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Granulomas are organized immune cell aggregates formed in response

to chronicinfection or antigen persistence. The bacterial pathogen
Yersinia pseudotuberculosis (Yp) blocks innate inflammatory signalling and
immune defence, inducing neutrophil-rich pyogranulomas (PGs) within
lymphoid tissues. Here we uncover that Yp also triggers PG formation
within the murine intestinal mucosa. Mice lacking circulating monocytes
fail to form defined PGs, have defects in neutrophil activation and
succumb to Ypinfection. Yersinialacking virulence factors that target actin
polymerization to block phagocytosis and reactive oxygen burst do not
induce PGs, indicating that intestinal PGs formin response to Yp disruption
of cytoskeletal dynamics. Notably, mutation of the virulence factor

YopH restores PG formation and control of Yp in mice lacking circulating
monocytes, demonstrating that monocytes override YopH-dependent
blockade of innate immune defence. This work reveals an unappreciated
site of Yersinia intestinal invasion and defines host and pathogen drivers of
intestinal granuloma formation.

Microbial pathogens utilize diverse mechanisms to subvert hostimmu-
nity toreplicate and spread to new hosts. While acute infections canbe
cleared rapidly by theimmune system, some pathogens evade immune
defences to cause chronic disease. Chronic infections often result in
formation of structures termed granulomas that limit pathogen dissemi-
nation and tissue damage'. Granulomas are characterized by the pres-
ence of activated phagocytes, notably monocytes and macrophages,
and formin response to a wide variety of infections’. Monocytes are
rapidly recruited to infected tissues, where they produce inflammatory
cytokines and antimicrobial effector molecules, contributing to defence
against multiple pathogens®°. Some pathogens, however, exploit
monocytes as ameans of dissemination, including Salmonella enterica,
Yersinia pestis and Mycobacterium species”’. The pathogen-specific
signals that induce granuloma formation remain poorly defined.
Enteropathogenic Yersinia, including Y. pseudotuberculosis
(Yp) and Y. enterocolitica (Ye), cause self-limiting gastroenteritis

and mesenteric lymphadenopathy following enteric infection'®". In
immune-compromised patients, however, bacteria disseminate and
cause a systemic plague-like disease, indicating that the intestinal
immune system is critical for control of acute infection. Indeed, the
intestine constitutes a bottleneck against Yersinia dissemination, as
bacteria in systemic organs are thought to originate predominantly
from the intestinal lumen rather than gut-associated lymphoid tis-
sues™. A hallmark of Yersinia infections is the presence of chronic
pyogranulomas (PGs) in lymphoid tissue, characterized by nodular
infiltrates of activated monocytes and macrophages surrounding a
core ofactivated neutrophils®. Notably, the contribution of monocytes
to PG formation and their role in Yersinia restriction are unclear*",
Inthis Article, we report that PGs formacutely in the murine intes-
tinal mucosa during enteric Yersinia infection. PGs are enriched in
neutrophils and inflammatory monocytes, and contain live bacteria
atlevels comparable to Peyer’s patches (PPs). Notably, CCR2-deficient
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mice, which lack circulating inflammatory monocytes'®”, form dis-

organized necrosuppurative lesions rather than defined PGs, are
unable to contain bacteria within the lesions and succumb rapidly
to infection. Moreover, mice lacking circulating monocytes exhibit
reduced levels of interleukin (IL)-1 cytokines and surface expression
of the neutrophil activation marker CD11b within intestinal PGs.
Yp lacking either the virulence plasmid (pYV) encoding the type Il
secreted Yersinia Outer Proteins (Yops), or lacking Yops that block
phagocytosis and the reactive oxygen burst, do notinduce detectable
PGs, indicating that PGs are induced in response to Yersinia blockade
of innate immune defence. Notably, CCR2-deficient mice infected
with bacteria lacking the virulence factor YopH, which blocks actin
cytoskeleton dynamics, were able to restrict bacterial burdens and
form defined granulomatous lesions, accompanied by restored neutro-
phil CD11b surface expression. Neutrophil depletion in CCR2-deficient
animals abrogates control of YopH-mutant Yersinia, demonstrating
thatinflammatory monocytes overcome YopH-mediated disruption of
neutrophil function. Altogether, our study identifies an unappreciated
site of Yersinia colonization within the murine intestinal mucosa, and
reveals an essential function forinflammatory monocytes in maintain-
ance of PG architecture during Yp infection.

Results

Intestinal PGs form upon oral Yersinia infection

Yp colonizes gut-associated lymphoid tissues, resulting in acute PG
formation following oral infection’®. Interactions between Yersinia
and immune cells within systemic tissues have been extensively docu-
mented” 2. In our efforts to dissect intestinal immune responses to
Yp, we observed numerous macroscopically visible nodular lesions
in the gastrointestinal tract 5 days post infection, which appeared
as punctate areas of increased opacity (Fig. 1a). Lesions were most
prevalent in the jejunum and ileum, ranged in number from two to
over40inindividual mice and also formed in response to Yeinfection
(Fig.1b,c). Histology of Yp-infected intestines revealed focal inflamma-
tion characterized by crypt hyperplasia, oedema and submucosal to
transmural cellular infiltration, whereas non-lesional areas of infected
intestines appeared largely unaffected (Fig.1d). The lesions contained
infiltrates of macrophages and neutrophils surrounding colonies of
coccobacilli, similar to structures that we and others observed in lym-
phoid tissues and have termed PGs (Fig. 1e) (refs.">'®%%). Consistently,
flow cytometric analysis of intestinal punch biopsies containing PGs
(PG+), adjacent non-granulomatous tissue (PG-), and uninfected con-
trol tissue revealed that neutrophils were the most enriched cell type
within PG+tissue, followed by macrophages and inflammatory mono-
cytes (Fig. 1f,g). We also observed increases in eosinophils, dendritic
cellsand CD4" T cells in PG+ tissue, although the relative frequencies
of these populations were decreased, due to even larger increases in
neutrophils, monocytes and macrophages (Extended Data Fig. 1a,b).

Inlymphoid tissues, ¥p PGs consist of a central bacterial colony,
surrounded by neutrophils, which are bordered in turn by monocytes
and macrophages'>?. Confocal microscopy demonstrated that intes-
tinal PG also contained a central Yp colony surrounded by a dense
population of Ly-6G* neutrophils (Fig. 1h). Interestingly, in contrast
to lymphoid tissues, CCR2" monocytes and macrophages formed a
mesh-like network of cells that both overlapped withand bordered the
neutrophils (Fig. 1h). Consistent with the presence of bacterial colo-
nies detected by histology and fluorescence microscopy, PG+ tissue
harboured high numbers of viable bacteria, comparable to that found
in the PPs (Fig. 1i,j). Since PPs are a major entry point and replicative
niche for enteropathogenic Yersinia following oral innoculation®?*,
altogether, these findings reveal intestinal PGs as a previously unap-
preciated location of Yersinia invasion within the intestinal mucosa
and a potential site of bacterial restriction or dissemination.

Intestinal inflammation is spatially restricted to PGs

To test whether PGs exhibit location-specificinflammatory responses,
we next performed RNA sequencing of PGs, adjacent non-PG tissue and
uninfected tissue. Principal component analysis showed distinct clus-
tering by sample type (Fig.2a), and comparison of PG+and PG-samples
revealed 355 upregulated and 363 downregulated genes (Fig. 2b). Top
upregulated genes included granulocyte- and monocyte-recruiting
chemokines (Cxcll, Cxcl2, Cxcl3 and Cxcl5), pro-inflammatory cytokines
(Il1b andI122), metal-sequestration proteins (S100a8 and S$100a9) and
matrix metalloproteases (Mmp3) (Fig. 2c). Gene Ontology analysis
indicated that chemotaxis of myeloid cells and defence against bacterial
pathogens predominated the top upregulated responses within PG+
biopsies (Fig. 2d and Extended Data Table 1). These responses were
strikingly similar to previously reported Yp-infected PPs”. Consistently,
gene set-enrichment analysis indicated that a set of 50 upregulated
genes previously reportedin Yp-infected PPs were also enriched in PG+
samples (Fig.2e). Furthermore, proteinlevels of the pro-inflammatory
cytokinesIL-1a;, IL-1p, IL-6, TNF and and CCL2 were significantly elevated
within PG+Dbiopsies (Fig. 2f). Consistent with histology and microscopy,
theinflammatory transcriptional response was localized to PG+tissue,
as PG-samples did not exhibit enrichment of genes or ontology terms
related to myeloid cell migration or innate immune-cell activation
(Extended DataFig.2 and Extended Data Table 2). Likewise, production
of pro-inflammatory cytokines was not detected in PG-tissue (Fig. 2e).
Altogether, these dataindicate that the pro-inflammatory response to
Ypinfectionin the gut mucosais spatially restricted to PG.

Inflammatory monocytes maintain PGs torestrict infection

Inflammatory monocytes promote host defence by differentiating
into phagocytes and antigen presenting cells****?, producing
pro-inflammatory mediators® and modulating otherimmune cell func-
tions>**, Monocyte-derived cells can also promote pathogen replication

Fig.1|Intestinal PGs form upon oral Yersinia infection. a, Small intestinal
segments from uninfected (uninf) and Yp-infected mice with arrows depicting
lesions, and a magnified lesion with dotted circle depicting size of punch
biopsies. Scale bars, 3 mm (left) and 0.5 mm (right). Representative of more

than three independent experiments. b, Frequency distribution of lesions

along theintestine, with graphical key of anatomical segments. Each coloured
bar represents the mean frequency of lesions in a given segment (n = 20 mice).
Only mice with >9 total lesions (>80% of mice) were included. Pooled from

three independent experiments. ¢, Quantification of total intestinal lesions at
day 5 postinfection with Yp or Ye. Each circle represents one mouse (n =16-17).
Lines represent median. Pooled from three independent experiments. d, H&E-
stained paraffin-embedded longitudinal small-intestinal sections from uninf
and Yp-infected mice. Scale bars, 200 pm. ais lesion, bis crypt hyperplasia, cis
submucosal inflammation and d is oedema. Representative of three independent
experiments. e, H&E-stained paraffin-embedded small-intestinal PG depicting an
encircled bacterial colony. Scale bar, 10 um. Representative of three independent
experiments. f, Flow cytometry plots identifying CD11b'Ly-6G" neutrophils,

CD11b"CD64Ly-6C* monocytes and CD11b*CD64‘Ly-6C MHC-II' macrophages
insmallintestinal tissue. Representative of four independent experiments.

g, Frequency and total number of neutrophils, monocytes and macrophages
insmallintestinal tissue. Each circle represents one mouse (n = 15-19). Lines
represent median. Pooled from four independent experiments. h, Fluorescently
labelled smallintestinal PG from a Ccr2¢”* mouse. White (Yp-mCherry), magenta
(Ly-6G-AF647) and green (CCR2-GFP). Scale bars, 100 um. Representative of two
independent experiments. i, Bacterial burdens in small intestinal tissue. Each
circle represents one mouse (n = 24-25). Lines represent geometric mean. Dotted
line represents detection limit. Pooled from four independent experiments.

Jj, Cumulative bacterial burdens in PG+ tissue and PP. Each circle represents

one mouse (n =29-30). Lines represent geometric mean. Pooled from five
independent experiments. Wilcoxon test (two-tailed) was performed for paired
analyses (PG-versus PG+). Mann-Whitney U'test (two-tailed) was performed

for remaining statistical analyses. *P < 0.05,*P < 0.01, ***P < 0.0001; NS, not
significant; ND, not detected.
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Fig. 2| Intestinal inflammationis spatially restricted to PGs. a, Principal
component analysis of PG+ (pink), PG- (green) and uninfected (uninf; grey)
samples atday 5 postinfection. Five biopsies were pooled per mouse. b, Heat
map of all differentially expressed genes in PG+ compared with PG-samples.
FDR <0.05 using Benjamini-Hochberg procedure. Pink and orange bars
denote two clusters grouped based on Pearson correlation. ¢, Heat map of
top 30 significantly upregulated genes in PG+ compared with PG-samples
indescending order by fold change. FDR <0.05 using Benjamini-Hochberg
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procedure.d, Gene Ontology analysis of top 30 upregulated genes by fold change
only in PG+ compared with PG-samples. p, Pvalue. e, Gene set enrichment
analysis of top 50 upregulated genesin Yp-infected PP. NES, normalized
enrichment score. FDR, false discovery rate. f, Cytokine levels in homogenates of
tissue punch biopsies at day 5 postinfection. Lines represent group mean. Each
circle represents one mouse (n = 6-9). Statistical analysis by Mann-Whitney
Utest (two-tailed).*P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001; NS, not
significant. Data from one or two pooled independent experiments.

or dissemination to new sites”?. Mice lacking the chemokine recep-

tor CCR2 have a tenfold reduction in circulating monocytes due to
defective bone marrow egress'®"”. Monocytes are rapidly recruited to
intestinal PGs (Fig. 1) and sites of systemic Yp infection*'*%, raising

the question of their role in Yp infection. CCR2 deficiency has been
associated with more rapid bacterial clearance from the mesenteric
lymph node (MLN) following enteric Yersinia infection®, butincreased
susceptibility tointravenous Yp infection™. Interestingly, we found that
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while Ccr297%P mice, which lack circulating mononcytes due to lack
of CCR2 expression®>*, had similar overall numbers of macroscopic
intestinal lesions as wild-type (WT) mice (Fig. 3a and Extended Data
Fig. 3a), their lesions had a disorganized appearance, and exhibited
central caseation with tissue necrosis (Fig. 3b). In contrast to WT PG
that exhibited robust inflammatory infiltrates and a defined cellular
organization encapsulating central bacterial colonies, Ccr28P2P intes-
tinal lesions contained expanded coalescing bacterial colonies with
limited immune cell recruitment (Fig. 3b,c). PPs of Ccr2¢”# mice had
similarly disorganized lesions with central tissue necrosis, suggesting
that monocytes are required to establish or maintain organized PGs
during Ypinfection (Extended DataFig.3b). Importantly, twoindepend-
ent CCR2-deficient mouse lines showed significantly higher bacterial
burdens in PG+ and PG- tissues compared with WT mice (Fig. 3d and
Extended DataFig.3c). Moreover, acute depletion of monocytesin WT
mice with anti-CCR2 specific antibodies resulted inincreased PG-and
PG+bacterialburden (Extended DataFig.3d,e), demonstrating that the
requirement for monocytesin control of Ypisnot due to developmental
defects in CCR2-deficient mice. Interestingly, at day 3 post infection,
Ccr297% mice had elevated bacterial burdens in PG- tissue but not
PG+ tissue, and did not exhibit overt signs of tissue necrosis in PGs
(Extended DataFig. 3f,g), indicating that the defect inbacterial control
and PG architecture develops between days 3 and 5. Together, these
data suggest that monocytes enable maintenance of PG architecture
and restrict Yp within intestinal PG.

Consistent with their reduced overall cellularity, Ccr29&” [esions
exhibited decreased frequency and numbers of viable CD45" hemato-
poietic cells compared with WT PG (Fig. 3e). Consistent with the
important role of CCR2 in promoting monocyte egress from bone
marrow'*", Ccr2¢72% intestinal lesions contained significantly lower
numbers of monocytes, macrophages and dendritic cells compared
with PG from WT mice (Fig. 3e and Extended Data Fig. 4a). Notably,
CCR2deficiency did notimpact T- or B-cell numbersinintestinal PGs,
indicating that the defect in enteric control of Yp in CCR2-deficient
mice was independent of adaptive immune cells (Extended Data
Fig. 4a). Ccr29™&P intestinal lesions also showed a trend toward reduced
neutrophil numbers (Fig. 3e), suggesting that monocytes promote
recruitment, retention or survival of neutrophils within intestinal PG
during Yp infection. This defect was specific to the intestinal lesions,
as we observed similar frequencies of neutrophils in the MLN and
spleen (Extended Data Fig. 4b). Immunofluorescence microscopy of
the lesions indicated that neutrophils were unable to effectively con-
tain Ypinthe absence of monocytes, as the bacterial colony expanded
outside the range of the neutrophil marker Ly-6G. This contrasted with
WT PGs, in which Yp was fully encapsulated by neutrophils and CCR2*
cells (Fig. 3f).

Intriguingly, surface expression of the integrin CD11b, a well-
established marker of neutrophil activation®*, was significantly
reduced in both PGs and MLN of Ccr2¢”%” mice compared with the

WT counterparts (Fig. 3g and Extended Data Fig. 4c), suggesting a
defect in neutrophil activation in the absence of monocytes. CD11b
is present on the neutrophil cell surface and membranes of intra-
cellular granules, and increased CD11b surface expression occurs in
inflammatory settings® *". Notably, PG neutrophils in CCR2-deficient
mice exhibited increased intracellular CD11b levels, suggesting that
translocation of CD11b from intracellular granules to the cell surface
is defective in the absence of monocytes (Extended Data Fig. 4d).
Interestingly, total IL-1a and IL-1f levels were significantly reduced in
Ccr2¢2P pGs, whereas other pro-inflammatory cytokines were unaf-
fected (Fig.3h and Extended DataFig. 4e), indicating that monocytes or
monocyte-derived cells specifically produceIL-1, or promote IL-1 pro-
ductionby other cells within intestinal PGs. Notably, intracellular levels
of IL-1cytokines, TNF and lipocalin were unaffected in PG neutrophils
in Ccr22P2% mice (Extended Data Fig. 4f), suggesting thatinflammatory
monocytes do not regulate neutrophil-intrinsicinflammatory cytokine
and antimicrobial protein production. Altogether, these results
demonstrate thatinflammatory monocytes or monocyte-derived cells
promote maintenance of functional granulomas that limit intestinal
bacterial replication and dissemination.

Inflammatory monocytes control systemic Yersinia

Following systemic dissemination, Yp colonizes and induces PGs in
lymphoid tissues'>'*%2, Critically, both CCR2-deficient and anti-CCR2
depleted mice had significantly higher Yp burdensinthe MLN and sys-
temicorgans (Fig. 4aand Extended Data Fig. 5a,b). Similar to intestinal
tissue, systemic bacterial burdens in Ccr2¢”&? mice were unaffected
at day 3 post infection, indicating that this defect in control develops
betweendays 3 and 5 (Extended DataFig. 5c). Consistent with our find-
ings that monocytes were required for maintenance of intestinal PG
architecture, infected Ccr29P&? spleens exhibited widespread tissue
necrosis, free bacterial colonies and sparse immune cell recruitment,
incontrastto WT spleens where neutrophils and monocytes effectively
encapsulated Yp microcolonies within organized PGs (Fig. 4b,c). Nota-
bly, mice lacking CCR2 succumbed rapidly to acute infection (Fig. 4d
and Extended DataFig. 5d). Importantly, co-housed littermate Ccr2”*
and Ccr29”"* mice were equally resistant to Yp infection while Ccr297&?
littermates succumbed (Fig. 4e), indicating thatincreased susceptibil-
ity of Ccr2¢Pe? to Yp infection is not due to differences in composition
of a vertically transmitted intestinal microbiota. Collectively, our
findings demonstrate that inflammatory monocytes maintain orga-
nized PGsin hosttissues, thereby limiting tissue necrosis and systemic
bacterial dissemination, ultimately enabling bacterial control and
host survival following oral Yp infection.

Yersinia virulence factors induce intestinal PGs

Yersiniainject Yops, which are encoded on a virulence plasmid (pYV),
into target cells* to block phagocytosis, production of reactive oxygen
species (ROS) and degranulation®. Interestingly, Yp lacking the pYV

Fig.3|Inflammatory monocytes maintain PGs to restrict infection.

a, Quantification of total intestinal lesions at day 5 post infection. Each circle
represents one mouse (1 =20). Lines represent median. Pooled data from
three independent experiments. b, H&E-stained small-intestinal sections from
Yp-infected mice at day 5 post infection: 1denotes the Yersinia microcolony,

2 denotes necrotic tissue. Scale bars, 250 um (top) and 50 pm (bottom).
Representative images of two independent experiments. ¢, Histopathological
scores of smallintestinal tissue at day 5 post infection. Each mouse was given
ascore between 0 and 4 (healthy to severe) for presence of bacterial colonies
free fromimmune cell infiltrate. Each circle represents one mouse (n =7-9

for uninfected (uninf) and 9-16 for ¥p). Lines represent median. Pooled data
fromtwoindependent experiments. d, Bacterial burdensin PG-and PG+
tissue at day 5 post infection. Each circle represents the mean Yp-CFU of 3-5
pooled punch biopsies from one mouse (n =31-37). Lines represent geometric
mean. Pooled data from six independent experiments. e, Total numbers and

frequencies of indicated cells in small intestinal uninf, PG- and PG+ tissue at

day S postinfection. Each circle represents the mean of three to ten pooled
punch biopsies from one mouse (n = 24). Lines represent median. Pooled data
from five independent experiments. f, Fluorescently labelled PG+ tissue from
Yp-infected Ccr2¢%* (top) and Ccr2¢72? (bottom) mice at day 5 post infection.
Scale bars, 100 pm. Representative images of two independent experiments.

g, PG+ neutrophil surface CD11b expression (mean fluorescent intensity, MFI)
atday 5 postinfection. Each circle represents the mean of three to ten pooled
punchbiopsies from one mouse (n = 6). Lines represent median. Representative
of fourindependent experiments. h, Cytokine levels in homogenates of tissue
punchbiopsies were measured by cytometric bead array at day 5 postinfection.
Eachcircle represents the mean of three to ten pooled punch biopsies from one
mouse (n =18-21). Lines represent median. Pooled data from three independent
experiments. Mann-Whitney Utest (two-tailed) was performed for all statistical
analyses. *P<0.05,**P< 0.01,**P< 0.001, ***P < 0.0001; NS, not significant.
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(pYV-) still acutely colonize the intestine without causing disease™.
Since granulomas forminresponse to pathogens that thwartimmune
defences, we hypothesized thatintestinal PGs may be triggered by the
activity of Yp effector proteins. Indeed, even at a tenfold higher infec-
tious dose, we did not observe intestinal lesions at day 5 post infection

with pYV-bacteria (Fig. 5a), despite detectable (although reduced)
intestinal colonization (Extended Data Fig. 6a).

pYV-bacteria still induced monocyte recruitment to both the
intestinal mucosa and MLN, indicating that lack of detectable PG was
not due to an absence ofimmune infiltration (Extended Data Fig. 6b).
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Fig. 4 | Inflammatory monocytes control systemic Yersinia. a, Bacterial
burdensinindicated organs at day 5 postinfection. Each circle represents one
mouse (n =20-25). Lines represent geometric mean. Pooled data from four
independent experiments. b, H&E-stained paraffin-embedded longitudinal
spleen sections from WT and Ccr2¢%&% mice at day 5 post infection. Dashed
circle denotes area with bacterial microcolonies and neutrophils. Scale bars,
500 pm (top) and 50 pm (bottom). Representative images of two independent
experiments. ¢, Histopathological scores of spleens from uninfected and Yp-
infected mice at day 5 postinfection. Each mouse was given a score between

Days post infection

0and 4 (healthy-severe) for presence of bacterial colonies free from immune cell
infiltrate. Eachcircle represents one mouse (n =9 for uninfected and 16 for Yp).
Lines represent median. Pooled data from two independent experiments.

d, Survival of infected WT (n = 16) and Ccr2¢”#” (n = 13) mice. Pooled data from
twoindependent experiments. e, Survival of infected littermate WT Ccr2**
(n=20), heterozygous Ccr2¢?”* (n =19) and homozygous Ccr2¢?#? (n =15) mice.
Pooled data from three independent experiments. Statistical analyses by
Mann-Whitney Utest (two-tailed) (aand c¢) and Mantel-Cox test (dand e).
*P<0.05,*P<0.01,***P<0.001, ***P< 0.0001; NS, not significant.

However, neutrophil accumulation was absent upon pYV-infection,
demonstrating that neutrophil recruitment occurs in response to
Yp virulence (Extended Data Fig. 6c). Although comparable in the
intestinal mucosa, pYV- bacterial burdens were reduced in other
gut-associated and systemic lymphoid tissues (Extended Data
Fig. 6d), illustrating that intestinal PG formation is dispensable for
control of pYV- Yersinia.

Intestinal lesions formed at WT levels in mice infected with Yp
individually deficient in either YopM or Yop) enzymatic activity, which
block pyrin inflammasome assembly or nuclear factor kappa B and
mitogen-activated protein kinase signalling*°"*?, respectively, sug-
gesting that neither YopM nor Yop) is singly required for PG formation
(Extended Data Fig. 6e). Several Yops function together to disrupt the
actin cytoskeleton, thereby blocking phagocytosis and the reactive
oxygen burst®. These Yops (E, H and T), have partially overlapping
functions and can compensate for one another in certain settings®.
Notably, ¥p with combined point mutations in each of the catalytic
residues of these Yops (YopER*** YopT“'**A and YopH®*%°*) did not
induce intestinal lesions and had burdens similar to pYV- infection
(Fig.5aand Extended DataFig. 6a,d). In contrast, bacterialacking YopE
and YopT, or YopE alone, induced WT numbers of intestinal lesions
(Fig. 5a) and were only attenuated in systemic organs (Extended Data
Fig. 6d), indicating that YopH is sufficient, in the absence of YopE
and YopT, to induce PG formation. Interestingly, YopH** mutants
that lack YopH tyrosine phosphatase activity induced fewer PGs than
WT bacteria (Fig. 5a), suggesting that YopH is sufficient and par-
tially responsible for PG formation. In addition, MLN colonization
was abrogated in the absence of YopH activity, whereas YopE was

dispensable for MLN colonization (Extended Data Fig. 6d). Intriguingly,
bacteria lacking both YopE and YopH (yopEH) induced no detectable
lesions (Fig. 5a) and showed similar levels of colonization to yopETH
bacteria (Extended Data Fig. 6a,d), suggesting that the host response
to YopE and YopH drives PG formation.

YopH blocks innate cell phagocytosis and ROS production
YopH-deficient Yp are therefore more susceptible to neutrophil killing
in vitro and are attenuated in vivo**. Consequently, neutrophil
depletion increases susceptibility to Yp and restores virulence to
YopH-mutant bacteria*>*, indicating that neutrophil defences are an
important target of YopHin vivo. However, whether monocytes combat
YopH-dependent blockade of neutrophil function is unknown. Asin WT
mice, we found that YopH-mutant bacteriainduced significantly fewer
intestinal lesions in Ccr2¢”& mice than WT bacteria (Extended Data
Fig. 6f). Strikingly, despite the lack of monocytes, YopH® %" infection
of CCR2-deficient mice restored neutrophil recruitmentand induced
neutrophil-rich lesions without necrosis (Fig. 5b,c and Extended Data
Fig. 6g). Intriguingly, CD11b surface expression was restored in PG+
tissue of CCR2-deficient animals infected with YopH®*%A bacteria,
indicating that YopH limits neutrophil activation in the absence of
monocytes (Fig. 5d). Furthermore, CCR2-deficient mice effectively
controlled bacterial burdens in intestinal and systemic tissues fol-
lowing infection with YopH®*%** bacteria (Fig. Se,f and Extended Data
Fig. 6h). Consistently, while CCR2-deficient mice rapidly succumbed
to WT Yp, they survived infection with YopH®%* bacteria at levels
similar to WT mice infected with WT Yp, suggesting that monocytes
control Yersinia infection by overcoming the virulence of YopH
(Fig. 5g). Altogether, these data indicate that intestinal PGs form in
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Fig. 5| Yersinia virulence factors induce intestinal PGs. a, Quantification of
total intestinal lesions at day 5 post Yp infection. Each symbol represents one
mouse (n =10-43). Lines represent median. Pooled from two to sixindependent
experiments. b, H&E-stained paraffin-embedded transverse small-intestinal
sections from WT and Ccr297&% mice infected with WT or YopH®**A Yp at day
Spostinfectiondepicting encircled bacterial colonies. Scale bars, 100 pm.
Representative of two independent experiments. ¢, Frequency and total number
of neutrophils in small-intestinal PG+ tissue at day 5 post WT or YopH™** yp
infection. Each circle represents one mouse (n =12-14). Lines represent median.
Pooled from three independent experiments. d, Mean fluorescent intensity
(MFI) of surface CD11b expression on neutrophils in PG+ tissue at day 5 post WT
or YopH®%* yp infection. Each symbol represents one mouse (n = 7-10). Lines

Days post infection

represent median. Pooled from two independent experiments. e, Bacterial
burdens insmall intestinal PG- and PG+ tissue at day 5 post WT or YopH® %A
Ypinfection. Each symbol represents one mouse (n = 25-26). Lines represent
geometric mean. Pooled from four independent experiments. f, Bacterial
burdensinindicated organs at day 5 post WT or YopH®*%** Yp infection. Each
symbol represents one mouse (n =15-22). Lines represent geometric mean.
Pooled from four independent experiments. g, Survival of WT mice infected with
WT (n=20) or YopH®***A (n=20), ¥p and Ccr2” mice infected with WT (n=10)

or YopH*%* (n =17) ¥p. Pooled from two independent experiments. Statistical
analyses by Kruskal-Wallis test with Dunn’s post-test (a and c-f), and Mantel-Cox
test (g).*P < 0.05,**P < 0.01, **P < 0.001, ***P < 0.0001; NS, not significant.

response to Yersinia disruption of innate immune defence, and that
monocytes counteract YopH activity in vivo.

Neutrophils control YopH-deficient Yersinia in absence of
monocytes

While monocytes are dispensable for the control of YopH-deficient
Yp, the cell type that mediates this control in the absence of mono-
cytesisunknown. Neutrophil recruitment to PGs was restored during
infection of Ccr2¢™&? mice with YopH-deficient Yp, raising the pos-
sibility that neutrophils mediate control of Yersinia in the absence of
monocytes. Since Ccr29P€? mice largely lack circulating monocytes,
anti-Gr-1, which depletes both neutrophils and monocytes andis highly
efficient at depleting neutrophils in infectious or inflammatory set-
tings***, allowed us to interrogate the role of neutrophils in control
of YopH-mutant Yp (Fig. 6a and Extended Data Fig. 7a). Strikingly,
Ccr297%/? mice injected with anti-Gr-1 had elevated burdens of
YopH-mutant Yp in PG- tissue (Fig. 6b). Anti-Gr-1did not further reduce
blood monocyte frequencies in Ccr2¢”#” mice (Extended DataFig. 7b),
indicating thatincreased susceptibility of these mice was not attribu-
table to depletion of remaining Ly-6C* monocytes. CCR2-deficient
mice infected with YopH®*%°A bacteria had very few detectable PG
(Fig. 6¢), making it difficult to robustly analyse bacterial burdens in

this tissue. Intriguingly, Ccr2¢”#% mice injected with anti-Gr-1 had ele-
vated numbers of macroscopicintestinal lesions during infection with
YopHR*® bacteria (Fig. 6¢). Moreover, in peripheral organs, Ccr297&?
mice injected with anti-Gr-1had elevated bacterial burdens following
YopH-mutant infection (Fig. 6d), demonstrating that, in the absence
of monocytes, neutrophils play akey role in control of YopH-deficient
bacteria. Notably, mice infected with WT bacteria did not exhibit
increased systemic bacterial burdens upon neutrophil depletion
(Fig. 6d), consistent with effective blockade of neutrophil functions
by YopH. Collectively, these data indicate that neutrophils control
YopH-deficient Ypin the absence of monocytes.

Discussion

Granulomas are a conserved response to persistent or long-term
infectious and non-infectious stimuli** The natural rodent and human
pathogen Yp induces formation of neutrophil-rich PGs in infected
lymphoid tissues''*. Here we report that PG form throughout
the intestine during murine enteropathogenic Yersinia infection.
PPs are considered the primary site of Yersinia intestinal infection.
However, intestinal PGs harboured a similar total bacterial burden
as the PPs, suggesting that PGs are a previously unrecognized
niche for enteropathogenic Yersinia intestinal colonization. Notably,

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-023-01338-6

a 100 - b o € . Ns _ Ns
- *%
£
19) 6
S 804 P-0.06 10 NS Ns 2 @ WT
> 5 *kk = = 309
g %] 2 10°5 ** P-0.059 2 o @ ratIgG2b
© 604 @ Kl = O anti-Gr-1
= o % Q f (0] E Cor29f/afo
> 5 o 204 @ RA09A
2 40 o -’_' 2 o o YopH
g o® ° 2 S e % @ ratIgG2b
5 5 -:- = o g 10 4 _'@. —  DantiGr1
[}
: ., 2888 DLV
04 o
;\Q « &9@? QP@V XAQ XAQ @@V =
o N X a° ORI
o & oo
& F K & 2 SRR
S X & o
< NN N NN
o & o &
NN RN
& & &
d 5 NS NS N
NS NS 10 *x% P=0.052 10"y NSNS
1 Kkkk Kk 10° 1 10 **x L * WT
—
o
107 1 % a 107 [m] @ rat IgG2b
i T 5 @ - o % = © anti-Gr-1
)] o 10° 5 o 10 afp/afp
=) ' D =] . ' YOpHRAOQA Cer2
&S & 10° 4 o o & 10° o o oo
(] B ratlg
10* 4 10 i-Gr-
(] = @ anti-Gr-1
........................ 10% deecececcece[@}eeeeeer 10% Jecesccnrccenrceneccnncne
10° 10° -
MLN Spleen Liver

Fig. 6 | Neutrophils control YopH-deficient Yersiniain absence of monocytes.
a, Frequency of neutrophils inblood at day 5 post infection was determined by
flow cytometry. Each symbol represents one mouse (n =10-11). Lines represent
median. Pooled data from three independent experiments. b, Bacterial burdens
insmallintestinal PG- tissue at day 5 post WT or YopH®**** ¥p infection. Each
symbol represents one mouse (n =10-12). Lines represent geometric mean.
Pooled data from three independent experiments. ¢, Quantification of total

number of intestinal lesions at day 5 post infection. Each symbol represents one
mouse (n=10-12). Lines represent median. Pooled data from three independent
experiments. d, Bacterial burdens inindicated organs at day 5 post WT or
YopH®* yp infection. Each symbol represents one mouse (n =10-12). Lines
represent geometric mean. Pooled data from three independent experiments.
All statistical analyses by Kruskal-Wallis test with Dunn’s post-test. *P < 0.05,
**P<0.01,**P<0.001, ***P < 0.0001; NS, not significant.

WT mice almost entirely restricted intestinal Yp and inflammation to
these granulomatous foci. Interestingly, the transcriptional profile
of PGs was similar to Yp-infected PPs®, indicating a shared response
to intestinal Yp infection driven by recruitment and activation of
innate immune cells, which may serve to limit bacterial spread and
tissue damage within the gut mucosa.

While initial formation of PGs was similar in CCR2-deficient and
WT mice, monocytes were critical for maintaining architectural
integrity of PGs and bacterial control in the intestine and deeper
tissues during Yersinia infection, as monocyte deficiency was
associated with widespread tissue necrosis and elevated bacterial
burdens in intestinal and systemic tissues that occurred between
day 3 and day 5. Interestingly, Y. pestis, which causes more severe
disease than Yp, is commonly associated with necrotic and necro-
suppurative lesions®?, suggesting that Y. pestis has evolved to
overcome monocyte-mediated host defence and PG formation to
enhance systemic dissemination and transmission.

Monocytes were previously reported to be dispensable for acute
control of ¥p following oral inoculation®”. These studies employed a
Ccr2” mouse line™”? originally generated on the 129 mouse background
and backcrossed to C57BL/6 (ref.™®), raising the possibility that distinct
polymorphisms in this mouse line might account for this difference.
Ccr2¢%8P mice were generated directly on the C57BL/6 ] background™,
makingitunlikely that our findings are due toimmunologically impact-
ful polymorphisms that co-segregate with the Ccr2 locus. Infection
of co-housed littermates also demonstrated that susceptibility of
CCR2-deficient miceisnot due to differences in maternally transmitted
orenvironmentally acquired microbiota. Additionally, acute depletion
of monocytes with anti-CCR2 antibodies phenocopied CCR2-deficient
miceinabrogating control of intestinal and systemic bacterial burdens,

demonstrating that monocytes are critical for acute control of enteric
Yersinia infection.

Lack of both YopE and YopH abrogated PG formation, whereas
either effector alone was sufficient to induce PG formation, implying
a key role for actin cytoskeleton disruption in PG formation. Nota-
bly, ablation of YopH activity alone significantly reduced numbers of
intestinal PGs, indicating that YopH was predominantly responsible
for PG formation. Precisely how YopH and YopE lead to PG formation
remains tobe determined.

Monocytes and neutrophils comprise a large proportion of
Yop-injected cells in vivo®. YopH blocks neutrophil degranulation,
ROS production, phagocytosis and release of neutrophil extracellular
traps?*+**#4%3* The virulence of YopH-deficient bacteria is restored
upon neutrophil depletion or ROS deficiency**, suggesting that
YopH potently targets neutrophil function in tissues during infec-
tion. In line with these observations, PGs of CCR2-deficient mice
exhibited decreased numbers of neutrophils and reduced surface
expression of the activation marker CD11b, which wererestored in the
setting of YopH deficiency. CD11b is expressed basally on the plasma
membrane and in neutrophil tertiary granules, which are recruited
to the surface upon neutrophil activation® "%, Our findings imply
that monocytes enhance neutrophil degranulation to overcome
YopH-dependent blockade of their antimicrobial functions. Consist-
ently, while monocytes were required for host survival in response
to WT bacteria, they were dispensable for controlling YopH-mutant
Yp. Furthermore, depletion of neutrophils in YopH®***-infected
CCR2-deficient mice restored bacterial virulence. Overall, our find-
ings imply that monocytes play an important role in host defence by
promoting maintenance of PG architecture and neutrophil functionin
the face of YopH-dependent blockade. Our study reveals a previously
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unappreciated site of Yersinia colonization within the intestine and
provides insight into granuloma formation and function during
Yersinia infection.

Methods

Animals

C57BL/6 WT and Ccr2¢”& mice® (in which insertion of enhanced
green fluorescent protein into the translation initiation site of Ccr2
disrupts its expression) were acquired from the Jackson Laboratory
and bred at the University of Pennsylvania. Ccr2”” mice® were pro-
vided by Dr Sunny Shin (University of Pennsylvania). Unless specifi-
cally noted, all animals were bred by homozygous mating and housed
separately by genotype. Mice of either sex between 8 and 12 weeks of
age were used for all experiments. All animal studies were performed
in accordance with University of Pennsylvania Institutional Animal
Care and Use Commiittee-approved protocols (protocol no. 804523).

Bacteria

WT ¥p (clinical isolate strain 32777, serogroup O1) (ref.>*) and isogenic
mutants were provided by Dr James Bliska (Dartmouth College).
Ye (strain 8081, serogroup 08)*” was provided by Dr Stanley Falkow
(Stanford University). Additional mutants lacking YopE (4yopE),
enzymatic activity of YopH (YopH®*?°*), both (denoted yopEH) or
YopE/YopT/YopH (YOpERMATCI9AHR409% denoted yopETH) were gener-
ated by two-step allelic recombination as previously described* with
plasmids provided by Dr James Bliska. Fluorescent Yp (mCherry*)
was generated from plasmids provided by Dr Kimberly Davis
(Johns Hopkins University).

Infections

Yp and Ye were cultured to stationary phase at 28 °C and 250 r.p.m.
shaking for 16 hin 2x YT broth supplemented with 2 pg ml™ triclosan
(Millipore Sigma). Mice were fasted for 16 h and subsequently inocu-
lated by oral gavage with100-200 pl phosphate-buffered saline (PBS).
Allbacterial strains were administered at 2 x 108 colony-forming units
(CFU) per mouse with the exception of pYV-, yopETH and yopEH, which
were administered at 2 x 10° CFU per mouse.

Antibody-mediated depletions

Mice were givendaily ratigG2isotype control or depletionantibodies in
100 pl PBS by intraperitonealinjections from day —1to day 4 postinfec-
tion. Todeplete monocytes, mice were given 20 pg rat anti-mouse CCR2
(ref.>?) (clone MC-21AK). To deplete neutrophils in CCR2-deficient ani-
mals, mice were given 200 pg rat anti-mouse Gr-1(RB6-8C5; Bio X Cell).

Protein quantifications

Cytokines were measured in supernatants from homogenized tissue
using Cytometric Bead Array (BD Biosciences) according to the manu-
facturer’s instructions with the following modification: the amount
of capture beads, detection reagents and sample volumes was scaled
down tenfold. Data were collected on an LSRFortessa flow cytometer
(BD Biosciences) with FACSDiva v9.0 (BD Biosciences) and analysed
with FlowJo v10 (BD Biosciences).

Tissue preparation and cellisolation

Blood was collected by cardiac puncture upon euthanasiaand collected
in 250 U mI™ heparin solution (Millipore Sigma) before erythrocyte
lysis with Red Blood Cell Lysing Buffer (Millipore Sigma).

Lymph nodes and spleens were homogenized through a 70 pm
cellstrainer (Fisher Scientific), then flushed with R10 buffer consisting
of Roswell Park Memorial Institute Medium 1640 (Millipore Sigma)
supplemented with 10 mM HEPES (Millipore Sigma), 10% foetal
bovine serum (Omega Scientific), 1 mM sodium pyruvate (Thermo
Fisher Scientific) and 100 U mI™ penicillin + 100 pg ml™ streptomycin
(Thermo Fisher Scientific).

Intestines were excised, flushed luminally with sterile PBS to
remove the faeces, opened longitudinally along the mesenteric side
and placed luminal side down. Smallintestinal tissue containing macro-
scopically visible PGs (PG+), adjacent non-granulomatous areas (PG-)
and uninfected control tissue (uninf) were excised using a2 mm-¢
dermal punch biopsy tool (Keyes). Biopsies within each mouse were
pooled, suspended in epithelial-dissociation buffer consisting of
calcium- and magnesium-free Hanks’ Balanced Salt Solution (HBSS)
(Thermo Fisher Scientific) supplemented with 15 mMHEPES, 10 mg ml™
bovine serum albumin (BSA) (Millipore Sigma), 5 mM ethylenediami-
netetraacetic acid (EDTA) (Millipore Sigma) and 100 U mI™ penicil-
lin + 100 pg ml™ streptomycin, then incubated for 30 min at 37 °C
under continuous agitation. To isolate immune cells from the lamina
propria, the tissue was enzymatically digested in R10 buffer, along with
0.5Wiinschunits ml™ liberase Thermolysin Medium (Roche), 30 pg ml™*
DNasel (Roche) and 5 mM CacCl, for 20 min at 37 °C under continuous
agitation. Theresulting cell suspensions were filtered through 100 pm
cell strainers (Fisher Scientific) and subjected to density-gradient cen-
trifugation using Percoll (GE Healthcare). Briefly, cells were suspended
in 40% Percoll and centrifuged over a 70% Percoll layer for 20 min at
600g, withlowest brake at room temperature. Cells collected between
the layers were washed with R10 for downstream analysis.

Flow cytometry
Unspecific constant fragment (Fc) binding was blocked for 10 min
on ice with anti-CD16/CD32 (93; Thermo Fisher Scientific). Cells
were subsequently stained for 30 minutes 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-conjugated
mouse anti-mouse NK1.1 (PK136; BioLegend), PE-Cy5.5 or PE-Cy7-
conjugated rat anti-mouse CD4 (RM4-5; Thermo Fisher Scientific),
PE-Cy7-conjugated rat anti-mouse CD3 (17A2; BioLegend), BV510-
conjugated rat anti-mouse CD3e (145-2C11; BioLegend), FITC-
conjugated Armenian hamster anti-mouse CD11c (N418; BioLegend),
PerCP-Cy5.5-conjugated rat anti-mouse Ly-6C (HK1.4; Thermo Fisher
Scientific), PB-conjugated rat anti-mouse CD90.2 (53-2.1; BioLegend),
BV510-conjugated rat anti-mouse CD19 (1D3; BD Biosciences),
BV605-conjugated Armenian hamster anti-mouse TCRf3 (H57-597;
BD Biosciences), BV650-conjugated rat anti-mouse I-A/I-E (M5/114.15.2;
BD Biosciences), BV711-conjugated rat anti-mouse CD8a (53-6.7; BD
Biosciences), BV785-conjugated rat anti-mouse Ly-6G (1A8; Thermo
Fisher Scientific), AF647-conjugated mouse anti-mouse CD64
(X54-5/7.1; BD Biosciences), AF700-conjugated mouse anti-mouse
CD45.2 (104; BioLegend) and PE-CF594-conjugated rat anti-mouse
CD45R/B220 (RA3-6B2; BD Biosciences) along with eF780 viability
dye (BioLegend) diluted in PBS. Antibodies were used at 1:200 dilution
and viability dye at 1:1,500 dilution.

Forintracellular staining, cellswereincubated for 3 hat37 °Cwith
5% CO, in R10 buffer supplemented with 0.33 pl ml™ GolgiStop (BD
Biosciences) and 15 pg ml™ DNase I. Surface proteins were stained as
above, then cells were fixed for 20 min onice with Cytofix/Cytoperm
Fixation/Permeabilization solution (BD Biosciences). Lipocalin-2 was
stained using biotin-conjugated rat anti-mouse lipocalin-2 (NGAL;
BioLegend) on ice for 1 h followed by BV711-conjugated streptavidin
(BD Biosciences) at 4 °C overnight. Intracellular cytokines were stained
at 4 °C overnight with PerCP-e710-conjugated rat anti-mouse IL-1
(NJTEN3; Thermo Fisher Scientific), eF450-conjugated rat anti-mouse
TNF (MP6-XT22; Thermo Fisher Scientific) and PE-conjugated Arme-
nian hamster anti-mouse IL-1a (ALF-161; BioLegend). All intracellular
antibodies were diluted 1:200 in Perm/Wash Buffer (BD Biosciences).
Streptavidin was diluted 1:400 in Perm/Wash Buffer. Cells were
acquired on an LSRFortessa flow cytometer with FACSDiva v9.0, and
data were analysed with FlowJo v10. Dead and clustered cells were
removed from all analyses.
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Histology

Tissues were fixed in 10% neutral-buffered formalin (Fisher
Scientific) and stored at 4 °C until further processing. Tissue pieces
were embedded in paraffin, sectioned by standard histological
techniques and stained with hematoxylin and eosin (H&E) for subse-
quent histopathological disease scoring by blinded board-certified
pathologists. Tissue sections were given scores between 0 and 4
(healthy to severe) for multiple parameters, including degree of inflam-
matory cell infiltration, necrosis and free bacterial colonies along
with tissue-specific parameters such as villus blunting and crypt
hyperplasia. Healthy mice were characterized by and subsequently
scored as having none or low levels of the parameters described,
whereas severely afflicted mice presented with high amounts of
the respective parameters.

Fluorescence microscopy

Smallintestinal tissue was dissected and flushed with PBS. Intestines
were opened longitudinally and ~0.5 cm tissue pieces containing mac-
roscopically visible lesions were excised. Tissues were fixed in1% para-
formaldehyde overnight, then blocked for 2 h at room temperature
in blocking solution containing 10% bovine serum albumin, 1 pg ml™
anti-CD16/32 and 0.5% normal rat IgG in PBS. AF647-conjugated
anti-Ly-6G antibody (1A8; BioLegend) was added at 0.01 mg mlin
100 pl PBS per sample, then whole tissue was stained for 24 h at 4 °C.
Samples were washed three times with PBS, mounted whole ontoslides
in Prolong Glass Antifade Mountant (Thermo Fisher Scientific) and
cured for 2 days atroom temperature. Images were acquired ona DMI
6000 laser-scanning confocal microscope (Leica) with a20x NA 0.75
oil-immersion objective. The centre of the sample was determined in
the Zdirection, thenimaged.

Images were analysed using Image] v2.1. Adjustments for bright-
ness and contrast were applied to the entire image. No threshold
manipulation was performed. Green and magenta channels were
pseudo-coloured.

RNA sequencing

Intestinal punch biopsies were collected as described above. Five biop-
sies per sample type were pooled for each mouse. RNA was extracted
using the RNeasy Plus Mini Kit (Qiagen). Sequence-ready libraries
were prepared using the Illumina TruSeq Stranded Total RNA kit with
Ribo-Zero Gold rRNA depletion (Illumina). Quality assessment and
quantification of RNA preparations and libraries were carried out using
an Agilent 4200 TapeStation and Qubit 3, respectively. Samples were
sequenced on an lllumina NextSeq 500 to produce 150 bp single-end
reads with a mean sequencing depth of 9 million reads per sample.
Raw reads from this study were mapped to the mouse reference tran-
scriptome (Ensembl; Mus musculus GRCm38) using Kallisto v0.46.2
(ref. ©°). Raw sequence data are available on the Gene Expression
Omnibus (GEO; accession no. GSE194334).

Allsubsequent analyses were carried out using the statistical com-
puting environment Rv4.0.3 inRStudio v1.2.5042 and Bioconductor®'.
Briefly, transcript quantification data were summarized to genes using
the tximport package®® and normalized using the trimmed mean of M
values method in edgeR®’. Genes with <1 counts per million (CPM) in
three samples were filtered out. Normalized filtered data were vari-
ance stabilized using the voom function in limma®*, and differentially
expressed genes were identified with linear modelling using limma
(false discovery rate (FDR) <0.05; absolute log,fold change >1) after
correcting for multiple testing using Benjamini-Hochberg.

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 by Mantel-Cox test. Statistical

significance is denoted as *P<0.05, **P<0.01, **P<0.001,
***+p < 0.0001 or NS (not significant, P> 0.05).

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Raw RNA sequencing data are available on the Gene Expression Omni-
bus (accession no. GSE194334). All other raw data are available upon
request to the corresponding author.

Code availability
Code for RNA sequencing analysis is available in the Supplementary
CodeFile.
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Extended Data Fig. 4 | Effects of monocyte deficiency on other cell types.
(a) Total numbers and frequencies of CD4" T cells, CD8" T cells, B cells, and DCs
insmallintestinal PG + tissue. Each data point indicates the mean of 3-10 pooled
punch biopsies from one mouse (n =20-22). Lines represent median. Pooled
data from three to five independent experiments. (b) Frequency of neutrophils
inMLN and spleen at day 5 post infection. Each data point represents one
mouse (n = 8-12). Lines represent median. Pooled data from two independent
experiments. (¢) Neutrophil surface CD11b expressionin MLN at day 5 post-
infection was measured by flow cytometry. Each data point represents one
mouse (n = 6). Lines represent median. Representative of two independent
experiments. (d) Intracellular levels of CD11b in neutrophils in small intestinal
PG + tissue at day 5 post-infection were measured by flow cytometry. Each data
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point represents the mean of 3-10 pooled punch biopsies from one mouse
(n=6-7).Lines represent median. Representative of four independent
experiments. (e) Cytokine levels in homogenates of tissue punch biopsies at
day 5 postinfection were measured by cytometric bead array. Each data point
represents the mean of 3-10 pooled punch biopsies from one mouse (n =18-22).
Lines represent median. Pooled data from three independent experiments.

(f) Intracellular levels of cytokines and lipocalin in neutrophils in small intestinal
PG + tissue at day 5 post-infection were measured by flow cytometry. Each data
point represents the mean of 3-10 pooled punch biopsies from one mouse
(n=18-19). Lines represent median. Pooled data from three independent experi-
ments. All statistical analyses by Mann-Whitney U test (two-tailed). * (p < 0.05),
**(p <0.01), ***(p < 0.001), ***(p < 0.0001), NS (not significant, p > 0.05).
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Extended Data Fig. 5| CCR2-deficient mice cannot control systemic Yersinia.
(a) Bacterial burdens inindicated organs at day 3 post infection. Each data

point represents one mouse (n =10-14 for PP, MLN, lung; 21-25 for spleen, liver).
Lines represent geometric mean. Pooled data from two to four independent
experiments. (b) Bacterial burdens in indicated organs at day 5 post infection.
Each data point represents one mouse (n = 29-30). Lines represent geometric
mean. Pooled data from four independent experiments. (c) Bacterial burdens in

indicated organs at day 3 post infection. Each data point represents one mouse
(n=10-13). Lines represent geometric mean. Pooled data from two independent
experiments. (d) Survival of infected mice. Pooled data from two independent
experiments. Statistical analyses by (a-c) Mann-Whitney U test (two-tailed) or (d)
Mantel-Cox test. * (p < 0.05), ** (p < 0.01), *** (p < 0.001), *** (p < 0.0001), NS (not
significant, p > 0.05).
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Extended DataFig. 6 | Yersinia virulence factors induce intestinal
pyogranulomas. (a) Cumulative bacterial burdens in PG- tissue at day 5
postinfection. Each symbol represents one mouse (n = 9-11). Lines represent
geometric mean. Dotted line represents limit of detection. Pooled from two
independent experiments. (b) Frequency of monocytes in small-intestinal
tissue and MLN. Each symbol represents one mouse (n = 3-9). Lines represent
median. Pooled and representative data from two independent experiments.
(c) Frequency of neutrophils in small-intestinal tissue and MLN. Each

symbol represents one mouse (n = 3-9). Lines represent median. Pooled and
representative data from two independent experiments. (d) Bacterial burdens
inindicated organs at day 5 post-infection. Each symbol represents one mouse
(n=10-43). Lines represent geometric mean. Pooled from 2-6 independent
experiments. (e) Total number of intestinal lesions at day 5 post infection.

Each symbol represents one mouse (n = 8-10). Lines represent median.

Pooled from two independent experiments. (f) Total number of intestinal
lesions at day 5 post infection. Each symbol represents one mouse (n =11). Lines
represent median. Pooled from three independent experiments. (g) Frequency
and total number of monocytes in small-intestinal PG + tissue at day 5 post WT
or YopH*%* ypinfection. Each data point represents one mouse (n = 8-10). Lines
represent median. Pooled from two independent experiments. (h) Bacterial
burdensinindicated organs at day 3 post WT or YopH®***A ¥p infection. Each
symbol represents one mouse (n =10-13). Lines represent geometric mean.
Pooled from two independent experiments. Statistical analyses by (a, d, e)
Kruskal-Wallis test with Dunn’s post-test and (b, c, f, g, h) Mann-Whitney U test
(two-tailed). * (p < 0.05), ** (p < 0.01), ** (p < 0.001), *** (p < 0.0001), NS (not
significant, p > 0.05).
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Extended Data Fig. 7 | See next page for caption.
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Extended DataFig. 7| Anti-Gr-1effectively depletes neutrophils during (b) Frequency of monocytes in blood at day 5 post infection was determined by

infection. (a) Flow cytometry plots displaying the gating strategy employed flow cytometry. Each symbol represents one mouse (n =10-11). Lines represent
toidentify neutrophils and monocytes upon anti-Gr-1administration. Due to median. Data from three independent experiments. Statistical analyses by
masking of Ly-6G and Ly-6C epitopes by anti-Gr-1, monocytes were identified Kruskal-Wallis test with Dunn’s post-test. * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
as CCR2-GFP’ cells (green box) and neutrophils were identified as SSC high **** (p <0.0001), NS (not significant, p > 0.05).

cells (pink boxes). Representative images of three independent experiments.
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Sample size To determine experimental animal group sizes and account for experimental variability associated with in vivo experiments, power analysis
was performed on previous published data sets involving animal studies in the lab (Brodsky et al., Cell Host Microbe, 2010; Philip et al., PNAS
2014; Peterson et al., JI 2016; Peterson et al. JEM 2017). For the following parameters: cytokine responses, flow cytometry, bacterial burdens
and bacterial-induced inflammation, it was calculated that groups of five animals were required for statistical differences (p < 0.05; Power >
0.8) to be observed between groups.

Data exclusions | No data were excluded from analysis.
Replication Experiments were successfully repeated two to six times to ensure reproducibility of results.

Randomization  All mice were randomly assigned to treatment groups. We do not observe a sex-specific phenotype. Nevertheless, male and female mice were
randomly assigned to treatment groups.

Blinding Samples were assigned numbers without revealing treatment group. Data collection and analyses were conducted in a blinded manner.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Clinical data
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Antibodies

Antibodies used Rat anti-mouse CCR2 (clone MC-21 AK; Matthias Mack, University Hospital Regensburg), rat anti-mouse Ly-6G (1A8; Bio X Cell), anti-
rat kappa Ig light chain (MAR 18.5; Bio X Cell), rat anti-mouse Gr-1 (RB6-8C5; Bio X Cell), 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-




Validation

conjugated mouse anti-mouse NK1.1 (PK136; BioLegend), PE-Cy5.5 or PE-Cy7-conjugated rat anti-mouse CD4 (RM4-5; Thermo Fisher
Scientific), PE-Cy7-conjugated rat anti-mouse CD3 (17A2; BioLegend), BV510-conjugated rat anti-mouse CD3e (145-2C11;
BioLegend), FITC-conjugated Armenian hamster anti-mouse CD11c (N418; BioLegend), PerCP-Cy5.5-conjugated rat anti-mouse Ly-6C
(HK1.4; Thermo Fisher Scientific), PB-conjugated rat anti-mouse CD90.2 (53-2.1; BioLegend), BV510-conjugated rat anti-mouse CD19
(1D3; BD Biosciences), BV605-conjugated Armenian hamster anti-mouse TCRB (H57-597; BD Biosciences), BV650-conjugated rat anti-
mouse I-A/I-E (M5/114.15.2; BD Biosciences), BV711-conjugated rat anti-mouse CD8a (53-6.7; BD Biosciences), BV785-conjugated
rat anti-mouse Ly-6G (1A8; Thermo Fisher Scientific), AF647-conjugated mouse anti-mouse CD64 (X54-5/7.1; BD Biosciences), AF700-
conjugated mouse anti-mouse CD45.2 (104; BioLegend), PE-CF594-conjugated rat anti-mouse CD45R/B220 (RA3-6B2; BD
Biosciences).

All commercial antibodies have been validated by the manufacturer. The anti-CCR2 antibody was experimentally validated in cell
lines overexpressing CCR2 and on primary mouse cells (Mack et al. JI 2001).

Animals and other research organisms
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Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

C57BL/6 wild-type mice (Mus musculus) were used for this study along with Ccr2gfp/gfp and Ccr2-/- mice between the ages of 8-12
weeks. Mice were housed at 20-26°C, with relative humidity 30-70, and were maintained on a 12/12-hour light/dark cycle.

The study did not involve wild animals.

Mice do not exhibit sex-specific responses to Yersinia infection and have therefore not been segregated. Thus, all experiments were
conducted using both male and female mice (1:1), which were randomly assigned to treatment groups.

The study did not involved samples collected from the field.

University of Pennsylvania Institutional Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Methodology

Sample preparation

Blood was harvested by cardiac puncture upon euthanasia and collected in 250 U/ml Heparin solution (Millipore Sigma) prior
to erythrocyte lysis with Red Blood Cell Lysing Buffer (Millipore Sigma).

Lymph nodes and spleens were homogenized through a 70 um cell strainer (Fisher Scientific), then flushed with R10 buffer
consisting 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 ug/ml streptomycin
(Thermo Fisher Scientific).

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 (Epicurean). Small-intestinal tissue containing macroscopically visible
pyogranulomas (PG+), adjacent non-granulomatous areas (PG-) and uninfected control tissue (uninf) were excised using a 2
mm-g dermal punch-biopsy tool (Keyes). Biopsies within each mouse were pooled groupwise, suspended in epithelial-
dissociation buffer consisting of calcium and magnesium-free HBSS (Thermo Fisher Scientific) supplemented with 15 mM
HEPES, 10 mg/ml bovine serum albumin (Millipore Sigma), 5 mM EDTA (Millipore Sigma) and 100 U/ml penicillin + 100 pg/ml
streptomycin, then incubated for 30 minutes at 37°C under continuous agitation. To isolate immune cells from the lamina
propria, the tissue was enzymatically digested in R10 buffer, along with 0.5 Winsch units/ml liberase TM (Roche), 30 pg/ml
DNase | (Roche), and 5 mM CaCl2 for 20 min at 37°C under continuous agitation. The resulting cell suspensions were filtered
through 100 pum cell strainers (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 x g with
lowest brake at room temperature. Cells collected between the layers were washed with R10 for downstream analysis.

Unspecific Fc binding was blocked for 10 minutes on ice with unconjugated anti-CD16/CD32 (93; Thermo-Fisher Scientific).
Cells were subsequently fluorescently labeled for 30 minutes 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-conjugated mouse anti-mouse NK1.1 (PK136; BioLegend), PE-Cy5.5 or PE-Cy7-
conjugated rat anti-mouse CD4 (RM4-5; Thermo Fisher Scientific), PE-Cy7-conjugated rat anti-mouse CD3 (17A2; BioLegend),

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




Instrument
Software
Cell population abundance

Gating strategy

BV510-conjugated rat anti-mouse CD3e (145-2C11; BioLegend), FITC-conjugated Armenian hamster anti-mouse CD11c
(N418; BioLegend), PerCP-Cy5.5-conjugated rat anti-mouse Ly-6C (HK1.4; Thermo Fisher Scientific), PB-conjugated rat anti-
mouse CD90.2 (53-2.1; BioLegend), BV510-conjugated rat anti-mouse CD19 (1D3; BD Biosciences), BV605-conjugated
Armenian hamster anti-mouse TCRB (H57-597; BD Biosciences), BV650-conjugated rat anti-mouse I-A/I-E (M5/114.15.2; BD
Biosciences), BV711-conjugated rat anti-mouse CD8a (53-6.7; BD Biosciences), BV785-conjugated rat anti-mouse Ly-6G (1A8;
Thermo Fisher Scientific), AF647-conjugated mouse anti-mouse CD64 (X54-5/7.1; BD Biosciences), AF700-conjugated mouse
anti-mouse CD45.2 (104; BioLegend), PE-CF594-conjugated rat anti-mouse CD45R/B220 (RA3-6B2; BD Biosciences) along
with eF780 viability dye (BioLegend) diluted in PBS. Antibodies were used at 1:200 dilution and viability dye at 1:1500
dilution.

For intracellular staining, cells were incubated for 3 hours at 37°C with 5% CO2 in R10 buffer supplemented with 0.33 pl/ml
GolgiStop (BD Biosciences) and 15 ug/ml DNase I. Surface proteins were stained as above, then cells were fixed for 20
minutes on ice with Cytofix/Cytoperm Fixation/ Permeabilization solution (BD Biosciences). Lipocalin-2 was stained using
biotin-conjugated rat anti-mouse lipocalin-2 (NGAL; BioLegend) on ice for one hour followed by BV711-conjugated
streptavidin (BD Biosciences) at 4°C overnight. Intracellular cytokines were stained at 4°C overnight with PerCP-e710-
conjugated rat anti-mouse IL-1f (NJTEN3; Thermo Fisher Scientific), eF450-conjugated rat anti-mouse TNF (MP6-XT22;
Thermo Fisher Scientific), PE-conjugated Armenian hamster anti-mouse IL-1? (ALF-161; BioLegend). All intracellular
antibodies were diluted 1:200 in Perm/Wash Buffer (BD Biosciences). Streptavidin was diluted 1:400 in Perm/Wash Buffer.
Cells were acquired on an LSRFortessa flow cytometer with FACSDiva v9.0 and data was analyzed with FlowJo v10. Dead and
clustered cells were removed from all analyses.

BD LSRFortessa.
BD FACSDiva v9.0 and FlowJo v10.8.1 were used for collection and analysis, respectively.
No cells were sorted for this study.

Diagrams are provided in Extended Data Fig. 1a and 7a.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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