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Sepsis is characterized by a systemic inammation that can ause an immune
dysfunction, for which the underlying mechanisms are unchr. We investigated the
impact of cecal ligature and puncture (CLP)-mediated polyirobial sepsis on monocyte
(Mo) mobilization and functions. Our results show that CLI¢l to two consecutive phases
of Mo deployment. The rst one occurred within the rst 3 days after the induction of
the peritonitis, while the second phase was of a larger amplide and extended up to a
month after apparent clinical recovery. The latter was assdated with the expansion of
Mo in the tissue reservoirs (bone marrow and spleen), theielease in the blood and
their accumulation in the vasculature of peripheral non4gphoid tissues. It occurred
even after antibiotic treatment but relied on in ammatorydependent pathways and
inversely correlated with increased susceptibility and serity to a secondary infection.
The intravascular lung Mo displayed limited activation caeity, impaired phagocytic
functions and failed to transfer ef cient protection agaist a secondary infection into
monocytopenic CCR2-de cient mice. In conclusion, our workunveiled key dysfunctions
of intravascular in ammatory Mo during the recovery phase bsepsis and provided new
insights to improve patient protection against secondarynfections.

Keywords: monocytes, sepsis, lung, secondary infection, pha gocytosis

INTRODUCTION

Representing the major cause of admission and death in intensare units (ICU) 1), sepsis
is de ned as a life-threatening organ dysfunction causedalgysregulated host response to an
infection (2). Despite adequate treatments, over 20% of septic patientgtthie 28 days after their
admission to the ICU or within the rst year after recoverypi secondary infections. Survivors
su er from long-term chronic critical illness often asso@dt with prolonged in ammation,
immune suppression, organ injury, and lean tissue wasting)( It is thought that dysfunctions in
both the innate and the adaptive immune system account fopit@ outcome in sepsis.

Recent works have focused on understanding how the immuntersyslysfunctions may
contribute to long-term immunosuppression and prolonged seawigjtto secondary infectionsij.
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In the early phase of sepsis, the expansion of immature myeloghline solution and buprenorphine (Vetergesic, Oostkamp,
cells has attracted much attentio®)( They display impaired Belgium) for postoperative analgesia. For some experiments,
functions and are reminiscent of myeloid-derived suppresso2 mg/kg of Dexamethasone (Intervet, Beaucouze, France)
cells (MDSC) with potent immunosuppressive propertié$. ( or 10 mg/kg Enro oxacine (Axience, Pantin, France) were
Early sepsis-impaired myeloid functions have been shown tmjected intraperitoneally 24 h after CLP and every 2 for 19xda
promote nosocomial infectionss( 7). The late phase of sepsis Splenectomies were performed prior to CLP procedure. A small
is characterized by T cell exhaustion and a relative ineréas upper-quadrant incision was made to expose the spleen. The
regulatory T cellsg, 9), a quantitative and qualitative defect of splenic vessels were tied up and the spleen was removed by
dendritic cells (0), the deactivation of Mo, demonstrated by the transecting the vessels just distal to the ligature.

reduced expression of the activation marker HLA-DR,(12) as

well as the impaired production of cytokinesdj. However, not EScherichia coli  Lung Infection

much is known about the kinetic of monocyte (Mo) mobilization The uorescent Escherichia coli strain MG1655 ykgH::pTet-
throughout sepsis. Two subsets of blood Mo are commonlygisRed (BGene Genetics, Grenoble, France) was grown overnigh
described in mice and humans: the classical or in ammatoryn Luria-Bertani (LB) broth (Sigma-aldrich, St Louis, USAgh

Mo, which are rapidly mobilized upon in ammation in a CC- transferred to fresh medium and grown for 4-5h to mid-log
chemokine receptor 2 (CCR2)-dependent manner, and the norphase. The Oky was adjusted to give the appropriate desired
classical or patrolling Mo that patrols the intraluminal siditlee  inoculums, then centrifuged at 4,000g for 15min. Bacterial
endothelium. In the mouse, in ammatory Mo are short lived, pellets were resuspended in 8D of sterile phosphate-bu ered
express high levels of Ly6C and CCR2. They are precursasgline (PBS) for each sample. To induce seconéargolilung

of longer-lived patrolling Mo that lack Ly6C and CCR2 butinfection, 10 days after CLP, the trachea was exposed and 30
express higher CX3C-chemokine receptor 1 (CX3CR).( mi of a bacterial suspension (5 10’ cfu/mouse for survival

In a previous work, we showed that, soon after the inductiorstudies, 5 10° cfu/mouse for adoptive transfer experiments,
of a highly-lethal peritonitis, in ammatory Mo (Ly6t8" Mo) or1 10’ cfu/mouse for all other studies) or sterile PBS were
migrate from the bone marrow to the blood, adhere in aadministered intratracheally to sham- or CLP-operated niide
CX3CR1-dependent way to the endothelium of the renal cortegnd 48 h before sacri ce. This procedure was performed under
and protect the kidneys from in ammatory-triggered damagesKetamine/Xylazine anesthesia.

(15. However, the model used in this study does not su ciently ) .

resemble the clinical setting of sepsis in humans, for whick\doptive Transfer Experiments

the mortality rate is not as elevated. We thus chose to studgone marrow cells were isolated 10 days after CLP or sham
the distribution, the phenotype and the role of the Mo in aprocedure in WT mice. Mo were isolated after negative selectio
sublethal murine model of peritonitis induced by cecal ligat removal of other cell types, with Ly6G, CD3, CD4, CD19,
and puncture (CLP), during the sepsis and following a secondafyfK1.1, and SiglecF-PE labeled antibodies. Marked cells were

bacterial infection. then captured via a magnetic device for cell separation and anti
PE magnetic beads, according to the manufacturer's instns

MATERIALS AND METHODS (Miltenyi Biotec, Paris, France). _Thirty million monocytes
were injected intravenously i€cr2 = mice, andE.coli(5

Mice 10° cfu/mouse) were injected intratracheally 30 min later. The

All experiments and protocols were approved by the locaproportions of Mo adoptively transferred from each condition
animal experimentation ethics committee validated by thevere controlled before transfer by ow cytometry and were
“Service Protection et Santé Animales, Environnementhiwie  identical. Mo represented between 12 and 16% of myeloid cells
number APAFIS#4369-2016030218219240 v3. Speci ¢ pathogeid were enriched by 70-80% after sorting. PMN population was
free C57BL/6 mice were purchased from Janvier Labs (Le Genestl%. Mice were monitored every 12 h for survival and surviving
Saint Isle, France)Ccr2 = (#004999, JAX)Cx3crl= (16), mice were used for quanti cation of protein in lung homogeaat
Cx3cr™9fP (17), MacBlue orCsfir-Gal4VP16/UAS-ECRPg), atday 4.
MacBlue xCx3cr#™C mice were bred in our animal facility.
Age-matched mice (8-12 weeks old) were used for this study. Bronchoalveolar Lavage (BAL) and

Bacterial Load
Polymicrobial Sepsis Induction BAL were performed on mice 48h after the secondary lung
We used a cecal ligation and puncture model as previousliyjection. The BAL performed with 3ml of sterile PBS was
described (9. Mice were anesthetized and underwentdiluted and plated on LB agar plates to obtain viable bacterial
laparotomy. For Sham-operated mice, the cecum wasounts (cfu/BAL).
exteriorized and reinserted in the abdomen. For the CLP-
operated mice, sepsis was triggered by the ligature of orfeell Isolation and Preparation
third of the cecum and a double enterotomy with a 25-gaugéieparinized blood samples were stained with antibodies and
needle. A small amount of fecal material was extruded aftegrythrocytes were lysed with bu er containing 0.15M NHA4CI,
removing the needle and the cecum was reinserted in the.01mM KHCO3, and 0.1mM EDTA. Bone marrow cells
abdomen. After surgery, the animals were injected with avere harvested by ushing out the thighbone with PBS. Lung,
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spleen, kidney, and liver were harvested and digested in RPNIL, USA) according to the formula: No. Cel3 (No. acquired
medium (Gibco, Invitrogen, Cergy Pontoise, France) with Icells x 10,000)/(No. acquired beads) x dilution factor disce
mg/ml collagenase IV (Sigma, St Quentin Fallavier, France)

0,1 mg/ml DNAse 1 (Roche, Boulogne Billancourt, France) fotn Vvitro Cell Stimulation

30min at 37C and dissociated through a 4@m-pore cell Lung cell suspensions (3 10° cells from Sham mice or 3 10*
strainer (Becton Dickinson, Rungis, France). Diluted suspmm  cells from CLP-operated mice) were plated in 96 well plates and
cells were incubated withriig/ml puri ed anti-CD16/32 (clone stimulated with either Cell Activation Cocktail PMA/lonomiyc
2.4G2, BD Biosciences) for 10 min atGithen surface staining at 1X (Biolegend, San Diego, USA) or 2ng/ml of LPS (Sigma-
was performed with an additional 20 min incubation with Aldrich, St Louis, USA) in RPMI containing 10% FBS for 3h at
appropriate dilution of the surface marker antibodies. Cell37 C with 5% CQ. Cells were recovered and washed with fresh
suspensions were washed once in FACS bu er (0.5% BSA, 2 mRBS 1X and then stained for ow cytometry analysis.

EDTA and PBS) and analyzed directly by ow cytometry.

Phagocytosis Assay

. S For in vivo phagocytosis, a total of 1 107 cfu/mouse of DS-
Blood/Tissue Partitioning Red uorescentEscherichia colivere intratracheally injected 10

Intrav_ascular €D4s _Iabeling was per_formed as preyiouslﬁays after CLP surgery (as described previously). Phaggsyto
described Z0, 21). Mice were injected intravenously with 2 by lung cells was analyzed 24 and 48h after infection by

mg of. ap'u-pD45 (clone 30-F11, BD B|OSC|epceS)- Two m{nute%w cytometry. The uorescence of phagocytic cells was also
after injection, blood was drawn and the mice were sacri.cedoyso e in histological sections. Control mice were ijétith
Harvested organs were bathed in a large volume of PBS. CDdp. 1o ps ynder the same experimental conditidnsvitro
Iabeled.cells in all tissues were consndered to be |ntrm@sc hagocytosis was performed with lung cells suspension obtained
(CD45vivaC) and unlabelled cells (CD45vivo-) were con5|dere(§0 days after CLP mixed with 5 10F cfu of DS-Red uorescent
to be parenchymal. Escherichia colit a 1.5 ratio (cells/bacteria) during 4h at 37
or 4 C for the control experiment. Percentage of L€ Mo
Flow Cytometry phagocytosis was determined by ow cytometry. In theC4
The panel of antibodies comprised: BUV395-CD11b (clongontrol condition, phagocytosis index wea%.
M1/70), APC-Cy7-Ly6C (clone AL21), V450-Ly6G (clone . o
1A8), BV711-NK1.1 (clone PK136), BV605-CD1lc (clondRNA Extraction and Quantitative
HL3), BV510-I-A/I-E (clone M5/114.15.2), BV786-Sigledbite  Real-Time PCR
E50-2440), BUV737-CD80 (clone 16-10A1), APC-R700-CD8Bungs were harvested 48 h after the E. coli lung infection 10
(clone GL1), APC-PDL1 (clone MIH5), APC-IL6 (clone MP5- days post CLP. Cells were isolated as described above. Total
20F3), BV421-TN& (clone MP6-XT22), which were from BD RNA was extracted using the RNeasy Mini Kit (QIAGEN, Les
Biosciences, and FITC-CX3CR1 (clone SA011F11) and PE-Cylis, France) according to the manufacturer's instrucioRNA
CD64 (clone X54-5/7.1), which were from Biolegend. Relativeoncentration was determined by absorption at 260 nm. cDNA
changes in cytosolic nitric oxide (NO) concentration weresynthesis was performed with SuperScript VILO cDNA Synthesis
monitored using the uorescent nitric oxide probe DAF-FM Kit (Invitrogen). The polymerase chain reaction was perfodme
(Molecular Probes, Eugene, OR). The cells extracted fromn an ABI prizm 7300 using Power SYBR Green PCR Master Mix
the lungs were incubated with DAF-FM diacetatenfd) for  (Life technologies, California, USA) and GAPDH was used as
30min at 37C. After an extensive wash, cells were stainethe control gene. Primers for iNOS: F-CCAAGCCCTCACCTAC
with uorescent surface antibodies and NO production wasTTCC; R-CTCTGAGGGCTGACACAAGG, IL-4: F- CCATAT
measured in monocytes by ow cytometry. For IL-6 and TNF CCACGGATGCGACA; R- AAGCCCGAAAGAGTCTCTGC,
staining, cells were preincubated for 3h at @7in RPMI  |L-10: F- GCTCTTACTGACTGGCATGAG; R- CGCAGCT
medium supplemented with GlutaMAX with a cell activation CTAGGAGCATGTG, IL-6: F- CGGCCTTCCTACTTCACAA;
cocktail containing Brefeldin A according to the manufaeits R- GGTACTCCAGAAGACCAGAGGA, TGFB: F- atgctaaagag
instructions (BioLegend). After surface staining, thelcelere  gtcacccge; R- GTATCAGTGGGGGTCAGCAG, CCL2: F-CCCC
xed in 4% paraformaldehyde for 20 min, washed twice INnACTCACCTGCTGGTA; R- TTACGGGTCAACTTCACAT
Perm/Wash solution (BD Biosciences), incubated for 10 minfTCAAA.
with 1mg/mL puried anti-CD16/32 in Perm/Wash at room For transcript-level analysis, results were expressed as a fold
temperature, and incubated for 30 min in Perm/Wash in theincrease relative to sham condition at day 10.
presence of APC-anti-IL-6 (BD Pharmingen) or BV421l-anti-
TNFa (BD Horizon). Flow cytometry acquisition was performed Multi-Photon Imaging
on the ow cytometer FACS LSRFortessa X®2(BD, Franklin ~ Freshly explanted lungs were immobilized in an imaging
Lakes, NJ, USA) with DIVR Flow Cytometry software, and chamber perfused with oxygenated (95% O2 plus 5%)CO
the data was analyzed with FlowJo software (Tree Star, INnRPMI medium containing 10% FCS. The local temperature was
Ashland, Or, USA). Absolute numbers were calculated by agildinmonitored and maintained at 3. For some experiments, 10
to each vial a xed number (10,000) of non- uorescent 10-mg of anti-CD31 (AF647; clone 390) were injected intravenously
mm polybead® carbocylate microspheres (Polysciences, Nile€ min before euthanasia. The Two-Photon Laser Scanning
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Microscopy (TPLSM) set-up used was a Zeiss 7MP (Carl Zeisniarrow (upper panels) and the spleen (upper middle panel)
Germany) coupled to a Ti:Sapphire Crystal multiphoton laseand remained low until day 5. During this period, Ly Mo
(Coherent ChameleonU, CA, USA) which provides 140fs pulsasumbers remained fairly constant in these tissues. The numbe
of NIR light, selectively tunable between 680 and 1,050 nrof blood Ly6C9" and Ly6d°™ Mo remained stable for the rst
and an optical parametric oscillator (OPO-MPX, Coherent)few days after sepsis (lower middle panel) whereas both Mo
selectively tunable between 1,050 and 1,600 nm. The systambpopulations accumulated rapidly in the lungs (day 1-2; rst
included a set of external non-descanned detectors in t@ec wave) as previously observed in the kidnéy)( and returned
with a combination of a LP-600 nm followed by LP-462 nm andto baseline by day 5 (lower panel). Along with mice weight
LP-500 nm dichroic mirrors to split the light and collect the recovery (a week after CLP induction), the numbers of L}/§C
ECFP with a 480/40 nm emission Iter, EGFP with a 525/50 nnmMo increased dramatically in all tissues; bone marrov2-fold),
emission lter. The excitation wavelength was 870 nm for theblood ( 50-fold), spleen ( 3-fold) and lungs ( 20-fold) peaking

NLO beam and 1,100 nm for the OPO beam. between day 10 and 15 and returning back to sham values only
. . . by day 50. Again, variations in the number of L))@CMO were
Lung Protein Quanti cation modest during this time period (7-50 days) compared to that

The mouse lung vasculature was gently ushed with arpf Ly6C9" Mo. PMN underwent a kinetic of mobilization
intracardiac injection of PBS until complete blood cleamitben  similar to that of Ly6d9" Mo in all four studied tissues
lungs were collected and crushed in 1 ml of PBS. The SUpemata(Figure 1B right panels). Between 4 and 10 days, the number
of pulmonary crushed tissue was used to quantify protein levelf alveolar macrophages dropped massively and recovered
by enzymatic assay, BCA protein assay (Pierce, Waltham, USfhereafter Supplementary Figure 1¢. Strong accumulations
according to the manufacturer's standard protocol. of both Ly6C"9" Mo and PMN were also observed during

. .. . weight recovery in the kidneys 6 and 10-fold, respectively)
Data Presentation and Statistical AnaIyS|S and in the liver ( 40 and 30-fold, respectively) arguing for

The data are presented as mearstandard error of the mean , systemic accumulation of Mo and PMN in non-lymphoid

(s.e.m.) of the indicated number of experiments. Groups Wergsg e figure 10). Globally, polymicrobial sepsis induced two
compared with Prism software (Graphpad, San Diego, USA)jistinct phases. The “early acute phase’ is characterized by
Statistical analyses were performed using two-tailed $isde oyiensive weight loss and death. This phase is associated wit
t-test for two-group comparisons, or one-way and two-wayy massive Mo and PMN mobilization to the lungs correlating
ANOVA tests with Bonferoni multiple comparison testsfor p  \ith a deep draining of the myeloid tissue reservoirs, thaebo
< 0.05; forp< 0.01; forp< 0.001;  forp< 0.0001. marow and the spleen. The second phase is characterized by
Kaplan-Meier survival curves were compared with a log-rankinical improvements and weight recovery. This “recovery
test, whergp < 0.05 was considered statistically. phase” is associated with Mo and PMN expansion in the tissue
reservoirs, release in the blood and accumulation in perigher

RESULTS non-lymphoid tissues including the lungs, liver and kidneys.
Polymicrobial Sepsis Induces Two Distinct hiah _

Phases of Monocyte and of Neutrophil Ly6C™" Mo Deployment During the
Deployment in the Blood and Organs Recovery Phase Requires In ammatory

We characterized the myeloid composition of the bIoodPathwayS

and organs in a mouse model of peritonitis inducedWe looked into characterizing what drives Mo and PMN
by cecal ligation and puncture (CLP) which results inredistributions during weight recovery. Expanded populasar
polymicrobial sepsis and in ammationl, 19). In the chosen both Mo and PMN in septic conditions are thought to originate
conditions, 100% of the mice suered from severe weighfrom bone marrow precursors 2¢), but in in ammatory
loss Supplementary Figure 1A and about 10% of the mice conditions the spleen can develop extra medullary myelopoies
succumbed in the rst 4 days Supplementary Figure 1B (23). The accumulation of Ly6®" Mo in blood, lungs and
For surviving mice, normal weight was almost recoveredone marrow were similar in mice both splenectomized
within 10 days following surgerySupplementary Figure 1A.  or not (Figure 2A). These data indicate that the spleen is
Mo subsets and PMN distributions were analyzed bydispensable in CLP-elicited Mo deployment and suggest
ow cytometry using a conventional gating strategythat this phenomenon may rely solely on bone marrow.
(Figure 1A) to identify classical Mo named here Ly8¢  Because both infections and in ammation are known to elicit
Mo (dened as CD116/Ly6G /CX3CRE/Ly6C"M  changes in myelopoiesis and mobilization, CLP-operated mice
non-classical Mo named here LyS¢ Mo (dened as were treated with antibiotics or anti-in ammatory drugs.
CD11/Ly6G /CX3CRE/Ly6C°") and PMN (dened as The broad-spectrum antibiotic treatment did not alter the
CD11°/Ly6GE/CX3CR1 ). Eosinophils were excluded by late accumulation of either Ly6" Mo nor PMN in the
SiglecF expression, Natural Killer cells by NK1.1 and a&reol di erent tissues Figure 2A and Supplementary Figure 2A.
macrophages by siglecF and CD64 (not shown). During th€onversely, anti-in ammatory treatment with Dexamethago
acute phase, a few hours after sepsis inductibigure 1B, abrogated the CLP-triggered accumulation of L{§C
left panels), Ly6l9" Mo numbers decreased in the boneMo, Ly6C°Y Mo (Supplementary Figure 2B and PMN
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Students t test was performed. p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.

Frontiers in Immunology | www.frontiersin.org

April 2020 | Volume 11 | Article 675


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Baudesson de Chanville et al. Expansion of Monocytes During Sepsis

A
Blood Lung Bone Marrow
ns
ns
— NS
— ns
1 oo = ) ———— ns
20 A —_— g 20 i
= ) R
o £ -} o ¢ i -
S =~ 15 1 - s ME sw ¥ vy o
5 S Vo ) $ 5 Y ¥ i
E % S o 10 T
g g2 22 1. BlF AR
>0 >3 = & v| a
g o v 5 e |v] |
] -
Q
= o i
P S SR
F ¢ @$ S o".’\.
F LS
SO
e
o O
b3
S
B
Blood Bone Marrow
Fkk ns
— #xx —ns
—
14 — 207
Vv g v
= o 15 N «
of U o £ o2 — v e
s v . 2= = » ,_.ns I
s S 70 oM . =] g £ 104 e e
= = =~ .
Q : * 3] : N oo At mt [T M
© = — © = © = 5
> 35 >3 > %
281 F 23 22 0M I
8 0 T T T T T T
x = &N X X
& Soe$ay
O d, ,,,0 d, 0,"
& <&
Sham CLP Sham CLP
FIGURE 2 | Ly6C"h Mo deployment during the recovery phase requires in ammatar pathways. (A) Numbers of Ly6C"" Mo in the blood, lungs and bone marrow
determined by ow cytometry in sham and septic mice, 10 days afler CLP and treatments. Splenectomies were performed a few mutes before the CLP. Antibiotic or
Dexamethasone treatments were injected 24 h after CLP. Vadis represent the mean and standard error of the mean of 9-14 roé per group from two independent
experiments. Two-way ANOVA tests with Bonferoni multipleamparison tests compare each group (light gray) to the CLP autrols (dark gray); **** fop < 0.0001. (B)
Numbers of Ly6C"9" Mo in the blood, lungs, and bone marrow determined by ow cytonetry, 10 days after sham- and CLP-operated WTr(D 12),Ccr2 = (n D 6),
and Cx3crl = (n D 8) mice from at least two independent experiments. Two-way NOVA tests with Bonferoni multiple comparison tests compa chemokine
receptor de cient mice to the WT mice, * forp < 0.05; *** forp < 0.001; **** forp < 0.0001.

(Supplementary Figure 2A in the blood and the lungs Late-Expanded Mo Display an Altered

but had no eect on bone marrow. We next thought to Phenotype and Remain Intravascular in the
identify in ammatory chemokine receptors leading to Mo Lungs of Septic Mice

mob|l|zat|os Figure 28). As prgwoqsly observedCch' We next characterized the phenotype of the Mo accumulating
or Cx3erl ™ sham operatec_i mice displayed Ies_s classical M|?1to the lungs during the recovery phase of sepsis. Ten days
in the I_ungs @0, 24). _In septic mice, monocytosis was tE)taIIy after CLP Figure 3A), MHC class Il expression on Ly8&" Mo

or partially reduced in the blood and the lungs @fcr2 = was reduced by more than 50%, as previously reportédi().

or Cx3crl = mice, respectively. The absolute number of thecx3cr1 expression was reduced by 20% compared to sham-
Ly6C"" Mo in the bone marrow remained unaected by gperated mice, whereas expression of the EGFP reporter from
these chemokine receptor de ciencigSigure 2B). CCR2 and  Cx3crf9™C mice was severely reduced, as previously reported
CX3CR1 de ciency did not a ect PMN or alveolar macrophage (25, 26). Conversely, CD64 expression doubled on L§80vio
numbers compared to WT mic&upplementary Figures 2C,0 from CLP-operated mice and CD11b expression was modestly
con rming the selective role of these two chemokine axes inincreased. CD62L expression remained unchanged. In order to
the regulation of Mo deployment to the lungs during the further investigate the tissue localization of Mo in the lynge
recovery phase. performed blood/tissue partitioning using vivo CD45 labeling
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FIGURE 3 | Late-expanded Mo display an altered phenotype and remain travascular in the lungs of septic mice(A) Overlay of ow cytometric surface marker
expression gated on Ly6C9" Mo in the lungs of sham- (black line) and CLP-operated (dottéline) mice, 10 days after CLP. Histograms represent mean u@scence
intensity (MFI) of surface marker expression: MHC-1I, CX3CRGFP, CD64, CD11b, and CD62L. Values represent the mean and ahdard error of the mean of 15
sham- and 12 CLP-operated mice from three repeated experimets. The GFP uorescent reporter of Cx3crl expression was pgormed on 9 sham- and 9
CLP-operated Cx3cr19P= mice. Unpaired Studentst test was performed. (B) Representative overlayed dot plots ofn vivo CD45 staining (blue) gated on blood
(upper panels) and lung (lower panels) of Ly68t" Mo. Background staining shown in black was measured in mice ot injected with the anti-CD45.(C) Representative
images of two-photon microscopy of explanted lungs from shan- or CLP-operated MacBlue x Cx3cr®P= mice. Lung vasculature is visualized using anti-CD31
staining (red), and Mo were observed using ECFP reporter. lags represent a 5x zoom showing a few alveolar macrophage#AM) in the alveolar lumen (black space)
in a sham-operated mouse and intravascular Mo in a CLP-opetad mouse. **p < 0.001; ****p < 0.0001.
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FIGURE 4 | Mo of the late recovery phase of sepsis display an altered pmtype and fail to protect from a secondary infection(A) Survival of sham- or
CLP-operated Cx3cr19P= mice with intratracheal injection oEscherichia colion day 10 after surgery ( D 8-12 per group).(B) Total lung weight of sham- and
CLP-operated C57BI6 mice at 48 h afterE. colisecondary infection. Unpaired Studentst test was performed. (C) Bacterial colonization of bronchoalveolar lavages
(Continued)
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FIGURE 4 | (BAL) from sham- and CLP-operated C57BI6 mice at 48 h afteE. colisecondary infection. Unpaired Student'st test was performed. (D) Survival of
sham or CLP-operated Cx3cr19"=® (n D 12 per group) andCcr2 = (n D 8-10 per group) mice with intratracheal injection oEscherichia colion day 10 after
surgery. (E) Histogram represents the percentage of death irCcr2 = mice after transfer of puri ed Mo from Sham- or CLP-operated nice at 4 days afterE. coli
infection 5 10° cfu/mouse (n D 16 mice from three repeated experiments)p was determined using a chi-square test between the mice thateceived adoptive
transfer. (F) Protein quanti cation in lung homogenates after adoptive @nsfer and E.coli pulmonary infection it€cr2 = surviving mice. Unpaired Student'st test was
performed. (G) Mean uorescence intensity (MFI) of CX3CR1 surface marker afig Ly6C"9" Mo from sham- and CLP-operated mice at day 10. Cells are stimiated
or not with LPS or PMA-lonomycinin vitro. Values represent the mearC/— Sem of 10 mice from two repeated experiments(H) Percent of TNF -(left panel) or
IL-6-(right panel) producing lung Ly6&9" Mo (left panel) from sham- and CLP-operated mice at day 10. \laes represent the meanC/— Sem of 4-6 mice. One-way
ANOVA tests with Bonferoni multiple comparison tests compa Sham and CLP, respectively(l) Percent of NO-producing lung Ly6C'9" Mo from sham- and
CLP-operated mice at day 10. Values represent the mea€/— Sem of 4-6 mice. One-way ANOVA tests with Bonferoni multiplcomparison tests compare Sham and
CLP, respectively.(J) Representative dot plot (out of 8 mice from two repeated expéments) of phagocytic Ly6(9" Mo percentage, 4 h afterin vitro co-culture
between lung cells suspension and uorescentE. coli *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.

(20). All blood Mo (Figure 3B, upper panels) and more than 95% bacteria inoculation. This excess of mortality was assediaith
of lung Mo (Figure 3B, lower panels) were strongly positive for an increased lung weighEigure 4B) and bacterial lung load in
CD45 staining either in sham- or CLP-operated mice, indiogti bronchoalveolar lavage (BALFigure 40). These results con rm
that the Mo reside exclusively in the lung vasculature and didhat sepsis triggers an increased susceptibility and sgverit
not in ltrate the tissue even in septic mice. Similar resuitsre  secondary infections. Because Mo recruitment is assocuetad
obtained with Ly6¢®" Mo (Supplementary Figure 3A and  disease severity in chronic in ammatior2®), we usedCcr2 =
PMN (Supplementary Figure 3% In the MacBlue transgenic and Cx3cr£9e3to study the impact of Mo mobilization in
mouse, theCsflrpromoter lacks the 150 bp trophoblast and response to the secondary infectidbcr2 = mice were more
osteoclast-speci ¢ transcription start sites, driving tixpeession  likely to die after CLP with about 46% mortality by day 10 and
of ECFP on classical and non-classical Mo, alveolar macrgshagsuccumbed rapidly to secondary infection with 100% of degth b
with a lower intensity and a fraction of granulocytes, butday 4 post-secondary infectiofigure 4D). Cx3crf9Pe9Pmice
not in lung interstitial macrophagesl1g 20). Imaging fresh also displayed increased mortality in both primary (20%) and
explanted lungs of sham- and CLP-operated MacBlue micsecondary infection (40%). Susceptibility to secondaryciidga
using multiphoton microscope aftem vivo labeling of the was thus inversely proportional to the extent of Mo expansion
vasculature using uorescent anti-CD3Eigure 3C), conrmed  observed in CCR2- and CX3CR1-de cient mice, suggesting
their anatomical localization. In the lungs of sham-opedate a protective role of Mo in these infectious conditions. We
MacBlue mice, a few small cyan round-shaped Mo (E€FP postulated that Mo accumulated in the vasculature of septic mice
were detected in the vasculature (upper left picture and 5Xnay not be as e cient to protect from secondary infection as Mo
magni cation below) escorted by larger round-shaped ECFP from control mice. Adoptive transfer i€cr2 = mice is a model
alveolar macrophages that stayed exclusively in the alveolrevaluate the functional role of M@9, 30). We thus compared
lumen. In septic mice, ECRPMo strongly accumulated within the survival ofCcr2 = mice to lethal E.coli infection after Sham-
the lung capillaries (upper right picture and magni cation and CLP- Mo adoptive transfer. I8cr2 = , E.coli infection led
below) whereas alveolar macrophages were barely detectatdel00% of mortality after 4 day&igure 4B. Adoptive transfer
(Figure 30, in accordance with the ow cytometry data of Mo puri ed from sham-operated mice rescued about 62% of
(Supplementary Figure 1. Both ow cytometry and microscopy the mice, whereas only 25% were rescued after being traadfer
analyses revealed that during the recovery phase of sepsisth Mo puri ed from CLP-operated mice. Coincidently, protein
inammatory Mo with altered expression of cell activation levels in lung homogenates of surviving mice were higher in
markers, such as MHC class II, CX3CR1 and CD64, invaded thmice transferred with Mo puried from CLP-operated mice
lungs (and probably the kidneys and liver) but remained fullycompared to those of mice that received Mo puri ed from Sham-
intravascular. They do not in Itrate the parenchymal andstral  operated mice Kigure 4F), possibly indicating an increased
tissues, nor the alveolar space. vessel permeability due to increased microvascular lurigries

In order to assess endotoxin tolerancgl) that may render

. cells unresponsive when re-challenged with lipopolysacdbari
Mo of the Late Recovery Phase of Sepsis (LPS) produced by fecal microbiota induced by the CLP surgery

Display an Altered Phenotype and Fail to Mo puried from either sham- or CLP-operated mice were
Protect From Secondary Infection challengedex vivowith LPS Figures 4G-). As predicted, it
Septic patients have a higher risk of developing secondatyiggered a strong downmodulation of the CX3CHRHAdure 4G
nosocomial infectionsA7). To determine whether mice are more on Mo from sham-operated mice, as shownFfigure 3A. The
susceptible to pneumonia after sublethal CLP, they weretiedec chemical stimulation (PMA/ionomycine) used as an activation
with E. coli by intratracheal injection (10 days post-CLPYahe  thatis TLR-independent also triggered a strong downmodatat
survival rates of each group were evaluatéigjgre 4A). Sham- of CX3CR1. LPS triggered a strong production of TNFa and
operated mice were fully resistant to the second infectiorn@hs I1L-6 (Figure 4H) in Mo from both sham- and CLP-operated
about 20% of septic mice died during the rst week following themice in comparison to PMA/ionomycine stimulation. Nitric
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FIGURE 5 | Primary sepsis hampers Mo activation without altering Mo ifiration. (A) mRNA levels in lung cells measured by gqPCR compared to shamgerated
mice. Unpaired Student'st test was performed to compare Sham and CLP-operated mice in pesence or absence ofE. coli (B) The left panels are representative dot
plots of lung in Itrated Ly6C"9" Mo from sham-operated mice injected with PBS or afteE. coliinfection. The histogram (right panels) represents the tat numbers of
Ly6C"9" Mo per mg of lung from sham- or CLP-operated mice, 24 and 48 h akr E. coliinfection or PBS injection. Black bars represent the CD45vo in ltrated cells
and gray bars are CD45viv§ vascular cells. Values represent the meaf/— sem of 10 mice per group. (C) Overlay of ow cytometric surface marker expression
gated on lung vascular (CD45viv&) and in ltrated (CD45vivo ) Ly6C"9" monocytes in sham- (thick black lines) and CLP- (thin blackre) operated mice, 48 h post E.
coli infection. Mean uorescence intensity (MFI) of CMH I, CD8@D86, and PDL1 surface markers on in ltrated CD45vivo (light gray) or vascular CD45vivo (dark
gray) Ly6C9" Mo in the lungs of sham- (thick black lines) and CLP- (thin bi line) operated mice 48 h after second infection.p < 0.05; **p < 0.01; **p < 0.001;
**ip < 0.0001.
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FIGURE 6 | In septic mice, in Itrated Ly6C"9" Mo displays defective phagocytic activity(A) Dot plot showing Ly6C"" Mo in lung from sham- (upper panels) and
CLP- (lower panels) operated mice after PBS (left panels) @4 h (middle panels) and 48 h (right panels) pog. coli. Quadrant 1 represents vascular non-phagocytic
cells (CD45viv§ E. coli ), quadrant 2 identi es in Itrated non-phagocytic cells (CD4&vivo E. coli ) and quadrant 3 represents the in Itrated phagocytic monocyes
(CD45vivo E. colf) in lungs.(B) Numbers and proportions of lung in ltrated phagocytic Ly6(9" Mo (quadrant 3) at 24 or 48 h postE. coli pulmonary infection in
sham- and CLP-operated mice (i D 8 mice from three repeated experiments). Unpaired Studerst't test was performed to compare Sham and CLP-operated mice in
presence of E. coli. (C) Representative overlay (left panel) and mean uorescencetnsity of FITC (right panel) for NO production of Ly8t" Mo 48 h post E. coli
pulmonary infection in sham- (black section) and CLP-(gragection) operated mice by ow cytometry (i D 6—8 mice from two repeated experiments). FMO is
represented in the overlay by a thick gray line. Unpaired Stient's t test was performed to compare Sham and CLP-operated mice in pesence of E. coli *p < 0.05;
**p < 0.01; **p < 0.001.

oxide (NO) production by Ly6€9" Mo was measured using a Primary Sepsis Hampers Mo Activation

photo-stable uorescent probe named DAF-FM. No additional\\/ithout Altering Mo In Itration

NO production was induced after LPS or PMA/ionomycine e then analyzed transcript levels of chemokines and cytskine
stimulation. Globally, LPS stimulation on Mo from CLP-opesdt i the whole lung to identify potential alterations leading t
mice was similar to that observed on Mo from sham-operatedncreased susceptibility and severity to secondary irdasti
mice, indicating that Mo from CLP-operated mice were stillj, septic mice Figure 5A). Ten days after surgery, onigcl2
responsive to LPS. In addition, Mo were challengedvivo  and 114 transcript levels were statistically more abundant in
with E. coli Uorescenﬂy labeled for phagocytic aCtiVit}athNaS the |ungs of CLP_Operated mice Compared to those of sham-
measured in a ow cytometry assaligure 4). Again, lung Mo  operated miceE. coliinfection triggered a massive increase in
from CLP-operated mice (and thus exposed to féeatol) were  transcript levels for Ccl2Nosor 116, a modest increase iit10
as e cientas Mo from sham-operated mice to phagocyte bacterigranscripts but totally abrogatetl4 transcript expression in
in vitro. both Sham- and CLP-operated mice. It had no e ect dgff3
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transcripts.Ccl2transcript levels in septic mice were una ected DISCUSSION
by E. coliinjection. Interestingly, the lungs of septic mice had
less abundant transcripts faNos and 116 than sham-operated Although initially underestimated, the onset of severe
mice. We thought that the altered cytokine environmentimmunosuppression in patients with sepsis is now a
observed 10 days after CLP may be associated with a defé@ll-established phenomenoni,(32). Most patients now
in Mo deployment. We studied the distribution of Ly8gh  survive the initial in ammatory phase thanks to the timely
Mo between the lung vasculature and the parenchyma afte@dministration of antibiotics and e cient life-support systes
E. coliinfection using CD45 intravascular stainingigure 58~ but suer from prolonged recurrent secondary infections
left panel). In sham-operated mic&, coliinjection triggered (27). Indeed, their survival is impaired by the increased
a strong accumulation of vascular (CD45Vf)oLy6C"" Mo  risk of recurrent infections, heart failure, and additional
and a strong tissue in Itration (CD45vivo) at 24h post E. debilitating conditions §3). Reasons for such deteriorations are
coli infection (Figure 5B right panel). Although Mo did not Mmultifactorial but post-septic immune alterations are suspdc
accumulate further between 24 and 48 h, the relative proportiot0 have a major impact on patient health. Understanding the
of Mo that in Itrated the lung increased. As previously desedb  kinetic of in ammatory events leading to immunosuppression
in Figure 1, septic mice at day 10 post-CLP already displaye@nd the development of secondary infections is important fer t
increased numbers of Mo residing in the lung vasculaturélevelopment of therapeutic strategies.
compared to Sham-operated mice before the second infection. Here we used a sublethal polymicrobial sepsis murine model
Forty-eight hours after E. coli infection, no additional Mo followed by bacterial Escherichia Coli-induced pneumonia to
accumulation was detected when compared to CLP-operatdfvestigate the role of Ly8tS" Mo cells during the recovery
mice injected with PBS. Mo from septic mice extravasate@hase following acute sepsis. Our study revealed a two-step Mo
in the lung parenchyma (CD45vivg in similar proportion —deployment after CLP; the rst wave was associated with early
than Mo from Sham_operated mice, Suggesting that Seps@CUte clinical events (severe Welght loss and dea.th) and the
does not alter the capacity of Mo to inltrate into the second appeared much later during the clinical recovery of the
lung tissue. mice, with no obvious signs of disease. Indeed, CLP triggered
We thus compared the phenotype of in ltrated and vascularan early and transitory mobilization of Mo and PMN in the
Ly6C9h Mo in lungs 48 h after secondary infection in sham-lungs. During the recovery phase, a secondary deployment of
and CLP-operated miceF{gure 50. Representative overlays Mo and PMN was observed in all non-lymphoid organs studied.
(upper panels) and mean uorescence intensity analysis (lowekhis secondary wave was of larger amplitude and lasted longer
panels) revealed that in sham- or CLP-operated mice, afhan the primary wave of the acute phase. Previous works had
activation markers tested were more intensively expressed @lready demonstrated a strong mobilization of myeloid cells
in ltrated (CD45vivo ) compared to on vascular (CD45vigp ~CD11E°GRI in the blood and the bone marrow 1 week post
Mo. However, both vascular and in ltrated Mo from septic mice CLP (34). Interestingly, we demonstrated that the deployed
displayed severely reduced expression of MHC-II and of the cdl0 remained exclusively localized to the vasculature of the
stimulation markers CD80, CD86, and PDL-1. Globally, thes&ings without accumulating in the lung parenchyma. Anti-
data indicate that the increased susceptibility and sevesit in @ammatory drugs, but not the antibiotic treatment, abrated
septic mice to secondary infections is associated to a defect Mo mobilization to the lungs, showing that this accumulation

cytokine environment and a limited Mo activation rather than Was driven by persistent in ammatory signals independent of
to an altered Mo in ltration. the infectious state of the mice. This phenomenon was obsgerve

in the blood and in several organs (if not all). These data and
the myeloid redistribution indicate that even though theaai
. . i recovered from the acute infection and appeared healthy, they

In Septic Mice, In ltrated Ly6C high Mo were still a ected at the cellular level by the primary bacteria
Display Defective Phagocytic Activity exposure. The reason for this recurrent chronic in ammation
We next investigated the functional defect of septic Mothat leads to a secondary, stronger wave is unclear, but yt ma
Phagocytic Ly6l9" Mo were quantied by ow cytometry be associated with a systemic activation caused by organefai
(Figure 6A). Twenty-four hours afteE. coliinfection, very few occurring as a consequence of the rst infection.
in ltrated Ly6C"9" Mo (CD45vivo ) were associated with. coli Studies have shown that LyB€" Mo are involved in
staining (CD45vivo E. colf) in sham and CLP-operated mice controlling in ammation caused by gram-negative pneumonia
(middle upper and lower panels). At 48 h (right upper and lowerand abdominal infections35, 36). Accordingly, our previous
panels), many more Ly8®" Mo were in Itrated and positive  work uncovered that Ly6&8h Mo in the kidney play a protective
for E. coliin both control and septic mice. Quantitative analysisrole during the early phase of sepsis, involving anti-in ammator
(Figure 6B) revealed that E. coli phagocytosis by LY§CMo  pathways such as IL1-RALH. However, the role of Lyetgh
was reduced, in both absolute number and proportion, in septido in lungs during late sepsis had not been described until
mice compared to control mice. The NO production was reducechow. The role of Mo margination to the vasculature of non-
by about 50% in septic compared to control midégure 6C).  lymphoid organs during the recovery phase remained unclear.
Altogether, these data indicate that both Mo phagocytic andHowever, the genetic deletion of CCR2 blocks Mo egress from
antibacterial activities are reduced during late sepsis. the BM and the deletion of CX3CR1 impairs their retention
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in the lung vasculature, hence both reducing the number oo (here Ly6d®" Mo) and regulates T cell survival in tertiary
marginating Mo @7, 39) in the lungs. These de ciencies are lymphoid organs $1). Here we observed that PDL-1 expression
associated with increased death rates, which would argue imas upregulated on Ly&¥" Mo while in Itrating the alveolar
favor of a protective role of Mo also during the later phasespace upoik. coliinfection. Itis possible that a higher expression
Alternatively, Mo accumulation in the lung capillaries couldof PDL1 on Mo participate in an infectious context to the ne
re ect a bystander e ect of the sepsis-induced monocytosistegulation of the immune response. Whether a bene cial e ect
Live imaging of explanted lungs suggested that ECFP monecytef PDL-1 blockade is carried out by in ltrating classical ormo
trapped in the lung capillaries were relatively sessile either classical Mo remains to be explored. Our results indicate dhat
Sham- and CLP-operated mice, indicating no change in theialteration of the balance between costimulatory and regwyato
migratory behaviors during sepsis. Our results showed that t pathways could participate in the dysregulation of the innate
adoptive transfer of Ly6®" Mo from septic mice to CCR2- immune response leading to the ine cient control of secongar
de cient mice reduced organ failure and improved survivalde infections, and could also reduce its e cacy in protectingaagst

e ciently than Mo from sham-operated mice, suggesting thattissue dysfunction.

the protective role is impaired in Mo from CLP-surviving mice.  Overall, we conclude that during the recovery phase following
Several function markers on Mo are associated with theiralefe acute sepsis, a recurrent systemic in ammation independént o
to e ciently control in ammation but also to contain potentl the infectious status occurs. This in ammatory process et
secondary infection here causedmbycoliairway inhalation. The a long-term deployment of functionally impaired in ammatory
immunocompromised phase in sepsis is often associated wittlo to the vasculature of non-lymphoid organs, which fail to favo
endotoxin toleranced1), arguing that initial bacterial endotoxin lung recovery and protection against secondary infections.
activation (here the exposition to the fecal microbiota iced by

the CLP surgery) renders cells unresponsive when recheldjangDATA AVAILABILITY STATEMENT
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Supplementary Figure 1 |
survival, and kinetics of alveolar macrophagegA) Percentage of body weight loss
in CLP (dotted line) and Sham-operated mice normalized to 1. Animal weight
was measured before surgery and on day 1, 2, 3, 7, and 10(B) Survival of sham-
or CLP- operated Cx3cr19 mice after surgery. The survival study was carried
out on 25 mice for each group.(C) Numbers of Alveolar Macrophage (AM)
determined by ow cytometry at different time points after CIP. The time zero was
de ned based on the cell number obtained in sham-operated mie. Each time
point represents at least three independent experiments ruwith 6 to 12 mice.
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