
demonstrate that autocrine TNF signaling in monocytes is re-
quired to control enteric Yp infection.

TNFR1 signaling in monocytes controls Yp independently of
RIPK1 kinase–induced cell death
TNFR1 can mediate inflammatory gene expression or promote
cell-extrinsic apoptosis in response to infection by pathogens,
including Yp (Ea et al., 2006; Ofengeim and Yuan, 2013;
Christofferson et al., 2014; Weinlich and Green, 2014; Peterson
et al., 2016; Delanghe et al., 2020; Yeap and Chen, 2022). Yp-
induced cell death is triggered by YopJ-mediated blockade of IκB
kinase signaling and involves contributions from both TLR4/
TRIF and TNFR1 signaling through the kinase activity of the

(B) Histopathological scores of small intestinal tissue from Yp-infected WT and Tnfr1−/− mice at day 5 after infection. Each mouse was scored between 0 and 4
(minimal to extensive) for the size of the bacterial colony. Each circle represents one mouse. Lines represent the median. Pooled data from two independent
experiments. (C) Bacterial burdens in small intestinal PG− and PG+ tissue isolated on day 5 after infection. Each circle represents the mean CFU of three to five
pooled punch biopsies from one mouse. Lines represent the geometric mean. Pooled data from three independent experiments. (D) Total numbers (top) and
frequencies (bottom) of neutrophils, monocytes, and macrophages in PG+ small intestinal tissue isolated 5 days after infection. Each circle represents the mean
of 3–20 pooled punch biopsies from one mouse. Lines represent the median. Pooled data from three independent experiments. (E) Fluorescently labeled
whole-mount small intestinal PG+ tissue from Yp-infected WT (left) and Tnfr1−/− (right) mice at day 5 after infection. Red (Yp-mCherry), yellow (Ly-6G-AF647),
and blue (CD11b-AF700). Scale bars = 100 μm. Representative image of two independent experiments. (F) CD11b surface expression on neutrophils in PG+

tissue at day 5 after infection. Each circle represents the mean of 3–10 pooled punch biopsies from one mouse. Lines represent the median. Data are rep-
resentative of three independent experiments. (G) Bacterial burdens in indicated organs at day 5 after infection. Each circle represents one mouse. Lines
represent the geometric mean. Pooled data from four independent experiments. (H) Survival of infectedWT (n = 9) and Tnfr1−/− (n = 21) mice. Pooled data from
two independent experiments. (I) Bacterial burdens in small intestinal PG− and PG+ tissue at day 5 after infection of indicated chimeric mice. Each symbol
represents the mean Yp CFU of three to five pooled punch biopsies from one mouse. Lines represent the geometric mean. Pooled data from two independent
experiments. (J) Bacterial burdens in indicated organs at day 5 after infection of indicated chimeric mice. Each symbol represents one mouse. Lines represent
the geometric mean. Pooled data from two independent experiments. Statistical analysis by Mann–Whitney U test (B–D, F, and G), Mantel–Cox test (H), and
Kruskal–Wallis test with Dunn’s multiple comparisons correction (I and J). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.
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Figure 2. Autocrine TNF signaling in monocytes is required for control of Yp. (A) Schematic of mixed BM chimeras. Lethally irradiated WT mice re-
constituted with BM cells from indicated donor mice yield either a TNFR1-sufficient immune system (left), an immune system in which all monocytes lack
TNFR1 whereas half of the remaining immune cells are TNFR1-proficient (middle), or a TNFR1-sufficient immune system devoid of monocytes (right). (B) H&E-
stained paraffin-embedded small intestinal sections from chimeric WTmice reconstituted with Ccr2gfp/gfp +WT (left), Ccr2gfp/gfp + Tnfr1−/− (middle), or Ccr2gfp/gfp

(right) BM at day 5 after infection; a (black dashed lines) = immune cell infiltrate, b = bacterial colony, c = necrosis. White dashed lines delineate the edges of
central necrosis and extracellular bacterial colonies. Scale bars = 100 μm. Images representative of two independent experiments. (C) Bacterial burdens in
small intestinal PG− and PG+ tissue of chimeric WT mice reconstituted with either Ccr2gfp/gfp:WT (circles), Ccr2gfp/gfp:Tnfr1−/− (squares), or Ccr2gfp/gfp (diamonds)
at day 5 after Yp infection. Each symbol represents one mouse. Lines represent the geometric mean. Pooled data from two independent experiments.
(D) Bacterial burdens in indicated organs at day 5 after infection. Each symbol represents one mouse. Lines represent the geometric mean. Pooled data from
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adapter RIPK1 (Monack et al., 1997; Palmer et al., 1998; Orth
et al., 1999; Yoon et al., 2003; Mukherjee et al., 2006; Philip
et al., 2014; Peterson et al., 2017). We previously demonstrated
that mice lacking RIPK1 kinase activity (Ripk1K45A) in hemato-
poietic cells fail to form intact MLN PG and rapidly succumb to
Yp infection (Peterson et al., 2017). Furthermore, activation of
gasdermin D and gasdermin E in macrophages and neutrophils,
respectively, downstream of RIPK1 kinase activity promotes
control of Yp infection (Chen et al., 2021). We hypothesized that
RIPK1 activation downstream of TNFR1 signaling in monocyte-
lineage cells mediates control of Yp within intestinal PGs. No-
tably, Ripk1K45A mice formed necrotic intestinal lesions and were
deficient in restricting Yp burdens (Fig. 3, A and B), consistent
with prior findings (Peterson et al., 2017). To test whether
monocyte-intrinsic TNFR1 signaling promotes anti-Yp host de-
fense through activation of RIPK1-induced monocyte cell death,
we generated mixed BM chimeras in which irradiated WT re-
cipient mice were reconstituted with a 1:1 ratio of Ccr2gfp/gfp:
Ripk1K45A BM cells. Reconstituted mice contained CCR2+ mono-
cytes that lacked RIPK1 kinase activity, with other hematopoietic
cells being equally reconstituted by both donor BM progenitors
(Fig. S3, A and B). Surprisingly, monocyte-specific ablation of
RIPK1 kinase activity did not impact the ability of mice to form
intact intestinal PG or control enteric Yp infection (Fig. 3, C–E),
indicating that RIPK1 kinase activity inmonocytes is dispensable
to control Yp infection downstream of TNF signaling. We pre-
viously found that the acute susceptibility of Ripk1K45A mice is
reversed in the setting of infection with YopJ-deficient bacteria,
illustrating that RIPK1 kinase–induced cell death is necessary to
counteract the blockade of immune signaling by YopJ (Peterson
et al., 2017). However, Tnfr1−/− mice still formed necrotic intes-
tinal PG, failed to control bacterial burdens in systemic tissues,
and succumbed to infection by YopJ-deficient bacteria (Fig. 3,
F–H). Collectively, these data indicate that monocyte-dependent
TNFR1 signaling mediates anti-Yp host defense via a mechanism
distinct from YopJ-dependent, RIPK1-induced cell death.

We recently reported that intestinal PGs form in response to
the activities of the Yp effectors YopE and YopH, and that
monocytes counteract YopH-mediated blockade of innate im-
munity (Sorobetea et al., 2023). YopE and YopH both block
phagocytosis and the oxidative burst through actin cytoskeleton
disruption (Rosqvist et al., 1988, 1991; Bliska et al., 1991; Galyov
et al., 1993; Bliska and Black, 1995; Green et al., 1995; Mecsas
et al., 1998; Black and Bliska, 2000; Grosdent et al., 2002;
Taheri et al., 2016). However, whether TNFR1 is required to
overcome the immune blockade posed by YopE and YopH is
unknown. Strikingly, TNFR1-deficient mice largely survived
infection with yopEHmutant Yp (Fig. 3 I), indicating that TNFR1
signaling counteracts the activity of YopE and YopH. However,
in contrast to our previous findings with CCR2-deficient mice

(Sorobetea et al., 2023), Tnfr1−/− mice were not able to control
either single Yp mutant, although there was a modest but sig-
nificant decrease in mortality in response to infection with yopH
mutant bacteria (Fig. S3 C). Together, these findings demon-
strate that TNFR1 signaling controls enteric Yp infection by
counteracting the virulence activities of YopE and YopH.

Cell-intrinsic TNFR1 signaling is required for maximal
IL-1 production within intestinal PGs during Yp infection
Our findings collectively indicate that monocyte-intrinsic TNFR1
signaling promotes intestinal PG formation and control of Yp
infection via RIPK1 kinase–independent mechanisms. We
therefore considered that TNFR1 signaling in monocytes con-
tributes to the control of Yp infection by promoting inflamma-
tory cytokine production. Multiplex cytokine profiling of
intestinal PG+ and PG− from mixed BM chimeric mice with
monocyte-intrinsic TNFR1 deficiency revealed that IL-1α levels
were significantly decreased in the PG lesions of these mice
(Fig. 4 A), in contrast to other proinflammatory cytokines such
as IL-6 (Fig. S4 A). Neither IL-1α nor IL-1β were detected in the
sera of these mice at day 5 after Yp infection, suggesting that IL-1
production in response to TNFR1 signaling is localized to intes-
tinal PG (Fig. S4 B). Since TNFR1 expression on monocytes is
required for restriction of bacterial burdens, we hypothesized
that TNFR1 signaling promotes monocyte production of IL-1
within intestinal PG. Indeed, Tnfr1−/− monocytes and neutrophils
exhibited reduced levels of IL-1α and IL-1β expression as deter-
mined by intracellular cytokine staining, indicating that TNFR1
signaling is necessary for maximal IL-1 production in both
monocytes and neutrophils within intestinal PG (Fig. 4 B). To test
whether TNFR1 is required in a cell-intrinsic or -extrinsic
manner to promote IL-1 expression, we generated mixed BM
chimeras in which lethally irradiated WT recipients were re-
constituted with a 1:1 mixture of WT:Tnfr1−/− BM or entirely with
Tnfr1−/− BM as a positive control. Importantly, there was no
competitive defect in the reconstitution of Tnfr1−/− cells in the
mixed chimera setting, nor a competitive defect in the recruit-
ment of Tnfr1−/− cells to intestinal PG, as these mice contained a
1:1 ratio of WT and Tnfr1−/− immune cells within both the spleen
and PG (Fig. S4 C). Strikingly, IL-1 production was reduced in
both monocytes and neutrophils lacking TNFR1 relative to
WT cells within the same mice, demonstrating that cell-intrinsic
TNFR1 signaling mediates optimal production of IL-1 in mono-
cytes and neutrophils (Fig. 4, C and D; and Fig. S4 D). Moreover,
TNF levels were reduced in both monocytes and neutrophils
lacking TNFR1 relative to WT cells isolated from the same in-
testinal PG, demonstrating that TNFR1 signals in a feedforward
loop to promote TNF production in a cell-intrinsic fashion (Fig.
S4 E). Notably, Toll-like receptor 4 (TLR4) was not required for
enhanced expression of TNF or IL-1 by monocytes in response to

two independent experiments. (E) Bacterial burdens in small intestinal PG− and PG+ tissue of chimeric WT mice reconstituted with either Tnf−/−:WT (circles),
Tnf−/−:Ccr2gfp/gfp (squares), or Tnf−/− (diamonds) at day 5 after Yp infection. Each symbol represents one mouse. Lines represent the geometric mean. Pooled
data from three independent experiments. (F) Bacterial burdens in indicated organs at day 5 after infection. Each symbol represents one mouse. Lines the
represent geometric mean. Pooled data from three independent experiments. All statistical analyses by Kruskal–Wallis test with Dunn’s multiple comparisons
correction. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.
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Figure 3. TNFR1 signaling in monocytes controls Yp independently of RIPK1 kinase–induced cell death. (A) H&E-stained paraffin-embedded small
intestinal sections fromWT (left) and Ripk1K45A (right) mice at day 5 after Yp infection; a (black dashed lines) = immune cell infiltrate, b = bacterial colony, c =
necrosis. White dashed lines delineate the edges of central necrosis and extracellular bacterial colonies. Scale bars = 100 μm. Images representative of two

Matsuda et al. Journal of Experimental Medicine 7 of 18

TNF-IL-1 controls Yersinia in pyogranulomas https://doi.org/10.1084/jem.20230679

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/221/3/e20230679/1924344/jem
_20230679.pdf by U

niv O
f Penn Library user on 27 M

arch 2024

https://doi.org/10.1084/jem.20230679


Yp infection or control of bacterial burdens in PG− or PG+ in-
testinal tissues, indicating that other TLRs or pattern recognition
receptors detect Yp to promote inflammatory cytokine produc-
tion and bacterial restriction (Fig. S4, F and G). Overall, these
data show that cell-intrinsic TNFR1 signaling promotes optimal
IL-1 production in myeloid cells within intestinal PG, raising the
question of whether IL-1 production downstream of TNFR1 sig-
naling in monocytes contributes to control of Yp during early
intestinal infection.

IL-1 signaling is required for PG formation and intestinal
control of Yp
IL-1 plays a critical role in host defense against other pathogens
by promoting immune cell recruitment and activation, cytokine
production, angiogenesis, and vascular permeability (Franchi
et al., 2012; Barry et al., 2013; Copenhaver et al., 2015; Lee
et al., 2015; Fahey and Doyle, 2019; Liu et al., 2020). Mice
lacking IL-1 signaling are more susceptible to systemic Yp in-
fection (Vladimer et al., 2012; Ratner et al., 2016; Chen et al.,
2021). However, IL-1β can also promote increased intestinal
permeability and barrier dysfunction during Yp infection
(Meinzer et al., 2012), suggesting multifaceted roles for IL-1
signaling within specific compartments and stages of infection.
To test the contribution of IL-1 signaling in the control of enteric
Yp infection within PGs, we performed oral Yp infections in
Il1r1−/− mice, which lack IL-1R and thus cannot respond to IL-1
cytokines. Notably, the intestinal lesions in Il1r1−/− mice con-
tained a central area of tissue necrosis surrounded by expanded
bacterial microcolonies (Fig. 5, A and B), remarkably similar to
the necrosuppurative intestinal lesions seen in Ccr2gfp/gfp mice
(Sorobetea et al., 2023) and Tnfr1−/− mice (Fig. 1 A and Fig. 5 A).
Further, at day 5 after infection, Il1r1−/− mice had significantly
higher intestinal bacterial burdens than WT mice, specifically in
PG+ and PG− tissue and Peyer’s patches (Fig. 5 C and Fig. S5 A).
Myeloid cells in IL-1R–deficient mice also failed to contain Yp
microcolonies as determined by immunofluorescence micros-
copy (Fig. 5 D). This failure to contain bacteria within organized
PGs was reflected in decreased survival of Il1r1−/− mice relative to
WT mice (Fig. 5 E). However, at day 5 after infection, bacterial
burdens in systemic organs were only moderately increased

compared with those of WT mice (Fig. S5 B), suggesting that IL-
1–independent mechanisms of systemic bacterial control operate
downstream of TNF signaling during acute infection.

Given that mice defective in TNFR1 signaling had impaired
neutrophil activation and reduced myeloid cell numbers within
PGs, we considered the possibility that IL-1R signaling also plays
a role in neutrophil recruitment and activation during Yp in-
fection. Intriguingly, while Il1r1−/− PG contained similar numbers
of monocytes and macrophages as WT PG, they had significantly
fewer neutrophils (Fig. 5 F). Surface expression of the neutro-
phil activation marker CD11b was also significantly reduced in
Il1r1−/− PG compared with WT PG (Fig. 5 G). Furthermore, levels
of the neutrophil-recruiting chemokine CXCL1 were also sig-
nificantly reduced in Il1r1−/− PG compared withWT PG (Fig. 5 H).
Interestingly, CCL2, CCL4, and IL-6 levels were similar between
Il1r1−/− and WT PG, indicating that this effect was specific to
CXCL1 (Fig. S5 C). IL-1R is activated by both IL-1α and IL-1β,
which have unique and shared functions (Dinarello, 2018). No-
tably, compared with WT mice, both Il1a−/− and Il1b−/− mice had
elevated bacterial burdens in PG+ tissue and PP but not in PG−

tissue (Fig. 5 I and Fig. S5 A), in contrast to Il1r1−/− mice, which
had elevated bacterial burdens in all three intestinal compart-
ments. Moreover, similar to Il1r1−/− mice, mice lacking either IL-
1α or IL-1β had relatively mild increases in bacterial burdens in
systemic organs as compared with WT mice on day 5 after in-
fection (Fig. S5, D and E). Intriguingly, Il1a−/−mice had a survival
defect comparable with that of Il1r1−/− mice, whereas Il1b−/− mice
had similar survival to WT mice following Yp infection (Fig. 5 J).
These data suggest that while IL-1α and IL-1β contribute non-
redundantly to early control of enteric Yp infection in PGs, IL-1α
is more important than IL-1β in promoting host survival. Col-
lectively, these results indicate that IL-1R signaling is impor-
tant for the control of enteric Yp infection in intestinal PGs
and contributes to intestinal neutrophil recruitment and
activation.

Monocyte-derived IL-1 signals to non-hematopoietic cells to
restrict Yp in intestinal PGs
Our findings demonstrate that autocrine TNF signaling in in-
flammatory monocytes promotes cell-intrinsic IL-1 production

independent experiments. (B) Bacterial burdens in small intestinal PG− and PG+ tissue (left) and indicated organs (right) of WT and Ripk1K45Amice at day 5 after
Yp infection. Each circle represents one mouse. Lines represent the geometric mean. Pooled data from two independent experiments. (C) H&E-stained
paraffin-embedded small intestinal sections from chimeric WT mice reconstituted with either Ccr2gfp/gfp:WT (left), Ccr2gfp/gfp:Ripk1K45A (middle), or Ccr2gfp/gfp

(right) BM at day 5 after Yp infection. a (black dashed lines) = immune cell infiltrate, b = bacterial colony, c = necrosis. White dashed lines delineate the edges of
central necrosis and extracellular bacterial colonies. Scale bars = 100 μm. Representative images of two independent experiments. (D) Bacterial burdens in
small intestinal PG− and PG+ tissue of chimeric WTmice reconstituted with either Ccr2gfp/gfp:WT (circles), Ccr2gfp/gfp:Ripk1K45A (squares), or Ccr2gfp/gfp (diamonds)
at day 5 after Yp infection. Each symbol represents one mouse. Lines represent the geometric mean. Pooled data from two independent experiments.
(E) Bacterial burdens in indicated organs of chimeric WT mice reconstituted with either Ccr2gfp/gfp:WT (circles), Ccr2gfp/gfp:Ripk1K45A (squares), or Ccr2gfp/gfp

(diamonds) at day 5 after Yp infection. Each symbol represents one mouse. Lines represent the geometric mean. Pooled data from two independent
experiments. (F) Bacterial burdens in indicated organs of WT (gray) and Tnfr1−/− (red) mice infected with WT (circles) or ΔyopJ (squares) Yp at day 5 after
infection. Each symbol represents one mouse. Lines represent the geometric mean. Pooled data from four independent experiments. (G) H&E-stained paraffin-
embedded small intestinal sections fromWT and Tnfr1−/−mice infected with either WT or ΔyopJ Yp at day 5 after infection. a (black dashed lines) = immune cell
infiltrate, b = bacterial colony, c = necrosis. White dashed lines delineate the edges of central necrosis and extracellular bacterial colonies. Scale bars = 100 μm.
Representative images of three independent experiments. (H) Survival of WT (gray) and Tnfr1−/− (red) mice infected with WT (circles) or ΔyopJ (squares) Yp.
n = 9–12 mice per group. Pooled data from two independent experiments. (I) Survival of WT (gray) or Tnfr1−/− (red) mice infected with WT (circles) or yopEH
(squares) Yp. n = 11–15 mice per group. Pooled data from two independent experiments. Statistical analysis by Mann–Whitney U test (B), Kruskal–Wallis test
with Dunn’s multiple comparisons correction (D–F), and Mantel–Cox test (H and I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.
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and subsequent IL-1R signaling promotes anti-Yp immune de-
fense. However, whether monocyte-derived IL-1 is specifically
required for the control of intestinal Yp has not been tested. We
therefore infected mixed BM chimeras in which irradiated WT
recipient mice were reconstituted with a 1:1 ratio of Il1ab−/−:
Ccr2gfp/gfp BM cells to generate cohorts of mice lacking IL-1α and
IL-1β production in monocytes (Fig. S5 F). Critically, these mice
had significantly elevated bacterial burdens in PG, Peyer’s
patches, spleen, and liver compared with control mice (Fig. 6, A
and B; and Fig. S5 G). Bacterial burdens in PG− biopsies were
elevated in mice entirely lacking hematopoietic IL-1 but not in
mice with monocyte-specific IL-1 deficiency. Together, these
results suggest that IL-1 production from monocytes is impor-
tant for bacterial restriction in intestinal compartments and
systemic organs, although IL-1 production from non-monocytic

cell types also contributes to restriction of intestinal infection
within PG.

IL-1R signaling within the non-hematopoietic compartment
is critical for antibacterial defense against other bacterial
pathogens (Homaidan et al., 2001; Moon et al., 2014; Lee et al.,
2015; Bohrer et al., 2018; Liu et al., 2020; Barnett et al., 2022).
To test whether IL-1R in the non-hematopoietic compartment
might be important for the formation of intestinal PG and re-
striction of Yp, we reconstituted lethally irradiated Il1r1−/− mice
with WT BM (Fig. S5 H). Notably, mice lacking IL-1R in non-
hematopoietic cells had elevated bacterial burdens in both
intestinal (PP, PG) and systemic (liver and spleen) tissues fol-
lowing oral Yp infection compared with WT control chimeras,
while mice lacking IL-1R in the hematopoietic compartment had
bacterial burdens similar to those observed in the WT control

Figure 4. Cell-intrinsic TNFR1 signaling is required for maximal IL-1 production within intestinal PGs during Yp infection. (A) Cytokine levels in tissue
punch biopsy homogenates isolated 5 days after infection of chimeric WT mice reconstituted with indicated donor cells. Each symbol represents the mean of
3–10 pooled punch biopsies from one mouse. Lines represent the median. Pooled data from two independent experiments. (B) Frequency of IL-1α– or IL-
1β–producing monocytes and neutrophils isolated from small intestinal PG+ tissue 5 days after infection. Each circle represents the mean of 3–10 pooled punch
biopsies from one mouse. Lines represent the median. Pooled data from three independent experiments. (C) Flow cytometry plots of intracellular IL-1 staining
in monocytes (CD64+ Ly-6Chi) from small intestinal PG+ tissue at day 5 after infection. Plots representative of two independent experiments. (D) Intracellular
IL-1 staining in monocytes and neutrophils in small intestinal PG+ tissue at day 5 after infection. Each circle represents the mean of 3–10 pooled punch biopsies
from one mouse. Lines connect congenic cell populations within individual mice. Pooled data from two independent experiments. Statistical analysis by
Kruskal–Wallis test with Dunn’s multiple comparisons correction (A), Mann–Whitney U test (B), and for congenically marked cells within mice: Wilcoxon test;
across groups: Mann–Whitney U test (D). *P < 0.05, **P < 0.01, ****P < 0.0001, ns = not significant.
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Figure 5. IL-1 signaling is required for PG formation and intestinal control of Yp. (A) H&E-stained paraffin-embedded small intestinal sections from Yp-
infectedmice at day 5 after infection; a (black dashed lines) = immune cell infiltrate, b = bacterial colony, c = necrosis. White dashed lines delineate the edges of
central necrosis and extracellular bacterial colonies. Representative images of one experiment. Scale bars = 250 µm. (B) Histopathological scores of small
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chimeras (Fig. 6, C and D; and Fig. S5 I). Altogether, our findings
demonstrate that IL-1R signaling in non-immune cells restricts
Yp infection in intestinal and systemic tissues and that this re-
striction is driven by a monocyte-intrinsic TNF-IL-1 circuit
(Fig. 6 E).

Discussion
The enteric pathogen Yp induces the formation of PGs in both
the human and murine intestine (El-Maraghi and Mair, 1979;
Lamps et al., 2001; Kojima et al., 2007; Rohena et al., 2014; Davis
et al., 2015; Richardson et al., 2018; Zhang et al., 2018; Sorobetea
et al., 2023). We previously described PGs histopathologically
within MLN (Peterson et al., 2017), as well as within the lamina
propria of the gastrointestinal tract (Sorobetea et al., 2023),
based on the presence of a central core of cell debris surrounded
by dense cuffs of neutrophils and epithelioid macrophages
within these structures (Peterson et al., 2017). Here, we un-
cover a crucial myeloid TNF/IL-1 signaling circuit that restricts
Yp replication within intestinal PGs. Notably, in the absence of
protective TNFR1 and IL-1R1 signals, mice exhibited defective
control of Yp and had PGs with central areas of necrosis and
expanded bacterial colonies not seen in WT mice.

TNF plays an important role in bacterial granuloma forma-
tion and maintenance (Kindler et al., 1989; Flynn et al., 1995;
Bean et al., 1999; Roach et al., 2002; Algood et al., 2005;
Chakravarty et al., 2008; Clay et al., 2008; Lin et al., 2010). Anti-
TNF therapy triggers the reactivation of dormantMycobacterium
tuberculosis infection (Botha and Ryffel, 2003; Chakravarty et al.,
2008; Matty et al., 2015). TNF also promotes macrophage-
dependent control of bacterial replication within granulomas
during chronic Salmonella infection (Pham et al., 2020). TNF
promotes multiple antimicrobial activities of macrophages that
are critical for granuloma formation and control of tuberculosis
(Flynn et al., 1995; Bean et al., 1999; Clay et al., 2008; Tobin et al.,
2010). However, excessive TNF causes macrophage cell death
that can be detrimental to bacterial control (Tobin et al., 2012).
Here, we find that autocrine TNF signaling on monocyte-lineage
cells promotes cell-intrinsic production of IL-1, which signals
through non-hematopoietic IL-1R to control Yp bacterial burdens
within intestinal PGs. Our findings highlight a key role for TNF

signaling in the control of Yp infection within intestinal PGs.
However, Yp YopJ suppresses cell-intrinsic inflammatory cyto-
kine expression (Palmer et al., 1998), raising the question of how
anti-Yp immune responses are initiated. During Legionella
pneumophila infection, IL-1 signaling induces TNF production
in uninfected bystander cells, thus bypassing Legionella virulence
factor–induced blockade of host protein synthesis (Copenhaver
et al., 2015; Liu et al., 2020). Bystander cells not injected with
YopJ are thus a potential source of TNF or IL-1 during Yp infec-
tion (Peterson et al., 2017).

TNFR1 signaling promotes Yp-induced cell death via RIPK1
activity, and RIPK1 kinase activity is necessary for the control of
Yp infection (Peterson et al., 2017). However, while RIPK1 kinase
activity was essential for intestinal PG architecture, inflamma-
tory monocytes did not require RIPK1 kinase activity for PG
formation and Yp restriction. These findings suggest that two
distinct pathways mediate protection against enteric Yp infec-
tion: a monocyte-intrinsic TNFR1 pathway that amplifies IL-1
cytokine production, and a separate pathway involving RIPK1
kinase–mediated cell death of non-monocytic cells in response to
YopJ-induced blockade of immune signaling. Notably, neu-
trophils undergo gasdermin E–dependent pyroptosis down-
stream of RIPK1 kinase activity, which contributes to the
restriction of Yp infection in vivo (Chen et al., 2021). Future
studies will elucidate whether RIPK1 kinase–induced neutrophil
cell death enables control of Yp.

TNF promotes IL-1β expression in dendritic cells (Jain et al.,
2020) and tumor-associated macrophages (Caronni et al., 2023).
In human macrophages, TNF promotes IL-1β expression via
sterol response element binding protein (Kusnadi et al., 2019).
Our findings indicate that monocyte-derived IL-1 controls Yp
infection independent of RIPK1 kinase–mediated monocyte cell
death. Monocytes may release IL-1 through inflammasome-
dependent pyroptosis or in a “hyperactivated” state, whereby
cells release IL-1 in a gasdermin D–dependent manner in the
absence of pyroptosis (Chen et al., 2014; Gaidt et al., 2016;
Evavold et al., 2018; Aizawa et al., 2020; Zhivaki et al., 2020).
Future studies will clarify mechanisms of IL-1 expression and
release downstream of TNF during Yp infection.

IL-1R signaling is critical for bacterial control during tuber-
culosis infection, and the loss of IL-1R signaling leads to necrotic

intestinal tissue from uninfected or Yp-infected mice at day 5 after infection. Each mouse was scored between 0 and 4 (minimal to extensive) for the size of the
bacterial colony. Each circle represents one mouse. Lines represent the median. Pooled data from two experiments. (C) Bacterial burdens in small intestinal
PG− and PG+ tissues isolated 5 days after infection. Each circle represents the mean of three to five pooled punch biopsies from one mouse. Lines represent the
geometric mean. Pooled data from three independent experiments. (D) Fluorescently labeled whole-mount small intestinal PG+ tissue from Yp-infected WT
(left) and Il1r1−/− (right) mice at day 5 after infection. Red (Yp-mCherry), yellow (Ly-6G-AF647), blue (CD11b-AF700). Scale bars = 100 μm. Representative image
of two independent experiments. (E) Survival of infected WT (n = 26) and Il1r1−/− (n = 20) mice. Pooled data from two independent experiments. (F) Total
numbers (top) and frequencies (bottom) of neutrophils, monocytes, and macrophages in PG+ small intestinal tissue isolated 5 d after infection. Each circle
represents the mean of 3–20 pooled punch biopsies from one mouse. Lines represent the median. Pooled data from three independent experiments. (G) CD11b
surface expression on neutrophils in PG+ tissue at day 5 after infection. Each circle represents the mean of 3–10 pooled punch biopsies from one mouse. Lines
represent the median. Data representative of three independent experiments. (H) CXCL1 levels in PG+ tissue punch biopsy homogenates isolated 5 days after
infection. Each datapoint represents the mean of 3–20 pooled punch biopsies from one mouse. Lines represent the median. Pooled data from three inde-
pendent experiments. (I) Bacterial burdens in small intestinal PG− and PG+ tissues at day 5 after infection of indicated genotypes. Each circle represents the
mean of three to five pooled punch biopsies from one mouse. Lines represent the geometric mean. Pooled data from three independent experiments.
(J) Survival of infected WT (left: n = 27; right: n = 19), Il1a−/− (n = 22), and Il1b−/− (n = 21) mice. Pooled data from (left) three and (right) two independent
experiments. Statistical analysis by Mann–Whitney U test (B, C, and F–I) and Mantel–Cox test (E and J). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns = not significant.
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lesions in the lung (Yamada et al., 2000; Sugawara et al., 2001;
Mayer-Barber et al., 2010, 2011; Di Paolo et al., 2015; Ji et al.,
2019; Silvério et al., 2021). Here, we observed that in the absence
of IL-1R, intestinal PGs exhibited a necrotic pathology associated

with elevated intestinal Yp burdens. Unexpectedly, systemic
bacterial burdens were similar between WT and Il1r1−/− mice,
suggesting that TNF engages IL-1–independent pathways to re-
strict systemic bacterial replication. Mice lacking IL-1R signaling

Figure 6. Monocyte-derived IL-1 signals to non-hematopoietic cells to restrict Yp in intestinal PGs. (A) Bacterial burdens in small intestinal PG− and PG+

tissues at day 5 after infection of indicated chimeric mice. Each symbol represents the mean of three to five pooled punch biopsies from one mouse. Lines
represent the geometric mean. Data were pooled from four independent experiments. (B) Bacterial burdens in the indicated organ at day 5 after infection of
indicated chimeric mouse. Each symbol represents one mouse. Lines represent the geometric mean. Pooled data from four independent experiments.
(C) Bacterial burdens in small intestinal PG− and PG+ tissues at day 5 after infection of indicated chimeric mice. Each symbol represents the mean of three to
five pooled punch biopsies from one mouse. Lines represent the geometric mean. Pooled data from three independent experiments. (D) Bacterial burdens in
indicated organs at day 5 after infection of the indicated chimeric mouse. Each symbol represents one mouse. Lines represent the geometric mean. Data were
pooled from three independent experiments. (E)Model of TNF-IL-1 circuit mediated by monocytes and non-hematopoietic cells to restrict Yp infection within
intestinal PGs. All statistical analyses by Kruskal–Wallis test with Dunn’s multiple comparisons correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns = not significant.

Matsuda et al. Journal of Experimental Medicine 12 of 18

TNF-IL-1 controls Yersinia in pyogranulomas https://doi.org/10.1084/jem.20230679

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/221/3/e20230679/1924344/jem
_20230679.pdf by U

niv O
f Penn Library user on 27 M

arch 2024

https://doi.org/10.1084/jem.20230679


were more susceptible than mice lacking IL-1α or IL-1β alone,
indicating that both IL-1 cytokines contribute non-redundantly
to bacterial control. While mice deficient in IL-1α exhibited el-
evated mortality, IL-1β–deficient mice did not. During the early
intestinal stage of infection, IL-1α and IL-1β may mediate over-
lapping mechanisms of Yp restriction, while at later stages, IL-
1α plays a unique role in Yp control. IL-1α mediates intestinal
inflammation and inflammatory cell recruitment during Yersinia
enterocolitica infection (Dube et al., 2001). In contrast, IL-
1β contributes to Yp restriction (Chen et al., 2021), but also
promotes intestinal barrier permeability and translocation of
intestinal bacteria downstream of YopJ activity (Jung et al.,
2012). Tight regulation of intestinal IL-1 signaling may there-
fore be important to combat Yp infection while avoiding exces-
sive tissue damage.

While IL-1β is released from hematopoietic cells downstream
of inflammasome activation, IL-1α is more broadly expressed
across cell types and can function within the nucleus as a cell
surface–associated cytokine or as an alarmin released from dy-
ing cells (Dinarello, 2018). Monocyte-specific loss of both IL-
1α and IL-1β led to defective control of Yp within intestinal
PG. However, IL-1α and IL-1β production from monocytes was
dispensable for control of Yp burdens in PG− tissue and systemic
organs, suggesting that other cell types contribute to IL-1–mediated
bacterial restriction in these compartments. TNFR1 signaling also
promoted neutrophil IL-1 production during enteric Yp infection, in
line with prior studies identifying a role for GSDME-dependent
IL-1β production by neutrophils in the control of enteric Yp in-
fection (Chen et al., 2021). Additionally, epithelial cells are a
major source of IL-1α that drives inflammation during intestinal
injury (Bersudsky et al., 2014; Scarpa et al., 2015). Whether
neutrophils, epithelial cells, or other cell types produce IL-1 to
control intestinal Yp remains to be investigated. Interestingly,
several other IL-1 family members, including IL-18 and IL-33,
have been linked to granuloma formation in the setting of sar-
coidosis or schistosomiasis, and IL-18 also contributes to host
defense against Yersinia pestis (Greene et al., 2000; Townsend
et al., 2000; Vladimer et al., 2012; Ratner et al., 2016). Future
studies will investigate the potential role of other IL-1 family
cytokines within PGs during intestinal Yp infection.

Our observations that IL-1R on stromal cells is critical for
the control of Yp infection highlights a recurring theme of
IL-1–mediated crosstalk between immune and non-immune cells
during infection (Lee et al., 2015; Bohrer et al., 2018; Orzalli
et al., 2018; Liu et al., 2020; Overcast et al., 2023). IL-1R is ex-
pressed in non-lymphoid tissues, including epithelial and
endothelial cells (Deyerle et al., 1992), suggesting a general
mechanism by which non-hematopoietic cells amplify and co-
ordinate antipathogen defense. The cellular subpopulations
within the intestine that respond to IL-1 and their downstream
effector functions that restrict Yp remain unknown. IL-1R sig-
naling upregulates antimicrobial peptide expression, promotes
neutrophil recruitment, and modulates intestinal permeability
(Homaidan et al., 2001; Yan et al., 2006; Al-Sadi and Ma, 2007;
Franchi et al., 2012; Moon et al., 2014; Lee et al., 2015; Overcast
et al., 2023). We observed decreased neutrophil recruitment in
mice lackingmonocytes (Sorobetea et al., 2023), TNFR1, or IL-1R,

and IL-1R deficiency was associated with decreased CXCL1 levels
within PGs. Altogether, our work uncovers a monocyte-intrinsic
TNF/IL-1 circuit that signals to IL-1R on stromal cells to control
Yp infection, providing new insight into the cytokine networks
within enteric PG that mediate the control of bacterial pathogens.

Materials and methods
Mice
C57BL/6J (CD45.2), C57BL/6.SJL (CD45.1), Tnfr2−/− (Erickson
et al., 1994), and Ccr2gfp/gfp mice (Satpathy et al., 2013) were ob-
tained from the Jackson Laboratory. Tnfr1−/− (Pfeffer et al., 1993),
Ripk1K45A (Berger et al., 2014), Il1r1−/− (Glaccum et al., 1997),
Tlr4−/− (Hoshino et al., 1999), Il1a−/− (Horai et al., 1998), Il1b−/−

(Horai et al., 1998), and Il1a−/−Il1b−/− (Horai et al., 1998) mice were
previously described. All mice were bred at the University of
Pennsylvania by homozygous mating and housed separately by
genotype.Mice of either sex between 8 and 12wk of agewere used
for all experiments. All animal studies were performed in strict
accordance with University of Pennsylvania Institutional Animal
Care and Use Committee–approved protocols (protocol #804523).

Bacteria
WT Yp (clinical isolate strain 32777, serogroup O1) (Simonet and
Falkow, 1992) and isogenic YopJ-deficient mutant were provided
by Dr. James Bliska (Dartmouth College, Hanover, NH, USA) and
previously described (Philip et al., 2014). Mutants lacking YopE
(ΔyopE), YopH enzymatic activity (YopHR409A), or both (denoted
yopEH) were previously described (Sorobetea et al., 2023).

BM chimeras
WT B6.SJL mice (CD45.1 background) or knockout mice (Tnfr1−/−

or Il1r1−/−, CD45.2 background) were lethally irradiated (1,096
rads). B6.SJL mice were obtained from the Jackson Laboratory
and therefore microbiota-matched. 6 h later, mice were injected
retro-orbitally with freshly isolated BM cells (5 × 106 total cells,
2.5 × 106 cells per donor in mixed groups) from isogenic donors
of the indicated genotypes. All chimeras were provided with
antibiotic-containing acidified water (40 mg trimethoprim and
200 mg sulfamethoxazole per 500 ml drinking water) for 4 wk
after irradiation and subsequently provided acidified water
without antibiotics for a total of at least 10 wk. The reconstitu-
tion of hematopoietic cells (proportion of donor CD45+ cells
among total CD45+ cells) in the blood, spleen, or intestine was
analyzed by flow cytometry.

Mouse infections
Ypwas cultured to stationary phase at 28°C and 250 rpm shaking
for 16 h in 2xYT broth supplemented with 2 μg/ml triclosan
(Millipore Sigma). Mice were fasted for 16 h and subsequently
inoculated by oral gavage with 200 μl phosphate-buffered saline
(PBS) as previously described (Sorobetea et al., 2023) All bac-
terial strains were administered at 2 × 108 CFU per mouse.

Bacterial CFU quantifications
Tissues were collected in sterile PBS, weighed, and homogenized
for 40 s with 6.35-mm ceramic spheres (MP Biomedical) using a
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FastPrep-24 bead beater (MP Biomedical). Samples were serially
diluted 10-fold in PBS, plated on LB agar supplemented with
2 μg/ml triclosan, and incubated for 2 days at room temperature.
Dilutions of each sample were plated in triplicate and expressed
as the mean CFU per gram or per biopsy.

Cytokine quantification
Cytokines were measured in homogenized tissue supernatants
using a Cytometric Bead Array (BD Biosciences) according to the
manufacturer’s instructions with the followingmodification: the
amounts of capture beads, detection reagents, and sample vol-
umes were scaled down 10-fold. Data were collected on an
LSRFortessa flow cytometer (BD Biosciences) and analyzed with
FlowJo v10 (BD Biosciences).

Tissue preparation and cell isolation
Blood was harvested by cardiac puncture upon euthanasia and
collected in 250 U/ml Heparin solution (Millipore Sigma). Er-
ythrocytes were lysed with a red blood cell lysing buffer (Mil-
lipore Sigma).

Spleens were homogenized through a 70-μm cell strainer
(Thermo Fisher Scientific), then flushed with R10 buffer con-
sisting of RPMI 1640 (Millipore Sigma) supplemented with
10 mM HEPES (Millipore Sigma), 10% fetal bovine serum
(Omega Scientific), 1 mM sodium pyruvate (Thermo Fisher
Scientific), and 100 U/ml penicillin + 100 μg/ml streptomycin
(Thermo Fisher Scientific). Erythrocytes were lysed with a red
blood cell lysing buffer (Millipore Sigma).

Intestines were excised, flushed luminally with sterile PBS to
remove the feces, opened longitudinally along the mesenteric
side, and placed luminal side down on cutting boards (Epicu-
rean). Small intestinal tissue containing macroscopically visible
PGs (PG+), adjacent non-granulomatous areas (PG−), and unin-
fected control tissue were excised using a 2-mm-diameter der-
mal punch-biopsy tool (Keyes). Biopsies within each mouse
were pooled groupwise, suspended in epithelial dissociation
buffer consisting of calcium andmagnesium-free HBSS (Thermo
Fisher Scientific) supplemented with 15 mM HEPES, 10 mg/ml
bovine serum albumin (Millipore Sigma), 5 mM EDTA (Milli-
pore Sigma), and 100 U/ml penicillin + 100 μg/ml streptomycin,
and then incubated for 30 mins at 37°C under continuous agi-
tation at 300 RPM. To isolate immune cells from the lamina
propria, the tissue was enzymatically digested in R10 buffer,
along with 0.5 Wünsch units/ml liberase TM (Roche), 30 μg/ml
DNase I (Roche), and 5 mM CaCl2 for 20 min at 37°C under
continuous agitation. The resulting cell suspensions were fil-
tered through 100-μm cell strainers (Thermo Fisher Scientific)
and subjected to density gradient centrifugation using Percoll
(GE Healthcare). Briefly, cells were suspended in 40% Percoll
and centrifuged over a 70% Percoll layer for 20 min at 600 × g
with the lowest brake at room temperature. Cells collected be-
tween the layers were washed with R10 buffer for downstream
analysis.

Flow cytometry
Non-specific Fc binding was blocked for 10 mins on ice with
unconjugated anti-CD16/CD32 (93; Thermo Fisher Scientific).

Cells were subsequently labeled for 30 mins on ice with the
following antibodies and reagents: PE-conjugated rat anti-mouse
Siglec-F (E50-2440; BD Biosciences), PE-TxR or PE-Cy5–conjugated
rat anti-mouse CD11b (M1/70.15; Thermo Fisher Scientific), PE-
Cy5.5 or PE-Cy7-conjugated rat anti-mouse CD4 (RM4-5;
Thermo Fisher Scientific), BV510-conjugated rat anti-mouse
CD3e (145-2C11; BioLegend), AF700 or PerCP-Cy5.5-conju-
gated rat anti-mouse Ly-6C (HK1.4; Thermo Fisher Scientific),
BV605-conjugated Armenian hamster anti-mouse TCRβ (H57-
597; BD Biosciences), BV650-conjugated rat anti-mouse I-A/I-E
(M5/114.15.2; BD Biosciences), BV711-conjugated rat anti-mouse
CD8α (53-6.7; BD Biosciences), BV785-conjugated rat anti-mouse
Ly-6G (1A8; Thermo Fisher Scientific), PE-Cy7 or AF647-
conjugated mouse anti-mouse CD64 (X54-5/7.1; BD Biosciences),
AF700-conjugated mouse anti-mouse CD45.2 (104; BioLegend),
PE-Cy5-conjugated mouse anti-mouse CD45.1 (A20; Thermo
Fisher), and PE-Cy5 or PE-CF594-conjugated rat anti-mouse
CD45R/B220 (RA3-6B2; BD Biosciences) along with eF780 viabil-
ity dye (BioLegend) diluted in PBS. Antibodies were used at 1:200
dilution and viability dye at 1:1,500 dilution.

For intracellular staining, cells isolated from indicated tissues
were incubated ex vivo for 3 h at 37°C with 5% CO2 in R10 buffer
supplemented with 0.33 μl/ml GolgiStop (BD Biosciences) and
15 μg/ml DNase I. Surface proteins were stained as above, and
cells were fixed for 20 min on ice with Cytofix/Cytoperm Fix-
ation/Permeabilization solution (BD Biosciences). Intracellular
cytokines were stained at 4°C overnight with FITC or PerCP-
e710-conjugated rat anti-mouse IL-1β (NJTEN3; Thermo Fisher
Scientific) and PE-conjugated Armenian hamster anti-mouse IL-
1α (ALF-161; BioLegend). All antibodies were diluted 1:200 in
Perm/Wash Buffer (BD Biosciences). Cells were acquired on an
LSRFortessa flow cytometer, and data were analyzed with
FlowJo v10. Cells were gated on live singlets prior to downstream
analyses.

Histology
Tissues were fixed in 10% neutral-buffered formalin (Thermo
Fisher Scientific) and stored at 4°C until further processed.
Tissue pieces were embedded in paraffin, sectioned by standard
histological techniques, and stained with hematoxylin and eosin
(H&E). Slides were scanned on an Aperio VERSA using bright-
field at 20× magnification. Histopathological disease scoring was
performed by blinded board-certified pathologists. Tissue sec-
tions were given a score from 0 to 4 (healthy to severe) for
multiple parameters, including degree of inflammatory cell infil-
tration, necrosis, and free bacterial colonies, along with tissue-
specific parameters such as villus blunting and crypt hyperplasia.

Immunofluorescence microscopy
Small intestinal tissue was dissected and flushed with PBS. In-
testines were opened longitudinally and ∼0.5 cm tissue pieces
containing macroscopically visible lesions were excised. Tissues
were fixed in 1% paraformaldehyde overnight, then blocked
overnight at 4°C in a blocking solution containing 10% bovine
serum albumin, 1 μg/ml anti-CD16/32, and 1% normal rat serum
in PBS. AF647-conjugated anti-Ly-6G antibody (1A8; BioLegend)
and AF700-conjugated anti-CD11b antibody (M1/80; BioLegend)
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were added at 0.01 mg/ml in 100 μl PBS per sample and then
whole tissue was stained for 24 h at 4°C. Samples were washed
three times with PBS, mounted whole onto slides in Prolong
Glass Antifade Mountant (Thermo Fisher Scientific), and cured
for 2 days at room temperature. Images were acquired on a DMI
6000 laser-scanning confocal microscope (Leica) with a 10×
objective. The center of the sample was determined in the Z
direction and then imaged. Images were analyzed using ImageJ
v2.1. Adjustments for brightness and contrast were applied to
the entire image. No threshold manipulation was performed.

Statistics
Statistical analyses were performed using Prism v9.0 (GraphPad
Software). Independent groups were compared by Mann–Whitney
U test or Kruskal–Wallis test with Dunn’s multiple comparisons
test. Survival curves were compared byMantel–Cox test. Statistical
significance is denoted as * (P < 0.05), ** (P < 0.01), *** (P < 0.001),
**** (P < 0.0001), or ns (not significant).

Online supplemental material
Fig. S1 further characterizes Yp-infected Tnfr1−/− and Tnfr2−/−

mice. Fig. S2 details the chimerism of BM chimeras associated
with Fig. 2. Fig. S3 details the chimerism of BM chimeras asso-
ciated with Fig. 3, as well as depicting survival data of mutant Yp
infections. Fig. S4 depicts cytokine analyses in mixed BM chi-
meras associated with Fig. 4, as well as cytokine data of Tlr4−/−

mice. Fig. S5 details additional data from IL-1 chimeras associ-
ated with Figs. 5 and 6.

Data availability
Data supporting the findings of this research article are available
upon request to the corresponding author.

Acknowledgments
We thank Enrico Radaelli for constructive input and the staff at
the PennVet Comparative Pathology Core for their help in pre-
paring and analyzing the histological samples. We thank mem-
bers of the Brodsky and Shin Labs for the scientific discussion.

This work was supported by National Institutes of Health
(NIH) awards R01AI128530 (I.E. Brodsky), R01AI1139102A1 (I.E.
Brodsky), and R01DK123528 (I.E. Brodsky); a Burroughs Well-
come Fund Investigator in the Pathogenesis of Infectious Disease
award (I.E. Brodsky and S. Shin); Mark Foundation grant 19-
011MIA (I.E. Brodsky), the Foundation Blanceflor Postdoctoral
Scholarship (D. Sorobetea), the Swedish Society for Medical
Research postdoctoral fellowship (D. Sorobetea), and the Swe-
den-America Foundation J. Sigfrid Edström award (D. Sor-
obetea); NIH National Research Service Award (NRSA)
F31AI160741-01 (R. Matsuda); NIH T32 AI141393-2 (R. Matsuda);
F32 AI164655 (J.P. Grayczyk); NIH NRSA F31AI161319 (B. Herr-
mann); and National Science Foundation Graduate Research
Fellowships Program Award (S.T. Peterson); NIH T32 AI141393-
03 (J. Zhang); NIH awards R21AI151476 (S. Shin), R01AI118861 (S.
Shin), R01AI123243 (S. Shin); and in part by the intramural re-
search program of the National Institute of Allergy and Infec-
tious Diseases (K.D. Mayer-Barber, A.C. Bohrer). The veterinary

pathologists performing the histopathological analysis are sup-
ported by the Abramson Cancer Center Support Grant (P30
CA016520). The scanner used for whole-slide imaging and the
image visualization software was supported by an NIH Shared
Instrumentation Grant (S10 OD023465-01A1).

Author contributions: R. Matsuda, D. Sorobetea, and J. Zhang
conceived the study, devised and performed experiments, and
analyzed data. S.T. Peterson, J.P. Grayczyk, W. Yost, N. Apenes,
M.E. Kovalik, B. Herrmann, and R.J. O’Neill performed experi-
ments. M. Lanza and C.-A. Assenmacher performed the histol-
ogy and histopathological scoring. S. Shin and I.E. Brodsky
acquired funding and conceived and directed the study. A.C.
Bohrer and K.D. Mayer-Barber provided key reagents and ex-
pertise. R. Matsuda, D. Sorobetea, J. Zhang, S. Shin, and I.E.
Brodsky wrote the original draft. All authors reviewed and
edited the manuscript.

Disclosures: The authors declare no competing interests exist.

Submitted: 20 April 2023
Revised: 22 November 2023
Accepted: 19 January 2024

References
Adams, K.N., K. Takaki, L.E. Connolly, H. Wiedenhoft, K. Winglee, O. Hum-

bert, P.H. Edelstein, C.L. Cosma, and L. Ramakrishnan. 2011. Drug tol-
erance in replicating mycobacteria mediated by a macrophage-induced
efflux mechanism. Cell. 145:39–53. https://doi.org/10.1016/j.cell.2011.02
.022

Aizawa, E., T. Karasawa, S.Watanabe, T. Komada, H. Kimura, R. Kamata, H. Ito,
E. Hishida, N. Yamada, T. Kasahara, et al. 2020. GSDME-dependent in-
complete pyroptosis permits selective IL-1α release under caspase-1 in-
hibition. iScience. 23:101070. https://doi.org/10.1016/j.isci.2020.101070

Al-Sadi, R.M., and T.Y. Ma. 2007. IL-1β causes an increase in intestinal epi-
thelial tight junction permeability. J. Immunol. 178:4641–4649. https://
doi.org/10.4049/jimmunol.178.7.4641

Algood, H.M.S., P.L. Lin, and J.L. Flynn. 2005. Tumor necrosis factor and
chemokine interactions in the formation and maintenance of granulo-
mas in tuberculosis. Clin. Infect. Dis. 41:S189–S193. https://doi.org/10
.1086/429994

Ali, T., S. Kaitha, S. Mahmood, A. Ftesi, J. Stone, and M.S. Bronze. 2013.
Clinical use of anti-TNF therapy and increased risk of infections. Drug
Healthc. Patient Saf. 5:79–99. https://doi.org/10.2147/DHPS.S28801

Atkinson, S., and P. Williams. 2016. Yersinia virulence factors - A sophisti-
cated arsenal for combating host defences. F1000Res. 5:F1000 Faculty
Rev-1370. https://doi.org/10.12688/f1000research.8466.1

Autenrieth, I.B., and J. Heesemann. 1992. In vivo neutralization of tumor
necrosis factor-alpha and interferon-gamma abrogates resistance to
Yersinia enterocolitica infection in mice. Med. Microbiol. Immunol. 181:
333–338. https://doi.org/10.1007/BF00191545

Barnett, K.C., Y. Xie, T. Asakura, D. Song, K. Liang, S.A. Taft-Benz, H. Guo, S.
Yang, K. Okuda, R.C. Gilmore, et al. 2022. An epithelial-immune circuit
amplifies inflammasome and IL-6 responses to SARS-CoV-2. Cell Host
Microbe. 31:243–259.e6. https://doi.org/10.1016/j.chom.2022.12.005

Barry, K.C., M.F. Fontana, J.L. Portman, A.S. Dugan, and R.E. Vance. 2013. IL-
1α signaling initiates the inflammatory response to virulent Legionella
pneumophila in vivo. J. Immunol. 190:6329–6339. https://doi.org/10
.4049/jimmunol.1300100

Bean, A.G., D.R. Roach, H. Briscoe, M.P. France, H. Korner, J.D. Sedgwick, and
W.J. Britton. 1999. Structural deficiencies in granuloma formation in
TNF gene-targeted mice underlie the heightened susceptibility to aer-
osol Mycobacterium tuberculosis infection, which is not compensated
for by lymphotoxin. J. Immunol. 162:3504–3511. https://doi.org/10.4049/
jimmunol.162.6.3504

Berger, S.B., V. Kasparcova, S. Hoffman, B. Swift, L. Dare, M. Schaeffer, C.
Capriotti, M. Cook, J. Finger, A. Hughes-Earle, et al. 2014. Cutting edge:

Matsuda et al. Journal of Experimental Medicine 15 of 18

TNF-IL-1 controls Yersinia in pyogranulomas https://doi.org/10.1084/jem.20230679

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/221/3/e20230679/1924344/jem
_20230679.pdf by U

niv O
f Penn Library user on 27 M

arch 2024

https://doi.org/10.1016/j.cell.2011.02.022
https://doi.org/10.1016/j.cell.2011.02.022
https://doi.org/10.1016/j.isci.2020.101070
https://doi.org/10.4049/jimmunol.178.7.4641
https://doi.org/10.4049/jimmunol.178.7.4641
https://doi.org/10.1086/429994
https://doi.org/10.1086/429994
https://doi.org/10.2147/DHPS.S28801
https://doi.org/10.12688/f1000research.8466.1
https://doi.org/10.1007/BF00191545
https://doi.org/10.1016/j.chom.2022.12.005
https://doi.org/10.4049/jimmunol.1300100
https://doi.org/10.4049/jimmunol.1300100
https://doi.org/10.4049/jimmunol.162.6.3504
https://doi.org/10.4049/jimmunol.162.6.3504
https://doi.org/10.1084/jem.20230679


RIP1 kinase activity is dispensable for normal development but is a key
regulator of inflammation in SHARPIN-deficient mice. J. Immunol. 192:
5476–5480. https://doi.org/10.4049/jimmunol.1400499

Bersudsky, M., L. Luski, D. Fishman, R.M. White, N. Ziv-Sokolovskaya, S.
Dotan, P. Rider, I. Kaplanov, T. Aychek, C.A. Dinarello, et al. 2014.
Non-redundant properties of IL-1α and IL-1β during acute colon in-
flammation in mice. Gut. 63:598–609. https://doi.org/10.1136/gutjnl
-2012-303329

Black, D.S., and J.B. Bliska. 2000. The RhoGAP activity of the Yersinia
pseudotuberculosis cytotoxin YopE is required for antiphagocytic
function and virulence. Mol. Microbiol. 37:515–527. https://doi.org/10
.1046/j.1365-2958.2000.02021.x

Bliska, J.B., K.L. Guan, J.E. Dixon, and S. Falkow. 1991. Tyrosine phosphate
hydrolysis of host proteins by an essential Yersinia virulence deter-
minant. Proc. Natl. Acad. Sci. USA. 88:1187–1191. https://doi.org/10.1073/
pnas.88.4.1187

Bliska, J.B., and D.S. Black. 1995. Inhibition of the Fc receptor-mediated ox-
idative burst in macrophages by the Yersinia pseudotuberculosis ty-
rosine phosphatase. Infect. Immun. 63:681–685. https://doi.org/10.1128/
iai.63.2.681-685.1995

Bliska, J.B., I.E. Brodsky, and J. Mecsas. 2021. Role of the Yersinia pseudo-
tuberculosis virulence plasmid in pathogen-phagocyte interactions in
mesenteric lymph nodes. Ecosal Plus. 9:eESP00142021. https://doi.org/
10.1128/ecosalplus.ESP-0014-2021

Bohrer, A.C., C. Tocheny, M. Assmann, V.V. Ganusov, and K.D. Mayer-Bar-
ber. 2018. Cutting edge: IL-1R1 mediates host resistance to Mycobacte-
rium tuberculosis by trans-protection of infected cells. J. Immunol. 201:
1645–1650. https://doi.org/10.4049/jimmunol.1800438

Borjesson, D.L., S.I. Simon, E. Hodzic, C.M. Ballantyne, and S.W. Barthold.
2002. Kinetics of CD11b/CD18 up-regulation during infection with the
agent of human granulocytic ehrlichiosis in mice. Lab. Invest. 82:
303–311. https://doi.org/10.1038/labinvest.3780424

Botha, T., and B. Ryffel. 2003. Reactivation of latent tuberculosis infection in
TNF-deficient mice. J. Immunol. 171:3110–3118. https://doi.org/10.4049/
jimmunol.171.6.3110

Caronni, N., F. La Terza, F.M. Vittoria, G. Barbiera, L. Mezzanzanica, V.
Cuzzola, S. Barresi, M. Pellegatta, P. Canevazzi, G. Dunsmore, et al.
2023. IL-1β+ macrophages fuel pathogenic inflammation in pancreatic
cancer. Nature. 623:415–422. https://doi.org/10.1038/s41586-023-06685
-2

Chakravarty, S.D., G. Zhu, M.C. Tsai, V.P. Mohan, S. Marino, D.E. Kirschner,
L. Huang, J. Flynn, and J. Chan. 2008. Tumor necrosis factor blockade in
chronic murine tuberculosis enhances granulomatous inflammation
and disorganizes granulomas in the lungs. Infect. Immun. 76:916–926.
https://doi.org/10.1128/IAI.01011-07

Chen, G., and D.V. Goeddel. 2002. TNF-R1 signaling: A beautiful pathway.
Science. 296:1634–1635. https://doi.org/10.1126/science.1071924

Chen, K.W., C.J. Groß, F.V. Sotomayor, K.J. Stacey, J. Tschopp, M.J. Sweet, and
K. Schroder. 2014. The neutrophil NLRC4 inflammasome selectively
promotes IL-1βmaturation without pyroptosis during acute Salmonella
challenge. Cell Rep. 8:570–582. https://doi.org/10.1016/j.celrep.2014.06
.028

Chen, K.W., B. Demarco, S. Ramos, R. Heilig, M. Goris, J.P. Grayczyk, C.A.
Assenmacher, E. Radaelli, L.D. Joannas, J. Henao-Mejia, et al. 2021.
RIPK1 activates distinct gasdermins in macrophages and neutrophils
upon pathogen blockade of innate immune signaling. Proc. Natl. Acad.
Sci. USA. 118:e2101189118. https://doi.org/10.1073/pnas.2101189118

Christofferson, D.E., Y. Li, and J. Yuan. 2014. Control of life-or-death deci-
sions by RIP1 kinase. Annu. Rev. Physiol. 76:129–150. https://doi.org/10
.1146/annurev-physiol-021113-170259

Clay, H., H.E. Volkman, and L. Ramakrishnan. 2008. Tumor necrosis factor
signaling mediates resistance to mycobacteria by inhibiting bacterial
growth and macrophage death. Immunity. 29:283–294. https://doi.org/
10.1016/j.immuni.2008.06.011

Copenhaver, A.M., C.N. Casson, H.T. Nguyen, M.M. Duda, and S. Shin. 2015.
IL-1R signaling enables bystander cells to overcome bacterial blockade
of host protein synthesis. Proc. Natl. Acad. Sci. USA. 112:7557–7562.
https://doi.org/10.1073/pnas.1501289112

Davis, J.M., and L. Ramakrishnan. 2009. The role of the granuloma in ex-
pansion and dissemination of early tuberculous infection. Cell. 136:
37–49. https://doi.org/10.1016/j.cell.2008.11.014

Davis, K.M., S. Mohammadi, and R.R. Isberg. 2015. Community behavior and
spatial regulation within a bacterial microcolony in deep tissue sites
serves to protect against host attack. Cell Host Microbe. 17:21–31. https://
doi.org/10.1016/j.chom.2014.11.008

Delanghe, T., Y. Dondelinger, and M.J.M. Bertrand. 2020. RIPK1 kinase-
dependent death: A symphony of phosphorylation events. Trends Cell
Biol. 30:189–200. https://doi.org/10.1016/j.tcb.2019.12.009

Deyerle, K.L., J.E. Sims, S.K. Dower, and M.A. Bothwell. 1992. Pattern of IL-
1 receptor gene expression suggests role in noninflammatory processes.
J. Immunol. 149:1657–1665. https://doi.org/10.4049/jimmunol.149.5.1657

Diedrich, C.R., J. O’Hern, and R.J. Wilkinson. 2016. HIV-1 and the Mycobac-
terium tuberculosis granuloma: A systematic review andmeta-analysis.
Tuberculosis. 98:62–76. https://doi.org/10.1016/j.tube.2016.02.010

Dinarello, C.A. 2018. Overview of the IL-1 family in innate inflammation and
acquired immunity. Immunol. Rev. 281:8–27. https://doi.org/10.1111/imr
.12621

Dube, P.H., P.A. Revell, D.D. Chaplin, R.G. Lorenz, and V.L. Miller. 2001. A
role for IL-1 alpha in inducing pathologic inflammation during bacterial
infection. Proc. Natl. Acad. Sci. USA. 98:10880–10885. https://doi.org/10
.1073/pnas.191214498

Ea, C.K., L. Deng, Z.P. Xia, G. Pineda, and Z.J. Chen. 2006. Activation of IKK
by TNFalpha requires site-specific ubiquitination of RIP1 and poly-
ubiquitin binding by NEMO. Mol. Cell. 22:245–257. https://doi.org/10
.1016/j.molcel.2006.03.026

El-Maraghi, N.R.H., and N.S. Mair. 1979. The histopathology of enteric in-
fection with Yersinia pseudotuberculosis. Am. J. Clin. Pathol. 71:631–639.
https://doi.org/10.1093/ajcp/71.6.631

Erickson, S.L., F.J. de Sauvage, K. Kikly, K. Carver-Moore, S. Pitts-Meek, N.
Gillett, K.C. Sheehan, R.D. Schreiber, D.V. Goeddel, and M.W. Moore.
1994. Decreased sensitivity to tumour-necrosis factor but normal T-cell
development in TNF receptor-2-deficient mice. Nature. 372:560–563.
https://doi.org/10.1038/372560a0

Evavold, C.L., J. Ruan, Y. Tan, S. Xia, H. Wu, and J.C. Kagan. 2018. The pore-
forming protein gasdermin D regulates interleukin-1 secretion from
living macrophages. Immunity. 48:35–44.e6. https://doi.org/10.1016/j
.immuni.2017.11.013

Fahey, E., and S.L. Doyle. 2019. IL-1 family cytokine regulation of vascular
permeability and angiogenesis. Front. Immunol. 10:1426. https://doi.org/
10.3389/fimmu.2019.01426

Flynn, J.L., M.M. Goldstein, J. Chan, K.J. Triebold, K. Pfeffer, C.J. Lowenstein,
R. Schreiber, T.W. Mak, and B.R. Bloom. 1995. Tumor necrosis factor-
alpha is required in the protective immune response against Myco-
bacterium tuberculosis in mice. Immunity. 2:561–572. https://doi.org/10
.1016/1074-7613(95)90001-2

Franchi, L., N. Kamada, Y. Nakamura, A. Burberry, P. Kuffa, S. Suzuki, M.H.
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Roy, Z. Alnabhani, D. Berrebi, M. Dussaillant, et al. 2012. Yersinia
pseudotuberculosis disrupts intestinal barrier integrity through he-
matopoietic TLR-2 signaling. J. Clin. Invest. 122:2239–2251. https://doi
.org/10.1172/JCI58147

Kindler, V., A.P. Sappino, G.E. Grau, P.F. Piguet, and P. Vassalli. 1989. The
inducing role of tumor necrosis factor in the development of bacteri-
cidal granulomas during BCG infection. Cell. 56:731–740. https://doi
.org/10.1016/0092-8674(89)90676-4

Kojima, M., Y. Morita, K. Shimizu, T. Yoshida, I. Yamada, T. Togo, and T.
Johshita. 2007. Immunohistological findings of suppurative granulomas
of Yersinia enterocolitica appendicitis: A report of two cases. Pathol. Res.
Pract. 203:115–119. https://doi.org/10.1016/j.prp.2006.10.004

Kusnadi, A., S.H. Park, R. Yuan, T. Pannellini, E. Giannopoulou, D. Oliver, T.
Lu, K.H. Park-Min, and L.B. Ivashkiv. 2019. The cytokine TNF promotes
transcription factor SREBP activity and binding to inflammatory genes
to activate macrophages and limit tissue repair. Immunity. 51:
241–257.e9. https://doi.org/10.1016/j.immuni.2019.06.005

Lamps, L.W., K.T. Madhusudhan, J.K. Greenson, R.H. Pierce, N.A. Massoll,
M.C. Chiles, P.J. Dean, and M.A. Scott. 2001. The role of Yersinia en-
terocolitica and Yersinia pseudotuberculosis in granulomatous appen-
dicitis: A histologic andmolecular study. Am. J. Surg. Pathol. 25:508–515.
https://doi.org/10.1097/00000478-200104000-00011

Lee, Y.-S., H. Yang, J.Y. Yang, Y. Kim, S.H. Lee, J.H. Kim, Y.J. Jang, B.A.
Vallance, and M.N. Kweon. 2015. Interleukin-1 (IL-1) signaling in in-
testinal stromal cells controls KC/CXCL1 secretion, which correlates
with recruitment of IL-22- secreting neutrophils at early stages of
Citrobacter rodentium infection. Infect. Immun. 83:3257–3267. https://
doi.org/10.1128/IAI.00670-15

Lin, P.L., A. Myers, L. Smith, C. Bigbee, M. Bigbee, C. Fuhrman, H. Grieser, I.
Chiosea, N.N. Voitenek, S.V. Capuano, et al. 2010. TNF neutralization
results in disseminated disease during acute and latent M. tuberculosis
infection with normal granuloma structure. Arthritis Rheum. 62:
340–350. https://doi.org/10.1002/art.27271

Liu, X., M.A. Boyer, A.M. Holmgren, and S. Shin. 2020. Legionella-infected
macrophages engage the alveolar epithelium to metabolically repro-
gram myeloid cells and promote antibacterial inflammation. Cell Host
Microbe. 28:683–698.e6. https://doi.org/10.1016/j.chom.2020.07.019

Mann, B.S., and K.F. Chung. 2006. Blood neutrophil activation markers in
severe asthma: Lack of inhibition by prednisolone therapy. Respir. Res.
7:59. https://doi.org/10.1186/1465-9921-7-59

Matty, M.A., F.J. Roca, M.R. Cronan, and D.M. Tobin. 2015. Adventures
within the speckled band: Heterogeneity, angiogenesis, and balanced
inflammation in the tuberculous granuloma. Immunol. Rev. 264:
276–287. https://doi.org/10.1111/imr.12273

Mayer-Barber, K.D., D.L. Barber, K. Shenderov, S.D. White, M.S. Wilson, A.
Cheever, D. Kugler, S. Hieny, P. Caspar, G. Núñez, et al. 2010. Caspase-
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Figure S1. Effects of TNFR1 deficiency on PG formation in intestinal and lymphatic tissue during Yp infection. (A) Total number of intestinal lesions at
day 5 after infection with Yp. Each circle represents one mouse. Lines represent the median. Pooled data from four independent experiments. (B) Total
numbers of CD45+ hematopoietic cells in PG+ small intestinal tissue isolated 5 days after infection. Each circle represents the mean of 3–20 pooled punch
biopsies from onemouse. Lines represent the median. Pooled data from three independent experiments. (C) Flow cytometry plots depicting the gating strategy
employed to identify neutrophils (CD11b+ Ly-6G+), monocytes (CD64+ Ly-6Chi), and macrophages (CD64+ Ly-6Clo MHC-IIhi) in small intestinal PG+ tissue. Plots
representative of three independent experiments. (D) Fluorescently labeled whole-mount small intestinal PG+ tissue from Yp-infected Ccr2gfp/gfpmouse at day 5
after infection. Red (Yp-mCherry), yellow (Ly-6G-AF647), and blue (CD11b-AF700). Scale bar = 100 μm. Representative image of two independent experiments.
(E) Total number of intestinal lesions at day 5 after infection with Yp. Each circle represents one mouse. Lines represent the median. Pooled data from two
independent experiments. (F) Bacterial burdens in small intestinal PG− and PG+ tissue (left) and indicated organs (right) isolated day 5 after infection. Each
circle represents the mean CFU of three to five pooled punch biopsies from one mouse (left) or individual mice (right). Lines represent the geometric mean.
Pooled data from two independent experiments. (G) Flow cytometry plots depicting chimerism (left) and frequencies of indicated cell types (right) in the blood
of uninfected chimeric mice. Graphs represent pooled data from two independent experiments. All statistical analyses by Mann–Whitney U test. *P < 0.05, ns =
not significant.
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Figure S2. Autocrine TNF signaling in monocytes is required for systemic control of Yp. (A) Flow cytometry plots (top) and graphs (bottom) depicting the
percent chimerism of hematopoietic cells in the blood of uninfected chimeric mice. (B) Flow cytometry plots (top) and graphs (bottom) depicting the percent
chimerism of hematopoietic cells in the spleens of chimeric mice. (C) Bacterial burdens in indicated organs at day 5 after infection. Each symbol represents one
mouse. Lines represent the geometric mean. (D) Bacterial burdens in small intestinal PG− and PG+ tissue at day 5 after Yp infection. Each symbol represents one
mouse. Lines represent the geometric mean. (E) Flow cytometry plots (top) and graphs (bottom) depicting the percent chimerism of hematopoietic cells in PG
of chimeric mice. All data were pooled from two independent experiments. All statistical analyses by Kruskal–Wallis test with Dunn’s multiple comparisons
correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.
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Figure S3. TNFR1 signaling in monocytes is independent of YopJ-induced RIPK1 kinase activity. (A) Schematic of mixed BM chimeras. Lethally irradiated
WT mice reconstituted with BM cells from indicated donor mice yield either a RIPK1 kinase–sufficient immune system (left), one in which all monocytes lack
RIPK1 kinase activity whereas half of the remaining immune cells are RIPK1 kinase–sufficient (middle), or a RIPK1 kinase–sufficient immune system devoid of
monocytes (right). (B) Flow cytometry plots depicting chimerism (top) and graphs depicting frequencies of indicated cell types (bottom) in the blood of
uninfected chimeric mice. (C) Survival of WT (left) and Tnfr1−/− (right) mice infected with WT (circles), ΔyopE (white squares), or YopHR409A (gray squares) Yp.
n = 5–32 (WT) and 13–20 (Tnfr1−/−) mice per group. Pooled data from two to four independent experiments. All statistical analyses by Mantel–Cox test. ***P <
0.001, ns = not significant.
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Figure S4. Cytokine production downstream of TNFR1 expression onmonocytes is specific to IL-1 in intestinal PGs. (A) Cytokine levels in homogenates
of PG− and PG+ tissue punch biopsies at day 5 after infection of chimeric WTmice reconstituted with indicated cells. Each symbol represents the mean of 3–10
pooled punch biopsies from one mouse. Lines represent the median. Pooled data from two independent experiments. (B) Cytokine levels in serum at day 5
after infection of chimeric WT mice reconstituted with indicated cells. Lines represent the median. Pooled data from two independent experiments. (C) Flow
cytometric plots and graphs depicting frequencies of indicated cell types in small intestinal PG+ tissue or spleen at day 5 after infection of WT chimeric mice
reconstituted with the indicated cells. Plots representative of two independent experiments. Pooled data from two independent experiments. (D) Flow cy-
tometry plots of intracellular IL-1 in monocytes (CD64+ Ly-6Chi) from small intestinal PG+ tissue in WT and Il1b−/− mice at day 5 after infection. Plots rep-
resentative of two independent experiments. (E) Frequency of monocytes and neutrophils producing TNF in small intestinal PG+ tissue at day 5 after infection.
Each circle represents the mean of 3–10 pooled punch biopsies from one mouse. Lines connect congenic cell populations within individual mice. Pooled data
from two independent experiments. (F) Frequency of monocytes producing the indicated cytokines (left) and flow cytometric plots depicting intracellular
cytokine staining (right) in monocytes isolated from small intestinal PG+ tissue 5 days after infection. Each circle represents the mean of 3–10 pooled punch
biopsies from one mouse. Lines represent the median. Pooled data from three independent experiments. (G) Bacterial burdens in small intestinal PG− and PG+

tissue (left) and indicated organs (right) of WT and Tlr4−/− mice at day 5 after Yp infection. Each symbol represents one mouse. Lines represent the geometric
mean. Pooled data from two independent experiments. Statistical analyses by Kruskal–Wallis test with Dunn’s multiple comparisons correction (A and B). For
congenically marked cells within mice, Wilcoxon test; across groups, Mann–Whitney U test (E), and Mann–Whitney U test (F and G). ****P < 0.0001, ns = not
significant.
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Figure S5. Monocyte-derived IL-1 signals to non-hematopoietic cells to restrict Yp infection. (A) Bacterial burdens in Peyer’s patches (PP) at day 5 after
infection. Each circle represents one mouse. Lines represent the geometric mean. Pooled data from three independent experiments. (B) Bacterial burdens in
indicated organs at day 5 after infection. Each circle represents one mouse. Lines represent the geometric mean. Pooled data from three independent ex-
periments. (C) Cytokine levels in PG+ tissue punch biopsy homogenates isolated 5 days after infection. Each datapoint represents the mean of 3–20 pooled
bunch biopsies from one mouse. Lines represent the median. Pooled data from three independent experiments. (D and E) Bacterial burdens in indicated organs
at day 5 after infection. Each circle represents one mouse. Lines represent the geometric mean. Pooled data from three independent experiments. (F) Flow
cytometric plots and graphs depicting the percent chimerism in the blood of chimeric mice. Flow cytometric plots are representative of two independent
experiments. Pooled data from two independent experiments. (G) Bacterial burdens in Peyer’s patches isolated 5 days after infection. Each symbol represents
one mouse. Lines represent the geometric mean. Pooled data from three independent experiments. (H) Frequencies of indicated cell types in small intestinal
PG+ tissue at day 5 after infection of indicated chimeric mouse. Pooled data from three independent experiments. (I) Bacterial burdens in Peyer’s patches
isolated 5 days after infection. Each symbol represents one mouse. Lines represent the geometric mean. Pooled data from three independent experiments.
Statistical analysis by Mann–Whitney U test (A–E), and Kruskal–Wallis test with Dunn’s multiple comparisons correction (G and I). *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001, ns = not significant.
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