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Brucella abortus impairs T lymphocyte
responsiveness by mobilizing IL-1RA-
secreting omental neutrophils

Joaquin M. Pellegrini 1,8, Gabriela González-Espinoza 1,8, Raheleh R. Shayan1,
Lisiena Hysenaj1, Thomas Rouma2,3, Vilma Arce-Gorvel1, Hugues Lelouard 1,
Dimitri Popoff1, Yun Zhao1, Sean Hanniffy1, Amanda Castillo-Zeledón4,
Maite Loperena-Barber 5, Javier Celis-Gutierrez1, Cyrille Mionnet1,
Mile Bosilkovski6, Javier Solera7, Eric Muraille2,3, Elías Barquero-Calvo 4,
Edgardo Moreno4, Raquel Conde-Álvarez5, Ignacio Moriyón5,
Jean-Pierre Gorvel 1,9 & Sylvie Mémet 1,9

Immune evasion strategies of Brucella, the etiologic agent of brucellosis, a
global zoonosis, remain partially understood. The omentum, a tertiary
lymphoid organ part of visceral adipose tissue, has never been explored as a
Brucella reservoir. We report that B. abortus infects and replicates within
murine omental macrophages. Throughout the chronic phase of infection,
the omentum accumulates macrophages, monocytes and neutrophils. The
maintenance of PD-L1+Sca-1+ macrophages, monocytes and neutrophils in
the omentum depends on the wadC-encoded determinant of Brucella LPS.
We demonstrate that PD-L1+Sca-1+ murine omental neutrophils produce high
levels of IL-1RA leading to T cell hyporesponsiveness. These findings cor-
roborate brucellosis patient analysis of whole blood displaying upregulation
of PDL1 and Ly6E genes, and of serum exhibiting high levels of IL-1RA.
Overall, the omentum, a reservoir for B. abortus, promotes bacterial per-
sistence and causes CD4+ and CD8+ T cell immunosuppression by IL-1RA
secreted by PD-L1+Sca-1+ neutrophils.

To establish a chronic infection, intracellular bacteria need to survive,
disseminate, and reach a favorable organ embedding their sheltered
replicative niche1. The anatomic environments they preferentially
invade and colonize are diverse and adapted to their lifestyle. Brucella
spp., Gram-negative facultative intracellular coccobacilli, are the cau-
sative agents of brucellosis, a worldwide re-emerging zoonosis. As
organ reservoirs, Brucellae have a predilection for the lymph nodes,

spleen, lungs, bonemarrow and the reproductive system2, where their
cellular niches, the professional phagocytes reside1–3. Although B.
abortus is able to replicate inside a murine fibroblastic derived
adipocyte-like cell line4 and B. canis has been detected in adipocytes of
the gastro-splenic ligament from naturally infected foetuses5, nothing
more is known about Brucella and adipose tissue. The omentum,
whose capability to fight bacteria has been appreciated clinically for
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years6, is part of the visceral adipose tissue and is recognized as a
tertiary lymphoid organ. It contains leukocyte aggregates called milky
spots (MS), strategic vascular and lymphatic connections, and con-
stitutes a favored site for metastatic tumors7. The omentum rapidly
accumulates antigens from the peritoneal cavity and plays a critical
role in both innate and adaptive immunity in various models of
inflammation or infection7–15. Adipose tissue has been identified as a
reservoir for intracellular pathogens that stay dormant for years after
the primary infection, such asMycobacterium tuberculosis16, Rickettsia
prowazekii17, Coxiella burnetii18 or Trypanosoma brucei19; however, the
mechanisms involved in the establishment of chronicity remain
unexplored.

During the early stages of infection, Brucella has the peculiarity of
minimally activating host innate immunity, due in part to the expres-
sion of an atypical non-endotoxic lipopolysaccharide (LPS) that tunes
down dendritic cell (DC) and macrophage activation20–24. Brucellae
infect neutrophils without intracellular replication, resist their killing
mechanisms, inhibit their degranulation, and marginally activate
them25. Premature cell death of neutrophils, elicited by Brucella with-
out neutrophil extracellular trap (NET)osis, triggers efferocytosis, i.e.,
phagocytosis of dying neutrophils by macrophages26. Infected neu-
trophils were hence proposed to act as Trojan horses for the dis-
semination of B. abortus26. Neutrophils are essential for B. abortus
persistence during the chronic phase of infection and dampen adap-
tative immunity especially T cell activation through an unidentified
mechanism27,28.

Here, we show that the omentum acts as a reservoir for B. abortus
that sustains the mobilization of myeloid cells expressing the immu-
nosuppressive markers Programmed cell Death-Ligand 1 (PD-L1)29 and
Stem Cell Antigen-1 (Sca-1)30,31. The additional identification of bio-
markers of brucellosis in humans led us to uncover a key role of IL-1RA
secreted by PD-L1+Sca-1+ neutrophils in T-cell immunosuppression.

Results
B. abortus infects omental macrophages and persists during the
chronic phase of infection
We first assessed the ability of Brucella abortus to infect the omen-
tum in mice. The bacterial loads in the spleen, peritoneal fluid, and
omentum were determined at different time points after intraper-
itoneal (i.p.) infection of C57BL/6 mice (Supplementary Fig. S1a).
High CFU/g were observed in both the omentum and spleen from the
onset (2 days post-infection (p.i.)) to the chronic phase (30 days p.i.),
while lower values (CFU/mL) were detected in the peritoneal fluid
(Fig. 1a). Given that omentum is located in the peritoneal cavity
where the initial Brucella inoculum was injected, we next infected
C57BL/6 mice by gavage (Supplementary Fig. S1a). Gavage infection
also resulted in significant bacterial loads in the omentum at 30 days
p.i. (Fig. 1b), formally demonstrating a colonization of this organ by
Brucella. To determine which cell type was hosting B. abortus within
the omentum, we performed confocal microscopy of omentum
infected with DsRed B. abortus, harvested at 8 days p.i. and stained
for F4/80+ macrophages, Ly6G+ neutrophils and B cells known Bru-
cella target cells1,32,33, as well as Ly6C+ monocytes and CD3+ T cells
(Fig. 1c). A 3D reconstituted image of the infected macrophage
shown in Fig. 1c confirms that omental F4/80+ macrophages were
colonized intracellularly by replicating DsRed B. abortus (Fig. 1d).
Although C57BL/6 and BALB/c mouse strains differ in their suscept-
ibility to B. abortus infection, colonization of the omentum in BALB/c
mice infected by gavage followed a similar trend as in C57BL/6
(Supplementary Fig. S1a, b). Mice were positive for Brucella in the
omentum at 90 days p.i., the chronic phase, at CFU levels compar-
able to the classical Brucella reservoirs, the spleen, or lymph nodes.
These findings demonstrate that B. abortus has the ability to reach
the omentum, infect F4/80+ macrophages, and persist at the chronic
stage of infection.

Macrophages, monocytes and neutrophils are recruited to the
omentum after B. abortus infection during the acute and
chronic phases
The infection of omental macrophages by B. abortus raised the possi-
bility of changes in this highly dynamic cell population upon infection.
We examined by flow cytometry the peritoneal fluid and omentum at 8
and 30 days post-intraperitoneal B. abortus (Ba) infection of C57BL/6
mice (Fig. 2) as per the gating strategy in Supplementary Fig. S1c. We
first looked at the F4/80hi (large peritoneal macrophage, LPM) resident
macrophages and F4/80intMHCIIhi (small peritoneal macrophage, SPM)
subsets, well-known macrophage cells populating the peritoneal cavity
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Fig. 1 | Brucella abortus infects macrophages in the omentum and persists
during the chronic phase. a C57BL/6 mice were injected intraperitoneally (i.p.)
with 1 × 106 B. abortus strain 2308 CFU. At the indicated time points after infection
of C57BL/6 mice, omentum (magenta), spleen (dark cyan), and peritoneal fluid
(olive green) were analyzed for bacterial loads (mean of CFU per g, or for the
peritoneal lavage per mL, from pooled data ± SD). 5 mice per group (but omentum
day 8, 5-6 mice per group), n = 2. Significant differences from the spleen are dis-
played for the kinetics (two-way ANOVA followed by Dunnett’s multiple compar-
ison test; F = 13.56; DF = 82) and between time points for organ individual points
(Kruskal-Wallis followed by Dunn’s multiple comparison test). Absence of p-value,
non-significant. b C57BL/6 mice were infected by gavage with 1 × 109 B. abortus
strain 2308 CFU. At 30 days post-infection (p.i.), omentum (magenta), spleen (dark
cyan), and cervical lymph nodes (dark blue) were harvested, and CFU per g was
determined. Each square represents one animal. Mean± SD from pooled data. 4
mice per group, n = 2. Significant differences are shown (Kruskal-Wallis followed by
Dunn’s multiple comparison test). Absence of p-value, non-significant. c Confocal
microscopy image of wholemount staining of the omentum at day 8 p.i. from
C57BL/6 mice i.p. infected with a DsRed strain of B. abortus. DsRed (Ba), F4/80
(green, macrophages), Ly6G (magenta, neutrophils), Ly6C (violet, monocytes, and
blood vessels), B220 (pink, B cells) and CD3 (cyan, T cells). Individual stainings of
cells present in the selected square are on the right. 3 mice, n = 4. Scale bar, 20 µm.
d 3D reconstitution of cells in the square selected in (c), showing macrophage
colonization by, and multiplication of, B. abortus. Top image, all labelings. Other
images, Ba and F4/80 staining only. One square of the grid, 5 µm. Source data are
provided as a Source Data file.
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at resting state and upon inflammation, respectively34. A significant
decrease in the numbers of LPM and SPM subsets was observed in the
peritoneal fluid at 8 days p.i. (Fig. 2a, bottom) that coincided with a
significant increase in the omentum (Fig. 2a, top), inferring a possible
migration of macrophages from the peritoneal fluid to the omentum
during the acute phase of infection. The disappearance of resident
macrophages in the peritoneal cavity is usually followed by a complete
recovery mediated by monocyte-derived SPM35. Here, in the peritoneal
fluid at 30 days p.i., LPM rates remained low whereas SPM cell numbers
slightly increased (Fig. 2a). However, both macrophage subset numbers
augmented in the omentum at the chronic phase (day 30) upon B.
abortus infection (Fig. 2a).

Since SPM, which are derived from Ly6Chi blood monocytes in
response to stimuli36, accumulated in the omentum from day 8 p.i.

onward and in the peritonealfluid at the chronic phase of infection, we
analyzed the levels of Ly6Chi monocytes (Fig. 2a). Ly6Chi monocytes
were readily mobilized to the peritoneal fluid and omentum at high
numbers at days 8 and 30 p.i. In the spleen, their numbers were ele-
vated at 8 days p.i. and decreased to values still higher than those from
PBS controls at 30 days p.i. (Supplementary Fig. S1d).

Neutrophils playing an essential role in brucellosis25, we also
determined the kinetics of Ly6G+ neutrophil mobilization. At 8 days
p.i., neutrophils significantly accumulated in the peritoneal fluid,
omentum, and spleen (Fig. 2a and Supplementary Fig. S1c), and this
recruitment remained in these three organs at 30 days p.i. By com-
parison, high blood neutrophil counts were found in infected mice at
8 days p.i., which diminished to levels marginally lower than those of
mock-treated mice at 30 days p.i. (Supplementary Fig. S1e).
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Fig. 2 | Macrophages, monocytes and neutrophils are recruited in the omen-
tum after B. abortus infection from the acute to the chronic phase. a At 8 or
30 days post-infection (p.i.) of C57BL/6 mice i.p. infected with B. abortus (Ba) (red
square) or mock-injected with PBS (black circle), omentum and peritoneal fluid
were harvested, and individualized cells analyzed by flow cytometry. Normalized
absolute numbers of omental and peritoneal F4/80hi LPM, F4/80intMHCIIhi SPM,
Ly6Chi monocytes, or Ly6G+ neutrophils at the indicated time points are shown.
Each symbol represents one animal. (PBS, 2-3 mice; Ba, 3-4 mice), n = 3. Mean from
pooled data ± SD. Significant differences are shown (Mann-Whitney test, two-
sided). Absence of p-value, non-significant. b Confocal microscopy images of
wholemount staining of omenta harvested at day 8 or 30 p.i. from i.p. infected
C57BL/6 mice or mock-PBS treated. F4/80 (green, macrophages), Ly6G (magenta,
neutrophils), Ly6C (violet, monocytes and endothelial cells of blood vessels), B220

(red, B cells), and CD3 (cyan, T cells). B and/or T cell localization defines the milky
spot (MS). Individual stainings of cells present in the selected square are on the
right. 3 mice, n = 2. Scale bar, 20 µm. cMedian expression of selected differentially
expressed genes from published RNA seq transcriptomic profiling obtained from
whole blood samples from healthy donor controls or primary brucellosis patients
in acute, acute relapse, or chronic phase of infection37,38. X-axis: Healthy donor
controls n = 32 (Gray); Brucellosis patients: Acute n = 56 (Yellow), Acute with
relapsen = 6but forCXCL1 n = 4 (Orange), Chronicn = 11 (Blue). Y-axis: log2 residual
gene expression counts. Each symbol represents one patient or healthy donor.
Mean ± SD. Significant differences are shown (Multiple comparison Kruskal Wallis
test, followed by post-hoc Dunn’s test). Absence of p-value, non-significant. Source
data are provided as a Source Data file.
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Altogether, B. abortus causes a decrease in LPM and SPM in the
peritoneal fluid (at the acute phase only for the latter), and at the same
time elicits an increase of both populations in the omentum at the acute
and chronic phases of infection. An accumulation of monocytes and
neutrophils also occurs in the peritoneal fluid and omentum that per-
sists at the chronic phase of infection. Confocalmicroscopy images of B.
abortus-infected omenta further illustrate the spatial localization of
these cells in the omentum at day 8 and 30 p.i. (Fig. 2b) and shows their
presence in the vicinity of the milky spots (MS) until the chronic phase.

PDL1 and LY6E genes are upregulated in blood samples from
acute phase brucellosis patients
To get some clues about the immune responses associated with Bru-
cella and disease stage in humans, RNA-seq transcriptional profiles
obtained from whole blood samples of brucellosis patients in acute,
acute relapse (i.e., patients who developed disease relapse while
treated with antibiotics) or chronic phase of infection, or healthy
donors were previously determined by an international consortium
comprising our laboratory37,38. Using this database, we looked for
genes that might help Brucella persistence and immune escape, and
analyzed the blood expression of genes encoding immune inhibitory
molecules30,31,39, like PD-L1, a potential ortholog of the mouse Sca-1/
Lymphocyte antigen 6A-2/6E-1 in humans (where the LY6 gene family
comprises 11 members (PSCA, LY6K, SLURP1, LYPD2, LYNX1/SLURP2,
LY6D, GML, LY6L, LY6H, GPIHBP1 and LY6E40) and LAG3 (Fig. 2c).
Overexpression of CD274/PDL1 and LAG3 was detected in the blood of
acute and acute with relapse patients but not in chronic brucellosis
patients. The LY6E gene followed the same pattern of expression. As a
control, expression of the CXCL1 chemokine gene remained stable in
all groups.

In mice, mobilized macrophages, monocytes and neutrophils
upregulate PD-L1 and Sca-1 during acute and chronic phases of
B. abortus infection
We then assessed if B. abortus controls the expression of PD-L1 and
Sca-1, two molecules linked to the acquisition of a negative reg-
ulatory profile in the recruited peritoneal macrophages, monocytes
and neutrophils by quantifying the total number of positive cells at 8
and 30 days p.i. by flow cytometry (Fig. 3a). In the peritoneal fluid,
similar reductions in the single or double positive PD-L1 Sca-1 F4/80hi

LPM cell subsets from B. abortus-infected mice were observed at
both time points when compared to non-infected PBS-injected con-
trols, whereas the number of F4/80intMHCIIhi SPM co-expressing the
PD-L1 and Sca-1 markers significantly augmented. Monocytes
recruited to the peritoneal cavity displayed a consistent phenotype
with enhanced numbers of PD-L1+Sca-1+Ly6Chi cells at days 8 and 30
p.i. The numbers of peritoneal Ly6G+ neutrophils expressing PD-L1
with or without Sca-1 co-expression were also significantly increased
at days 8 and 30 p.i. (Fig. 3a). When analyzing by spectral cytometry
the number of peritoneal cells expressing LAG-3 at day 8 p.i. (unde-
tected in our settings by flow cytometry and using TIM4 as an
additional marker for LPM41), a pattern evoking that of the PD-L1+Sca-
1+ cells was obtained (Fig. 3b and Supplementary Fig. S1f). We then
looked at the expression of these three markers in the F4/80+TIM4+

LPM, F4/80intMHCIIhi SPM, Ly6Chi and Ly6G+ cells recruited in the
omentum at day 8 p.i. by spectral cytometry (Fig. 3c). We found that
the total numbers of these four double positive PD-L1 and Sca-1 cell
populations were significantly higher than those of non-infected PBS-
injected controls. Moreover, a large fraction of these cells was also
LAG-3 positive (Fig. 3c).

Together, these data reveal in the omentum a constant influx of
macrophages/monocytes and neutrophils overexpressing PD-L1 and
Sca-1 after B. abortus infection, inferring a possible role of these cells in
the chronic stage of infection.

Macrophage, monocyte and neutrophil accretion in the omen-
tum at late time-points following B. abortus LPS stimulation
mimics that of infection and is core LPS-mediated
To gain insight into the mechanisms involved, we interrogated the
behavior in the omentum upon infection of a mutant of B. abortus
exhibiting a mannosyltransferase (wadC) gene deletion (Ba-wadC).
This mutation causes a lack of a characteristic core lateral penta-
saccharide inBrucella smooth LPS that eases its detectionbyTLR4 and,
therefore, makes themutant strain less virulent21–23. Bacterial counts in
the spleen and omentum at 15 days (the start of the chronic phase)
post-intraperitoneal infection of C57BL/6 mice with the wild-type B.
abortus (Ba-wt) or Ba-wadC strains showed a significant attenuation of
the Ba-wadC mutant strain in the omentum, which was more marked
than that in the spleen (Supplementary Fig. S1g). Noteworthily, while
CFU/organbetween thewt and thewadC strains varied in the spleenby
a 1.17 Log fold, this variation was of 2 in the omentum, supporting a
paramount role of this organ in brucellosis. This importance of an
intact LPS core in the persistenceofBrucella at the chronic phase in the
omentum led us explore the role of LPS in the mobilization of cells in
the peritoneal fluid and omentum of mice i.p.-injected with the LPS
purified from the B. abortus Ba-wt or Ba-wadC strains, or from the
canonical LPS from E. coli (Ec), which differs by its overall structure
from Brucella LPS23 (Fig. 4 and Supplementary Fig. S2a, b). In the
omentum,Ba-wt LPS injection triggered an early influx of F4/80hiTIM4+

resident macrophages (LPM), which persisted until 72 h, recalling the
pattern previously observed upon B. abortusmouse infection (Fig. 4a,
left top). Similar recruitment of LPMwas observed with Ba-wadC or Ec
LPS at an early time-point (12 h) of stimulation, the omental LPM
population declining promptly afterward and reaching almost steady-
state levels in the case of the Ec LPS samples. In the peritoneal fluid,
LPM decreased at 12 h after exposure to any of the three LPS and
remained diminished at 72 h only after Ba-wt LPS injection, in accor-
dance with the infection data (Fig. 3a, left top). Concerning F4/
80+MHCIIhi SPM, Ba-wt LPS injection drove higher numbers than did
the other LPS at 72 h post-LPS injection in both the peritoneal fluid and
omentum (Supplementary Fig. S2c). Ly6ChiCCR2+ circulating mono-
cytes rapidly accumulated in the peritoneal fluid and omentum 4h
after Ba-wt LPS stimulation and stayed in both locations until 72 h,
consistent with our observations inBrucella-infectedmice, unlikewhat
happened after Ba-wadC and Ec LPS administrations (Fig. 4a, left
bottom). In contrast to Ec LPS, both Ba-wt and Ba-wadC LPS adminis-
tration generated an early accumulation of Ly6G+ neutrophils in the
peritoneal fluid and omentum of mice, which was sustained only for
Ba-wt LPS, again in agreement with Brucella infection findings (Fig. 4a,
right). Together, these data indicate that the influx of macrophages,
monocytes, and neutrophils observed after B. abortus LPS stimulation
in the omentum and peritoneal fluid was similar to that following
infection and relies at late time points on the LPS core lateral deter-
minant, added by the wadC mannosyl transferase.

PD-L1+Sca-1+ macrophage, monocyte and neutrophil main-
tenance in the omentum after B. abortus LPS stimulation is core
LPS-mediated and independent of PD-L1
We further explored by flow cytometry the effect of the three types of
LPS on the expression of the immunosuppressive PD-L1 and Sca-1
surface markers on the macrophages, monocytes, and neutrophils of
the omentum (Fig. 4b and Supplementary Fig. S2d, e). From 4h to 24 h
post-LPS injection, high numbers of PD-L1+Sca-1+ F4/80hiMHCII+TIM4+

LPM, Ly6ChiCCR2+monocytes, andLy6G+ neutrophilswere triggered at
similar levels by all types of LPS (Supplementary Fig. S2d). However, at
48 h and 72 h, this accumulation of PD-L1+Sca-1+ macrophages (LPM
and SPM), monocytes, and neutrophils was sustained for Ba-wt LPS
only (Fig. 4b and Supplementary Fig. S2d, e). So, B. abortus LPS drives a
fast mobilization to the omentum of macrophages, monocytes, and
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neutrophils exhibiting a PD-L1+Sca-1+ phenotype, the persistence of
which depends on the LPS core lateral pentasaccharide moiety.

Next, we asked if the blockade of PD-L1 impactsBrucella infection.
C57BL/6 mice were i.p. infected with B. abortus, and neutralizing anti-
PD-L1 or isotype control antibodies were administered at day 2, 4, and
6 p.i.; bacterial loads in the spleen and omentum, determined at day 8
p.i. revealed no difference in either case (Supplementary Fig. S3a).

The anti-PD-L1 neutralizing antibodies, whose efficacy was attested by
the negligible numbers of all PD-L1+ cell types, had no effect either on
the numbers of macrophages, monocytes, and neutrophils accumu-
lated in the omentum at 48 h post-Ba-wt LPS injection (Supplementary
Fig. S3b). However, they drove a significant increase in all Sca1+ mye-
loid cell populations. Altogether, the interactions between PD-L1 and
PD-1 or CD80, both impaired by the neutralizing antibody42,
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are dispensable or insufficient for recruiting cells in the omentum at
48 h after Ba-wt LPS stimulation and for B. abortus infection. The sig-
nificant accretion of Sca1+ cells suggests that PD-L1 and Sca-1 expres-
sion may converge on common downstream signaling events and/or
that Sca-1 can compensate for the lack of PD-L1 availability.

CXCL1 secretion parallels the late omental recruitment of neu-
trophils elicited by Ba-wt LPS
CXCL1 is one of the major chemokines involved in neutrophil mobili-
zation from the bone marrow to the blood and tissues, and in neu-
trophil aggregation in the omentum by mesothelial cells upon
zymozan exposure12. To investigate if this molecule contributes to the
persistent cell recruitment observed in our settings, we first analyzed

by ELISA the levels of CXCL1 in the serum, peritoneal fluid and
omentum harvested at 48 h or 72 h after injection of mice with PBS or
Ba-wt LPS (Fig. 5a). CXCL1 levels were upregulated in the serum at 48 h
post-LPS stimulation only, unchanged in the peritoneal fluid inde-
pendently of the time point, and elevated in the omentum at both 48 h
and 72 h post-LPS administration. Although total CXCL1 concentration
at 48 hpost-LPS injectionwas higher in the serum, the fold induction at
48 h or 72 h versus the PBS condition was 3.1 and 3.2, whereas in the
omentum it reached 5.6 and 6.6, respectively (Fig. 5a). This indicates a
higher and stable CXCL1 secretion in the omentum from 48 h onward.
When comparing by confocal microscopy CXCL1 secretion in the
omentum at 4 h and 72 h after Ba-wt LPS or PBS injection, CXCL1+ cells
were detected in Ba LPS challenged omentum only at 72 h, with no
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colocalization with mesothelial cells (gp38), while Ly6G+ neutrophils
were visible at both time-points (Fig. 5b). The high influx of neutrophils
triggered by Ba-wt LPS at 48 h post-Ba-wt LPS stimulation (Fig. 5c)
occurred in the vicinity of the enlarged milky spot (MS) defined by
CD3+ T cells with a nearby production of CXCL1.

To define which omental myeloid cells might account for the
secretion of CXCL1, omentumharvested at 48 h post-injectionwith Ba-
wt LPS, Ec LPS, or PBS was analyzed by flow cytometry. Intracellular
staining for CXCL1 disclosed a significant production of CXCL1 by
Ly6Chi monocytes and Ly6G+ neutrophils, with a negligible contribu-
tion of omental F4/80hiTIM4+ or F4/80+MHCIIhi macrophages
(Fig. 5d, e). Omental cells from Ec LPS-treated mice barely produced
CXCL1, explaining the low influx of neutrophils observed at 48 h after
Ec LPS exposure (Fig. 4a). Upon B. abortus infection, CXCL1 was also
secreted by Ly6G+ neutrophils, Ly6ChiCCR2+ monocytes as well as by
F4/80+MHCIIhi SPM, in contrast to Ba-wt LPS stimulation for the latter,
as shown by spectral flow analysis of infected omentum (Fig. 5f).
Overall, the delayed CXCL1 production by omental monocytes and
neutrophils correlates with the late omental retention of neutrophils
uponBa-wt LPS challenge,while upon infection beside neutrophils and
monocytes CXCL1 is also produced by SPM.

PD-L1+Sca-1+ neutrophils restrain T cell lymphocyte
responsiveness
To verify that the PD-L1+Sca-1+ cells generated by B. abortus infec-
tion were immunosuppressive, neutrophils were isolated from the
peritoneal fluid of Ba-wt LPS injected mice or from the bone marrow
of a mock PBS-injected mouse. Neutrophils were then cocultured
with PMA/ionomycin-stimulated fluorescently labeled T cells for
72 h before flow cytometry analysis for cell proliferation and acti-
vation marker expression, IL-7-treated T cells serving as a negative
control of proliferation of surviving T cells (Fig. 6 and Supplemen-
tary Fig. S4a). Compared to the PMA/ionomycin-stimulated T cells
alone, decreased numbers of proliferative T cells were observed in a
dose-dependent manner in T cell/neutrophil cocultures, when
T cells were in the presence of neutrophils isolated from the peri-
toneal fluid of Ba-wt LPS challenged mice only (Fig. 6a, b and Sup-
plementary S4b, c). These neutrophils expressed the suppressive
markers PD-L1 and Sca-1 (Fig. 6a, left bottom). Moreover, inhibition
of proliferation was accompanied by a significant reduction of the
MFI of the activation markers, CD69 and CD25 at the surface of
CD4+ and CD8+ T cells (Fig. 6b and Supplementary S4c). This ability
to suppress T cell responses is shared by both Ba-wt and Ba-wadC
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challenged omental neutrophils (Fig. 7a). Hindrance of T cell
responsiveness operated also at the T cell receptor (TCR) engage-
ment level (Supplementary Fig. S4d–f). We next asked whether the
interaction of PD-L1 at the surface of neutrophils with PD-1 on
T cells43 was involved in this blockade. When Ba-wt LPS-challenged
peritoneal neutrophils were incubated with neutralizing anti-PD-L1
antibodies for 15min prior to their addition to stimulated T cells,
CD4+ and CD8+ T responses triggered by PMA/ionomycin or anti-
CD3/anti-CD28 antibodies remained similar to levels observed with
isotype control-treated cells (Supplementary Fig. S3c, d). Reduced
PD-L1 and higher Sca-1 levels were found in neutrophils after 24 h of
culture (Supplementary Fig. S3e), confirming the efficacy of PD-L1
neutralization and, again a compensatory overexpression of Sca-1
when PD-L1 is missing. Thus, the PD-L1/PD-1 axis is insufficient to
generate T-cell suppression, suggesting that another mechanism
operates. Indeed, the inhibition of CD4+ and CD8+ T cell prolifera-
tion and activation does not require direct contact between T cells
and Ba-wt LPS-challenged neutrophils, as revealed by the persis-
tence of the inhibitory effect in transwell assays (Fig. 7b and Sup-
plementary Fig. S4g). This points out the possible involvement of a
soluble factor.

IL-1RA secreted by PD-L1+Sca-1+ neutrophils lessens the
response of T cell lymphocytes
The levels of cytokines and chemokines were quantified in the sera
from thepatients andhealthy donors analyzed in Fig. 2c and submitted
to sparse Partial Least Squares analysis. Heat map analysis revealed
that each group could be differentiated by its serum chemokine/
cytokine profile (Fig. 8a). In particular, acute patients, who subse-
quently responded well to treatment, were differentiated by com-
paratively superior levels of IL-18, BDNF, CXCL1, FGF-2, IL-2, CXCL8,
TNF-β, HGF, CCL3, IL-4, VEGF-A, and IL-7. Acute patients who experi-
enced relapse showed comparatively higher CXCL10, IFN-γ, IL-10, TNF-
α, VEGF-D, IL-1RA, IL-31, SCF, PDGF-BB, IL-9, PIGF-1, IL-15, CCL4, IL-6, β-
NGF, IL-5, IL-22, IL-13 and CXCL12. By contrast, chronic patients were
characterized by comparatively greater levels of GM-CSF, IL-1β, IL-23,
IL-1α, IL-27, IL-17A, CCL5, IFN-α, and IL-21. Interestingly, moderate
levels of CXCL1, BDNF, IL-31, FGF-2, IL-2, IL-9, CXCL8, PIGF-1, IL-5, IL-13,
and CXCL12 were maintained in the sera of patients in chronic phase.
IL-1RA levelswere always higher in thebrucellosis-infectedgroups than
in healthy donor controls.

Since IL-1RAacts as amarker of brucellosis in humans and IL-1RA is
able to inhibit IL-1-enhanced T cell proliferation elicited by PHA44, we
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postulated that IL-1RA may be the soluble factor accounting for the T
cell inhibition elicited by neutrophils upon Ba LPS stimulation. We
examined if IL-1RA was produced in vivo in the omentum after LPS
injection (Fig. 8b) and in vitro in T cell-neutrophil co-cultures (Fig. 8c).
In all cases, IL-1RA was detected at physiological levels45. We then
investigated if Ba LPS was the driver of IL-1RA expression and analyzed
the numbers of peritoneal neutrophils producing IL-1RA in Ba-wt LPS-,
Ec LPS- or mock-treated cells isolated at 48 h post-in vivo challenge
(Fig. 8d). Significantly higher IL-1RA-producing cells were triggered by
Ba-wt LPS compared to the numbers present in the mock or Ec LPS
conditions (Fig. 8d, left). When focusing on the IL-1RA+Ly6G+ neu-
trophils, similar percentages of PD-L1+Sca-1+ neutrophils were gener-
ated by Ba-wt and Ec LPS (Fig. 8d, right). To ultimately prove the
immunosuppressive role of IL-1RA on T cell responsiveness, we ana-
lyzed the proliferation and activation marker expression of fluores-
cently labeled T cells 72 h after TCR engagement by anti-CD3/CD28
antibody stimulation in the presence or absence of 10 ng/ml of
recombinant IL-1RA (Fig. 8e, f). Proliferation and MFI levels of CD69
and CD25 of both CD4+ and CD8+ T cells were significantly impaired in
the presence of the cytokine. Most importantly, during infection in the
mouse, IL-1RA was detected in the omentum both at the acute and
chronic stages (Fig. 9a) and produced by omental neutrophils, as well
as monocytes and SPM at day 8 p.i. (Fig. 9b). The IL-1RA+Ly6G+ neu-
trophils were mostly PD-L1+Sca-1+ (Fig. 9c). Analysis of the correlation
between eachof the IL-1RA+myeloid cell typewith the total, PD-1+, LAG-
3+ or LAG-3+PD-1+ CD4+ or CD8+ or CD4+CD62L-CD44+CD25+GITR+ T

regulatory (Treg)46 T cells during B. abortus infection revealed that
IL-1RA+Ly6G+ neutrophils positively associated with CD4+ and CD8+

expressing both PD-1 and LAG-3 suppressive markers (Fig. 9d and
Supplementary Figs. S1f, S4h). IL-1RA+Ly6C+ monocytes were pre-
ferentially linked to PD-1+LAG-3+ CD4+ T cells and Treg, while no sig-
nificant association was seen with IL-1RA+ macrophages.

Together, these results reveal that Ba-wt LPS governs a long-
lasting omental accumulation of PD-L1+Sca-1+ neutrophils, stimulating
them to produce IL-1RA, which in turn suppresses T cell expansion and
activation during infection.

Discussion
The role of the omentum in establishing chronic infection and the
underlying mechanisms remain unclear. Using Brucella as a stealthy
intracellular bacterial paradigm and the mouse model, we demon-
strate that B. abortus not only replicates in omental macrophages but
remains in the omentum for protracted periods of time (up to 90
days), similarly to what happens in the spleen or lymph nodes, the
main known reservoirs for chronic brucellosis. This colonization
occurs even when mice are inoculated via gavage, a peritoneal distant
site of inoculation and a more natural route47, in two different genetic
backgrounds, considered as somewhat resistant (C57BL/6) or sensitive
(BALB/c) to Brucella infection, hence establishing a preferential trop-
ism of Brucella for this organ. The ability of B. abortus to infect and
persist in the omentum and its associated macrophages has never
previously been described as a bacterial pathogen, even though other
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intracellular bacteria (like M. tuberculosis, R. prowazekii, C. burnetii),
parasites (such as P. berghei, T. cruzi and T. brucei) or viruses (e.g., HIV,
SIV) have been detected in adipose tissue or adipocytes16–19,48,49.

As reported in different infectious contexts7,8,50, peritoneal expo-
sure to B. abortus triggers a series of events, including the recruitment
and homing of myeloid cells to the omentum that increases the cel-
lularity of milky spots (MS). The early omental influx of myeloid cells
that we observed is coherent with the increased differentiation of
hematopoietic stem cells toward the myeloid lineage triggered by the
interaction of SLAMF1/CD150 with B. abortus outer membrane protein
Omp25 during the acute phase of infection51. Its maintenance fits also
perfectly with the augmented levels of GM-CSF, a major regulator of
myeloid cell development and function52, that we detected in the
serum of patients with chronic brucellosis. Moreover, the late persis-
tence of CXCL1 that is specifically produced in the omentum upon B.
abortus LPS exposure and upon infection suggests that as described
after E. coli infection11, neutrophils are directly mobilized from the
blood through the high endothelial venules. Our identification of

CXCL1 as a serum marker of brucellosis further infers that an analo-
gous omental accretion of neutrophils is likely to take place in humans,
which would explain the neutropenia observed in one-third of
patients53. However, the early influx of neutrophils is CXCL1-indepen-
dent, in contrast to the response to zymosan12. This initial neutrophil
mobilization mechanism does not involve the peculiar LPS core of
Brucella and is partially shared with the Ec LPS, possibly involving
eicosanoid leukotrienes54, whose synthesis pathway is stimulated in
brucellosis55,56. Considering that infected macrophages/monocytes or
neutrophils may undergo efferocytosis25,26,57, and are spatially co-
located around the MS with its high blood and lymphatic vessel den-
sity, we propose that the omentum functions as a reservoir and cell
dissemination platform for intracellular pathogens like B. abortus,
forming a central hub for the egress of bacteria engulfed cells from the
omentum to the circulation, and vice versa.

Remarkably, myeloid cells accumulating in the peritoneal cavity
during B. abortus infection are characterized by a suppressive PD-
L1+Sca-1+ phenotype. This accretion in the peritoneal fluid and
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(black) administration. Mean of pooled data ± SD. 1-3 mice/group, n = 3. Significant
differences are shown (one-way ANOVA followed by Tukey’s multiple comparison
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anti-CD28-stimulated (right, red) T cells cocultured or not (black) with Ba-wt LPS-
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No p-value, non-significant. e Absolute numbers of proliferative cells in anti-CD3/
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Dunnet’s multiple comparison test; CD69: CD4+ F = 142.8, CD8+ F = 91.25; CD25:
CD4+ F = 30.02, CD8+ F = 18.83; all DF = 16). Source data are provided as a Source
Data file.
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omentum at late time points after challenge is mediated by a Brucella
wt LPS core moiety absent in the LPS purified from the wadCmutant,
which presents a congruous attenuation in omentum upon infection.
PD-L1 or Sca-1 upregulation has been implicated in CD4+ T cell immune
suppression by Burkholderia pseudomallei-infected neutrophils58 for
the former and in acquisition of a suppressive regulatoryphenotypeby
T. gondii-30 or gammaherpesvirus-infected31 monocytes for the latter.
We now show that PD-L1+Sca-1+ macrophages, monocytes, and neu-
trophils accumulate in the omentum and peritoneal fluid in a Ba-wt
LPS-dependent fashion. DuringB. abortus infection in themouse,most
of the PD-L1+Sca-1+ myeloid cells were positive for LAG-3. LAG-3 is a
well-known T cell inhibitory receptor, which in myeloid cells has been
so far found expressed only on human plasmacytoid dendritic cells
from melanoma patients39. We bring here direct evidence for an
upregulation of LAG-3 during B. abortus infection in multiple myeloid
cells andneutrophils inparticular. Futureworkwill bring clues as to the
physiological relevance and function of LAG-3 expression in these
cells. In accordance with these murine data, we found that the
expression of CD274/PDL1, LAG3, and Ly6E, a putative human homolog
of Sca-1, is upregulated in whole blood from acute phase brucellosis
patients. This suggests that both the PD-1/PD-L1 axis and Sca-1, as well
as LAG-3 play a role during natural Brucella infection in humans. PD-1
upregulation has been indeed detected at the surface of blood CD4+

and CD8+ T cells from acute and chronic phase brucellosis patients59.
Blocking PD-L1-PD-1 interaction did not increase B. abortus clearance
or modify the influx of myeloid cells to the omentum, indicating that
compensatory mechanisms e.g., a putative LPS-driven overexpression
of Sca-1 may operate. In the mouse, during chronic B. melitensis
infection, IFN-γ-blunted CD8+ T cells overexpressing PD-1 and LAG-3
have been described60. Brucella LPS perdures at the surface of peri-
toneal macrophages for months, long after its disappearance in the

peritoneal fluid, remaining associated in macrodomains with MHC
class II molecules61, thus reducing their antigen presentation ability to
CD4+ T cells, which are consequently less activated24. PD-L1 expression
at the surface of macrophages may further provide a constitutive
negative signal as shown in tumor-associatedmacrophages62 or during
gHV infection63.

Our data establish PD-L1+Sca-1+ neutrophils as critical determi-
nants of T cell immunosuppression, impairing both the proliferation
and activation of CD4+ and CD8+ T cells stimulated at the TCR level or
downstream. These findings are supported by the enhanced B. abortus
clearance andT cell activation at late time points of infection inmurine
experimental models devoid of neutrophils27. Of note, PD-L1+ neu-
trophils with the ability to suppress CD8+ T cell functions have been
described hitherto in viral or parasitic infectious contexts only64–66. In
the case of bacterial infections, CD11b+GR1+Sca-1+ myeloid cells pro-
duce more IFN-γ in the peritoneal fluid during infection by S. aureus
and increase mortality upon transfer67. The balance between Sca-1 and
PD-L1 expression may be a way to instruct regulatory neutrophils
toward a suppressive phenotype. IL-1RA is upregulated in the serumof
brucellosis patients (this study) and genetic polymorphism in its gene,
IL1RN, has been linked to human susceptibility to brucellosis68. Upon
Ba LPS exposure and during both the acute and chronic stages of
infection in the mouse, omentum produces IL-1RA at comparable
levels, in the range of those secreted by in vivo LPS-challenged peri-
toneal neutrophils cultured in vitro for two days. Consistently,
recombinant IL-1RA leads toCD4+ andCD8+ T cell hypo-responsiveness
in vitro. During B. abortus infection, the positive association of IL-1RA-
producing neutrophils with CD4+ and CD8+ T cells expressing both PD-
1 and LAG-3 suggests that this T cell immunosuppressivemechanism is
definitely acting. Yet, IL-1RA is additionally produced by monocytes;
the privileged link of IL-1RA-producing monocytes with PD-1+LAG-3+
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CD4+ T cells and Treg during B. abortus infection opens up a com-
plementary and specific role for these cells in immunosuppression,
which needs future investigations. It remains that herein we provide
the first demonstration of a T cell suppressive role of IL-1RA produced
by neutrophils. Human neutrophils secrete IL-1RA in response to GM-
CSF or TNF69 or upon efferocytosis when infected by Yersinia pestis70.
This suggests that this inhibitory mechanism may represent a general
subversion strategy in humans for intracellular bacterial pathogens
that can stay dormant and relapse for long periods of time, like Bru-
cella,M. tuberculosis,R. prowazekii,C. burnetii,or Francisella tularensis.

In conclusion, we have unraveled an unexpected evasion strata-
gem employed by B. abortus, which through triggering a sustained
local recruitment of PD-L1+Sca-1+ suppressive neutrophils secreting IL-
1RA impairs T cell responsiveness and most likely favors bacterial
persistence in host reservoirs such as the omentum during chronic
stages of infection. A similarmodusoperandi, presented inFig. 10,may
exist for brucellosis in humans and natural hosts as well as for other
intracellular bacterial infections using phagocytes as a replicative
niche and/or the omentum as a reservoir. Targeting PD-L1 and Sca-1,
and/or IL-1RA and/or omentum may provide promising therapeutic
avenues for the treatment of chronic bacterial infections and eradicate
the pathogens hidden in permissive niches.

Methods
Ethics
This study complies with all relevant ethical regulations. Animal
experimentation (authorization APAFIS 32624) was conducted in
strict compliance with good animal practice as defined by the French
animal welfare bodies (Law 87–848, Decree 2001-464 and Decree
2001-131 relative to European Convention, EEC Directive 86/609/EC).
Authorization of Brucella experimentation in the Center d’Immuno-
phénomique (CIPHE) BSL3 facility, Marseille, was given under the
numbers: AMO-076712016−5, AMO076712016-6, and AMO-

076712016-7, at the Universidad de Navarra BSL3, Pamplona, under
the number CEEA-R077-20, by the Gobierno de Navarra following the
Spanish (RD 53/2013) legislations, and at the Université de Namur
BSL3, Namur, under the number UNLE-23/399 by The Animal Welfare
Committee of the Université de Namur. Animal experimentations are
supervised by the Ethical and Animal Welfare Committee of the
institutions. All efforts were made to minimize suffering during ani-
mal handling and experimentation. The study in humans was
approved by the Ethics Committee of the Medical Faculty in Skopje,
Republic of North Macedonia (authorization 03-7670/2). Laboratory
data were acquired during routine diagnostic procedures, and writ-
ten consent was obtained from all the patients and healthy donors
enrolled.

Mice
Female mice aged 7–10 weeks were obtained from Janvier
Laboratories (C57BL/6 J and BALB/c). Animals were housed in the
CIML animal house facility (France) and in the animal facility of
the Gosselies campus of the Université Libre de Bruxelles (Bel-
gium) in ventilated cages with water and food ad libitum under
specific pathogen-free conditions at an ambient temperature of
22 °C with a 12 h light/dark cycle and 30–70% (55%average)
humidity. Infection experiments were mostly carried out in the
BSL3 at the CIPHE animal house facility in Marseille. Two weeks
before the start of experiments, mice were transferred to the
BSL3 and kept under strict biosafety containment conditions all
along with infection with live bacteria.

Bacterial strains
Brucella abortus smooth virulent 2308 strain and a derived transgenic
DsRed-expressing strain were used47. All Brucellae were kept, grown,
and used under strict biosafety containment conditions throughout
the experiments in the BSL3 facility. B. abortus strains were grown on
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Fig. 10 | Model for a new function of omental neutrophil-secreted IL-1RA in
limiting T cell responsiveness during the chronic stage of B. abortus infection.
Upon B. abortus infection, the bacteria replicate in omental macrophages and
persist until the chronic stage in the omentum, identified as a pathogenic reservoir.
B. abortus mobilizes macrophages, monocytes, and neutrophils to the peritoneal
cavity and the omentum, nearby milky spots. These cells harbor an immunosup-
pressive phenotype, characterized by the co-expression of PD-L1 and Sca-1 that

remains from the acute to the chronic phase of infection and is driven by B. abortus
LPS. Maintenance of these immunosuppressive cells in the omentum depends on
the wadC-encoded determinant of Brucella LPS. IL-1RA, which is notably secreted
by PD-L1+Sca-1+ omental neutrophils and impairs CD4+ and CD8+ T cell respon-
siveness, is produced until the chronic phase of infection in the omentum, most
likely favoring bacterial persistence. The illustrationwas created by Biorender.com.
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tryptic soy agar plates, and 50 µg/mL kanamycin for the DsRed strain.
For infection, strains were grown for 16 h at 37 °C under shaking in
tryptic soy broth until OD at 600nm reached 1.

Mouse infection and pharmacological treatments
Mice were inoculated intraperitoneally with 1 × 106 CFU of the B.
abortus chosen strain or with 1 × 109 CFU for gavage infection47. When
specified, mice were injected i.p. with 200 µg/mL of neutralizing anti-
PD-L1 (BioXcell, clone 10 F.9G2) or isotype control (BioXcel, LTF2)
antibodies at the indicated time points right after infection (or i.v. at
the indicated time points upon Ba-wt LPS challenge). At the indicated
times after infection, the peritoneal cavity was opened under aseptic
conditions. The peritoneal fluid exudate was harvested by injection of
4mL sterile PBS, followed by a gentle massage of the peritoneum to
dislodge any attached cells and fluid aspiration, and centrifuged
10min at 400G at 4 °C. Omentum and spleenwere then harvested and
weighted. Peritonealfluid exudate pelleted cells, omentum, and spleen
were incubated for 1 h in 50μg/mL gentamicin (Sigma Aldrich, G1397)
and washed 3 times with sterile PBS to remove extracellular bacteria.
For colony forming unit (CFU) enumeration, organs were dissociated
into sterile PBSby crushingwith a syringe plunger in a 70μmnylon cell
strainer. Omental cells were recovered by centrifugation, and half of
the spleen was used. Serial dilutions in sterile PBS were plated in tri-
plicates onto TSB agar and incubated for 3 days at 37 °C. The second
half of the spleen was processed for cell population determination by
flow cytometry. When CFU was found equal to zero, value 1 was used
arbitrarily to detect the individual point on a graph with a Log10 scale.

Lipopolysaccharides
LPS from Ba-wt, Ba-wadC, and E. coli ATCC 35218 (Ec) were purified as
described21. All preparations were above 98% purity and devoid of
contaminant proteins, free lipids, nucleic acids, and cyclic glucans. A
stock of 2mg/mL of each LPS was prepared in pyrogen-free sterile
water, sonicated briefly, and sterilized by autoclaving. Themolarmass
ratio of the different LPS (Ec LPS: Ba-wt LPS: Ba-wadC= 1:3:2) was cal-
culated based on the KDO content71. Equal molarity of LPS was intra-
peritoneally injected in mice, with a dosage of 10μg, 30μg or 20μg
per mouse for Ec, Ba-wt, and Ba-wadC LPS, respectively.

Cytometry
Omentum was digested for 8min at 37 °C with agitation in RPMI, 2 µg/
mL collagenase type II (Worthington Biochemical Corporation,
LS004174), 0.2 µg/mL DNAse I (Sigma, DN25100MG). Digestion was
stopped in RPMI, 10mM EDTA, and 2% Bovine Serum Albumin (BSA).
Pieces of omentum were then minced with scissors, crushed with a
syringe plunger on a 70μmnylon cell strainer, and filtered in the same
buffer. Total single-cell suspensions finally proceeded for FACS ana-
lysis. For peritoneal fluid exudates, suspensions were prepared as
mentioned above by injecting 4mL of cold PBS into the peritoneal
cavity, and red blood cells were removedwith the red blood cell (RBC)
lysis buffer (eBioscience, 00-4333−57). Cell suspensionswere spined at
400G at 4 °C and pelleted cells proceeded to FACS analysis. Spleen
tissue was cut into small pieces and incubated in gentleMACS with a
mixture of 500 µL RPMI, 2 µg/mL type II collagenase, 2 µg/mL DNAse I
for 20min at 20 °C and 10mM EDTA was added to stop digestion.
Splenic cell suspensions were filtered on a 70 µm nylon cell strainer,
washed oncewith RPMI, 5% fetal bovine serum (FBS, PANBiotech, P30-
3033), and red blood cells were removed with the RBC lysis buffer in
FACSbuffer (PBS, EDTA2mM,FBS2%) to a cell concentrationof 2 × 106

for 100 µL before staining. Absolute numbers for eachpopulationwere
obtained using beads (eBioscience, BD556296). Generally, cells were
preincubated on ice for 10min with the 2.4G2 hybridoma supernatant
to block Fc receptors and stained for surface markers for 30min at
4 °C. Cell viability was evaluated using LiveDead Fixable Blue DeadCell
Stain Kit (Life Technologies, L34961) for 15min at 4 °C. When needed,

cells were fixed for 15min in 2% PFA at 20 °C. Antibodies for the
staining mixes are listed in Supplementary data 1. For intracellular
staining, isolated cells or omentum were incubated for 3 h in the pre-
sence of 10 µg/mL Brefeldin A (Sigma, B7651−5MG) and then BD
Cytofix/Cytoperm solution (BD Biosciences, 554722) was used
according to the manufacturer’s instructions. Multiparameter flow
cytometry up to 14 channels was performed using a FACS Fortessa (BD
Biosciences), and data were analyzed with the FlowJo v10 software.
Multiparameter spectral cytometry with 45 channels was performed
using an Aurora machine (Cytek) and data were analyzed with the
SpectroFlo software (Cytek).

Cytokine/chemokine dosage
For mouse studies, peritoneal fluid exudates were spined at 400G at
4 °C, and supernatants were put at − 80 °C. Murine-isolated omenta
were digested for 30min at 4 °C with agitation in PBS, 0.5% Triton X-
100, 0.5% NP-40, and protease inhibitors; after centrifugation at
9300G for 20min, omental supernatants were put at − 80 °C. The
dosage of murine CXCL1 (Cusabio, CSBE17286m) or IL-1RA (Thermo-
fisher, EMIL1RN) was done by ELISA following the manufacturer’s
instructions. Murine CXCL1 levels were also measured in serum, and
those of IL-1RA in T cell-neutrophil coculture supernatants after 2 days
of culture. For comparison purposes, all values were normalized to a
2mL final volume.

For human studies, cytokine/chemokine concentrations were
determined at the initial visit in serum from acute, acute with relapse,
chronically infected patients, and healthy donor control groups by
Luminex using the Human Cytokine/Chemokine/Growth Factor 45-
Plex ProcartaPlex Panel 1 (ThermoFisher, EPX450-12171-901) according
to supplier’s recommendations. The resulting datawerenormalizedby
Log10 transformation and Pareto (mean-centered and divided by the
square root of the standard deviation for that variable), and then
analyzed by sPLS-DA (sparse Partial Least Squares Discriminant Ana-
lysis) algorithm to produce an easy-to-interpret model that can dis-
criminate groups and rank the chemokine/cytokine variables by the
absolute values of their loadings that were used to define the latent
components. sPLS-DA and supporting heat map analysis was carried
out using theMetaboAnanalyst platformversion 5.0. For this cytokine/
chemokine analysis, number and features of patients enrolled in each
clinical group are the following: Acute treated, n = 20 (15.78% women;
age range 4–64 years with a median age of 42); Acute with relapse,
n = 6 (16.66% women; age range 17−59 years with a median age of 39);
Chronic, n = 5 (40% women; age range 28−56 years with a median age
of 42); Healthy donor, n = 20 (with similar median age and sex ratio).

Immunostaining
Omenta were harvested and fixed immediately with Antigenfix (Dia-
path, P0016) for 25min at 4 °C, and washed in PBS. For cytokine/
chemokine in situ visualization, whole omenta were first incubated in
RPMI, 5% FBS, 10 µg/mL Brefeldin A for 3 h at 37 °C, then fixed with
Antigenfix. After permeabilization and blocking of non-specific sites
with 0.5% saponin, 2% BSA, 1% FBS, and 1% donkey or goat serum for
2 h, the whole organs were labeled for 24h–48 h at 4 °C with primary
antibodies (Supplementary Data 1) followed by incubation for 2 h at
20 °C with secondary antibodies. Whole organs were mounted in
ProlongGold (Invitrogen, P10144). Imageswere acquired on aConfocal
laser scanning microscopy Zeiss Fastairyscan LSM880. Images of
2048 × 2048 pixels were then assembled using Adobe Photoshop
2024. 3D reconstruction of the confocal image was done on Imaris.

Isolation of T cells and Neutrophils
Peritoneal or omental neutrophils were recovered from respectively
the peritoneal fluid exudates or omentum of C57BL/6 J mice at 48 h
post-Ba-wt or post-Ba-wadC LPS in vivo challenge, harvested and
prepared as described above; cell suspensions were washed twice in
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PBS at 4 °C. Bonemarrow neutrophils (Bm neutrophils) were obtained
from the femurs and tibias of C57BL/6 J naïve mice. Briefly, bone ends
were cut off, and bone marrow was flushed with RPMI, 5% FBS, and
50μM2-mercaptoethanol. Fromboth cell suspensions, red blood cells
were removed as described above. Afterward, neutrophils were pur-
ified by negative magnetic isolation using the mouse neutrophil Iso-
lation kit (Miltenyi Biotec, 30-097658) plus the anti-F4/80MicroBeads
UltraPure (15 µL permix,Miltenyi Biotec, 130-110443), according to the
manufacturer’s instructions.

T cells were extracted from the spleens of naïve C57BL/6 J mice
and isolated using the Dynabead Untouched Mouse T Cells Kit (Invi-
trogen Life Technologies, 11413D) according to the manufacturer’s
protocol. Cells were resuspended in RPMI, 10% heat-inactivated FBS,
and 50μM 2-mercaptoethanol, further referred to as a complete
medium. Proper isolation was validated by staining the resulting cell
suspensions with anti-CD11b, anti-CD3, anti-CD5, anti-Ly6G, anti-F4/
80, anti-PD-L1, and anti-Sca-1 antibodies from Biolegend (Supplemen-
tary Data 1).

Neutrophil and T cell co-cultures
Splenic murine total T cells were labeled with 5 µM CellTrace Violet
(ThermoFisher Scientific, 100,000 cells per well). Proliferation was
induced by coated anti-CD3 (5 µg/mL, clone 145-2C11, ThermoFisher)
and anti-CD28 (1 µg/mL, clone 37.51, ThermoFisher), or Phorbol 12-
Myristate 13-Acetate (PMA, 10 ng/ml, Sigma, P1585) and ionomycin
(250ng/ml, Sigma, I9657). Nonproliferative controls were incubated in
the presence of 50 ng/mL murine rIL-7 (PeProtech, 217-17). Peritoneal
neutrophils (pN) or omental (oN) from Ba-wt or Ba-wadC-LPS injected
mice or bone marrow neutrophils (BmN) from non-treated mice were
added at the indicated ratios (1:1, 100,000, or 1:0.5, 50,000 neu-
trophils per well). When specified, pNeutrophils were pre-incubated
with anti-PD-L1 (200 nM, clone 10 F.9G2, BioXcell, PB0101) or isotype-
matched (anti-rat IgG2b isotype control, BioXcell, BP0090) antibodies
for 15min before co-culture with total T cells. When indicated,
recombinant murine IL-1RA (10 ng/ml, PeProtech, 200-01RA) was
added to purified total T cells stimulated or not with anti-CD3/
anti-CD28.

For transwell assays, pNeutrophils were cultured at a 1:1 T cell
ratio on6.5 µmpolycarbonatefilter insertswith0.4 µmpores (Corning,
3413) in 24-well flat-bottom plates (Falcon, 353047). T cells were cul-
tured on the bottom (300,000T cells per well) and stimulated with
anti-CD3/anti-CD28 antibodies or PMA/ionomycin as described above.

In all conditions, cells were harvested after 3 days of co-culture,
stained with monoclonal antibodies against CD5, CD4, CD8, Ly6G,
CD25, CD69, PD-1, Sca-1, and CD44 (Supplementary Data 1) and ana-
lyzed on a FACS Fortessa flow cytometer (BD Biosciences). T cells with
CellTrace violet intensity below stained IL-7-cultured controls were
counted as proliferating T cells.

Human RNA-seq Analysis
Peripheral blood mononuclear cells (PBMC) were isolated using Ficoll
from whole blood of healthy volunteers or brucellosis patients at the
first visit, and RNA sequencing was performed following a procedure
established by the Benaroya Research Institute, Seattle, USA. Number
and features of patients enrolled in each clinical group: Acute treated,
n= 56 (14.54% women; age range 4–73 years with a median age of 43);
Acute with relapse, n=6 (16.66% women; age range 17–59 years with a
median age 39); Chronic, n= 11 (18.18% women; age range 28–70 years
with amedian age of 38); Healthy donor, n= 32 (with similarmedian age
and sex ratio). Serum from some of these patients and healthy donor
control blood were kept at −80 °C for cytokine/chemokine dosage.
Original RNA-seq data were deposited on gene expression omnibus
(GEO-NCBI-NIH; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE69597). Patients were handled at the University Clinic of Infectious
Diseases and Febrile Conditions, Skopje, from 2007 to 2015. 217 men

and85womenwith amedian age of 39 years (range 3–79)were enrolled.
Sex was not considered as a variable in this study because the sex of
patients reflected the incidence of the disease. Informed consent was
obtained from the patients and healthy donors enrolled in the study,
based on routine diagnostic blood collection. Brucellosis diagnosis was
grounded on clinical signs and symptoms compatible with brucellosis
(fever, arthralgia, sweating, malaise, splenomegaly, hepatomegaly, signs
of focal disease), and confirmed by a qualitative positive Rose Bengal
test and a Brucellacapt assay of >1/320.

Statistics
Results were analyzed with the GraphPad Prism v9 and v10 software
(San Diego, CA, USA). The error bars show the standard deviation. For
all tests, we performed a Shapiro-Wilk test to assess the normality of
data distribution. When data homogenization was needed for a figure
panel, the test giving themost stringent values was always chosen. The
Number of experiments, group size, and statistical tests used are
indicated in the figure legends. Values of p < 0.05 were considered
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Original RNA-seq data were deposited on gene expression omnibus
(GEO-NCBI-NIH; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
=GSE69597). All raw data generated in this study are provided in the
Supplementary Information/Source Data file. Datasets associated with
this study are deposited on figshare (https://doi.org/10.6084/m9.
figshare.27247905). Source data are provided in this paper.

References
1. González-Espinoza, G., Arce-Gorvel, V., Mémet, S. & Gorvel, J.-P.

Brucella: Reservoirs and niches in animals and humans. Pathogens
10, 186 (2021).

2. Moreno, E. & Moriyón, I. in The Prokaryotes (eds Dworkin, M. et al.)
315–456 (Springer New York, 2006).

3. Grilló,M.-J., Blasco, J., Gorvel, J., Moriyón, I. &Moreno, E.What have
we learned from brucellosis in the mouse model? Vet. Res. 43,
29 (2012).

4. PesceViglietti, A. I., Giambartolomei,G.H.,Quarleri, J. &Delpino,M.
V. Brucella abortus infection modulates 3T3-L1 adipocyte inflam-
matory response and inhibits adipogenesis. Front. Endocrinol. 11,
585923 (2020).

5. de Souza, T. D. et al. Tissue distribution and cell tropism of Brucella
canis in naturally infected canine foetuses and neonates. Sci. Rep.
8, 7203 (2018).

6. Platell, C., Cooper, D., Papadimitriou, J. C. & Hall, J. C. The omen-
tum. World J. Gastroenterol. 6, 169–176 (2000).

7. Liu, M., Silva-Sanchez, A., Randall, T. D. & Meza-Perez, S. Specia-
lized immune responses in the peritoneal cavity and omentum. J.
Leukoc. Biol. 109, 717–729 (2021).

8. Rangel-Moreno, J. et al. Omental milky spots develop in the
absence of lymphoid tissue-inducer cells and support B and T cell
responses to peritoneal antigens. Immunity 30, 731–743 (2009).

9. Vega-Perez, A. et al. Residentmacrophage-dependent immune cell
scaffolds drive anti-bacterial defense in the peritoneal cavity.
Immunity 54, 2578–2594 (2021).

10. Louwe, P. A. et al. Recruited macrophages that colonize the post-
inflammatory peritoneal niche convert into functionally divergent
resident cells. Nat. Commun. 12, 1770 (2021).

11. Buscher, K. et al. Protection from septic peritonitis by rapid neu-
trophil recruitment through omental high endothelial venules. Nat.
Commun. 7, 10828 (2016).

Article https://doi.org/10.1038/s41467-024-55799-2

Nature Communications |          (2025) 16:862 14
Content courtesy of Springer Nature, terms of use apply. Rights reserved



12. Jackson-Jones, L.H. et al. Stromal cells coveringomental fat-associated
lymphoid clusters trigger formation of neutrophil aggregates to cap-
ture peritoneal contaminants. Immunity 52, 700–715 (2020).

13. Okabe, Y. & Medzhitov, R. Tissue-specific signals control reversible
program of localization and functional polarization of macro-
phages. Cell 157, 832–844 (2014).

14. Bénézech, C. et al. Inflammation-induced formation of fat-
associated lymphoid clusters. Nat. Immunol. 16, 819–828 (2015).

15. Christian, D. A. et al. cDC1 coordinate innate and adaptive respon-
ses in the omentum required for T cell priming and memory. Sci.
Immunol. 7, eabq7432 (2022).

16. Beigier-Bompadre, M. et al. Mycobacterium tuberculosis infection
modulates adipose tissue biology. PLOSPathog. 13, e1006676 (2017).

17. Bechah, Y., Paddock, C. D., Capo, C., Mege, J.-L. & Raoult, D. Adi-
pose tissue serves as a reservoir for recrudescent rickettsia pro-
wazekii infection in a mouse model. PLoS ONE 5, e8547 (2010).

18. Bechah, Y. et al. Persistence of coxiella burnetii, the agent of Q
fever, in murine adipose tissue. PLOS ONE 9, e97503 (2014).

19. Trindade, S. et al. Trypanosoma brucei parasites occupy and
functionally adapt to the adipose tissue in mice. Cell Host Microbe
19, 837–848 (2016).

20. Barquero-Calvo, E. et al. Brucella abortus uses a stealthy strategy to
avoid activation of the innate immune system during the onset of
infection. PLoS ONE 2, e631 (2007).

21. Conde-Alvarez, R. et al. The lipopolysaccharide core of Brucella
abortus acts as a shield against innate immunity recognition. PLoS
Pathog. 8, e1002675 (2012).

22. Zhao, Y. et al. Immunomodulatory properties of Brucella melitensis
lipopolysaccharide determinants on mouse dendritic cells in vitro
and in vivo. Virulence 9, 465–479 (2018).

23. Pellegrini, J. M., Gorvel, J. P. & Mémet, S. Immunosuppressive
mechanisms in brucellosis in light of chronic bacterial diseases.
Microorganisms 10, https://doi.org/10.3390/microorganisms
10071260 (2022).

24. Forestier, C., Deleuil, F., Lapaque, N., Moreno, E. & Gorvel, J. P.
Brucella abortus lipopolysaccharide in murine peritoneal macro-
phages acts as a down-regulator of T cell activation. J. Immunol.
165, 5202–5210 (2000).

25. Moreno, E. & Barquero-Calvo, E. The role of neutrophils in bru-
cellosis. Microbiol. Mol. Biol. Rev. 84, https://doi.org/10.1128/
mmbr.00048-20 (2020).

26. Gutiérrez-Jiménez, C. et al. Neutrophils as Trojan Horse Vehicles for
Brucella abortus Macrophage Infection. Front. Immunol. 10,
1012 (2019).

27. Barquero-Calvo, E. et al. Neutrophils exert a suppressive effect on
Th1 responses to intracellular pathogen brucella abortus. PLOS
Pathog. 9, e1003167 (2013).

28. Barquero-Calvo, E. et al. Brucella abortus induces the premature
death of human neutrophils through the action of its Lipopoly-
saccharide. PLoS Pathog. 11, e1004853 (2015).

29. Sun, C., Mezzadra, R. & Schumacher, T. N. Regulation and function
of the PD-L1 checkpoint. Immunity 48, 434–452 (2018).

30. Askenase, M. H. et al. Bone-marrow-resident NK cells prime
monocytes for regulatory function during infection. Immunity 42,
1130–1142 (2015).

31. Machiels, B. et al. A gammaherpesvirus provides protection against
allergic asthma by inducing the replacement of resident alveolar
macrophages with regulatory monocytes. Nat. Immunol. 18,
1310–1320 (2017).

32. Roop, R. M., Bellaire, B. H., Valderas, M. W. & Cardelli, J. A. Adap-
tation of thebrucellae to their intracellular niche.Mol.Microbiol.52,
621–630 (2004).

33. Goenka, R., Guirnalda, P. D., Black, S. J. & Baldwin, C. L. B Lym-
phocytes provide an infection niche for intracellular bacterium
Brucella abortus. J. Infect. Dis. 206, 91–98 (2012).

34. Ghosn, E. E. B. et al. Two physically, functionally, and devel-
opmentally distinct peritoneal macrophage subsets. Proc. Natl.
Acad. Sci. USA 107, 2568–2573 (2010).

35. Cassado, Ad. A. et al. Cellular renewal and improvement of local
cell effector activity in peritoneal cavity in response to infectious
stimuli. PLoS ONE 6, e22141 (2011).

36. Zhao, Y., Zou, W., Du, J. & Zhao, Y. The origins and homeostasis of
monocytes and tissue‐resident macrophages in physiological
situation. J. Cell. Physiol. 233, 6425–6439 (2018).

37. Khaenam, P. et al. Refining brucellosis diagnosis by blood tran-
scriptional profiling https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE69597 (2015).

38. Dufort, M. J. et al. Gene expression profiles predict treatment out-
comes in Brucellosis. J. Immunol. 196, https://doi.org/10.4049/
jimmunol.196.Supp.66.21 (2016).

39. Camisaschi, C. et al. Alternative activation of human plasmacytoid
DCs in vitro and in melanoma lesions: involvement of LAG-3. J.
Invest. Dermatol. 134, 1893–1902 (2014).

40. Upadhyay, G. Emerging role of lymphocyte antigen-6 family of
genes in cancer and immune cells. Front. Immunol. 10,
819 (2019).

41. Rosas, M. et al. The transcription factor Gata6 links tissue macro-
phage phenotype and proliferative renewal. Science 344,
645–648 (2014).

42. Bu, M. T., Yuan, L., Klee, A. N. & Freeman, G. J. A comparison of
murine PD-1 and PD-L1 monoclonal antibodies. Monoclon. Antib.
Immunodiagn. Immunother. 41, 202–209 (2022).

43. Li, K. et al. PD-1 suppresses TCR-CD8 cooperativity during T-cell
antigen recognition. Nat. Commun. 12, 2746 (2021).

44. Arend, W. P., Welgus, H. G., Thompson, R. C. & Eisenberg, S. P.
Biological properties of recombinant human monocyte-derived
interleukin 1 receptor antagonist. J. Clin. Invest. 85,
1694–1697 (1990).

45. Tahtinen, S. et al. IL-1 and IL-1ra are key regulators of the inflam-
matory response to RNA vaccines. Nat. Immunol. 23,
532–542 (2022).

46. Ronchetti, S. et al. Glucocorticoid-induced tumour necrosis factor
receptor-related protein: a key marker of functional regulatory
T cells. J. Immunol. Res. 2015, 171520 (2015).

47. von Bargen, K. et al. Cervical lymph nodes as a selective niche for
brucella during oral infections. PLOS ONE 10, e0121790 (2015).

48. Damouche, A. et al. Adipose tissue is a neglected viral reservoir and
an inflammatory site during chronic HIV and SIV infection. PLOS
Pathog. 11, e1005153 (2015).

49. Mejia, P. et al. Adipose tissue parasite sequestration drives leptin
production inmice andcorrelateswith humancerebralmalaria.Sci.
Adv. 7, https://doi.org/10.1126/sciadv.abe2484 (2021).

50. Gray, K. S., Collins, C. M. & Speck, S. H. Characterization of omental
immune aggregates during establishment of a latent gamma-
herpesvirus infection. PLoS ONE 7, e43196 (2012).

51. Hysenaj, L. et al. CD150-dependent hematopoietic stem cell sen-
sing of Brucella instructs myeloid commitment. J. Exp. Med. 220,
https://doi.org/10.1084/jem.20210567 (2023).

52. Zhan, Y., Lew, A. M. & Chopin, M. The pleiotropic effects of the GM-
CSF rheostat on myeloid cell differentiation and function: More
than a numbers game. Front Immunol. 10, 2679 (2019).

53. Colmenero, J. D. et al. Complications associated with Brucella
melitensis infection: A study of 530 cases. Medicine 75,
195–211 (1996).

54. Sheppe, A. E. F. & Edelmann,M. J. Roles of Eicosanoids in regulating
inflammation and neutrophil migration as an innate host response
to bacterial infections. Infect. Immun. 89, e0009521 (2021).

55. Fahel, J. S. et al. 5-Lipoxygenase negatively regulates Th1 response
during Brucella abortus infection in mice. Infect. Immun. 83,
1210–1216 (2015).

Article https://doi.org/10.1038/s41467-024-55799-2

Nature Communications |          (2025) 16:862 15
Content courtesy of Springer Nature, terms of use apply. Rights reserved



56. Gagnaire, A. et al. COX-2 Inhibition reduces Brucella bacterial
burden in draining lymph nodes. Front. Microbiol. 7, 1987 (2016).

57. Hiyoshi, H. et al. Virulence factors perforate the pathogen-
containing vacuole to signal efferocytosis. Cell Host Microbe 30,
163–170 (2022).

58. Buddhisa, S., Rinchai, D., Ato, M., Bancroft, G. J. & Lertme-
mongkolchai, G. Programmed death ligand 1 on burkholderia
pseudomallei–infected human polymorphonuclear neutrophils
impairs T cell functions. J. Immunol. 194, 4413–4421 (2015).

59. Zheng, R. et al. Circulating Th1, Th2, Th17, Treg, and PD-1 levels in
patients with brucellosis. J. Immunol. Res. 2019, 3783209 (2019).

60. Durward-Diioia, M. et al. CD8+ T cell exhaustion, suppressed
gamma interferon production, and delayed memory response
inducedby chronic Brucellamelitensis infection. Infect. Immun.83,
4759–4771 (2015).

61. Forestier, C., Moreno, E., Pizarro-Cerda, J. & Gorvel, J. P. Lysosomal
accumulation and recycling of lipopolysaccharide to the cell sur-
face of murine macrophages, an in vitro and in vivo study. J.
Immunol. 162, 6784–6791 (1999).

62. Hartley, G. P., Chow, L., Ammons, D. T., Wheat, W. H. & Dow, S. W.
Programmed cell death ligand 1 (PD-L1) signaling regulates mac-
rophage proliferation and activation. Cancer Immunol. Res. 6,
1260–1273 (2018).

63. Maquet, C. et al. Ly6C(hi) monocytes balance regulatory and
cytotoxic CD4 T cell responses to control virus-induced immuno-
pathology. Sci. Immunol. 7, eabn3240 (2022).

64. Bowers, N. L. et al. Immune suppression by neutrophils in HIV-1
infection: role of PD-L1/PD-1 pathway. PLoS Pathog. 10,
e1003993 (2014).

65. Volberding, P. J. et al. Suppressive neutrophils require PIM1 for
metabolic fitness and survival during chronic viral infection. Cell
Rep. 35, 109160 (2021).

66. da Fonseca-Martins, A. M. et al. Leishmania parasites drive PD-L1
expression in mice and human neutrophils with suppressor capa-
city. Front. Immunol. 12, 598943 (2021).

67. Park,M. Y., Kim,H. S., Lee, H. Y., Zabel, B. A. &Bae, Y.-S. NovelCD11b
+Gr-1+Sca-1+myeloid cells drivemortality in bacterial infection. Sci.
Adv. 6, eaax8820 (2020).

68. Hajilooi, M., Rafiei, A., Reza Zadeh, M. & Tajik, N. Association of
interleukin-1 receptor antagonist gene polymorphism and sus-
ceptibility to human brucellosis. Tissue Antigens 68,
331–334 (2006).

69. McColl, S. R., Paquin, R., Menard, C. & Beaulieu, A. D. Human neu-
trophils produce high levels of the interleukin 1 receptor antagonist
in response to granulocyte/macrophage colony-stimulating factor
and tumor necrosis factor alpha. J. Exp. Med. 176, 593–598 (1992).

70. Spinner, J. L. et al. Yersinia pestis survival and replication within
human neutrophil phagosomes and uptake of infected neutrophils
by macrophages. J. Leukoc. Biol. 95, 389–398 (2014).

71. Lapaque, N. et al. Differential inductions of TNF-alpha and IGTP, IIGP
by structurally diverse classic and non-classic lipopolysaccharides.
Cell. Microbiol. 8, 401–413 (2006).

Acknowledgements
We acknowledge the PICSL imaging facility of the CIML (ImagImm),
member of the national infrastructure France-BioImaging supported by
the French National Research Agency (ANR-10-INBS-04), CIML (V. Cha-
tain, M. Pontier) and CIPHE cytometry (H. Luche, P. Grenot) and animal
house (C. Napez and P. Hoest) facilities as well as the CIML histology
facility (L. Chasson) for expert technical assistance. We thank L. Spinelli
(CIML) for help with statistical analyses, M. Sieweke (CIML) for helpful
discussion, M. Malissen (CIML) for the gift of mice, B. Malissen (CIML) for
his support, R. Kelly and A. Saurin (IBDM) for kind gifts of reagents and J.
Tomas for comments on the manuscript. This work was supported by
institutional funding from the Center National de la Recherche

Scientifique (CNRS) and the Institut national de la santé et de la
recherche médicale (Inserm), and by the Excellence Initiative of Aix-
Marseille Université (AMU) (A*MIDEX), a French “Investissements
d’Avenir” program, by Laboratory of scientific excellence (labex) initia-
tives, Labex « INFORM » and «Institut Convergence CenTuri », with the
Institute forDevelopment Biology (IBDM) andAix-Marseille University, by
« Blood transcriptional biomarker profiles for category B pathogens »
U01-AI082110-01 NIH grant, by Fondation pour la Recherche Médicale
(grant DEQ2017033674), and Inserm Transfert (CoPoC, 2020 CITHEB).
J.M.P. is a recipient of a post-doctoral fellowship from the Fondation de
Coopération Scientifique “Méditerranée Infection”. G.G.E. is a recipient
of a doctoral fellowship from the Fondation deCoopération Scientifique
“Méditerranée Infection” and Campus France.

Author contributions
S.M. and J.P.G. conceived and supervised the study. J.M.P., G.G.E., R.S.,
L.H., T.R., V.A.G., S.H., E.M., E. B.C., R.C.A., I.M., J.P.G., andS.M. designed
research; J.M.P., G.G.E., R.S., L.H., T.R., V.A.G., H.L., Y.Z., S.H., A.C.Z.,
M.L.B., and S.M. performed investigation; G.G.E., L.H., T.R., V.A.G.,
A.C.Z.,M.L.B., andR.C.A. performedall BSL3experiments; J.M.P., G.G.E.,
R.S., L.H., V.A.G., S.H., A.C.Z., M.L.B., E.M., E.B.C., R.C.A., I.M., J.P.G., and
S.M. analyzed data; D.P., C.M., and J.C.G. provided reagents and meth-
odology; M.B. and J.S. were in charge of human study; S.M. and J.P.G.
raised funding; S.M. wrote the original manuscript; J.M.P., S.H., H.L.,
E.M., R.C.A., I.M., J.P.G., and S.M. edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-55799-2.

Correspondence and requests for materials should be addressed to
Sylvie Mémet.

Peer review information Nature Communications thanks Zheng-Fei Liu,
and the other anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. Youdonot havepermissionunder this licence toshare adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-024-55799-2

Nature Communications |          (2025) 16:862 16
Content courtesy of Springer Nature, terms of use apply. Rights reserved



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

