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SUMMARY

Peritoneal immune cells reside unanchored within the peritoneal fluid in homeostasis. Here, we examined the
mechanisms that control bacterial infection in the peritoneum using a mouse model of abdominal sepsis
following intraperitoneal Escherichia coli infection. Whole-mount immunofluorescence and confocal micro-
scopy of the peritoneal wall and omentum revealed that large peritoneal macrophages (LPMs) rapidly cleared
bacteria and adhered to the mesothelium, forming multilayered cellular aggregates composed by sequen-
tially recruited LPMs, B1 cells, neutrophils, and monocyte-derived cells (moCs). The formation of resident
macrophage aggregates (resM¢-aggregates) required LPMs and thrombin-dependent fibrin polymerization.
E. coli infection triggered LPM pyroptosis and release of inflammatory mediators. Resolution of these poten-
tially inflammatory aggregates required LPM-mediated recruitment of moCs, which were essential for fibri-
nolysis-mediated resM¢-aggregate disaggregation and the prevention of peritoneal overt inflammation.
Thus, resM¢-aggregates provide a physical scaffold that enables the efficient control of peritoneal infection,
with implications for antimicrobial immunity in other body cavities, such as the pleural cavity or brain ven-

tricles.

INTRODUCTION

Peritoneal bacterial infection can occur as the result of a
pathological or traumatic loss of intestinal wall integrity,
cirrhosis, abdominal surgery, or peritoneal dialysis. Unless
locally controlled, infection spreads systemically and leads to
sepsis (Angus and van der Poll, 2013). Abdominal, respiratory,
and urinary tract bacterial infections are the main causes of
sepsis (Vincent et al., 2009). During intraperitoneal (i.p.) bacterial
infection, the release of proinflammatory mediators causes an
overwhelming inflammatory reaction, leading to local peritoneal
tissue injury and coagulation abnormalities that can provoke
multisystemic acute organ dysfunction, and resulting in a life-
threatening complex clinical syndrome called severe sepsis,
which can ultimately lead to septic shock and death (Angus
and van der Poll, 2013).

The mechanisms linking the exacerbated inflammation
caused by abdominal infection to tissue damage, coagulopathy,
and organ dysfunction have been extensively investigated.
However, the mechanisms responsible for the control of i.p. bac-
terial infection in non-lethal sepsis, remain poorly understood.
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Resident F4/80" Tim4* peritoneal macrophages, called large
peritoneal macrophages (LPMs, as opposed to F4/80~ Tim4~,
monocyte-derived, small peritoneal macrophages, or SPMs)
fulfill important functions in homeostasis (Bain and Jenkins,
2018), but their role against peritoneal infections is largely unex-
plored. Similarly, the contribution of SPMs in defense against in-
fections remains unclear. Peritoneal mesothelial cells contribute
to defense against microbial infection through the production of
pro-inflammatory mediators that trigger the recruitment and acti-
vation of inflammatory cells (Mutsaers et al., 2015). During infec-
tion, neutrophils are recruited to the omentum through high
endothelial venules located in milky spots and migrate to the
peritoneal cavity, where they contribute to bacterial clearance
(Buscher et al., 2016). Milky spots harbor a specialized vascular
system and an organized lymphoid tissue supporting their
potential role in antimicrobial immunity (Meza-Perez and Ran-
dall, 2017).

To explore the response of peritoneal immune cells to bacte-
rial challenge and to understand how peritoneal immune cells,
free in the peritoneal fluid in homeostasis, interact and fulfill their
defense functions in the absence of a stromal support, we used
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Figure 1. Bacterial clearance after i.p. E. coli infection is primarily achieved by LPMs

(A) E. coli infection protocol.

(B) Survival after E. coli infection at the indicated doses; n = 10.

(C) CK, AST/GOT, ALT/GPT, and LDH serum levels.

(D) Per-lavg bacterial load along the first 4 h.

(E) Bacterial load in per-lavg, per-wall, omentum, mediastinal lymph node (mLN), lung, and liver.

(F and G) FACS analysis and absolute number/mouse of LPMs, SPMs, monocytes, and neutrophils in the per-lavg.

(legend continued on next page)
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an abdominal sepsis model based on the i.p. administration of a
sublethal dose of Escherichia coli, a prevalent species in sepsis
caused by Gram-negative bacteria (Opal et al., 2003). We found
that LPMs fulfill an extensive bacterial elimination during the first
hours after infection through the formation of mesothelial-bound
multilayered cellular structures, or resMd¢-aggregates, which
require a fibrin network and provide a dynamic physical scaffold
for peritoneal immune cells. During the resolution of infection,
LPMs controlled the recruitment of monocyte-derived cells
(moCs) to resM-aggregates; this was crucial for resM¢-aggre-
gate disruption by fibrinolysis and control of peritoneal overt
inflammation. Thus, defense against peritoneal E. coli infection
requires a complex interaction between coagulation, inflamma-
tion, and immunity largely controlled by LPMs and requiring
the formation of dynamic immune scaffolds.

RESULTS

Bacterial clearance after i.p. E. coli infection is
paralleled by the macrophage disappearance

reaction (MDR)

We used an experimental model of abdominal sepsis relying on
i.p. inoculum of E. coli M6L4 strain, in C57BL/6 (B6) mice (Fig-
ure 1A),ata1 x 107 cfu sublethal dose, as defined in survival tri-
als (Figure 1B). Analyses were performed during the early phase
(hours) and late phase (days) of the response. Mice developed
sepsis, as assessed by the increased serum levels of enzymes
used to monitor liver, heart, and kidney damage (Figure 1C).
The bacterial load in the peritoneal lavage (per-lavg) at 30 min
was —2 x 10° cfu and dropped to —1 x 10° cfu at 4 h (Fig-
ure 1D). More than 95% of the bacteria were cleared during
the first 24 h, and infection was resolved by the second week
(Figure 1E).

Flow cytometry (fluorescence-activated cell sorting [FACS])
analysis of the peritoneal cavity revealed a strong reduction (up
to 80%) in LPMs at 4 h (Figures 1F and 1G), a phenomenon clas-
sically described as MDR, paralleled by a reduction in SPMs and
the recruitment of Ly6C" monocytes (hereafter, monocytes) and
neutrophils (Figures 1F and 1G). Inoculation with GFP-labeled
M6L4 E. coli (E. coli-GFP) revealed that at 30 min ~80% LPMs
and 70% SPMs were GFP*, and thus that ~8 x 10° LPMs and
0.35 x 10° SPMs had internalized E. coli (Figures 1H and 1l).
At 30 min, most LPMs had internalized bacteria, whereas at
60 min, only a minority contained bacteria (Figures 1J and
1J1). At 4 h, bacteria were hardly detectable and were mostly
found in neutrophils. At 30 min, each LPM contained on average
7 bacteria (Figure 1K). Since ~8 x 10° LPMs among those
harvestable at 30 min had internalized E. coli, we estimated
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that these LPMs internalized at least 6 x 10° bacteria by
30 min postinfection (p.i.). At 60 min, neutrophils could be de-
tected in the peritoneal cavity (Figure 1G), and ~40% were
GFP* (Figures 1H and 1), indicating that neutrophils contributed
to bacterial uptake when LPMs had already carried out intensive
bacteria internalization. Thus, LPMs fulfill efficient clearance of
E. coli and are largely responsible for the reduction in bacterial
load during the first hour p.i.

To further examine the functional relevance of LPMs during
E. coli infection, we analyzed LysM-Gata6~'~ mice in which
LPMs display developmental and functional deficiencies (Gaut-
ier et al., 2014; Okabe and Medzhitov, 2014; Rosas et al.,
2014). Although LysM-Gata6~'~ mice displayed a 50% reduction
in LPMs in steady state (Figure S1A), no differences in bacterial
load were found when compared to wild-type (WT) mice (Fig-
ure S1B). Accordingly, Gata6~'~ LPMs had a comparable ability
to internalize E. coli (Figure S1C), supporting their microbicidal
capacity. Nevertheless, since neutrophil recruitment was higher
in LysM-Gata6~'~ mice (Figure S1D), E. coli infection was
analyzed after neutrophil depletion (Figure S1E) to assess
whether neutrophils compensated the potential LPM defects in
clearing E. coli. No differences in bacterial load were found be-
tween neutrophil-depleted, LysM-GataG’/’, and WT mice (Fig-
ure S1F), further supporting that LysM-Gata6~'~ and WT mice
were equally efficient in controlling E. coli infection.

These results led us to explore the role of LPMs during E. coli
after LPM depletion by clodronate-loaded liposome (clodronate)
treatment (Figure 1L). Mice were infected 12 days after LPM
depletion to ensure that potential inflammatory reaction to lipo-
some treatment was resolved (Figure 1M). LPM depletion led
to an almost 2-log increase in the bacterial load (Figure 1N)
and to an increase in mortality rate (Figure 10), revealing a crucial
role for LPMs in the control of E. coli infection.

LPMs promote the formation of mesothelium-bound
resM¢-aggregates during i.p. E. coli infection

The intensive internalization of bacteria by LPMs was followed by
the MDR, which may reflect that LPMs were no longer retrievable
because they adhered to mesothelial cells lining the peritoneal
cavity, as proposed in different MDR models (Barth et al.,
1995). The analysis of the inner face of the peritoneal wall (per-
wall) by whole-mount immunofluorescence (WMI) and confocal
microscopy (CF), revealed that aggregates of F4/80°"9" resident
macrophages (hereafter resMd$-aggregates) were found in the
per-wall at 4 h, ranging from small to large (>800 um) and densely
packed aggregates (Figures 2A, 2B, and S1G); macrophages
were also found spread over the mesothelium (Figure 2A1).
ResMd¢-aggregates were detectable from 30 min and lay over

(H and 1) FACS analysis and quantification of E. coli-GFP internalization; (H) light profiles: background staining; the percentage of GFP* cells is indicated.

(J and J1) Per-lavg cytospin preparations; Giemsa staining.

(K) Number of bacteria/LPM estimated in 9 micrographs/mouse at 30 min. The mean number of bacteria/LPM is indicated; each dot corresponds to an

individual cell.
(L) LPM depletion and E. coli infection protocol.

(M) LPM, SPM, B cell, and neutrophils absolute number/mouse in per-lavg at d1 in control or clodronate-treated mice.
(N) Bacterial load in per-lavg, per-wall, omentum, and lung at d1 in control or clodronate-treated mice.
(O) Survival of control or clodronate-treated mice after E. coli infection; n = 10. Data expressed as means + SDs of 5 mice/condition. Similar results were obtained

in at least 3 independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001
See also Figure S1.
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Figure 2. Peritoneal E. coli infection promotes the formation of resM¢-aggregates attached to the mesothelium
A) WMI + CF of per-wall at 4 h.

A1) Enlargement of (A).

B) WMI+CF of a resM¢-aggregate in per-wall at 24 h.

B1) Enlargement of (B).

B2) Tim4/F4/80 staining of the area shown in (B).

B3 and B4) Enlargement of (B2).

(legend continued on next page)
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the mesothelium, as assessed by podoplanin staining (Figures
2B and 2B1), light microscopy, and electron microscopy (Figures
2C1, 2C2, and S2A).

ResMd¢-aggregates were not detectable in uninfected mice,
suggesting that the F4/80P"9" resident macrophages forming
them were LPMs no longer harvestable by per-lavg; accordingly,
F4/80°"9" macrophages expressed the LPM marker Timé4 (Fig-
ures 2B2-2B4). To confirm this hypothesis, peritoneal cells
from LysM-EGFP mice, in which EGFP is expressed by myeloid
cells, were transferred into B6 mice, infected 24 h later (Fig-
ure 2D). Peritoneal EGFP* cells of LysM-EGFP mice made up
>85% of LPMs and SPMs (Figure 2E). At day 0 (d0), transferred
EGFP* LPMs accounted for ~30% of total LPMs, whereas no
EGFP* SPMs were detectable (Figure 2F), reflecting their high
turnover (Bain et al., 2016). Transferred EGFP* LPMs and endog-
enous EGFP™ LPMs underwent a comparable MDR (Figure 2G);
in addition, EGFP* LPMs were found within the resM¢-aggre-
gates (Figure 2H), supporting the notion that macrophages form-
ing resM¢-aggregates were LPMs.

ResMd¢-aggregates were heterogeneous, multi-layered struc-
tures, composed predominantly by macrophages, but also by
lymphoid cells, neutrophils, eosinophils, and mast cells (Figures
2C, 2C1, 2C2 and S2A-S2C). Most macrophages displayed
numerous filopodia (Figure S2B), suggesting high motility. Anal-
ysis of disaggregated resM¢-aggregates indicated that macro-
phages, B1-cells, and neutrophils made up to 90% of resM¢-ag-
gregates (Figure 21). This was confirmed on WMI preparations by
F4/80, CD19, and Ly6G staining, revealing that B1 cells were
mainly located in the center of resMd¢-aggregates (Figures 2J,
2J1, 2K, and 2K1). Since LPMs, B1 cells, and neutrophils were
the main components of resMd¢-aggregates, we assessed
whether resM¢-aggregate formation required these cells.
ResMd¢-aggregates were not detectable after E. coli infection
in LPM-depleted mice. Xid mice carrying a point mutation in Bru-
ton’s tyrosine kinase, which leads to a severe deficiency in B1
cell development (Khan et al., 1995), displayed a strong reduc-
tion in peritoneal B cells at 4 h (Figure S1H), but underwent an
MDR (Figure S1l) and formed resMd¢-aggregates comparable
to WT mice. Similarly, neutrophil-depleted mice (Figure S1J)
that displayed a strong reduction in peritoneal neutrophils at
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4 h (Figure S1K) underwent MDR (Figure S1L) and formed
resM¢-aggregates comparable to control mice. The formation
of resident macrophage aggregates therefore required LPMs,
but this can occur in the absence of B1 cells or neutrophils.

The mesothelium located beneath and surrounding resM¢-
aggregates (Figures 2B1, 2L, and 2L1) lost the pavement-like or-
ganization found in areas distant from resMd¢-aggregates (Fig-
ures 2L and 2L1-2L2) and in uninfected mice (Figures 2N, 2N1,
and 20). CF (Figures 2B1 and 2L1) and electron microscopy (Fig-
ure S2C) revealed the existence of gaps in the mesothelium, so
that macrophages surrounding the aggregates were found be-
tween mesothelial cells (Figures 2L and 2L1). Accordingly, the
tight junction pattern of mesothelial cells, identifiable by the tight
junction protein ZO1, found in areas distant from resM¢-aggre-
gates and in uninfected mice (Figures 2L3, 2M, and 2N2), was
markedly disrupted in mesothelial cells associated with resM¢-
aggregates.

To extend these observations to a polymicrobial abdominal
sepsis model, we used the cecal slurry injection (CSI) method.
At 4 h after CSI, resM¢p-aggregates were detected in the per-
wall (Figures STM-S1M3) and omentum (Figures STN-S1N3).
CSI and i.p. E. coli infection promoted comparable MDR and
neutrophil recruitment kinetics (Figure S10).

Fibrin-dependent resM¢$-aggregates control i.p. E. coli
infection and prevent its spread to the periphery

Pioneer studies proposed that the MDR was caused by the
attachment of macrophages to the peritoneal mesothelium and
could be partially reverted by heparin (Barth et al., 1995), sug-
gesting that MDR may involve fibrin formation. We thus explored
whether resM¢p-aggregates involved fibrin polymerization.
Fibrinogen staining confirmed the presence of a fibrin network
between cells forming resM¢-aggregates and extending to the
surrounding mesothelial cells (Figures 3A-3A2); ~100-nm-thick
fibrin fibers in close contact with macrophages were detectable
by electron microscopy (Figures 3B-3B2). The functional rele-
vance of resM¢-aggregates after E. coli infection was addressed
by preventing their formation through the inhibition of fibrin poly-
merization. Mice were treated i.p. with heparin and infected with
E. coli (Figure 3C). Only a low number of small macrophage

(C) Per-wall semi-thin section at 4 h showing a resM¢-aggregate; red line: mesothelial basal membrane.
(C1 and C2) Enlargement of C. In C2: macrophages: red; lymphocytes: green; mesothelial cells: yellow. Arrow: mesothelial discontinuity.

(D) LysM-eGFP peritoneal cell transfer and E. coli infection protocol.

(E) eGFP expression by LPMs and SPMs in non-infected LysM-eGFP mice; the percentage of eGFP* cells is indicated.

(F) eGFP expression by LPMs and SPMs in B6 mice after transfer of LysM-eGFP peritoneal cells; the percentage of eGFP* cells is indicated.
(G) Absolute number/mouse of GFP~ and GFP* LPMs in B6 mice after transfer of LysM-eGFP peritoneal cells at dO and 4 h.

(H and H1) WMI + CF of a resident macrophage-aggregate after transfer LysM-eGFP peritoneal cells at 4 h.

(I) Relative proportion of the cell types present in resM¢-aggregates at 4 h; FACS analysis.

(J-K1) WMI + CF of resM¢-aggregates at 4 h.

(J and J1) F4/80/CD19 staining.

(K and K1) F4/80/Ly6G staining.

(L) Per-wall WMI + CF at 24 h.

(L1) Orthogonal view of the area defined in (L).

(L2 and L3) Enlargement of (L).

(M) High-resolution micrograph of an area similar to (L3).
(N-N2) Per-wall WMI + CF of a non-infected mouse.

(O) Semi-thin section of a non-infected per-wall. Red line: mesothelial basal membrane.
Dashed line in (H), (J), and (K) ResM¢-aggregate limits. Data expressed as means + SDs of 5 mice/condition. Similar results were obtained in at least 3 inde-

pendent experiments. ***, p < 0.001
See also Figures S1 and S2.
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Figure 3. Fibrin-dependent resM¢-aggregate formation is crucial for controlling i.p. E. coli infection
(A and A1) Per-wall WMI + CF at 4 h.
(A2) Enlargement of (A1).
(B and B1) Electron microscopy of a resM¢-aggregate at 4 h. Fibrin fibers (asterisks) in close contact with macrophages (violet).
(B2) High-magnification electron microscopy image of a resM¢-aggregate at 4 h, showing fibrin fibers with a ~100-nm diameter in close contact with macro-
phages (violet).
(legend continued on next page)

Immunity 54, 2578-2594, November 9, 2021 2583




¢ CellPress

aggregates were detectable in heparin-treated mice (Figures 3D
and 3E). Accordingly, ~50% LPMs were harvestable at 4 h in
heparin-treated mice versus <10% in control mice (Figure 3F).
Interestingly, a 2-log increase in bacterial load was found in
heparin-treated mice (Figure 3G), paralleling a dramatically
increased mortality rate (Figure 3H).

To exclude that the higher mortality associated with i.p. hepa-
rin treatment was due to the inhibition of microvascular thrombus
or extracellular traps that may compromise peripheral bacterial
clearance, and not to the blockade of resM¢-aggregate forma-
tion, mice were treated with heparin intravenously (i.v.). Under
these conditions, resMd-aggregates formed, and survival was
not compromised (Figure 3H), supporting that the lower survival
of mice treated with heparin i.p. was related to the prevention of
resMd¢-aggregate formation. Since heparin could interfere with
processes not involving fibrin, including cell adhesion and migra-
tion (Lever and Page, 2002), it is conceivable that their inhibition
by heparin may contribute to the higher susceptibility to the
infection of mice treated with heparin i.p. Thus, to ascertain the
effect of blocking resM¢-aggregate formation, mice were
treated with hirudin, a specific thrombin inhibitor that prevents
fibrin formation, but is not expected to interfere with fibrin-inde-
pendent processes that could be inhibited by heparin. Hirudin
did not affect in vivo E. coli internalization by LPMs, nor the
E. coli-induced neutrophil and monocyte recruitment to the peri-
toneal cavity (Figures 31 and 3J). LPM adherence to plastic was
not affected by hirudin (Figure 3K). Interestingly, LPMs retriev-
able at 4 h and survival were comparable in mice treated i.p.
with hirudin or heparin (Figures 3L and 3M). These data confirm
that resM¢-aggregate formation was dependent on thrombin-
mediated fibrin polymerization, and that resM¢-aggregates ful-
filled an essential function in the control of infection. Accordingly,
the reduction in bacterial load from 2.5 to 24 h was higher in
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resM¢-aggregates than
(Figure 3N).

LPMs forming resM¢-aggregates contained bacteria and bac-
teria were not found outside resM¢-aggregates (Figures 30—
3P1). Numerous macrophages containing degraded bacteria
were found particularly in the central area of resM¢$-aggregates
(Figures 3Q, 3R, and S2D), which also harbored necrotic macro-
phages and neutrophils that internalized bacteria (Figures 3S,
3S1, S2E, and S2F). The periphery of resM¢-aggregates con-
tained macrophages and neutrophils not containing bacteria,
suggesting that they have adhered later to resM¢-aggregates,
initially formed by LPMs that internalized bacteria.

The formation of resM¢p-aggregates required thrombin-
dependent fibrin polymerization and therefore the activation of
coagulation. Since tissue factor (TF) plays an essential role in
coagulation in mouse models of sepsis (Gando et al., 2016;
Grover and Mackman, 2018), we hypothesized that TF triggered
the coagulation process leading to the fibrin network in resMd-
aggregates. Systemic coagulation was induced by TF-contain-
ing microvesicles released by pyroptotic monocytes after inflam-
masome activation (Wu et al., 2019). However, TF production by
pyroptotic cells did not appear to trigger fibrin polymerization af-
teri.p. E. coli infection since resM¢-aggregate formation was un-
affected in Gsdmd ™~ mice (Figure 3T), in which pyroptosis-
induced coagulation is defective (Wu et al., 2019). Moreover,
although LPMs were reported to express TF after in vivo LPS
stimulation (Ahamed et al., 2007), TF was not detectable in
LPMs after E. coli infection (Figures 3U and 3V). TF was ex-
pressed by mesothelial cells before and after infection, support-
ing that they were the primary source of TF in the peritoneal cav-
ity after E. coli infection (Figures 3U and 3V). Accordingly, no
difference was detectable in the concentration of TF in the per-
lavg between control and LPM-depleted mice (Figure 3W).

in the per-lavg and omentum

(C) Heparin i.p. treatment and E. coli infection protocol.
(D) Per-wall WMI + CF of i.p. heparin- and PBS-treated mice at 4 h.

(E) Area occupied by resM¢-aggregates at 4 h in PBS- and i.p. heparin-treated mice; mean percentage of F4/80 staining/micrograph + SDs of 4 micrographs/

condition.

(F) LPM absolute number in per-lavg of uninfected and PBS- and i.p. heparin-treated mice at 4 h.

(G) Per-lavg bacterial load of PBS- and i.p. heparin-treated mice at 4 h.

(H) Survival after E. coli infection of PBS-, intraperitoneally (i.p.), and intravenously (i.v.) heparin-treated mice; n = 10.

(I) E. coli-GFP internalization by LPMs in PBS- and i.p. hirudin-treated mice at 30 min.

(J) Absolute number/mouse of neutrophils and monocytes in the per-lavg of PBS- and i.p. hirudin-treated mice at d1.

(K) Quantification of LPM adherence to plastic in the absence or presence of 100 ug/mL huridin; mean number of adherent LPMs/micrograph + SDs of

4 micrographs/condition.

(L) LPM absolute number/mouse in the per-lavg of uninfected, and untreated, i.p. heparin-treated, and i.p. hirudin-treated mice at 4 h.
(M) Survival after E. coli infection of PBS-, i.p. heparin-treated, and i.p. hirudin-treated mice; n = 10.

(N) Bacterial load in resM¢-aggregates, per-lavg, and omentum at 2.5 and 4 h.

(O) High magnification WMI + CF image of a resM¢-aggregate at 2 h showing E. coli-GFP internalized by LPMs.

(P and P1) WMI + CF of a resMd¢-aggregate at 2 h p.i. with E. coli-GFP. Dashed line: resident macrophage aggregate limit.

(Q) Semi-thin section of a resM¢-aggregate at 4 h; cells containing bacteria are marked with a red dashed line.

(R) Electron microscopy of a resM¢-aggregate at 4 h. Macrophages (violet) with degraded bacteria (asterisks); neutrophils: orange; eosinophils: turquoise.

(S and S1) Semi-thin section of a resM¢-aggregate at 4 h; dashed line: limits of central area harboring necrotic macrophages and neutrophils.

(T) Quantification of the resMd-aggregate area/mouse after strong per-lavg, in WT and Gsdmd ™~ mice, at 2 h, performed as shown in Figures 7G and 7H; mean

resMd¢-aggregate area/micrograph + SDs of 4 micrographs/condition.

(U) FACS analysis of TF expression by LPMs and mesothelial cells. Mesothelial cells were analyzed after gating for CD45~ ICAM-1* cells. Light gray profiles:

isotype control staining; the percentage of TF* cells is indicated.
(V) WB analysis of TF expression by mesothelial cells and LPMs.

(W) Quantification of TF in the peritoneal cavity of control or clodronate-treated mice at 4 h using the Proteome profiler mouse XL cytokine array; n = 2. Data
expressed as means + SDs of 5 mice/condition. Similar results were obtained in at least 3 independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001

See also Figure S2.
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Figure 4. LPMs accumulate in the omentum and promote milky spot development after E. coli infection
(A) WMI + CF of the omentum at 4 h; yellow dashed lines: milky spots.

(A1-A3) Enlargement of the white square area in (A) showing a milky spot-associated macrophage aggregate.

(B) WMI + CF of a non-infected omentum. Yellow dashed lines: milky spots.

(C) Omentum semi-thin section at 4 h showing macrophages (turquoise) infiltrating a milky spot; dashed line: mesothelial lining.
(D-D2) WMI + CF of a milky spot-associated macrophage aggregate at 4 h.

(D1 and D2) CF images obtained at the mesothelial level (D1) and 5 um underneath (D2). White line: macrophage aggregate limits.
(D3) Orthogonal view of the aggregate shown in (D).

(E) Protocol of omentum analysis after LPM depletion and E. coli infection.

(legend continued on next page)
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LPMs accumulate in the omentum and promote milky
spot development during E. coli infection

Aggregates of F4/80°"9" macrophages were found to be associ-
ated with the omental milky spots at 4 h (Figures 4A-4A3), but not
in uninfected mice (Figure 4B). F4/80°"9" macrophages
infiltrated the milky spots through the discontinuities of the
mesothelium, which appeared particularly disorganized as
demonstrated in semi-thin sections (Figure 4C), CF images ob-
tained at different heights along the z axis (Figures 4D-4D2)
and orthogonal views (Figure 4D3). The majority of cells forming
milky spot-associated aggregates were F4/80°"9" Tim4* macro-
phages and a lower proportion of neutrophils; a minor population
of F4/80%™ Tim4* macrophages was detectable (Figures S3A,
S3A1, and S3B). In addition to milky spot-associated macro-
phage aggregates, compact F4/80°"" Tim4* macrophage
aggregates, comparable to per-wall resM¢p-aggregates, were
located in milky spot-devoid zones (Figures S3D, S3D1, and
S3C). The latter lay over the mesothelium (Figures S3C and
S3D2) and displayed a developed fibrin network (Figures S3E
and S3E1).

To explore whether Tim4* F4/80™ macrophages forming ag-
gregates in the omentum were LPMs, we assessed whether
LPMs migrated to the omentum by labeling peritoneal cavity
cells in vivo before E. coli infection (Figure S3F). Carboxyfluores-
cein succinimidyl ester (CFSE)-labeled F4/80" macrophages,
expressing Tim4 and Gata6, were detectable in the omentum
at d1 (Figure S3G). These cells corresponded to LPMs as they
were not detectable in uninfected mice, and no CFSE labeling
was detectable in the omentum before infection (Figure S3H).
To confirm that these LPMs corresponded to F4/80°9M Tim4*
macrophages forming omental macrophage aggregates, perito-
neal cells from LysM-EGFP mice were transferred into B6 mice
before infection (Figure S3I). EGFP* F4/80°"9" Tim4* macro-
phages found in omental macrophage aggregates at 4 h (Figures
S3J-S3J2) corresponded to LPMs, since only LPMs expressed
EGFP after transfer of LysM-EGFP cells (Figure 2F). EGFP* mac-
rophages detectable at 4 h had a F4/80™ major histocompatibil-
ity complex class II'° (MHC-class 1I'°) phenotype (Figure S3K)
similar to endogenous LPMs migrating to the omentum after
infection (Figure S3G). E. coli infection thus promoted the migra-
tion of LPMs to the omentum, resulting in the formation of meso-
thelium-bound LPM aggregates and milky spot-associated LPM
aggregates. Heparin treatment caused an 85% reduction in
omental LPMs (Figure S3L) and blocked the formation of meso-
thelium-bound and milky spot-associated LPM aggregates (Fig-
ures S3M and S3N). In contrast, hirudin treatment led to a 50%
LPM reduction and prevented the formation of mesothelium-
bound but not of milky spot-associated LPM aggregates (Fig-
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ure S30), supporting that the former required the formation of
a thrombin-dependent fibrin network, not required for LPM ag-
gregation in milky spots. Accordingly, a dense fibrin network
was detectable in mesothelium-bound aggregates in untreated
mice (Figures SBM1 and S3M2), but not in heparin- or hirudin-
treated mice (Figures S3N1, S3N2, and S301-S302).

Zymosan stimulation increases omental milky spots and fat-
associated lymphoid clusters (FALCs) present in the mesentery
and gonadal fat (Bénézech et al., 2015). This led us to investigate
whether LPM migration to the omentum promoted leukocyte
recruitment to milky spots during E. coli infection (Figures 4E
and 4F). In control mice, E. coli infection increases B cells,
T cells, monocytes, moCs (defined as CD11b* MHC-class II*
Ly6C™) and neutrophil recruitment to milky spots (Figure 4G). In
contrast, in LPM-depleted mice, the recruitment to the
omentum of B cells, T cells, monocytes, and, to a lesser extent,
neutrophils, was impaired (Figure 4G), and the milky spot area
(Figures 4H and 4l) and omentum weight (Figure 4J) were reduced.
In addition, LPMs controlled the recruitment of inflammatory cell
subsets to the peritoneal cavity, since monocyte and moC recruit-
ment was impaired in LPM-depleted mice, while neither neutrophil
recruitment nor circulating monocytes were unaffected by LPM
depletion (Figures 4K and 4L). Thus, leukocyte recruitment to
the omentum and monocyte and moC recruitment to the perito-
neal cavity after E. coli infection was dependent on LPMs.

F4/80°"9" Tim4* macrophage aggregates, comparable to
those formed in the omentum, were found in the mesentery (Fig-
ures S3P-S3P3) and gonadal fat (Figures S3Q-S3Q3), associ-
ated with the FALCs, that harbor an organized lymphoid tissue
and a specialized vascular system comparable to those of the
omentum. This supports that resM¢$-aggregates are predomi-
nantly formed anchored to the mesothelium lining peritoneal ad-
ipose tissue-containing organs and the peritoneal wall.

E. coli infection leads to LPM death by pyroptosis

After blocking resM¢-aggregate formation, only ~40%-50% of
LPMs can be retrieved by per-lavg (Figure 3l), suggesting that
E. coli infection caused the death of a fraction of LPMs. At
30 min, virtually the entire LPM population was harvestable by
per-lavg (Figure 5A), but ~40% LPMs were annexin-V* 7-AAD*
(Figure 5B), indicating that they underwent a non-apoptotic cell
death. Accordingly, LPMs displaying nuclear and cytoplasmic
swelling characteristic of necrotic cell death were detectable at
30 min (Figures 5C-5C1), but not in uninfected mice (Figures
5D-5D1). LPM death did not correlate with bacterial uptake
since the percentage of dead cells was comparable within
LPMs that had or had not internalized bacteria (Figures 5E
and 5F).

(F) LPM absolute number/mouse LPMs at d1 in the omentum in control or clodronate-treated mice.

(G) Absolute number/mouse of the indicated subsets in the omentum in control or clodronate-treated mice.

(H) WMI + CF image of the whole omentum in control or clodronate-treated mice at d3; dashed lines: limits of the omentum.

() Quantification of milky spot area (identified by CD19 staining as shown in H) in control or clodronate-treated mice at d3; mean CD19* area/micrograph + SDs of

4 images/condition.
(J) Omentum weight in control or clodronate-treated mice at d0 and d3.

(K) Absolute number/mouse of total LPMs, monocytes, and neutrophils in the per-lavg of control or clodronate-treated mice.
(L) Absolute number/mouse of blood monocytes from uninfected mice at d12 after clodronate treatment. Data expressed as means + SDs of 5 mice/condition.
Similar results were obtained in 2-3 independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001

See also Figure S3.
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Figure 5. E. coli infection leads to LPM death by pyroptosis

(A) Absolute number/mouse of viable and dead (7-AAD*) LPMs in per-lavg.

(B) FACS analysis and quantification of annexin-V* 7-AAD* LPMs in per-lavg.

(C-D1) Per-lavg cytospin preparations at 30 min showing necrotic F4/80" LPMs (C) and LPMs in an uninfected mouse (D); F4/80 peroxidase/toluidine blue
staining.

(E) Relative proportion of viable and dead cells among LPMs that had and had not internalized E. coli-GFP at 60 min, defined by their GFP expression, as shown
in (F).

(F) GFP expression by LPMs at 60 min p.i. with E. coli-GFP; the percentage of GFP* LPMs is indicated.

(G-I) Detection of pMLKL (G), cleaved caspase-3 (cl-casp3) (H), and GSDMD (l) by CF in per-lavg cytospin preparations at 60 min.

(G1 and G2) F4/80/DAPI (G1) and pMLKL (G2) staining.

(H1 and H2) F4/80/DAPI (H1) and cl-casp3 (H2) staining.

(legend continued on next page)
Immunity 54, 2578-2594, November 9, 2021 2587




¢ CellPress

LPMs expressing phospho-mixed lineage kinase domain-like
(MLKL) or cleaved caspase-3 were not detectable at 60 min
(Figures 5G-5G2 and 5H-5H2), suggesting that neither necrop-
tosis nor apoptosis caused LPM death. Interestingly, at 60 min
~40% LPMs displayed a gasdermin (GSDMD) staining corre-
lating with pore formation (Figures 51-512 and 5J) resulting
from GSDMD oligomerization (Rathkey et al., 2017), whereas
LPMs from uninfected mice displayed a diffuse GSDMD stain-
ing, reflecting its non-pore-forming state (Figure 5K-5K2),
supporting that E. coli infection led to LPM pyroptosis. Pore for-
mation depends on GSDMD cleavage, commonly by caspase-
1 or caspase-11, generating the N-terminal p30 GSDMD frag-
ment (NT-p30 GSDMD). Active caspase-1 also mediates the
cleavage of pro-interleukin-1p (IL-1p) and pro-IL-18 (Jorgensen
et al., 2017). GSDMD cleavage and NT-p30 GSDMD were de-
tected by western blot in LPMs at 30 and 60 min (Figure 5L);
accordingly, cleaved caspase-1 was detected at 30 min (Fig-
ure 5M), confirming that LPMs were undergoing pyroptosis.
E. coli infection triggered the synthesis of pro-IL-1p, detectable
at 30 min, that was subsequently cleaved into its mature form,
IL-1B p17, detectable at 60 min (Figure 5N). Casp1/11~/~ mice
displayed a reduction in dead LPMs at 60 min (Figure 50),
further supporting that E. coli infection caused LPM pyroptosis,
leading to the release of proinflammatory cytokines and perito-
neal inflammation.

Kinetics of LPMs during the resolution of E. coli
infection

Since E. coli infection caused the death of a high proportion of
LPMs, we sought to analyze the fate of the LPM population during
the resolution of infection. At d1, a low number of viable LPMs
was detectable, but their number increased from d3 and reached
~70% of the number in uninfected mice by d8-d11 (Figure 6A),
when low levels of bacterial load (Figure 1E) and neutrophils (Fig-
ure 6A) were detectable. Tim4 and Gata6 expression was compa-
rable in control and d11 LPMs (Figure 6B). Most LPMs present at
d8 corresponded to or derived from those present before infec-
tion, as assessed by in vivo labeling of peritoneal cells (Figure 6C),
which revealed that >90% LPMs remained labeled at d8 (Figures
6D and 6E). Most SPMs and T cells were replaced at d1 and
>80% B cells were replaced at d8. Neither neutrophils nor the
majority of monocytes recruited at d1 were labeled (Figure 6F).
As a high proportion of LPMs died along the first hours, LPMs
had to proliferate to reach their number at d8 (Figure 6A). Accord-
ingly, Far-Red dilution occurred in LPMs from d1 to d8 (Figure 6D)
and LPM proliferation increased from dO to d5 (Figure 6G). Thus,
LPMs that died along the early phase of infection were largely re-
placed by the proliferation of the initial LPM population.
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moCs control fibrinolysis-dependent resM¢-aggregate
disruption and prevent peritoneal overt inflammation

We next analyzed the evolution of resM¢-aggregates during the
resolution of infection, since after these structures had fulfilled
their bacterial containment and elimination function, dead cells
within need to be eliminated and fibrin degraded to dampen its
proinflammatory potential. At d4, aggregates were composed
predominantly of Tim4~ macrophages with a lower F4/80
expression than LPMs (F4/80™ Tim4~ macrophages) and a
reduced number of F4/80°"9" Tim4* LPMs (Figures 7A-7A3).
LPMs were mainly located in the central part interspersed
among mesothelial cells that appeared markedly disorganized,
displaying wide gaps and a disrupted tight junction pattern (Fig-
ures 7A4 and 7B-7D). LPMs were located between mesothelial
cells or in the submesothelial space (Figure 7B), whereas F4/
80 Tim4~ macrophages were found in the submesothelial
space (Figure 7C). Since F4/80"™ Tim4~ macrophages present
in d4 aggregates were not detectable in resM¢-aggregates at
4 h, we hypothesized that they derive from inflammatory mono-
cytes. Accordingly, in CCR2-deficient mice (Ccr2™~ mice), in
which monocyte egress from the bone marrow and recruitment
to inflammatory foci are impaired (Shi and Pamer, 2011), F4/
80™ Tim4~ macrophagewere almost undetectable in d4 aggre-
gates. These contained mainly F4/80°"9" Tim4* LPMs (Figures
7E-7E3) and did not exhibit the profound mesothelial alterations
of WT mice (Figure 7E4), supporting that F4/80"™ Tim4~ macro-
phages derived from monocytes. Consistently, infiltrating moCs
(defined as shown in Figure S4A) increased progressively during
infection in WT mice, but were reduced in Ccr2™~ mice (Fig-
ure 7F). Accordingly, monocytes were actively recruited to the
per-wall in WT, but not in Ccr2~/~ mice (Figure 7F). Monocytes
and moCs present in the per-lavg and omentum (defined as
shown in Figures S4B and S4C) also increased in WT mice,
and were almost undetectable in Ccr2~/~ mice (Figure 7F).

The low number and location of LPMs in d4 aggregates sup-
ported that resM¢$-aggregates were disrupted, and that macro-
phage aggregates detectable at this stage represent the rem-
nants of the original resM¢-aggregates. In this regard,
harvesting resM¢-aggregates present at 4 h required a strong
per-lavg, and could not be achieved by a conventional (gentle)
lavage (Figures 7G-7I). In contrast, resM¢$-aggregates present
at d2 were equally retrievable by a gentle or strong per-lavg (Fig-
ure 71), revealing that they were loosely bound to the mesothe-
lium and have started to disorganize, supporting that at d4
resM¢-aggregates were already disrupted. ResMd¢-aggregates
were not retrievable at d4, confirming that macrophage aggre-
gates present at d4 were the remnants of disrupted resM¢-ag-
gregates. Since resM¢p-aggregate formation depended on a

(11 and 12) F4/80/DAPI (1) and GSDMD (12) staining.

(J) Quantification of LPMs displaying a GSDMD®"9" staining correlating with pore formation as shown in (I1) and (12), performed by counting 60 LPMs/field in 10

CF images.

(K) CF of a non-infected per-lavg cytospin preparation.

(K1 and K2) F4/80/DAPI (K1) and GSDMD (K2) staining.

(L) WB analysis of LPM expression of GSDMD and NT-p30 GSDMD.
(M) WB analysis of LPM expression of pro-caspase-1 and cl-casp1.
(N) WB analysis of LMP expression of pro-IL-1pB, and IL-1B p17.

(O) Absolute number/mouse of viable and dead LPMs in per-lavg of WT and caspase 1/11

~~ mice. Data expressed as means = SDs of 5 mice/condition. Similar

results were obtained in 2-3 independent experiments. *, p < 0.05; **, p < 0.01; **, p < 0.001
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Figure 6. Kinetics of LPMs during the reso-
lution of E. coli infection

(A) LPM and neutrophil absolute number in per-
lavg.
(B) Tim4 and Gata6 expression by LPMs; light gray

profiles: isotype control staining.

Immunity
A LPMs neutrophils B -
do I
257 xe ] T
Pk, R |
g 20 |
= \
g '
Ko} g— o
g - i1
§ 05 -
0

(C) Protocol of FACS analysis of peritoneal cells
after Far-Red in vivo labeling and E. coli infection.
(D and E) FACS analysis (D) and quantification (E)
of Far-Red labeling of LPMs, SPMs, B cells, and
T cells as described in (C); the % of Far-Red* cells
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(F) Far-Red labeling of neutrophils and monocytes
at di.

(G) Ki67 expression by LPMs in per-lavg.

Gray profiles in (D) and (F): background staining.
Data expressed as means + SDs of 5 mice/con-
dition. Similar results were obtained in at least 3
independent experiments. *, p < 0.05; **, p < 0.01;
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supports that both cell types contributed
to fibrin uptake and degradation, and
that at d1, fibrinolysis was initiated.
Accordingly, both LPMs and moCs ex-
pressed mRNA for Plg-RKT (Figure 70),
a membrane receptor involved in plas-
minogen activation at the cell surface (An-
dronicos et al., 2010). Whereas in d4
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fibrin network, the disruption of resM¢-aggregates would require
the disintegration of this network through fibrin degradation, a
process called fibrinolysis. Fibrinolysis is initiated by the binding
of plasminogen to its receptors at the cell surface, where plas-
minogen activators catalyze plasminogen conversion into
plasmin, the serine protease that cleaves fibrin polymers leading
to fibrin degradation (Chapin and Hajjar, 2015). Analysis of 4 h
and d1 resMd¢-aggregates revealed that whereas the former
were compact structures possessing a developed fibrin
network, the latter were loose aggregates with a partially disinte-
grated fibrin network and harbor a high proportion of macro-
phages containing phagocytosed dead cells and fibrin (Figures
7J, S5A, and S5B). Accordingly, in d1 resMd-aggregates,
degraded fibrin was detectable in the intercellular spaces and
in endocytic vesicles inside macrophages (Figures S5C-S5C2,
S5D, and S5D1). Interestingly, d1 resM¢-aggregates of WT con-
tained moCs, not detectable at 4 h, indicating that moC actively
migrated into resM¢-aggregates (Figure 7K). As expected, very

-d1 d0 d1 d8

resMd-aggregate remnants, the fibrin
network was profoundly degraded (Fig-
ures 7P-7P2), in Ccr2™/~ mice, a well-
developed fibrin network was present at
d4 (Figures 7Q-7Q2 and 7R