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Abstract 

 

Exposure to low dose lipopolysaccharide prior to cerebral ischemia is neuroprotective in stroke models, 

a phenomenon termed preconditioning. While it is well established that lipopolysaccharide-

preconditioning induces central and peripheral immune responses, the cellular mechanisms modulating 

ischemic injury remain unclear. Here, we investigated the role of immune cells in the brain protection 

afforded by preconditioning and we tested whether monocytes may be reprogrammed by ex vivo 

lipopolysaccharide exposure thus modulating the inflammatory injury after cerebral ischemia in male 

mice. We found that systemic injection of low-dose lipopolysaccharide induces a distinct subclass of 

CD115+Ly6Chi monocytes that protect the brain after transient middle cerebral artery occlusion in mice. 

Remarkably, adoptive transfer of monocytes isolated from preconditioned mice into naïve mice 7 hours 

after transient middle cerebral artery occlusion reduced brain injury. Gene expression and functional 

studies showed that IL-10, iNOS and CCR2 in monocytes are essential for the neuroprotection. This 

protective activity was elicited even if mouse or human monocytes were exposed ex vivo to 

lipopolysaccharide and then injected into male mice after stroke. Cell tracking studies showed that 

protective monocytes are mobilized from the spleen and reach brain and meninges, wherein they 

suppressed post-ischemic inflammation and neutrophils influx into the brain parenchyma. Our findings 

unveil a previously unrecognized subpopulation of splenic monocytes capable to protect the brain with 

an extended therapeutic window, and provide the rationale for cell therapies based on the delivery of 

autologous or allogeneic protective monocytes into patients with ischemic stroke. 

 

Significance Statement 

 

Inflammation is a key component of the pathophysiology of the brain in stroke, a leading cause of death 

and disability with limited therapeutic options. Here, we investigate endogenous mechanisms of 

protection against cerebral ischemia. Using LPS preconditioning as an approach to induce ischemic 

tolerance in mice, we found the generation of neuroprotective monocytes within the spleen from where 

they traffic to the brain and meninges suppressing post-ischemic inflammation. Importantly, systemic 

LPS preconditioning can be mimicked by adoptive transfer of in vitro-preconditioned mouse or human 

monocytes at translational relevant time points after stroke. This model of neuroprotection may facilitate 

clinical efforts to increase the efficacy of bone marrow mononuclear cell treatments in acute 

neurological diseases such as cerebral ischemia. 
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Introduction 

 

Induction of ischemic tolerance by the exposure to sub-injurious stressors, also known as 

preconditioning (PC), is a powerful mechanism to evoke endogenous neuroprotective programs 

(Iadecola and Anrather, 2011). In the brain, PC can be achieved by a variety of agents and stressors 

including ischemia, inflammatory mediators, metabolic blockers, anesthetics, cortical spreading 

depression, and seizures (Kirino, 2002). The immune system plays a key role in the establishment of 

ischemic tolerance. For example, toll like receptors (TLR), key innate immunity receptors, are potent 

mediators of cerebral PC (Pradillo et al., 2009; Marsh et al., 2009b; Wang et al., 2010; Garcia-Bonilla et 

al., 2014a),  and activation of TLR4 by systemic administration of lipopolysaccharide (LPS) is a potent 

PC stimulus (Tasaki et al., 1997; Ahmed et al., 2000; Vartanian et al., 2011). However, circulating LPS 

is impermeable to the blood-brain barrier and does not gain access to the brain (Singh and Jiang, 2004; 

Banks and Robinson, 2010). Therefore, LPS is thought to induce ischemic tolerance by a systemic effect 

involving reprograming of the immune system (Smith et al., 2002), which, in turn, protects the brain by 

suppressing post-ischemic proinflammatory gene expression, endothelial and microglial activation, as 

well as leukocyte infiltration (Bauer et al., 2000; Rosenzweig et al., 2004; Lin et al., 2009; Marsh et al., 

2009a; Vartanian et al., 2011). However, the cell type(s) on which systemic LPS acts to induce the 

widespread changes in the immune system underlying the development of cerebral PC remain to be 

defined.  

Monocytes are bone marrow derived cells characterized by surface expression of CD11b and 

CD115, which are present in large quantities in the spleen (Swirski et al., 2009). In circulation they 

consist of functionally diverse subsets (Geissmann et al., 2003): Ly6C+CCR2+CX3CR1low 

“inflammatory” monocytes, which contribute to the inflammatory process (Swirski et al., 2007; Tacke et 

al., 2007; Swirski et al., 2010), and  Ly6C–CCR2–CX3CR1high “resident” monocytes, which patrol the 

vasculature and participate in the resolution of inflammation (Auffray et al., 2007; Nahrendorf et al., 

2007). A third subset, monocytic myeloid-derived suppressor cells (Serafini et al., 2004; Huang et al., 

2006; Bronte, 2009), is present in the BM and share the same surface markers with inflammatory 

monocytes (Youn et al., 2008; Ostrand-Rosenberg, 2010; Forghani et al., 2012).  

All monocytes subtypes have been implicated in ischemic injury in different organs, wherein 

they can play either protective or destructive roles (Arnold et al., 2007; Nahrendorf et al., 2007; 2010), 

but their involvement in ischemic PC remains unclear. Considering that monocytes express TLR4 and 

are a prime target of LPS (Muzio et al., 2000; Biswas and Lopez-Collazo, 2009) it is conceivable that 
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they participate in LPS PC. Indeed, LPS administration induces BM egress of selected monocyte 

subtypes, such as Ly6C+ monocytes, which have the potential of modulating systemic immune 

responses (Serbina et al., 2008; Shi et al., 2011). Here, we have investigated the role of peripheral 

immune cells in the neuroprotection observed after LPS PC in mice. We found that LPS treatment 

induces a unique subpopulation of splenic monocytes endowed with a powerful neuroprotective capacity 

against experimental ischemic brain injury, mediated through suppression of meningeal inflammation. 

The findings highlight a previously unrecognized neuroprotective potential of a distinct monocyte subset 

and raise the prospect of novel cell-based stroke therapies based on monocyte-induced 

immunomodulation.  

 

 

Materials and Methods 

 

Mice 

All procedures were approved by the institutional animal care and use committee of Weill Cornell 

Medicine and were performed in accordance with the ARRIVE guidelines (Kilkenny et al., 2011). 

Experiments were performed in 7-8 week-old wild type (JAX 000664), iNOS−/− (MacMicking et al., 

1995), IL10−/− (JAX 002251, B6.129P2-Il10tm1Cgn/J), CCR2RFP/RFP (JAX 017586, B6.129(Cg)-

Ccr2tm2.1Ifc/J), Cox2−/− (Morham et al., 1995), or GFP-transgenic (JAX 006567, C57BL/6-Tg(CAG-

EGFP)131Osb/LeySopJ) male mice on a C57Bl/6J background obtained from Jackson Laboratory 

(JAX; Bar Harbor, ME) and from in-house colonies (iNOS−/− and Cox2−/− mice).  

 

Middle Cerebral Artery occlusion 

Transient focal cerebral ischemia was induced using the intraluminal filament model of middle cerebral 

artery occlusion (MCAo), as described previously (Jackman et al., 2011). Occlusion and reperfusion was 

confirmed by measuring the cerebral blood flow (CBF) in the MCA territory by transcranial laser 

Doppler flowmetry. Only animals with CBF reduction of >85% during MCAo and CBF recovered by 

>80% after 10 minutes of reperfusion were included in the study (Jackman et al., 2011). Rectal 

temperature was monitored and kept constant (37.0 ± 0.5°C) during the surgical procedure and in the 

recovery period until the animals regained full consciousness. Topical lidocaine and bupivacaine were 

used for pre-operative analgesia and buprenorphine as post-operative analgesia.  
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Measurement of infarct volume and neurological deficit 

As described in detail elsewhere (Jackman et al., 2011), blinded assessment of infarct volume, corrected 

for swelling, was quantified 3 days after ischemia using Nissl stain on 30-µm-thick coronal brain 

sections and image analysis software (MCID, Imaging Research Inc., Ontario, Canada). 

 Sensorimotor deficit was assessed 1 day before and 3 days after MCAo by the tape test by an 

investigator blinded to the treatment groups (Benakis et al., 2016). Mice were tested at the start of the 

dark phase of the circadian day-night cycle. Briefly, an adhesive tape was placed on the dorsal aspect of 

both forepaws. Latency of tape contact with the mouth and tape removal was scored on videos recorded 

over 180 seconds. In the test performed 1 day before MCAo, mice received three trials with 10-minutes 

rest cycles in between, and on day 3 post-MCAo, mice received two trials. Results were expressed as 

time average of tape-contact or tape-removal latency in each test for the contralesional and lesional side. 

 

Intra-splenic injection of fluorescent latex beads 

Intra-abdominal surgery was conducted to inject 50 µl (3.64x1010 particles/ml) of Fluoresbrite® Yellow 

Green Microspheres (0.50 µm; Polysciences Inc., Warrington, PA) into the mouse spleen capsule 6 

hours after saline or LPS treatment. Meloxicam and buprenorphine were given for pre-emptive analgesia.  

 

LPS in vivo preconditioning 

LPS was repurified from a commercial LPS preparation (Salmonella enterica serotype typhimurium; 

Sigma; L7261) according to a previously published protocol (Manthey and Vogel, 1994). Mice were 

injected with either purified LPS (0.5 mg/kg, i.p.) or saline (100 µl i.p.) 24 hours before MCAo.  

 

Cell isolation  

Mice were anesthetized with pentobarbital and transcardially perfused with heparinized PBS. Meninges 

and spleen were dissected, placed on a 70-µm cell-strainer and gently homogenized in PBS. Brain cell 

isolation was carried out by mechanical method or enzymatic digestion with liberase when cell sorting 

was performed, as previously described (Garcia-Bonilla et al., 2014b; Benakis et al., 2016). Briefly, for 

enzymatic brain cell isolation, brain hemispheres were separated from the cerebellum and olfactory bulb 

and gently triturated in Hepes-HBSS buffer (138 mM NaCl, 5 mM KCl, 0.4 mM Na2HPO4, 0.4 mM 

KH2PO4, 5 mM D-Glucose, 10 mM Hepes) using a Gentle MACS dissociator (Miltenyi Biotec, Auburn, 

CA) following the manufacturer's instructions. The suspension was digested with 62.5 µg/ml Liberase 

DH (Roche Diagnostics, Indianapolis, IN) and 50 U/ml DNAse I at 37°C for 45 minutes in an orbital 
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shaker at 100 rpm. For mechanical cell isolation, brain hemispheres were homogenized in RPMI 1640 

medium (Mediatech, Manassas, VA) using a dounce homogenizer. Brain cells isolated from enzymatic 

or mechanical procedures were washed and subjected to discontinuous 70/30% Percoll (GE Healthcare, 

Piscataway, NJ) density gradient centrifugation. Enriched-mononuclear cells were collected from the 

interphase. BM cells were flushed out from the femur and tibias and filtered through a 40-µm cell-trainer. 

Blood was drained from the submandibular vein into tubes containing sodium heparin and erythrocytes 

were lysed. Cell suspensions were subsequently stained for flow cytometric analysis. 

 

Flow cytometric analysis  

Cells were stained using rat monoclonal antibodies (Table 1) and analyzed on a MACSQuant Analyzer 

10 (Miltenyi Biotec). Brain infiltrating leukocytes were identified as CD45hi and further gated by CD11b 

and CD11c markers. CD45hiCD11b–CD11c+ were identified as dentritic cells (DC). From the 

CD45hiCD11b+CD11c− gate, both monocytes and neutrophils were identified as CD45hiCD11b+CD115+ 

and CD45hiCD11b+Ly6G+, respectively. Monocytes were further separated as Ly6Chi or Ly6Clo. 

Infiltrating macrophages were classified as CD45hiCD11b+CD11c−CD115–Ly6G−. The same gating 

strategy was used to phenotype leukocyte in the meninges and peripheral organs. Appropriate isotype 

controls, ‘fluorescence minus one’ staining, and staining of negative populations were used to establish 

sorting parameters. Absolute cell numbers and frequencies were recorded. Samples were acquired and 

analyzed by an investigator blinded to the treatment groups. 

 

Fluorescence Activated Cell Sorting  

Isolated brain cells by the enzymatic procedure were stained for CD45, CD115, Ly6G and Ly6C as 

described above. Leukocytes isolated from brains of mice injected with LPS or saline that did not 

undergo MCAo, were identified as CD45hi and further gated by CD115, and Ly6G and Ly6C markers. 

“Inflammatory” or “resident” monocytes, identified as CD45hiCD115+Ly6G–Ly6Chi or Ly6Clo, 

respectively, were sorted on a FACSVantage cytometer (BD Bioscience) and collected in Trizol LS 

(Invitrogen, Carlsbad, CA) for transcriptomic profiling. Brains from three to four mice were pooled. 

 

Monocytes and neutrophil isolation by immunodepletion from BM 

BM was flushed out from femurs and tibias and cells were dispersed by aspiration through a 20-gauge 

needle. After erythrolysis, BM cells were resuspended in MACS buffer (PBS supplemented with 2% 

FBS, 2 mM EDTA; 100µl/107 cells). Cells were incubated with a biotinylated-antibody cocktail (see 
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Table 1) and purified with anti-biotin-microbeads according to the manufacturers instructions (Miltenyi 

Biotech). Afterwards, cells were washed, resuspended in sterile physiological saline (5x106 cells/ml) and 

administered by retroorbital injection (iv) in anesthetized mice. Cell preparations contained >90% 

CD115+Ly6Chi monocytes as determined by flow cytometry analysis. Neutrophils were also purified 

from mouse BM of LPS-preconditioned animals by immunomagnetic negative enrichment essentially as 

described above with a different biotinylated-antibody cocktail (Table 1). Cell preparations contained 

>90% neutrophils as determined by flow cytometry (anti-Ly6G-PerCP-Cy5.5, clone 1A8, Biolegend). 

 

Generation of bone marrow-derived macrophages and myeloid-derived suppressor cells 

Generation of bone marrow-derived macrophages (BMDM), classically activated macrophages (CAM) 

or alternatively activated macrophages (AAM) was conducted as described elsewhere with 

modifications (Weischenfeldt and Porse, 2008). After erythrocyte lysis isolated BM cells were 

resuspended (1x106 cells/ml) in BM-medium (DMEM/F12, 10% FBS, 20% L929-conditioned medium, 

100U/ml Penicillin and 100 µg/ml Streptomycin) and cultured in 5% CO2 at 37°C for 7 days. Fresh 

medium was added every 2-3 days. Polarization to CAM was induced by 100 U/ml IFNγ (Peprotech) for 

48 hours and 10 ng/ml LPS for the last 24 hours. AAM were obtained by incubating BMM with 10 

ng/ml recombinant murine IL-4 (R&D Systems) for 24 hours. Fully differentiated adherent macrophages 

were washed twice with warm DMEM/F12, and collected by detaching them with a stream of ice-cold 

DMEM/F12 containing 10% FBS. Cells were collected by centrifugation and resuspended in sterile 

saline (5x105 cells/100 µl). Monocytic myeloid-derived suppressor cells (MDSC) were generated 

according to a previously published protocol (Highfill et al., 2010). Briefly, isolated BM cells were 

cultured in MDSC-medium (DMEM, 10% FBS, 10 mM Hepes, 1.5 mM L-arginine, 1.5 mM L-

asparagine, 1.5 mM L-glutamine and 0.05 mM β-mercaptoethanol) in the presence of recombinant 

murine granulocyte macrophage colony-stimulating factor (250 U/ml; Biolegend) and granulocyte 

colony-stimulating factor (100 ng/ml; Peprotech) for 4 days. Interleukin-13 (Biolegend) was added (80 

ng/ml) on day 3. Cells were harvested at day 4 and MDSC were isolated from each culture by 

immunomagnetic positive selection using anti-CD11b-PE antibody, anti-PE magnetic microbeads and 

LS column separation (Miltenyi Biotec). The purity of isolated cell populations was found to be greater 

than 90% by flow cytometry. Suppressor function was tested for inhibition of splenic CD4+ T cell 

proliferation in the presence of anti-CD3 and anti-CD28 antibodies (Figure 4B).  

 

Transcriptomic profiling 
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Total RNA was extracted from sorted Ly6Chi brain monocytes for analysis of gene expression by 

Illumina Mouse WG-6 v2.0 Expression BeadChips. Total RNA was amplified with TargetAmp-Nano 

Labeling Kit for Illumina Expression BeadChip (Epicentre, Madison, WI). All procedures were 

conducted according to the manufacturer’s instructions by the Genomics Shared Resource supported by 

Roswell Park Cancer Institute and National Cancer Institute grant P30CA016056. Data were checked for 

quality with Illumina’s GenomeStudio gene expression module (v1.9.0). Summary data were 

background subtracted and normalized by variance stabilization using the beadarray (version 2.20.2) 

(Dunning et al., 2007) and limma (version 3.26.8) (Ritchie et al., 2015) packages within the R statistical 

environment (version 3.2.3). Analysis of differential expression was conducted in limma for probe sets 

filtered by spot detection (P < 0.05) and difference in mean signal intensity between treatment groups 

(dif > 4). Significantly changed genes were subjected to analysis of canonical pathways curated by 

DAVID Functional Annotation Bioinformatics Microarray Analysis (Sherman et al., 2007). Heat maps 

were generated in GenePattern (Reich et al., 2006) using genes selected by the differential gene 

expression analysis. Expression data have been deposited for public access in the NCBI Gene 

Expression Omnibus (GEO) under accession no. GSE84327. 

 

Quantitative Real-Time PCR 

Quantitative determination of gene expression was examined as described before (Garcia-Bonilla et al., 

2015). Total RNA was extracted from ischemic hemispheres and meninges using Trizol reagent. 

RNeasy Plus Mini Kit (Qiagen) was used to extract RNA from BM cells. After, cDNA was synthetized 

with iScript reverse transcription supermix for RT-qPCR (BioRad). qRT-PCR was conducted with 

cDNA in duplicate reactions using the Maxima SYBR Green/ROX qPCR Master Mix (2X) (Thermo 

Scientific). The reactions were incubated at 50°C for 2 minutes and then at 95°C for 10 minutes. A 

polymerase chain reaction cycling protocol consisting of 15 seconds at 95°C and 1 minute at 60°C for 

45 cycles was used for quantification. Primer sequences (Invitrogen) are described in Table 2. Data were 

expressed as relative fold change over sham-operated control mice calculated by the 2-ΔΔCt method 

(Livak and Schmittgen, 2001). 

 

Histology 

Histology of whole-mount meninges was performed as described (Louveau and Kipnis, 2015) with some 

modifications. Mice were anesthetized with sodium pentobarbital and perfused transcardially with ice-

cold PBS followed by 4% paraformaldehyde (PFA) in PBS. Brains were extracted from the skull and the 
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skullcap was post-fixed in 4% PFA-PBS overnight. After, the meninges (dura/arachnoid) were washed 

with PBS and dissected from the skull under a surgical microscope. Whole meninges were 

permeabilized with 0.5% Triton X-100 (Sigma) in PBS (PBST) for 30 minutes, blocked with 5% normal 

donkey serum (NDS) in 0.1% PBST for 1 hour and incubated with anti-Collagen IV (1:400, rabbit 

polyclonal; #ab6586, Abcam, RRID:AB_305584) antibody for 2 hours in 1%NDS-0.1% PBST. The 

meninges were washed with 0.1% PBST, incubated with Cy5-conjugated secondary antibody (1:200; 

Jackson ImmunoResearch Laboratories) and mounted on slices using ProLong® Gold Antifade 

mountant with DAPI (Thermo Fisher Scientific). All the staining procedure was performed at room 

temperature. Immunostaining was visualized by epi-fluorescent (Olympus IX83, Waltham, MA) or 

confocal microscopy (Leica TCS SP5, Mannheim, Germany). 

Dissected brains and spleens were post-fixed in 4% PFA-PBS overnight at 4°C, immersed in 

30% sucrose solution and frozen. Coronal brain sections and transverse sections of the spleen were cut 

(16 µm thickness) using a cryostat and mounted on slides for nuclear staining. Sections were 

permeabilized with 0.5%-PBST and then incubated with TO-PRO®-3 Iodide (Thermo Fisher Scientific) 

for 30 minutes at room temperature. Slices were washed with 0.1% PBST, mounted with FluorSave™ 

Reagent (Millipore) and visualized by confocal microscopy. 

 

Arginase and NOS activity 

Arginase activity was assayed essentially as described previously (Corraliza et al., 1994). Briefly, 1x105 

isolated BM monocytes from saline or LPS treated mice (24 hours) were lysed in 50 µl of 0.1% Triton 

X-100 containing pepstatin, aprotinin and antipain and incubated on a shaker for 30 minutes at room 

temperature. The enzyme was activated after adding 50 µl of 10 mM MnCl2, 50 mM Tris-HCl, pH 7.5 at 

55°C for 10 minutes. After addition of equal volume of 0.5 M arginine, pH 9.7, arginine hydrolysis was 

performed at 37°C for 60 minutes. Reactions were stopped by acidification and the urea formed was 

colorimetrically quantified at 540 nm after addition of α-isonitrosopropiophenone and heating at 100°C 

for 45 minutes. NOS activity was assessed by measuring nitrite production. Briefly, isolated BM 

monocytes were resuspended in RPMI 1640 supplemented with 10% FBS and penicillin/streptomycin at 

a density of 5x105 cells/ml and re-stimulated with 100 U/ml IFNγ and 100 ng/ml LPS for 24 hours at 

37°C in a humidified atmosphere containing 5% CO2. Nitrite in supernatants was determined by the 

Griess reaction according to the manufacturers suggestions (Promega; #g2930). 

 

IL-10 protein level determination 
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IL-10 production in isolated BM monocytes was measured by ELISA (Thermo Fisher ScientificCat# 

BMS614/2, RRID:AB_2575685). Briefly, isolated BM monocytes were incubated in RPMI 1640 

supplemented with 10% FBS and penicillin/streptomycin and re-stimulated with 100 ng/ml LPS for 16 

hours at 37°C in a humidified atmosphere containing 5% CO2. Secreted IL-10 was assayed in cell 

culture supernatants. 

 

 

Experimental Design and Statistical Analysis 

 

Adoptive transfer of in vivo-preconditioned monocytes 
A first study was performed to test whether the transfer of isolated monocytes from LPS-PC mice 

induces neuroprotection in mice that undergo MCAo. To this end, monocytes were purified by 

immunodepletion from BM cells of 7-8 week-old wild type, which were treated with saline or LPS (0.5 

mg/kg in 100 µl saline i.p.) 24 hours before. A different researcher concealed to the surgical procedures, 

injected the isolated monocytes (5x105 cells in 100 µl of sterile saline/mouse; i.v) into mice at different 

time points before or after MCAo. The mice were randomly allocated to receive either LPS- or Saline-

monocytes. The infarct volume was analyzed 72 hours after MCAo to assess brain damage and 

compared to mice that received either saline or LPS (i.p) or that received adoptively transferred 

neutrophils (5x105 cells in 100 µl of sterile saline/mouse; i.v). 

A second study was conducted to test whether iNOS, IL-10, CCR2 or Cox2 molecules are 

important in conferring the protective effect of the monocytes. In these experiments, monocytes were 

purified by immunodepletion from BM cells of 7-8 week-old wild type, iNOS−/−, IL-10−/−, CCR2RFP/RFP 

or Cox2−/− mice, which were treated with saline or LPS (0.5 mg/kg in 100 µl saline i.p.) 24 hours before. 

The monocytes were injected (5x105 cells in 100 µl of sterile saline/mouse; i.v) into mice 7 hours after 

MCAo. Infarct volumes were analyzed 72 hours after MCAo. 

 

Adoptive transfer of bone marrow-derived macrophages and myeloid-derived suppressor 

cells 

A third study was conducted to assess whether bone marrow-derived macrophages that underwent 

classical (CAM) or alternative (AAM) activation, and myeloid-derived suppressor cells, have also the 

capacity of neuro-protect mice undergoing MCAo when adoptively transfer. Mice were randomly 

allocated to receive BMM, CAM, AAM or MDSC (5x105 cells in 100 µl of sterile saline/mouse; i.v) 7 
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hours after MCAo. An investigator concealed to surgical procedures conducted macrophage transfers. 

Infarct volumes were analyzed 72 hours after MCAo. 

 

Adoptive transfer of ex vivo-preconditioned monocytes 
In a forth study we tested the translational potential of transferring monocytes that are ex vivo-treated 

with LPS into mice undergoing MCAo. In these experiments, mouse monocytes isolated from BM of 7-

8 week-old naïve mice as described above, and human peripheral blood monocytes (79% 

CD14+CD16low cells), purchased from Lifeline Cell Technology, were incubated with purified LPS (100 

ng/ml) or vehicle (PBS) in RPMI with 10% FBS (2x106 cells/ml) at 37°C and 5%CO2 for 2 hours. After, 

the monocytes were washed, resuspended in sterile saline and injected (5x105 cells/100 µl saline; iv) into 

mice 7 hours after MCAo. Mice were randomly allocated to LPS- or PBS-ex vivo monocytes groups. An 

investigator blinded to surgical procedures and monocyte treatment performed monocyte transfers 

experiments. Infarct volumes were analyzed 72 hours after MCAo. 

 

Statistical Analysis  
Data were analyzed using GraphPad Prism (Vers. 6) software. Intergroup differences were assessed for 

parametric data (Shapiro-Wilk normality test) by student's t-test, one-way ANOVA or two-way 

ANOVA followed by post-hoc tests as appropriate. For non-parametric data, Mann-Whitney or Kruskal-

Wallis test was used. Data are expressed as mean ± standard error of mean, and differences were 

considered statistically significant for a p value < 0.05 at a 95% confidence level. 

 

 

Results 
 

LPS preconditioning increases Ly6Chi monocytes in brain and meninges 
First, we sought to determine if administration of neuroprotective doses of LPS (Tasaki et al., 1997; 

Marsh and Stenzel-Poore, 2008) leads to an increase in immune cells in the CNS. LPS administration 

induced the recruitment of monocytes to the brain, identified by the surface markers CD115, when 

compared to mice receiving saline (Figure 1A, B). The increase was observed 24 hours after LPS and 

was sustained for at least 72 hours, a time window consistent with the protective effect afforded by LPS 

preconditioning (Rosenzweig et al., 2007). Although neutrophils increased 3.7 folds in blood 24 hours 

after LPS (Figure 1D), they were increased in brain only at 24 hours, an effect that did not reach 
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statistical significance (Figure 1B). We then investigated whether the brain-associated monocytes were 

of the “inflammatory” (Ly6Chi) or “resident” (Ly6Clo) phenotype. CD115+Ly6Chi monocytes were 

significantly higher in brains 24 hours after LPS compared to saline (Figure 1C). This was not correlated 

with an increase in the peripheral blood where CD115+Ly6Chi cells after LPS was not different from 

saline controls (Figure 1C). In addition to the brain, CD115+ Ly6Chi monocytes also increased in the 

meninges 24 hours after LPS treatment (Figure 1E), while no change in meningeal neutrophils was 

observed (Figure 1E). Non-myeloid immune cells in brain and meninges were not affected by LPS PC 

(data not shown). Therefore, LPS administration leads to accumulation of predominantly CD115+Ly6Chi 

monocytes in brain and meninges. 

 

Adoptive transfer of monocytes from preconditioned donors protects naïve mice from 

ischemic brain injury  
Having established that LPS preconditioning leads to recruitment of CD115+Ly6Chi monocytes to brain 

and meninges, we investigated whether these cells contribute to the neuroprotection observed after LPS 

preconditioning. To this end, we isolated bone marrow monocytes 24 hours after LPS or saline 

administration and transferred them into naïve mice undergoing MCAo (Figure 2A). More than 90% of 

immunopurified BM monocytes were Ly6Chi (Figure 2B). Adoptive transfer of monocytes (5x105 cells 

iv) from LPS-trated mice 7 hours, but not 24 hours after MCAo resulted in a reduction in infarct volume 

similar to that of mice receiving LPS 24 hours before MCAo (Figure 2C, D). Adoptive transfer of 

monocytes 24 hours before MCAo resulted in partial protection that was not statistically significant 

(Figure 2D). Monocytes isolated from mice 24 hours after saline administration did not elicit 

neuroprotection when adoptively transferred to naïve mice 7 hours post-MCAo (Figure 2E). Similarly, 

adoptive transfer of neutrophils isolated from the BM of LPS-treated mice did not confer 

neuroprotection after adoptive transfer into naïve hosts 7 hours after MCAo (Figure 2E). These findings 

indicate that CD115+Ly6Chi monocytes isolated from LPS-treated mice and transferred into naïve mice 

reproduce in full the protective effect of LPS PC. 

 

Transcriptomic profiling of protective monocytes 

Next, we examined if LPS induced brain-associated monocytes exhibit a gene expression profile 

different from those of saline-treated animals.  Transcriptomic profiling of brain monocytes identified 

270 genes that were up-regulated (> 4 folds) in monocytes isolated from brains of LPS-trated animals 

compared to monocytes of saline controls, while 414 were down-regulated (Figure 3A). Up-regulated 
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genes were associated with immune and inflammatory responses, regulation of GTPase activity and 

cholesterol homeostasis, while down-regulated genes included members of cell adhesion, cell 

proliferation, positive transcriptional regulation, and angiogenesis pathways (Figure 3B). Genes 

associated with alternative macrophage polarization were highly upregulated, including IL10 and 

arginase 1 (Figure 3C). IL10 and Arg1 mRNA, assessed by RT-PCR, were also increased in monocytes 

isolated from the BM of LPS-treated mice (Figure 3D), in which a corresponding increase in IL-10 

protein expression and arginase enzymatic activity was also observed (Figure 3E). Moreover, inducible 

nitric oxide synthase (Nos2) mRNA, a gene involved in LPS preconditioning (Kawano et al., 2007; 

Kunz et al., 2007), was also upregulated in BM monocytes isolated from LPS-treated mice (Figure 3D) 

and associated with increased NO production (Figure 3E). Other genes linked to alternatively activated 

macrophages like YM1 (Chi3l1), Fizz1/RELMα (Retnla), and stabilin 1 (Stab1) were also upregulated 

(Figure 3F). Therefore, the “protective” monocytes induced by LPS administration express selected 

genes typical of alternatively activated macrophages.  

 

Unlike monocytes, macrophages and myeloid-derived suppressor cells are not 

neuroprotective 
Given that alternatively-activated macrophages have been observed in the brain after ischemia and could 

be beneficial due to their anti-inflammatory activity (Miró-Mur et al., 2015), we compared the 

neuroprotective ability of LPS-induced monocytes with that of bone marrow-derived macrophages that 

underwent classical (CAM) or alternative (AAM) activation. In addition, we assessed the protective 

capacity of myeloid-derived suppressor cells, a myeloid cell population with strong anti-inflammatory 

activity upregulated in the periphery after stroke (Serafini et al., 2004; Huang et al., 2006; Bronte, 2009; 

Liesz et al., 2015). To this end we generated CAM, AAM and MDSC from BMM in vitro, by exposing 

BMM to IFNγ/LPS, IL-4, or IL-4/IL-13 respectively (Weischenfeldt and Porse, 2008; Highfill et al., 

2010). Successful polarization was confirmed by monitoring mRNA expression of genes associated with 

the respective subpopulations including Nos2, Arg1, IL10, Nos2, Retnla, Chi3l3, Retnla, and Stab1 

(Figure 4A). MDSC were tested for their ability to suppress CD4+ T cell proliferation (Figure 4B). All in 

vitro generated macrophage populations expressed CCR2, a chemokine receptor needed for macrophage 

entry into the brain and association with meninges (Figure 4C). Cells (5x105) were then adoptively 

transferred to mice 7 hours after MCAo and infarct volumes determined 72 hours later. We found that 

none of the in vitro differentiated BMM populations reduced infarct volume after adoptive transfer 
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(Figure 4D). Therefore, unlike LPS-induced protective monocytes, CAM, AAM and MDSC are unable 

to ameliorate ischemic brain injury.  

 

iNOS, IL-10 and CCR2 are required for the beneficial effect of monocytes 
Because Nos2 and IL10 gene expression was upregulated in LPS-induced monocytes, we examined 

whether iNOS or IL-10 were required for their neuroprotective effects. To this end, BM monocytes 

isolated from iNOS−/− or IL10−/− LPS-treated mice were adoptively transferred (5x105 cells) to wild type 

mice 7 hours after MCAo and infarct volume was determined 72 hours later. Neither iNOS−/− nor 

IL10−/− monocytes induced neuroprotection as compared to LPS-induced wild type monocytes (Figure 

4E). Because CCR2 is required for the recruitment of “inflammatory” monocytes to sites of ischemic 

inflammation (Swirski et al., 2009; Garcia-Bonilla et al., 2016), we adoptively transferred monocytes 

from CCR2−/− mice treated with LPS (Figure 4E). We found that CCR2−/− monocytes failed to induce 

neuroprotection suggesting that monocyte migration to the brain and/or meninges is required for the 

protection. In contrast, LPS-induced monocytes isolated from mice deficient for the inflammatory 

enzyme cyclooxygenase-2 (COX2) were able to protect from ischemic brain injury, attesting to the 

specificity of iNOS, IL10, and CCR2 in the protective effect.  

 

Trafficking of protective monocytes to spleen, meninges and brain 
Next, we investigated the potential source of the protective monocytes in mice undergoing LPS PC. 

Since we observed a significant depletion of splenic monocytes 24 hours after LPS PC while blood 

monocytes were not changed (Figure 1D), we tested whether monocytes are mobilized from the spleen 

and recruited to the brain and meninges. The spleen is a monocyte reservoir that can be mobilized after 

ischemia in other organs (Swirski et al., 2009), and splenic monocytes have been implicated in stroke 

pathology (Seifert et al., 2012; Dotson et al., 2014; Kim et al., 2014). To specifically label phagocytes in 

the spleen, fluorescent latex (Lx) beads (0.5 µm diameter), were injected into the spleen of mice 6 hours 

after they were treated with either saline or LPS. Eighteen hours later, histological examination of the 

spleen revealed that Lx beads distributed throughout the subcapsular sinus and the red pulp (Figure 5A). 

Flow cytometric analysis showed efficient uptake of Lx-beads by splenic CD115+Ly6G– monocytes in 

LPS and saline treated animals (Figure 5B, C). However, Lx+ monocytes were found in blood, brain and 

meninges in LPS-treated animals, but not saline controls, indicating that LPS PC mobilizes splenic 

monocytes that are then recruited to brain and meninges (Figure 5B, C).  
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 To gain an insight into the trafficking of adoptively transferred protective monocytes, we isolated 

BM monocytes from mice ubiquitously expressing green fluorescent protein (GFP) treated with LPS 24 

hours earlier, and transferred them to wild type mice 7 hours after MCAo. Histological analysis of 

spleen, brain and meninges was performed 24 hours after MCAo. In contrast to monocytes in mice 

treated with LPS (Figure 5B, C), adoptively transferred GFP+ monocytes were found in the spleen and 

meninges but not the brain parenchyma (Figure 5D). The transfer to the meninges required CCR2 

because CCR2–/– monocytes did not efficiently migrate to the meninges (Figure 5E).  Therefore, spleen 

and meninges are major sites of monocytes localization both in LPS preconditioned mice and in mice 

adoptively transferred with monocytes from LPS-treated mice undergoing MCAo. 

 

LPS PC results in increased meningeal and decreased brain immune cell accumulation 

after stroke 
We then examined whether the presence of PC-induced monocytes in brain and meninges has an impact 

on the post-ischemic infiltration of inflammatory cells in brain. Mice underwent LPS or saline treatment 

24 hours before stroke and the cell populations in brain and meninges were assessed 48 hours after 

MCAo, a time point when peripheral immune cell infiltration is maximal (Garcia-Bonilla et al., 2014b; 

Benakis et al., 2016). While monocytes were increased in the meninges of LPS-PC mice compared to 

saline treated controls (Figure 6A), brain monocytes were unchanged (Figure 6B). In contrast, the 

number of neutrophils was not different in the meninges between groups, but brain-infiltrating 

neutrophils were reduced in LPS-PC mice (Figure 6A, B). CD4+ T cells, CD8+ T cells, γδT cells, B cells 

and NK cells trended lower without reaching statistical significance (data not shown). Together, these 

data indicate that PC-induced monocytes in the meninges are associated with reduced neutrophil 

trafficking into the brain after a stroke. 

 

Ex vivo treatment with LPS induces a neuroprotective phenotype in mouse and human 

monocytes 
While our results are consistent with a direct effect of LPS on monocytes leading to a protective 

phenotype, indirect activation by down-stream effectors induced by LPS, such as pro-inflammatory 

cytokines, lipid mediators or DAMP, cannot be excluded. To address whether LPS acts directly on 

monocytes, we exposed monocytes isolated from naïve animals to LPS (100 ng/ml, 2 hours) or vehicle 

(PBS) ex vivo, before injecting them (5x105 cell, iv) into mice 7 hours after MCAo. Mice receiving LPS-

treated monocytes showed smaller infarcts (-55±10%; P<0.05) than mice receiving PBS treated 
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monocytes (Figure 7A), a protective effect comparable to that observed in LPS-PC mice (Figure 2A and 

7A). Importantly, the protection was lost when LPS-stimulated monocytes were lysed (Figure 7A). The 

reduction in brain injury was accompanied by a better neurological outcome, assessed by the tape test 72 

hours post-occlusion (Figure 7B). As in monocytes isolated from LPS-treated mice, monocytes exposed 

in vitro to LPS for 2 hours showed increased IL10 and Nos2 expression (Figure 7D). To test whether the 

protective activity could also be elicited by human monocytes, we exposed purified human peripheral 

blood monocytes to saline or LPS for 2 hours and transferred them into mice that underwent stroke as 

described above. Transfer of human monocytes that were exposed to LPS, but not saline, significantly 

reduced infarct volumes after MCAo (Figure 7C). The degree of reduction was comparable to that 

observed in mice receiving murine LPS-treated monocytes (-45±10% vs. -55±10%; compared to mice 

receiving either human or mouse PBS monocytes; P>0.05).  

We also sought to determine whether adoptively transferred monocytes exposed to LPS ex vivo 

were recruited to the brain and meninges. BM monocytes from GFP transgenic mice were exposed to 

vehicle (PBS) or LPS and transferred into mice 7 hours after MCAo. We found that both PBS and LPS-

primed monocytes were present in the meninges but not in the brain after stroke (Figure 7E). 

Transferred-monocytes were mainly seen intravascularly or perivascularly in vessels in or near the 

superior sagittal sinus. These findings suggest that the presence of monocytes in the meninges is not 

sufficient to confer neuroprotection, but that priming of the monocytes by LPS is also needed.  

 

LPS primed monocytes suppress inflammatory cytokines in the meninges 
To address whether adoptive transfer of protective monocytes would alter the inflammatory response in 

meninges after stroke, we conducted mRNA analysis of inflammatory molecules involved in leukocyte 

chemotaxis (Ccl2, Ccl5, Cxcl1, Cxcl3, Cxcl5, Cxcl10, Cxcl12) and survival/activation (Csf1, Csf2, Csf3) 

in the meninges of mice receiving LPS-primed monocytes 48 hours after MCAo. All inflammatory 

molecules were upregulated in the meninges, except for Ccl5 (Figure 7F). Notably, neutrophil regulatory 

factors Cxcl5, Csf2 and Csf3 and the lymphocyte regulatory factor Cxcl10 were significantly decreased 

in mice receiving LPS-primed monocytes. These data indicate that LPS-primed monocytes in the 

meninges suppress the post-ischemic expression of inflammatory cytokines involved in leukocyte 

trafficking to the brain.   

 

 

 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 6, 2018. ; https://doi.org/10.1101/276923doi: bioRxiv preprint 

https://doi.org/10.1101/276923
http://creativecommons.org/licenses/by-nc-nd/4.0/


Garcia-Bonilla, page 
 

17 

Discussion 

 

We have found that LPS PC leads to selective accumulation of “inflammatory” monocytes in the brains 

and meninges of preconditioned animals and that these monocytes are sufficient to induce 

neuroprotection after adoptive transfer. While previous studies have focused on the effects of LPS PC on 

gene regulation within the brain (Stevens et al., 2011), here we asked whether LPS PC induces a 

peripheral immune response that contributes to cerebral ischemic tolerance and modifies stroke outcome. 

We found that monocytes are recruited to brain and meninges after LPS PC. This was specific for 

monocytes, because neutrophils did not accumulate in the brain or meninges after LPS PC even though 

their frequency was strongly increased in the peripheral blood.  

Importantly, we observed that monocytes isolated from the BM of mice that underwent LPS PC 

were able to confer robust neuroprotection when adoptively transferred to naïve mice 7 hours after 

MCAo, indicating that monocytes are sufficient to induce ischemic tolerance. Adoptive transfer of 

monocytes isolated from saline treated animals did not alter stroke outcome suggesting that LPS-

induced gene expression is required to establish the protective phenotype. In contrast, adoptively 

transferred neutrophils isolated from the LPS-preconditioned animals or in vitro differentiated CAM, 

AAM, and MDSC were not able to confer neuroprotection. Therefore, the capacity to confer protection 

from ischemic brain injury is restricted to a selected monocyte subpopulation. 

 

Our data also show that the protective phenotype of adoptively transferred monocytes is 

dependent on the expression of CCR2, IL-10 and iNOS. CCR2 is the major chemokine receptor 

involved in monocyte infiltration after brain ischemia (Gliem et al., 2012; Garcia-Bonilla et al., 2016). 

Here, we show that CCR2 is also required for meningeal recruitment of monocytes. Interestingly, 

several studies have reported increased injury after MCAo in CCR2–/– mice, which lack circulating 

inflammatory monocytes (Gliem et al., 2012; Chu et al., 2015; Garcia-Bonilla et al., 2016; Wattananit et 

al., 2016), an observation consistent with a neuroprotective activity of monocytes recruited to the 

ischemic lesion. Furthermore, hypoxic and ischemic preconditioning are also dependent on CCL2/CCR2 

signaling (Rehni and Singh, 2012; Stowe et al., 2012), indicating that recruitment of protective 

monocytes might be a global mechanism underlying brain PC. IL-10 has been proposed as a necessary 

component of ischemic tolerance in the myocardium (Cai et al., 2012) and is up-regulated in the plasma, 

but not the brain, after LPS preconditioning (Vartanian et al., 2011). These results are consistent with a 

role for IL-10 production in circulating immune cells, possibly monocytes, as observed in our study. 
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Previous studies have identified iNOS-derived NO as an essential mediator of ischemic and LPS PC 

(Kawano et al., 2007; Kunz et al., 2007). Our results support these previous findings and support the 

hypothesis that monocyte derived NO contributes to ischemic tolerance in LPS PC.  

  

Using labeling of splenic monocyte/macrophages by subcapsular latex beads injection, we also 

found that LPS treatment mobilizes monocytes from the spleen into circulation and that splenic 

monocytes became associated with brain and meninges. The contribution of splenic monocytes to stroke 

pathology has been a matter of debate. While several studies have shown a role for the spleen, and 

specifically splenic monocytes, in promoting ischemic brain injury (Ajmo et al., 2008; Ostrowski et al., 

2012; Seifert et al., 2012; Dotson et al., 2014), others failed to do so (Kim et al., 2014; Zierath et al., 

2017). We did not specifically address the deleterious effects of splenic monocytes in brain ischemia, 

but our study suggests that splenic monocytes can be protective when exposed to a systemic PC stimulus. 

Whether this protective phenotype is also elicited during the systemic inflammatory response seen after 

ischemic brain injury remains to be determined.  

 

Our study also identifies the meninges as a key immunoregulatory compartment involved in PC 

and ischemic brain injury. Whereas protective monocytes were found in both brain and meninges after 

LPS PC, they were only found in the meninges after adoptive transfer. These findings emphasize a 

crucial role for the meninges in mediating the neuroprotection afforded by LPS-primed monocytes. We 

have previously shown that meningeal γδT cells orchestrate immune cell trafficking after ischemic brain 

injury by promoting neutrophil infiltration into the affected brain parenchyma (Benakis et al., 2016). 

Here we demonstrate that meningeal monocytes are capable of dampening the post-ischemic 

inflammatory response by suppressing the production of neutrophil activating and chemotactic factors 

such as Csf2, Csf3 and Cxcl5. We have previously shown that Csf3 is an endothelial-derived cytokine 

responsible for neutrophil activation after stroke (Garcia-Bonilla et al., 2015). Down-regulating Csf3 and 

related cytokines in the meninges may suppress the inflammatory response in neutrophils thereby 

limiting their ability to invade the brain parenchyma.  

 

 Another major finding of this study is that monocytes can be primed in vitro to express a 

neuroprotective phenotype. Thus, exposure of monocytes to LPS for 2 hours was sufficient to induce 

their protective potential. Together with the favorable therapeutic window, the quick induction of the 

neuroprotective phenotype should allow for the development of clinical protocols for stroke therapy. 
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BM mononuclear cells (BMMC) are increasingly used as a cell therapy for a variety of brain injuries 

including stroke, both in preclinical and clinical settings (Rosado-de-Castro et al., 2016). While the 

identity of the immune cells within the heterogeneous BMMC pool responsible for the protective effects 

has not been established, one study showed that BMMC depleted of myeloid cells lost their protective 

potential after transient MCAo in rats while depletion of the lymphocyte and erythrocyte lineage had no 

effect (Yang et al., 2016). Similarly, in rats treated with human umbilical cord blood after permanent 

MCAo, monocytes have been singled out as the protective cell population and peripheral blood CD14+ 

monocytes were sufficient to improve long term outcome (Womble et al., 2014). The finding that human 

monocytes can be reprogrammed in vitro to be neuroprotective is of translational and clinical relevance. 

While we did not address the mechanism by which human PC monocytes exert their protective effects, it 

is likely, that their effector mechanisms are also dependent upon IL-10 and NO. Importantly, iNOS and 

IL-10 are upregulated in LPS-treated human monocytes and human IL-10 shows cross-species activity 

on mouse cells (Tan et al., 1993). 

 

 In summary, our study identifies a distinct population of splenic monocytes as key effectors cell 

in the profound protective effect afforded by LPS PC. After exposure to LPS either in vitro or in vivo, 

these cells are able to modulate meningeal and parenchymal immune responses after MCAo, limiting 

ischemic injury and improving functional outcome with a clinically relevant therapeutic window. 

Furthermore, our findings demonstrate that in vitro priming of monocytes with TLR4 agonists triggers 

protective potential against ischemic brain injury and raise the possibility that similar approaches could 

be used to enhance the effectiveness of monocyte-based cell therapies in ischemic stroke patients.  
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Figure Legends 

Figure 1. Systemic LPS preconditioning induces selective recruitment of inflammatory monocytes 

to brain and meninges. A. Flow cytometry analysis of isolated brain cells separated P1, P2, P3 and P4 

populations based on CD45 and Ly6C expression. P1 identified infiltrating brain leukocytes (CD45hi) 24 

hours after LPS injection (0.5 mg/kg; i.p.); P2 corresponded to microglia (CD45intLy6C–); P3 identified 

endothelial cells (CD45–Ly6C+) and P4 corresponded to CD45–Ly6C– cells. Further analysis of CD115 

and Ly6G expression on infiltrating leukocytes (P1) identified recruited monocytes 

(CD45hiCD115+Ly6G–) and neutrophils (CD45hiCD115–Ly6G+). An increase of infiltrating monocytes 

was observed in LPS-treated mice as compared to saline-injected mice. B. CD115+ cells quantification 

in the brain indicated a sustained increase of monocytes in LPS-treated mice during the first 72 hours 

after LPS injection. A transient increase in the Ly6G+ cell number was observed at 24 hours in LPS 

injected mice, although statistical changes were not found in brain neutrophils between saline and LPS 

treatment over the first 72 hours (n=5-14 mice/group). Statistical analysis: two-way ANOVA 

(interaction, F (2, 44) = 0.07020, P = 0.9323; time, F (2, 44) = 0.4909, P = 0.6154; treatment, F (1, 44) = 

55.76, P < 0.0001) followed by Sidak's post-hoc test; **P < 0.05; ****P < 0.0001. C. Quantification of 

the percentage of brain and blood inflammatory monocytes (CD115+Ly6Chi) in saline (n=12) or LPS-

treated (n=13) mice 24 hours after treatment. Increased Ly6Chi percentage was observed in brain, but not 

in blood, of LPS-treated mice. Statistical analysis: Unpaired two-tailed Student’s t test (t=3.987, df=24, 

***P=0.0005). D. Heatmap analysis of leukocyte numbers in peripheral blood (PB) or spleen (SP) from LPS-

treated mice over saline-injected mice. Frequencies of leukocyte populations were calculated for each tissue at 24, 

48, 72 or 96 hours after treatment. Log2 fold change was calculated for LPS over saline for each endpoint.  

Statistical analysis: Unpaired two-tailed Student’s t test; *P < 0.05; #P < 0.01; §P < 0.001. E. The total 

monocyte (CD115+) and inflammatory monocyte (CD115+Ly6Chi) number was increased in meninges 

of mice 24 hours after either saline (n= 8) or LPS (n= 7) injection. Neutrophils (Ly6G+) did not change. 

Statistical analysis: Unpaired two-tailed Student’s t test (t=16.93, df=13, ****P < 0.0001) for total 

CD115+ cells; Unpaired two-tailed Student’s t test ("t=7.207 df=13", ****P < 0.0001) for 

CD115+Ly6Chi cells.  

 

Figure 2. Adoptive transfer of LPS-primed monocytes isolated from preconditioned donors 

decreases infarct volume in stroke recipient mice. A. Experimental design for adoptive transfer of 

monocytes in stroke mice. Mice were injected with either LPS or saline and monocytes were isolated 

from bone marrows (BM) by immunodepletion 24 hours later. Saline or LPS-monocytes (5x105 
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monocytes/100 µl) were injected intravenously into stroke mice 24 hours before transient MCAo or 7 or 

24 hours post-MCAo. Infarct volume was determined by cresyl violet staining 72 hours after MCAo. B. 

Isolated bone marrow cells were stained for CD11b, CD115, Ly6G, CD117 and Ly6C markers before 

(start) and after (purified) immunodepletion. Stained cells were assayed by flow cytometry. Monocytes 

were isolated with high purity as evidenced by the expression of CD11b, CD115 and Ly6C markers and 

lack of expression of the neutrophil marker Ly6G and the hematopoietic stem cell marker CD117. C. 

Representative images of brain infarcts in saline-injected mice (Sal), LPS-preconditioned mice (LPS) or 

mice that received monocytes isolated from LPS-preconditioned mice 24 hours before MCAo (-24h) or 

7 or 24 hours after MCAo (+7h and +24h, respectively). Mice that received monocytes from saline-

injected mice are indicated as Sal +7h, and mice that received neutrophils isolated from LPS-injected 

mice are indicated as PMN +7h. The infarct (pale areas) is outlined in brain coronal sections stained 

with cresyl violet 72 hours after MCAo. AT stands for adoptive transfer. D. Infarct volume was 

significant smaller in either LPS preconditioned mice (LPS i.p.) or in mice receiving adoptively 

transferred LPS-monocytes at +7 hours (n= 9-12). Statistical analysis: Kruskal-Wallis (H = 15.65, P = 

0.0035) followed by Dunn's post-hoc test. *P < 0.05; ***P < 0.001. E. Adoptive transfer of monocytes 

isolated from saline-injected mice or neutrophils (PMN) from LPS-preconditioned mice at +7 hours 

post-MCAo did not reduce infarct volumes. (n= 8-11). Statistical analysis: one-way ANOVA F (3, 32) = 

7.747, P=0.0006) followed by Holm-Sidak's post-hoc test; *P < 0.05. 

 

Figure 3. Transcriptomic analysis of brain monocytes from LPS preconditioned mice. A. Log2 

fold-change vs. p-value plot of microarray data analysis of gene expression in isolated brain monocytes 

from LPS-preconditioned mice over saline-treated mice (N=2-3, n=8-12), highlighting down-regulated 

genes (blue, < 4 fold) and up-regulated genes (red, > 4 fold). B. Gene Ontology (GO) analysis of gene 

expression revealed up-regulation of genes associated with immune and inflammatory response, 

regulation of GTPase activity and cholesterol homeostasis and down-regulated genes members of cell 

adhesion, cell proliferation, positive transcriptional regulation, and angiogenesis pathways. C. Heatmap 

showing the top 20 genes upregulated and the top 20 genes downregulated in LPS vs. Sal-treated mice. 

D. Quantification of Arginase 1 (Arg1), IL-10 (IL10) and inducible nitric oxide gene (Nos2) expression by qRT-

PCR in mouse bone marrow monocytes. Monocytes were isolated 24 hours after LPS or saline (SAL) injection. 

Data are expressed as relative n-fold changes over SAL group. Arg1, IL10 and Nos2 mRNA were significantly 

upregulated in LPS-primed monocytes. Statistical analysis:  Arg1, Mann Whitney test (U= 0, ****P< 0.0001); IL-

10, Mann Whitney test (U= 0, ****P< 0.0001); Nos2, unpaired two-tailed Student’s t test (t=2.895, df=13, 

*P =0.0125). E. Quantification of arginase activity by determination of urea, IL-10 protein level by ELISA assay 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 6, 2018. ; https://doi.org/10.1101/276923doi: bioRxiv preprint 

https://doi.org/10.1101/276923
http://creativecommons.org/licenses/by-nc-nd/4.0/


Garcia-Bonilla, page 
 

28 

and iNOS activity by Griess reaction showed increased activities or protein level in BM monocytes of LPS-

preconditioned mice compared to BM monocytes of saline-treated mice. Statistical analysis: urea, Mann Whitney 

test (U= 0, **P< 0.0012); IL-10, unpaired two-tailed Student’s t test (t=6.749, df=10, ****P < 0.0001); NO, 

unpaired two-tailed Student’s t test (t=4.83, df=8, **P=0.0013), respectively. F. Quantification of genes 

associated with alternatively activated macrophage polarization showed upregulated mRNA levels in BM 

monocytes isolated 24 hours after LPS-treatment over saline treatment. Statistical analysis: Retnla, unpaired 

two-tailed Student’s t test (t=4.371, df=9, **P=0.0018); Chi3l3, unpaired two-tailed Student’s t test 

(t=13.71, df=9, ****P < 0.0001), Stab1, unpaired two-tailed Student’s t test (t=5.426, df=9, ***P= 0.0004). 

 

 

Figure 4. IL-10, iNOS and CCR2 are required for the neuroprotection induced by LPS-primed 

monocytes. A. Quantification of Arginase 1 (Arg1), IL-10 (IL10), iNOS (Nos2), Retnla, Chi3l3 and 

stabilin 1 (Stab1) gene expression in cultured bone marrow-derived macrophages (BMM), classical or 

alternative activated bone marrow-derived macrophages (CAM and AAM, respectively), and myeloid-

derived suppressor cells (MDSC) by qRT-PCR. Statistical analysis: Kruskal-Wallis followed by Dunn's 

test vs. BMM; Arg 1, (H = 8.291, P = 0.0013), *P = 0.05; IL10, (H = 10.97, P < 0.0001), **P = 0.01; 

Nos2, (H = 9.859, P= 0.003), *P = 0.05; Retnla, (H = 9.929, P= 0.0012), *P = 0.05; Chi3l3, (H = 10.24, 

P= 0.006), *P = 0.05; Stab1, (H = 7.750, *P = 0.0286), *P = 0.05; n=3-4/group. B. Increment cells 

numbers of splenic CD4+ cells were stimulated with anti-CD3 and anti-CD28 antibodies in the presence 

of MDSC. Percentage of CD4+ T cell proliferation was calculated to assess suppressor function (n=2).  

X-axis values represent MDSC/splenic CD4+cell ratio. C. Quantification of the median fluorescence of 

CCR2 signal analyzed by flow cytometry of in non-myeloid leukocytes, bone marrow monocytes from 

saline (SAL) or LPS-treated mice, cultured bone marrow-derived macrophages (BMM) and classical or 

alternative activated bone marrow-derived macrophages (CAM and AAM, respectively). Statistical 

analysis: one-way ANOVA F (5, 13) = 26.13, P < 0.0001) followed by Holm-Sidak's post-hoc test; **P 

< 0.01; ****P < 0.0001; n=3-4/group. D. The infarct volumes of mice receiving bone marrow-derived 

macrophages (BMM; +7 hours post-MCAo), BMM that underwent either classical (CAM) or alternative 

(AAM) activation, or BMM that were polarized to myeloid-derived suppressor cells (MDSC) were not 

different from those of mice treated with saline (Sal), (n=4-10 mice/group). Statistical analysis: Kruskal-

Wallis (H = 2.833, P=0.7257).  E. Mice receiving monocytes (7 hours after MCAo) isolated from IL-10–

/–, iNOS–/– or CCR2–/– LPS-preconditioned mice, but not from COX2–/– LPS-preconditioned mice, had 

larger infarcts as compared to the mice receiving monocytes isolated from wild type (WT) LPS-
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preconditioned mice (n=6-8 mice/group). AT stands for adoptive transfer. Statistical analysis: one-way 

ANOVA F (3, 32) = 4.175, P=0.0040) followed by Holm-Sidak's post-hoc test; *P < 0.05. 

 

Figure 5. LPS induces trafficking of splenic monocytes to the brain and meninges. A. 

Representative image of the localization of fluorescent latex beads in the spleen 24 hours after 

intrasplenic injection (1.8x109 particles). The beads (green) accumulated in the marginal zone and 

subcapsular red pulp. Fluorescent nuclear staining with the TO-PRO-3 (red) was used to reveal the 

structural anatomy of the spleen (transverse section). B. Representative flow cytometry histograms and 

quantification (C) of monocytes (CD115+ cells) showing the percentage of monocytes containing 

fluorescent latex beads (Lx) in the spleen, blood, brain and meninges 24 hours after either LPS-

preconditioning or saline injection in mice (n=3-4/group). Lx were injected into the spleen 7 hours after 

saline or LPS treatment. Statistical analysis: unpaired two-tailed Student’s t test, blood (t=2.77, df=6, 

*P=0.0321), brain (t=7.81, df=6, ***P=0.0002) and meninges (t=5.22, df=6, **P=0.0019). D. 

Representative image of the spleen (left) and meninges (right) from mice that underwent 24 hours of 

MCAo and received GFP+-monocytes (5x105 cells, iv) isolated from LPS-preconditioned mice at 7 

hours post-MCAo. Transverse section of the spleen was stained with DAPI (red) for nuclear staining. 

Adoptively transferred monocytes accumulated in the red pulp of the spleen. In the meninges, 

monocytes were associated with meningeal blood vessel revealed by collagen IV (red) 

immunohistochemistry. E. Quantification of adoptively transferred monocytes (AT) in the meninges of 

wild type mice 24 hours after MCAo. Mice received either GFP+CCR2+/+ monocytes (CCR2+/GFP) or 

RFP+CCR2–/–-monocytes (CCR2RFP/RFP; 5x105 cells, iv) isolated from GFP-wild type or CCR2RFP/RFP 

LPS-preconditioned mice, respectively. GFP or RFP fluorescence was used to track transferred BM 

monocytes (n=4 mice/group). The genetic deletion of CCR2 resulted in a drop of meninges-associated 

monocytes. Statistical analysis: unpaired two-tailed Student’s t test, blood (t=2.96, df=5, *P=0.0315). 

 

Figure 6. LPS preconditioning increases meningeal monocyte and decreases brain neutrophil 

recruitment after MCAo. Flow cytometry analysis of immune cell infiltration in the meninges (A) and 

the brain (B) of saline or LPS-preconditioned mice 48 hours after MCAo (n=8 mice/group). Flow 

cytometry plots depict gating strategy. Infiltrating leukocytes (CD45hi) were phenotyped as monocytes 

by high expression of CD11b and CD115 and low expression of CD11c and Ly6G (CD115+ cells). 

Inflammatory monocytes were subclassified by high Ly6C expression (CD115+Ly6Chi). Neutrophils 

(PMN) were identified by high expression of CD11b and Ly6G and low expression of CD11c and 
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CD115 (Ly6G+ cells). A. Graph plots show increased inflammatory monocytes (CD115+ and 

CD115+Ly6Chi cells) in the meninges of LPS-preconditioned mice following MCAo. Statistical 

analysis: CD115+, unpaired two-tailed Student’s t test, blood (t=2.381, df=13, *P=0.0332); 

CD115+Ly6Chi, unpaired two-tailed Student’s t test, blood (t=2.186, df=13, *P=0.0477); B. Graph plots 

show decreased brain neutrophils (PMN) in LPS-preconditioned mice following MCAo. Statistical 

analysis: Ly6G+, unpaired two-tailed Student’s t test, blood (t=2.502, df=13, *P=0.0265). 

 

Figure 7. Adoptive transfer of ex vivo LPS-primed mouse and human monocytes exerts protection 

in recipient mice after MCAo. A. Infarct volume analysis in mice that adoptively received ex vivo 

PBS-treated monocytes (PBS exmono), LPS-treated (LPS; 100 ng/ml, 2 hours) monocytes (LPS 

exmonno) or lysed LPS-treated monocytes 7 hours after MCAo (LPS lysed exmono). Mice receiving ex 

vivo LPS-primed monocytes showed reduction of infarct volume (n=7-8 mice/group). Statistical 

analysis: one-way ANOVA F (2, 19) = 4.933, P=0.0188) followed by Bonferroni's post-hoc test; *P < 

0.05. B. Assessment of sensorimotor function by tape test performance revealed that mice receiving ex 

vivo LPS-primed monocytes had reduced latency to contact the tape on the impaired paw (contra-

lesional side) than mice receiving PBS-treated monocytes at 3 days post-MCAo (n=13 mice/group). 

Statistical analysis: two-way ANOVA (interaction, F (1, 49) = 7.828, P = 0.0073; treatment, F (1, 49) = 

5.915, P = 0.0187; time, F (1, 49) = 18.4, P < 0.0001) followed by Sidak's post-hoc test; **P < 0.01. C. 

Infarct volume analysis in stroke mice receiving ex vivo PBS or LPS-treated human monocytes 7 hours 

after MCAo. LPS-primed human monocytes significantly reduced infarct volumes after MCAo when 

compared to mice receiving PBS-primed human monocytes (n=9-10 mice/group). Statistical analysis: 

unpaired two-tailed Student’s t test (t=2.267, df=17, *P = 0.0367). D. Quantification of IL-10 and Nos2 

(iNOS) expression by qRT-PCR of ex vivo PBS or LPS-treated monocytes showed upregulation of both 

genes 2 hours after LPS treatment (n=4/group). Statistical analysis: unpaired two-tailed Student’s t test, 

IL-10 (t=15.19, df=6, **** P < 0.0001) and Nos2. (t=16, df=5, **** P < 0.0001). E. Histology of the 

meninges after adoptive transfer of GFP+ monocytes ex vivo treated with LPS. Monocytes transferred 7 

hours after MCAo were recruited to the meninges where they associated with vessels (extravascular and 

intravascular localization) identified by collagen IV expression. The graph shows the number of 

adoptively transferred monocytes (AT) that accumulated in the meninges at 48 hours MCAo of mice 

that received either PBS- or LPS-ex vivo treated GFP+ monocytes. No difference in the number of 

accumulated monocytes was found between groups (n=4 mice/group). Statistical analysis: unpaired two-

tailed Student’s t test (t=0.5148, df=6, P = 0.6251). F. Gene expression of inflammatory molecules in 
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the meninges of mice receiving ex vivo PBS- or LPS-primed monocytes 48 hours after MCAo. 

Decreased Cxcl5, Csf2, Csf3 and Cxcl10 gene upregulation was observed in the meninges of mice 

receiving LPS-primed monocytes (n=10-11 mice/group). Statistical analysis: unpaired two-tailed 

Student’s t test, Cxcl5, (t=3.6298, df=7, *P = 0.0084); Csf2, (t=4.4886, df=7, *P = 0.0028); Csf3, 

(t=2.6324, df=7, *P = 0.0337) and Cxcl10, (t=2.7547, df=7, *P = 0.0283).    
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Table 1. 

Antibodies used for cytometric analysis and sorting 

Antigen Label Clone Isotype Supplier 

CD16/CD32 
 

 93 rat IgG2b, λ Biolegend 

CD45   BV 510 30F-11 rat IgG2b Biolegend 

CD11b 

 

APC/Cy7 M1/70 rat IgG2b, κ Biolegend 

CD11c 
 

PE/Cy7 N418  
 

armenian 

hamster IgG 

Biolegend 

Ly6G PerCP/Cy5.5 1A8  
 

rat IgG2a, κ Biolegend 

CD115 PE AFS98 
 

rat IgG2a, κ Biolegend 

CD4 F488 RM4-5 rat IgG2a, κ Biolegend 

TCR β PerCP/Cy5.5 H57-597 Armenian 

hamster 

Biolegend 

CD8a PE/Cy7 53-6.7 rat IgG2a, κ Biolegend 

TCR γδ APC 

 

GL3 

 

Armenian 

hamster 

Biolegend 

CD19 APC/Cy7 6D5 rat IgG2a, κ Biolegend 

CCR2 APC 475301  rat IgG2b R&D systems 

 

Antibody cocktail for monocyte purification by immunodepletion. 

Antigen Label Clone Isotype Supplier  

CD117 
 

biotin 2B8 rat IgG2b, κ Biolegend  

CD45R 

(B220) 

biotin RA3-6B2 rat IgG2a, κ Biolegend  

CD49 
 

biotin HMa2  
 

armenian 

hamster IgG 

eBioscience  

TER 119 
 

biotin TER-119  
 

rat IgG2b, κ Biolegend  
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CD5 biotin  3 7.3  
 

rat IgG2a, κ Biolegend  

Ly6G biotin  1A8 
 

rat IgG2a Biolegend  

 

 

 

Antibody cocktail for neutrophil purification by immunodepletion. 

Antigen Label Clone Isotype Supplier 

CD117 
 

biotin 2B8 rat IgG2b, κ Biolegend 

CD45R 

(B220) 

biotin RA3-6B2 rat IgG2a, κ Biolegend 

CD49 
 

biotin HMa2  
 

armenian 

hamster IgG 

eBioscience 

TER 119 
 

biotin TER-119  
 

rat IgG2b, κ Biolegend 

CD5 biotin  3 7.3  
 

rat IgG2a, κ Biolegend 

CD115 biotin AFS98 
 

rat IgG2a Biolegend 

F4/80 biotin BM8 
 

rat IgG2a, κ Biolegend 
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Table 2. Primer sequences used for quantitative real-time PCR 

 

Gen Primer sequences 

Arg1 
 

5’-CATCAACACTCCCCTGACAAC-3’ 

5’-GTACACGATGTCTTTGGCAGA-3 

Ccl2 5’-AGGTGTCCCAAAGAAGCTGTA-3’  

5’-ATGTCTGGACCCATTCCTTCT-3’ 

Ccl5 5’-ATATGGCTCGGACACCACTC-3’  

5’- GTGACAAACACGACTGCAAGA-3’ 

Chi3l3 
 

5’-AGGCTGCTACTCACTTCCACA-3’  

5’-TTTTCTCCAGTGTAGCCATCC-3’ 

Csf1 5’-TGAGTCTGTCTTCCACCTGCT- 3’  

5’- CCCACAGAAGAATCCAATGTC -3’ 

Csf2 5’-AGCTCTGAATCCAGCTTCTCA-3’ 

5’-TGGTCCCTTTAAGGCAGAAAT-3’ 

Csf3 5’-AGTGTTCCCAAACTGGGTTCT-3’  

5’-TTAGGGACTTCGTTCCTGTGA-3’ 

Cxcl1 5’-GCGAAAAGAAGTGCAGAGAGA-3’ 

5’-AAACACAGCCTCCCACACAT-3’ 

Cxcl5 5’-TGAGAAGGCAATGCTGTCAT-3’ 

5’-CCAGGCTCAGACGTAAGAACA-3’ 

Stab 5’-CTGAAAGCTTCGGCTACAAGA 

5’-TTCTTTCTATCAGGAGGCAAGG-3’ 

Cxcl10 5’-ATCACTCCCCTTTACCCAGTG-3’  

5’-GGAGGAGTAGCAGCTGATGTG-3’  

Cxcl12 5’-GTCTAAGCAGCGATGGGTTC-3’  

5’-TAGGAAGCTGCCTTCTCCTG-3’ 

Hprt 5’-AGTGTTGGATACAGGCCAGAC-3’  

5’-CGTGATTCAAATCCCTGAAGT-3’ 

Il-10 5’-TGGAGCAGGTGAAGAGTGATT-3’  

5’-CACACTGCAGGTGTTTTAGCTT-3’ 
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Nos2 5’-TCACCACAAGGCCACATCGGATT-3’  

5’-AGCTCCTCCAGAGGGGTAGGCT-3’ 

Retnla 5’-TCCTGGAACCTTTCCTGAGAT -3’  

5’-GATGCAGATGAGAAGGGAACA-3’ 
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