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Abstract

After foodborne transmission of the facultative intracellular bacterial pathogen Listeria 
monocytogenes, most of the bacterial burden in the gut is extracellular. However, we previously 

demonstrated that intracellular replication in an as yet unidentified cell type was essential for 

dissemination and systemic spread of L. monocytogenes. Here, we show that the vast majority of 

cell-associated L. monocytogenes in the gut were adhered to Ly6Chi monocytes, a cell type that 

inefficiently internalized L. monocytogenes. With bone marrow-derived in vitro cultures, high 

multiplicity of infection (MOI) or the use of opsonized bacteria enhanced uptake of L. 
monocytogenes in CD64-negative monocytes, but very few bacteria reached the cell cytosol. 

Surprisingly, monocytes that had up-regulated CD64 expression in transition towards becoming 

macrophages fully supported intracellular growth of L. monocytogenes. In contrast, 

“inflammatory” monocytes that increased CD64 expression in the bone marrow of BALB/c/By/J 

mice prior to L. monocytogenes exposure in the gut did not support L. monocytogenes growth. 

Thus, contrary to the perception that L. monocytogenes can infect virtually all cell types, neither 

naïve nor inflammatory Ly6Chi monocytes served as a productive intracellular growth niche for L. 
monocytogenes. These results have broad implications for innate immune recognition of L. 
monocytogenes in the gut and highlight the need for additional studies on the interaction of 

extracellular, adherent L. monocytogenes with the unique subsets of myeloid-derived 

inflammatory cells that infiltrate sites of infection.

Introduction

L. monocytogenes is a facultative intracellular bacterial pathogen that causes foodborne 

disease in humans. The primary virulence strategy of L. monocytogenes is thought to be the 

ability to invade mammalian cells. L. monocytogenes survive and replicate inside a wide 

variety of cell types including epithelial cells (1), endothelial cells (2), hepatocytes (3), 

lymphocytes (4), cardiomyocytes (5), and neurons (6). L. monocytogenes induce uptake into 

non-phagocytic epithelial and endothelial cells using internalin A (InlA) and internalin B to 

interact with the mammalian receptors, E-cadherin and c-Met, respectively (7). The pore-

forming toxin listeriolysin O can promote uptake of L. monocytogenes during membrane 
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repair of certain epithelial cells (8), and other surface proteins and adhesins have also been 

implicated in the invasion of mammalian cells (9–11).

For myeloid-derived phagocytic cells, both ontogeny and activation status dictate whether a 

cell type can support intracellular replication of L. monocytogenes. For example, L. 
monocytogenes can grow in the cytosol of macrophages, but pre-treatment with 

inflammatory cytokines such as IFN-γ or TNF-α renders the cells bactericidal by efficiently 

retaining L. monocytogenes in the phagocytic vacuole (12,13). In contrast, neutrophils 

readily kill L. monocytogenes regardless of activation status (14,15). L. monocytogenes are 

less efficient at escaping from the vacuoles of bone marrow-derived, GM-CSF cultured 

dendritic cells (16,17). However, those cells do not closely resemble the conventional 

dendritic cell subsets observed in vivo (18) so it is not yet clear whether L. monocytogenes 
replicate in true dendritic cells.

Despite the species name “monocytogenes”, which refers to a robust monocytosis first 

observed in rabbits (19), there is little published data describing the direct interaction of L. 
monocytogenes with monocytes. An early study suggested that mononuclear cells isolated 

from human peripheral blood could slowly take up adherent L. monocytogenes and kill the 

bacteria, but the cells were only divided into two subsets: neutrophils and non-neutrophils 

(20). More recently, Drevets et al. showed that most of the L. monocytogenes-associated 

cells in the blood after i.v. infection of mice were Ly6Chi monocytes (21), and that only cells 

with an altered phenotype that appeared late (72 h) after lethal injection could efficiently 

internalize the bacteria (22). Monocytes are produced in the bone marrow, and rapid egress 

into the bloodstream during inflammation is dependent on expression of the chemokine 

receptor CCR2 (23). Subsequent extravasation of Ly6Chi monocytes into peripheral tissues 

is mediated by adhesion molecules such as CD11b, CD62L, and ICAM-1 (24). It was long 

thought that all bloodborne monocytes differentiated into tissue macrophages, however, 

recent studies indicate that subsets of monocytes can migrate through tissues and transport 

antigen to draining lymph nodes without differentiating into macrophages (25,26).

In the process of identifying infected cell types in the gut during foodborne listeriosis in 

susceptible BALB/c/By/J mice, we unexpectedly found that monocytes were by far the 

major cell type associated with L. monocytogenes during the early stages of infection. This 

prompted us to better characterize the phenotype of monocytes that infiltrated gut tissues 

and to determine the exact nature of their interaction with L. monocytogenes. We show here 

that neither naïve monocytes cultured in vitro, nor inflammatory monocytes isolated from L. 
monocytogenes-infected MLN serve as a productive replicative niche for L. monocytogenes 
despite the prevailing dogma that L. monocytogenes can invade and replicate in nearly all 

cell types.

Materials and Methods

Bacteria

L. monocytogenes EGDe and an isogenic ΔinlA mutant were provided by Cormac Gahan 

(Univ. College Cork). The mouse-adapted (InlAm) derivatives L. monocytogenes SD2000, 

SD2710 (constitutive GFP), and SD2001 (vector control) were described previously (27). L. 
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monocytogenes EGDe was transformed with pGJ-cGFP (27) to create L. monocytogenes 
SD2610 and pIMC3kan (28) to create L. monocytogenes SD2901. L. monocytogenes were 

grown in Brain Heart Infusion (BHI) broth shaking at 30°C to early stationary phase, 

aliquoted, and stored at 80°C.

Mice

Female BALBc/By/J (BALB) mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME) at 4 weeks of age. Mice were housed in a specific-pathogen free facility with a 

9 AM to 7 PM dark cycle and were 6–9 weeks old when used for infections. All procedures 

were approved by the University of Kentucky Institutional Animal Care and Use Committee.

Foodborne infection

Frozen aliquots of L. monocytogenes were thawed, incubated statically in BHI for 1.5 h at 

30°C, washed with PBS, and then suspended in a mixture of PBS and salted sweet cream 

butter (2:3 ratio). A 2–3 cm piece of white bread (Kroger) saturated with L. monocytogenes 
was fed to mice near the onset of their dark cycle as described previously (29,30). Unless 

indicated otherwise, each mouse was fed 108 CFU of L. monocytogenes.

Ex vivo isolation of MLN and intestinal LP cells

All MLN were collected from each mouse, cut into 4 pieces each, and placed in 4 ml of 

RPMI 1640 (Invitrogen 21870) with 20 mM HEPES and 5% FBS. Collagenase type IV (300 

U/ml; Worthington) and DNase I (120 U/ml; Worthington) were added and the nodes were 

digested for 30 min at 37°C shaking (250 rpm) in a 50-ml conical tube with a sterile 2 cm 

stir bar. Large intestines (cecum and colon) were flushed with 8 ml cold CMF buffer 

(Ca2+/Mg2+-free HBSS/10 mM HEPES/25 mM sodium bicarbonate/2% FBS) and then 

everted using a sterile weaving needle with button thread (31). Mucus was removed by 

shaking in a 50 ml conical tube with 25 ml CMF for 1 min. Epithelial cells were removed 

and the LP cells were isolated from the interface of a 44%/70% Percoll gradient as described 

previously (29).

Flow cytometry

Antibodies specific for CD16/CD32 (93), CD45 (30-F11), F4/80 (BM8), CD11c (N418), 

CD11b (M1/70), Ly6G (1A8-Ly6g), B220 (RA3-6B2), cKit (2B8), MHC-II (M5/114.15.2), 

IgG2a (eBr2a), CD3 (145-2C11), CD49b (DX5) from eBioscience; Ly6C (HK1.4), Ly6G 

(1A8), CD64 (X54-5/7.1) from BioLegend; and E-cadherin (36/E-Cadherin) from BD 

Biosciences were used. Data were acquired using an iCyt Synergy and analyzed with FlowJo 

(Tree Star); negative gating controls shown are FMOs (grey histograms); MFI refers to mean 

fluorescence intensity. Sorted cells had an average purity of 96% and were recovered for at 

least 30 min at 37°C in media with 20% FBS. For intracellular cytokine staining, cells were 

incubated in Brefeldin A (3 μg/ml) for 4 h at 37°C in 7% CO2, fixed and permeabilized (BD 

Cytofix/Cytoperm), and stained with either NOS2 (CXNFT; eBioscience) or IFNγ 
(XMG1.2; BioLegend) antibodies.
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In vitro cell culture

Bone marrow-derived monocytes (BMMO) were generated as described previously (32). 

Macrophages used in Fig. 2 were derived from BMMO cultures by transferring lightly-

adherent cells on day 5 of culture into 96-well-flat-bottom dishes; cells were allowed to 

adhere for 3 h before infection. Caco-2 cells (provided by Terrence Barrett, UK) were 

cultured in DMEM with 10% FBS.

In vitro infection

Aliquots of L. monocytogenes were incubated statically in BHI for 1.5 h at 37°C and then 

suspended in sterile PBS. Sorted cells (105) were seeded in 96-well round-bottom ultra-low 

attachment plates (Corning), infected for 1 h in suspension, and then washed 3 times with 

pre-warmed HBSS. For assays using adherent cells (BMMΦ or Caco-2), plates were 

centrifuged at 300 x g for 5 minutes after the addition of L. monocytogenes to synchronize 

infection. Total cell-associated CFU was determined by lysing cells in sterile water and 

plating serial dilutions on BHI agar. For intracellular L. monocytogenes, cells were 

incubated in RP-10 with 10 μg/ml gentamicin for 20 minutes at 37°C in 7% CO2, then 

washed once, lysed and plated. Adherent L. monocytogenes were calculated by subtracting 

the number of intracellular L. monocytogenes from the total cell-associated CFU. In some 

experiments, L. monocytogenes were opsonized prior to infection by incubating in Ca2+/

Mg2+-free HBSS with 10% normal mouse serum for 30 min at 37°C. Serum was obtained 

by collecting whole blood from the hearts of naïve uninfected BALB mice into serum 

separator tubes (BD Microtainer®).

Phagocytosis assay

Cells were incubated with FluoSpheres® biotinylated 1 μm latex beads (ThermoFisher) at a 

2:1 ratio in RP-10 for 1 h at 37°C in 7% CO2. Cells were washed three times with cold 

buffer (Ca2+/Mg2+-free HBSS/1% FBS/1 mM EDTA) and then the surface-stained with 

specific antibodies and streptavidin-PE (eBioscience). Some cells were pretreated with 

either 20 μg/ml cytochalasin D (Sigma) or vehicle (DMSO) for 30 min prior to incubation 

with beads.

Microscopy

For Diff-Quik® (Dade-Behring) staining, cells were spun onto Superfrost slides (VWR) for 

6 min. at 600 rpm using a Cytospin and fixed in methanol 5 sec, followed by staining in 

solution I for 10 sec, and solution II 5 sec. Cells were dried and mounted with Permount® 

under glass coverslips. Cells were visualized using a Zeiss Axio Imager.Z1 with a 100x/

1.4NA PlanApo oil immersion objective and analyzed with AxioVision software.

For differential “in/out” staining of L. monocytogenes, cells were washed 3 times with cold 

buffer (Ca2+/Mg2+-free HBSS/1% FBS/1 mM EDTA) and then incubated with Difco 

Listeria O Antiserum Poly (BD Biosciences) (1:10) in PBS with 3% BSA for 20 min on ice. 

The cells were washed and then incubated with goat anti-rabbit IgG-Texas Red® 

(ThermoFisher) for 20 min on ice. Cells were spun onto poly-L-lysine-coated Superfrost 

slides (VWR) for 6 min at 600 rpm using a Cytospin. Dried slides were formalin fixed at 

4°C for 10 min, washed with PBS, and mounted under coverslips with ProLong® Diamond 
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antifade (Molecular Probes). For F-actin staining, cells were spun onto slides, air-dried, 

formalin-fixed for 10 min, washed 3 times with PBS, and then permeabilized in TBS-T 

(TBS/0.1% Triton X-100/1% BSA, pH=8.8) for 15 min at room temp. Texas Red®-X 

Phalloidin (ThermoFisher) was added for 20 min at room temp followed by 8 washes in 

TBS-T, and 8 washes with TBS alone. Cells were visualized using a Zeiss Axio Imager.Z1 

with a 100x/1.4NA PlanApo oil immersion objective and analyzed with AxioVision 

software. Each slide was analyzed independently by two different investigators.

ELISA

Femurs and tibias were flushed with a total of 0.5 ml cold RPMI, and the bone marrow 

collected was centrifuged at 300 × g for 6 min. Serum was isolated from blood using serum 

separator tubes (BD Microtainer®). Bone marrow supernatants and serum were stored at 

−80°C. IFN-γ and IL-12 (p70) concentrations were determined using Ready-SET-Go!® 

ELISA kits (eBioscience). IL-18 concentrations were determined using capture antibody 

(clone 74) at 4 μg/ml, a biotin-labeled detection antibody (clone 93-10C) (1:2000), and 

rIL-18 standards ranging from 15–2000 pg/ml (MBL).

Tissue CFU

MLN (5–7 per mouse) were processed as described previously (29). Femurs and tibias were 

flushed with 10 ml cold RPMI and 10% of the volume was added to sterile water and plated 

on BHI agar.

Statistics

Unless indicated otherwise, mean values ± SD are shown in all panels and pooled data from 

at least two separate experiments are shown. Statistical analysis was performed using Prism 

for Macintosh (version 6; Graph Pad). P values of <0.05 were considered significant and are 

indicated as follows: *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

Results

Ly6Chi monocytes are the primary L. monocytogenes-infected cell type in the MLN

To identify infected phagocytes in the gut, mice were fed mouse-adapted L. monocytogenes 
that constitutively expressed GFP and MLN cells were analyzed 48 h post-infection (hpi). 

Previous work showed that 48 hpi was the earliest time point at which L. monocytogenes 
was consistently detected in the lymph nodes of all infected mice (33). Myeloid cells were 

broadly subset into the following populations: Ly6Chi (P1), Ly6Ghi (P2), Ly6CloCD11chi 

(P3), and Ly6CloCD11b+ (P4) (Fig. 1A). The remainder of the cells, which were mainly 

lymphocytes, were analyzed as P5. As shown in Fig. 1B, the number of Ly6Chi P1 cells and 

Ly6Ghi P2 cells in the MLN increased 100-fold within 48 h of infection, indicating that 

these cells were part of the early inflammatory infiltrate. In contrast, the total number of P3 

and P4 cells (mostly macrophages and dendritic cells) did not change considerably during 

the course of the infection (Fig. 1B).

GFP fluorescence was analyzed by comparison with cells isolated from mice fed an isogenic 

L. monocytogenes strain that lacked GFP (Fig. 1C). The vast majority (~80%) of all GFP+ 
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cells identified in the MLN 48 hpi were the Ly6Chi cells in the P1 gate (Fig. 1D). As the 

infection progressed, association with other cell types increased, but P1 remained the largest 

population of GFP+ cells. Most of the P1 cells were Ly6Chi monocytes based on high 

expression of CD11b, intermediate F4/80 and CD64, and low CD11c (Fig. 2A). A minor 

proportion (~5–8%) of the P1 cells lacked CD11b, F4/80, and CD64 and expressed 

intermediate levels of CD11c and B220 (data not shown), a phenotype consistent with 

plasmacytoid dendritic cells. However, as shown in Fig. 2B, only the Ly6ChiCD11b+ 

monocytes, and not the plasmacytoid dendritic cells, were GFP+.

Ly6Chi cells also infiltrated the lamina propria (LP) of the large intestine 2 dpi (Fig. 2C) and 

approximately 1% of these cells were associated with GFP+ L. monocytogenes (Fig. 2D). To 

confirm that the composition of the inflammatory infiltrate was not altered due to the use of 

murinized L. monocytogenes (34), we performed similar analyses using mice fed wild type 

L. monocytogenes EGDe. As shown in Fig. 2E, similar numbers of P1, P2, P3, and P4 cells 

were found in the MLN. Furthermore, the predominate fraction of L. monocytogenes-

infected (GFP+) cells was Ly6Chi monocytes (Fig. 2F), and not the plasmacytoid DC (Fig. 

2G). Therefore, at 48 hpi, the earliest time point L. monocytogenes can be detected in the 

MLN, the vast majority of the L. monocytogenes-associated cells were infiltrating Ly6Chi 

monocytes.

Listeria do not efficiently invade the cytosol of cultured monocytes

The flow cytometric approach shown in Fig. 1 demonstrated that L. monocytogenes 
associated with monocytes, but did not prove that the bacteria could survive and replicate in 

the cells. To test this, we cultured bone marrow cells with M-CSF (Fig. 3A), generating a 

mixture of cells that displayed the characteristic “waterfall of differentiation” (35) from 

Ly6C+CD64neg monocytes (blue), Ly6C+CD64+ transitioning cells (orange), and 

Ly6CnegCD64hi macrophages (black). Diff-Quik staining of sorted cells (Fig. 3B) revealed a 

classic kidney-shaped nucleus in the monocytes, cytoplasmic vesicles in the larger 

macrophages, and an intermediate morphology for the transitioning cells.

First, we tested the ability of L. monocytogenes to adhere to each of these three cell types. 

Sorted cells were infected at various MOI for one hour, washed extensively and then plated 

for CFU. As shown in Fig. 3C, all three cell types displayed a dose-dependent association 

with L. monocytogenes. To assess invasion, the sorted cells were infected at a MOI of 0.5 

for 1 h, washed, and then treated with gentamicin for 20 min. prior to plating. As expected, a 

large proportion of the inoculum invaded the Ly6CnegCD64hi macrophages (Fig. 3D). 

However, few gentamicin-resistant CFU were recovered from the monocytes, suggesting 

that either L. monocytogenes inefficiently invaded or were unable to survive inside the cells. 

Interestingly, there was a significantly higher number of gentamicin-resistant L. 
monocytogenes in the transitioning cells (Fig. 3D), indicating that monocytes can become a 

replicative niche for L. monocytogenes prior to becoming bona fide macrophages.

The L. monocytogenes surface protein InlA promotes invasion of non-phagocytic cells after 

interacting with its mammalian receptor, E-cadherin (36,37) and it was previously suggested 

that InlA could also enhance the invasion of macrophage cell lines (38). We examined the 

ability of InlA-deletion mutant (ΔinlA) L. monocytogenes to invade CD64+ macrophages, 
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but found that InlA was not required for invasion (Fig. 3E). However, macrophages express 

multiple receptors that can promote uptake of bacteria, so it is possible that the loss of one 

ligand would not greatly alter invasion rates. Cultured CD64+ macrophages expressed high 

levels of E-cadherin, and the transitioning cells expressed intermediate levels of E-cadherin 

(Fig. 3F). In contrast, cultured monocytes did not express any detectable E-cadherin on the 

cell surface. Thus, the level of E-cadherin on the cultured cells correlated directly with 

invasion efficiency.

To evaluate phagocytic capacity, we incubated the cultured cells with biotin-conjugated, 

green fluorescent beads for one hour and then counterstained with PE-conjugated 

streptavidin. To promote complete phagocytosis, a low bead-to-cell ratio of 0.5 was used, 

resulting in ~1% FITC+ monocytes (Fig. 3G), which were then analyzed for PE expression. 

As expected, pre-treatment with cytochalasin D, an inhibitor of actin dynamics, reduced the 

proportion of cells with only internalized beads (green gate; FITC+PE−) and increased the 

percentage of cells that had adherent beads (FITC+PE+). As shown in Fig. 3H, there was no 

significant difference in the percentage of beads internalized by cultured monocytes, 

transitioning cells, or macrophages. This suggested that monocytes should be capable of 

internalizing L. monocytogenes, even if they lack receptors to enhance phagocytosis. To find 

out if L. monocytogenes could invade monocytes, cultured Ly6C+CD64neg cells were 

exposed to GFP-expressing bacteria at a higher MOI for a longer period of time (90 min.). 

The cells were then washed extensively and stained with TexasRed® conjugated Listeria-

specific antibodies. Because the cells were not permeabilized, only extracellular bacteria 

bound the antibody, allowing us to use microscopy to differentiate between intracellular L. 
monocytogenes (green) and adherent, extracellular organisms (yellow) (Fig. 3I). 

Approximately half of the 258 monocytes we examined contained at least one intracellular 

bacterium at this time point (data not shown). Pre-treatment of the bacteria with normal 

mouse serum did not change the percentage of cells that contained intracellular L. 
monocytogenes (not shown); however, opsonization did cause an increase in the number of 

bacteria found inside each monocyte (Fig. 3J).

To track the fate of internalized L. monocytogenes in each cell type, sorted cells were 

infected in vitro for 1 h, washed and then incubated for an additional 4 h in media containing 

gentamicin. The cells were then stained with phalloidin and microscopy was used to co-

localize GFP+ bacteria with cytosolic actin “tails” (Fig. 3K). Five hours after infection at low 

MOI, very few monocytes were associated with L. monocytogenes; however, cytosolic L. 
monocytogenes with actin tails were observed in both the transitioning cells and the 

macrophages (Fig. 3L). Increasing the MOI to promote enhanced invasion of the monocytes 

resulted in cytosolic localization of L. monocytogenes in 12% of the monocytes, compared 

to 79% for macrophages (Fig. 3M). Opsonization of the bacteria did not change the 

intracellular fate in monocytes, but did result in decreased numbers of actin tails in the 

cytosol of macrophages. Together, these data suggested that monocytes can take up L. 
monocytogenes, albeit less efficiently than transitioning cells or macrophages, but that 

escape to the cytosol was an infrequent occurrence.
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Monocytes that infiltrate the MLN have a partially differentiated and partially activated 
phenotype

Expression of CD64 (FcγR1) and down-regulation of Ly6C are commonly used surface 

phenotypes that signify progression of monocytes through the differentiation pathway 

towards becoming macrophages (39). In a naïve animal, the largest number of monocytes 

are found in the bone marrow, but the few Ly6ChiCD11b+ cells present in the MLN were 

negative for CD64 or expressed only low levels when analyzed directly ex vivo (Fig. 4A), 

similar to the phenotype of cultured monocytes. However, “inflammatory” monocytes 

recruited to the MLN 2 dpi uniformly expressed increased levels of CD64 (Fig. 4A). The 

small size and the shape of the nuclei of these cells was suggestive of a monocyte 

morphology (Fig. 4B), but the increased expression of E-cadherin was suggestive of a 

transitioning cell (Fig. 4C). Many of the monocytes displayed increased expression of MHC-

II on the cell surface (Fig. 4D) and a subset of the cells were producing iNOS (Fig. 4E). 

However, the phagocytic capacity of inflammatory monocytes sorted from the MLN was 

only half that of naïve Ly6Chi monocytes that had yet to leave the bone marrow of 

uninfected mice (Fig. 4F). Thus, Ly6Chi inflammatory monocytes that infiltrated the MLN 

during infection had a unique, partially differentiated and partially activated phenotype that 

did not precisely resemble either monocytes or macrophages cultured in vitro or naïve 

monocytes analyzed directly ex vivo.

Inflammatory monocytes are activated prior to egress from the bone marrow

Askenase et al. recently showed that systemic circulation of IL-12, produced in response to 

intestinal infection with the intracellular parasite Toxoplasma gondii, resulted in changes to 

Ly6Chi monocytes while the cells were still in the bone marrow, before they infiltrated the 

intestinal lamina propria (40). Likewise, we noticed during the course of these studies that 

Ly6Chi monocytes in the bone marrow had an altered phenotype during L. monocytogenes 
infection. Two days after foodborne transmission, nearly all of the Ly6Chi monocytes in the 

bone marrow expressed moderate levels of CD64 and 50–60% of the cKit+Ly6ChiCD11bneg 

monocyte progenitors in the bone marrow had also up-regulated CD64 (Fig. 5A). Likewise, 

about 10% of the mature monocytes still present in the bone marrow of infected mice had 

increased levels of MHC-II compared to uninfected mice (Fig. 5B). These data suggested 

that a stimulus present in the bone marrow was altering the differentiation of monocytes 

during infection compared to the steady state.

High dose i.v. infection leads to the presence of L. monocytogenes in the bone marrow 

(41,42) so it was feasible that the bacteria could directly activate monocytes. To test this, 

mice were fed L. monocytogenes and 2 days later, the marrow from both femurs and tibias 

was collected and plated for CFU. As shown in Fig. 5C, only one out of six mice had 

detectable L. monocytogenes, and that mouse had only a single CFU present in the total 

marrow collected. In contrast, more than 100,000 total CFU were recovered from the MLN 

of those same mice at that time point. Although we did not detect live L. monocytogenes in 

the bone marrow, it was possible that L. monocytogenes replicating in the gut could cause 

systemic circulation of infection-induced cytokines IL-12 and/or IL-18 that could then 

stimulate IFNγ production in the bone marrow. We found small increases in both serum 

IL-12 and serum IL-18 during foodborne infection, but neither of these changes were 
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statistically significant (Fig. 5D). Nonetheless, the concentration of IFNγ detected in the 

bone marrow increased about 3-fold during infection (Fig. 5E). Multiple cell types present in 

the bone marrow were actively secreting IFN-γ during L. monocytogenes infection (Fig. 

5F), suggesting that the IFN-γ was produced locally. Together, these observations suggested 

that intestinal infection generated systemic mediators that caused both developing and 

mature Ly6Chi monocytes in the bone marrow to have an inflammatory phenotype, prior to 

recruitment to L. monocytogenes-infected tissues.

L. monocytogenes adhere to, but do not efficiently invade inflammatory monocytes

To find out if L. monocytogenes invaded inflammatory monocytes in vivo, Ly6Chi cells were 

sorted from the MLN two days after mice were fed GFP+ L. monocytogenes and the cells 

were examined microscopically (Fig. 6A). Approximately 7% of the 4,024 sorted monocytes 

examined (pooled data from 6 different mice) were associated with GFP+ L. monocytogenes 
(Fig. 6B). The flow cytometric approach used previously identified only ~2% of the Ly6Chi 

cells as GFP+ (Fig. 1C). The 3.5-fold difference in these results is likely due to issues with 

autofluorescence that led us to apply a rigorous threshold to the bulk population in order to 

definitively label a cell as GFP+ by flow cytometry. The majority of monocytes associated 

with GFP+ L. monocytogenes had only one or two bacteria per cell (Fig. 6C). Fifteen of the 

monocytes (0.4%) contained L. monocytogenes surrounded by an actin “cloud” (43) and 

only one cell (0.02%) had actin tails. However, since the sort purity of the Ly6Chi cells 

recovered from each mouse was only ~97–99%, it possible that the cell containing L. 
monocytogenes co-localized with actin was a contaminating macrophage-like cell.

To verify that L. monocytogenes could inefficiently invade, but not survive within 

inflammatory monocytes, GFP+ Ly6Chi cells were sorted from the MLN 2 dpi (Fig. 6D) and 

the number of intracellular and extracellular L. monocytogenes associated with those cells 

was determined by incubating the sorted cells with or without gentamicin for 20 minutes and 

then lysing and plating. Due to the small number of cells recovered in this experiment, the 

sort purity was not determined. As shown in Fig. 6D, ~38% of the total cell-associated CFU 

was intracellular (gentamicin-resistant) directly ex vivo. A portion of the sorted cells were 

further incubated for 8 hours with or without gentamicin to find out if intracellular 

(gentamicin-resistant) L. monocytogenes would replicate, or if only the adherent CFU 

increased over time. As shown in Fig. 6D, the total number of adherent CFU in each well 

increased ~500-fold. However, no intracellular (gentamicin-resistant) CFU were detected 8 

hours after plating the sorted cells.

To further assess the ability of inflammatory monocytes to support intracellular growth, we 

sorted cells from the MLN of mice infected with L. monocytogenes lacking GFP and then 

exposed the cells in vitro to GFP-expressing bacteria for 90 min. and performed differential 

staining to identify intracellular and extracellular L. monocytogenes (Fig. 6E). As shown in 

Fig. 6F, 40 of the 300 cells visualized (13%) contained at least one intracellular bacterium, 

with most harboring 1–3 intracellular bacteria per cell. Thus, invasion of the inflammatory 

monocytes was less efficient than observed for naïve cultured monocytes (Fig. 2), consistent 

with the reduced phagocytic capacity of these cells (Fig. 4F). The number of gentamicin-

resistant intracellular L. monocytogenes in the inflammatory monocytes steadily decreased 
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over time (Fig. 6G). Thus, the majority of the Ly6Chi inflammatory monocytes recruited to 

the MLN and analyzed directly ex vivo had only adherent L. monocytogenes, and the few 

bacteria that invaded these cells did not survive.

Discussion

The results presented here highlight two important findings. First, within 48 hours of 

foodborne infection, the majority of myeloid-derived cells in the MLN are “inflammatory 

monocytes” that have been pre-activated in the bone marrow prior to L. monocytogenes 
exposure. These cells did not precisely resemble any cell type that can be cultured directly 

from bone marrow using only growth factors such as CSF-1 or GM-CSF, or the cells that are 

present in the steady state in an uninfected animal. Second, although L. monocytogenes is 

equipped for intracellular growth, the majority of cell-associated L. monocytogenes in the 

gut following foodborne infection were extracellular (27), presumably adhered to 

monocytes, a cell type that inefficiently internalized L. monocytogenes. Very few L. 
monocytogenes were associated with cells expressing markers typical of classical 

macrophages and DC. This observation has implications for innate immune recognition of L. 
monocytogenes, because there are a large number of genes that differ in expression level in 

monocytes compared to macrophages (44).

It was previously reported that InlA/E-cadherin interaction was important for invasion of 

macrophage-like cell lines (38); however, we found that ΔinlA L. monocytogenes were 

internalized efficiently in both bone marrow-derived macrophages (Fig. 3E) and THP-1 cells 

(data not shown). Interaction with E-cadherin could enhance uptake of L. monocytogenes in 

macrophages, but may not be required because the cells express a variety of other receptors 

that can trigger phagocytosis, including Gp96 and scavenger receptors class A (9,45). In 

contrast, monocytes lack all three of these receptors based on data presented here and 

previous studies (46,47). We propose that L. monocytogenes can readily adhere to 

monocytes and that this attachment is mediated primarily by non-specific bacterial adhesins 

or pili. However, because they lack sufficient expression of surface receptors that can trigger 

cytoskeletal rearrangements to promote particle uptake, few adhered L. monocytogenes are 

internalized by monocytes unless they are opsonized by specific antibodies or complement.

The microscopy studies presented here suggest that the few L. monocytogenes that do 

invade monocytes cannot escape into the cytosol. This is in agreement with Raybourne et al. 

who suggested that human blood monocytes could not support the growth of L. 
monocytogenes over time (48). It is possible that activity of the pore-forming toxin LLO is 

impaired in monocytes. The kinetics of phagosome acidification in murine monocytes has 

not been tested. However, the phagosomes of freshly-isolated human monocytes acidified to 

a pH of only 5.7 to 5.9 after phagocytosis of live E. coli (49) and LLO has a pH optimum of 

~5.5 (50). Westcott et al. further showed that vacuoles in murine monocyte-derived GM-

CSF-cultured DC acidified at a slower rate than macrophage phagosomes (17). Thus, it is 

possible that delayed or reduced acidification of the phagosome could reduce the efficiency 

of L. monocytogenes escape in monocytes.
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It is likely that at least some of the Ly6Chi monocytes we analyzed ex vivo were in the 

process of differentiating into “Tip-DCs” as approximately 20–25% of the inflammatory 

monocytes were already producing iNOS. The nomenclature of “Tip-DCs” has been debated 

(51); it may be inaccurate to define “Tip-DCs” as a subset of dendritic cells, but it is clear 

that the production of TNF-α and iNOS by these cells is critical for clearance of L. 
monocytogenes (52). In agreement with our study, Shi et al. showed that CCR2+Ly6Chi cells 

surrounded foci of infection in the liver following i.v. infection, and very few of those 

monocyte-derived cells harbored viable L. monocytogenes (53).

Despite the predominate monocyte infiltrate in the gut, the total number of Ly6CloCD64+ 

macrophages did not change significantly during the first three days following foodborne L. 
monocytogenes infection. This suggests that monocytes recruited to the MLN were not 

differentiating into classical macrophages during this timeframe. This finding is in 

agreement with Bain et al., who used a DSS-induced model of colitis to show that 

maturation of Ly6Chi monocytes recruited to the intestinal LP was disrupted during 

inflammation (54). In addition, Rydström and Wick showed that the differentiation of 

Ly6Chi monocytes was inhibited following exposure to Salmonella, a process that was 

dependent on MyD88 signaling (55).

The terms monocyte, macrophage, inflammatory monocyte and inflammatory macrophage 

have been used variously over the past few decades to describe myeloid-derived cell 

populations. Although the nomenclature is evolving, more definitive labels for cell subsets 

will probably require the use of better markers that correlate with cell function, rather than 

just surface marker expression (44). However, what is clear now is that bone marrow-derived 

macrophages and DC do not closely resemble the majority of cells that L. monocytogenes 
encounter in vivo in the gut and that very few L. monocytogenes replicate within phagocytes 

during the intestinal phase of the infection. Future studies should focus on the interactions of 

these unique subsets of inflammatory cells with extracellular bacteria, rather than cytosolic 

bacteria in macrophages, in order to define the earliest innate immune activation events that 

occur following foodborne L. monocytogenes infection in mice.
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FIGURE 1. 
Identification of L. monocytogenes-infected cells in the MLN using a flow cytometric 

approach. (A) Gating scheme used to subset MLN populations (P1, P2, P3, P4, P5) in mice 

fed 108 CFU of mouse-adapted L. monocytogenes. (B) Total number (±SEM) of cells in the 

MLN of uninfected (0 hpi) or infected mice (n=5). (C) Representative dot plots show how 

thresholds for GFP were set by comparison to cells from mice infected with L. 
monocytogenes that lacked GFP (vector control strain). (D) Average proportion (±SD) of 

total GFP+ cells in each population. Pooled data from 5 mice infected in two separate 

experiments was analyzed by one-way ANOVA with Tukey’s multiple comparisons test.
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FIGURE 2. 
Ly6ChiCD11b+ monocytes are the primary L. monocytogenes-infected cell type in the gut 

48 hpi. (A) Surface marker expression on P1 cells harvested from the MLN of infected mice; 

gray histograms are FMO controls. (B) Mean values (±SD) for GFP expression by CD11b+ 

vs CD11bneg P1 cells (n=4). (C) Representative dot plots show the percentage of CD45+ 

cells in the large intestine LP that were Ly6ChiCD11b+; graph shows total (±SEM) number 

of Ly6Chi monocytes in the LP of uninfected (0 hpi; n=4) or infected (48 hpi; n=8) mice. (D) 
Approximately 1% of the Ly6ChiCD11b+ monocytes in the large intestine LP were GFP+ 

(n=8 mice). (E–G) Mice were fed 109 CFU of wild type L. monocytogenes EGDe and MLN 
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populations were subset 48 hpi as shown in Fig. 1A. The total number of each population in 

the MLN (E), the proportion of total GFP+ cells in each population (F), and the CD11b 

phenotyping of the P1 cells (G) are shown. Data shown in panel F were analyzed by one-

way ANOVA with Tukey’s multiple comparisons test. Data in panels B & G were analyzed 

by unpaired two-tailed student’s t-test.
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FIGURE 3. 
L. monocytogenes inefficiently invade cultured CD64neg monocytes. (A) Bone marrow 

cultured with M-CSF for 4 days generated three CD117− populations: monocytes (blue), 

transitioning cells (orange), and macrophages (black). Representative dot plots indicate the 

average purity of each population after sorting. (B) Diff-Quik staining of sorted cells. (C) 
Sorted monocytes, transitioning cells, and macrophages were infected with L. 
monocytogenes SD2710 and the average number (±SD) of adherent CFU after washing was 

determined 1 hpi. (D) Total number (±SD) of intracellular (gentamicin10-resistant) L. 
monocytogenes SD2710 1 h after infection of sorted cells at a MOI of 0.5 (data from one of 

two separate experiments is shown). (E) Total number of intracellular (gent-resistant) L. 
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monocytogenes associated with triplicate wells of either macrophages (BMMΦ) or Caco-2 

cells 1 hpi. (F) E-cadherin expression on BM-derived cells 4 days after in vitro culture. (G) 
Control plots for phagocytosis assay. Green boxes indicate cells that internalized all 

associated beads. (H) Percent complete phagocytosis (FITC+PE−) for each cell type 1 h after 

incubation with beads. (I–J) Sorted monocytes were infected with L. monocytogenes 
SD2710 at a MOI of 14 for 90 min., washed 3 times, and then stained with Lm-specific 

antibodies. (I) Representative images of an infected monocyte show both green intracellular 

bacteria and yellow extracellular bacteria after merging green and red channels. (J) Number 

of intracellular L. monocytogenes per monocyte with or without opsonization. (K) 
Representative images of sorted cells infected with L. monocytogenes SD2710, fixed 5 hpi, 

and stained with phalloidin (red). Arrowheads indicate actin “tails”. (L) Sorted cells were 

infected for 5 h at low MOI (L) or high MOI with or without opsonization (M) Data from 

one of two separate experiments is shown; panels D & E were analyzed by two-tailed 

unpaired student’s t-test. Scale bars, 10 μm (B) or 2 μm (I & K).
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FIGURE 4. 
Inflammatory monocytes analyzed directly ex vivo have a partially differentiated and 

partially activated phenotype. Mice were fed 108 CFU of Lm SD2710 (n=6) or left 

uninfected (UI; n=3) and MLN were analyzed 48 h later. (A) Representative histogram and 

MFI (±SD) of CD64 expression on Ly6G−Ly6ChiCD11b+ monocytes. (B) Diff-Quik 

staining (100x) of inflammatory monocytes sorted from MLN 2 dpi; scale bar, 10 μm. (C) 
Representative E-cadherin expression on monocytes. (D) Representative histogram and MFI 

(±SD) of MHC-II expression. (E) Percentage of iNOS-producing Ly6Chi monocytes in the 
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MLN. (F) Uptake of fluorescent beads by Ly6Chi monocytes from the bone marrow of 

uninfected mice or MLN of infected mice (n=6).
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FIGURE 5. 
Inflammatory monocytes are activated prior to egress from the bone marrow. Bone marrow 

(BM) from uninfected mice (UI; grey bars) or mice fed 108 CFU of Lm SD2710 (black bars) 

was analyzed 2 dpi (n=6). (A) CD64 expression on Ly6Chi monocytes (Mo) and common 

monocyte progenitors (cMoP) (56). (B) Mean percentage (±SD) of MHC-II+ Ly6Chi Mo and 

cMoP. (C) BM harvested from both femurs and tibias was plated and L. monocytogenes 
CFU were determined 2 dpi (n=6). (D) Mean concentration (±SD) of IL-12 and IL-18 in 

mouse sera (n=4). (E) Mean concentration of IFNγ (±SD) in the bone marrow without in 
vitro stimulation (n=4). (F) Representative contour plots of bone marrow cells showing the 
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percentage of IFNγ+ cells. Bar graphs to the right indicate mean number (±SD) of IFNγ+ 

Ly6Cint, T cells, or NK cells (n=4). Two-tailed Mann-Whitney tests were used for statistical 

analysis.
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FIGURE 6. 
Inflammatory monocytes do not productively support intracellular growth of L. 
monocytogenes. (A–C) Ly6Chi cells were sorted from the MLN 2 d after infection with Lm 
SD2710 and visualized directly ex vivo. (A) A total of 4,024 cells from 6 different mice 

(200–800 cells/mouse) were visualized. Representative images and the total number of Lm-

associated (GFP+), actin cloud+ cells or actin tail+ cells observed are shown. (B) Mean 

percentage (±SD) of Lm-associated monocytes per mouse (n=6). (C) Average number (±SD) 

of L. monocytogenes per GFP+ cell. (D) GFP+ Ly6Chi cells were sorted from the MLN 2 dpi 

(green gate) and the mean number of adherent or intracellular (gent10-resistant) CFU (±SD) 
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was determined directly ex vivo or after being cultured for 8 h in media with or without 

gentamicin. (E-F) Ly6Chi cells (1 × 105/well) were sorted from the MLN 2 dpi with L. 
monocytogenes SD2001 and infected in vitro for 90 minutes with L. monocytogenes 
SD2710 at a MOI of 2. (E) Representative image for “in/out” differential staining shows a 

cell with both intracellular and extracellular L. monocytogenes; scale bar, 2 μm. (F) A total 

of 300 cells were visualized; left graph indicates the number of uninfected cells (gray bar), 

cells with only extracellular Lm (yellow bar), cells with both intracellular and extracellular 

Lm (green/yellow bar), or cells with only intracellular bacteria (green bar). Graph on the 

right indicates the number of intracellular L. monocytogenes observed per cell. (G) 
Intracellular growth assay performed on sorted GFPneg Ly6Chi cells (5 × 104/well) infected 

in vitro for 1 h at MOI of 2.
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