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Abstract

Impaired wound healing often accompanies low-grade inflammatory conditions during which 

circulating levels of subclinical super-low dose endotoxin may persist. Low-grade inflammatory 

monocyte polarization may occur during chronic inflammation and deter effective wound repair. 

However, little is understood about the potential mechanisms of monocyte polarization by 

sustained insult of subclinical super-low dose endotoxin. We observed that super-low dose 

endotoxin preferentially programs a low-grade inflammatory monocyte state in vitro and in vivo, 

as represented by the elevated population of CD11b+Ly6Chigh monocytes and sustained 

expression of CCR5. Mechanistically, super-low dose endotoxin caused cellular stress, altered 

lysosome function and increased the transcription factor IRF5. TUDCA, a potent inhibitor of 

cellular stress, effectively blocked the monocyte polarization, and improved wound healing in 

mice injected with super-low dose endotoxin. Our data reveal the polarization of low-grade 

inflammatory monocytes by sustained endotoxin challenge, its underlying mechanisms, and a 

potential intervention strategy.
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Introduction

Monocytes play key roles during the progression and resolution of various inflammatory 

processes. Past studies reveal the dynamic existence of distinct subtypes of innate 

monocytes in mice and humans. Murine monocytes are represented by CD11b+ Ly6Chigh 

inflammatory monocytes and CD11b+Ly6C− anti-inflammatory monocytes [1]. In humans, 
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there are three circulating subsets that include the classical CD14++CD16−, the non-classical 

CD14+CD16++, and the intermediate CD14+CD16+ monocytes [2]. Current literature 

suggests that the intermediate human monocytes share most similarities with the murine 

CD11b+Ly6Chigh inflammatory monocytes in their expression profiles of inflammatory 

mediators, and may be closely correlated with the severity of chronic inflammatory diseases 

[2–4]. However, molecular mechanisms leading to the expansion of the inflammatory 

monocytes are not clearly understood.

In the context of the wound repair process in murine models, the initial influx of 

inflammatory Ly6Chigh monocytes into the cutaneous wound bed may be important for the 

early phase of vascular sprouting [5]. Subsequent transition into the anti-inflammatory 

Ly6C− monocytes would enable proper wound closure and tissue regeneration during the 

resolving phase of wound repair [5,6]. The switch from an initial inflammatory state to a 

subsequent compensatory anti-inflammatory state is critical for ordered wound repair. 

Persistence of inflammatory monocytes in the wound bed may be an important factor 

underlying poorly healing wounds, as often seen in diabetic patients [7].

Subclinical super-low dose endotoxin lipopolysaccharide (LPS) in the circulation has been 

increasingly recognized as a health concern [8]. Chronic infection, obesity, aging, chronic 

smoking and drinking are common risk factors that contribute to mucosal leakage and 

elevated plasma levels of endotoxin [9,10]. There remains an intriguing correlation that 

super-low dose endotoxemia may underlie diabetes and obesity-associated complications 

such as impaired wound healing [11–16].

Recent mechanistic studies may support the correlation between super-low dose 

endotoxemia and low-grade non-resolving inflammation [8]. Higher doses of LPS cause 

robust yet transient induction of inflammatory mediators, followed by “endotoxin 

tolerance”, a state of compensatory resolution to restore homeostasis through various 

processes such as autophagy completion [17–19]. In sharp contrast, super-low levels of LPS 

(~1–100 pg ml−1) fail to induce homeostatic tolerance [20,21]. Our in vitro studies suggest 

that the disruption of compensatory feedback mechanisms such as the completion of 

autophagy and the resolution of cellular stress may be a culprit [20,22].

One key limitation to the existing studies of the dynamic monocyte priming and tolerance 

paradigm is the short time course being examined. Most studies involve only one LPS 

treatment to induce priming or tolerance within a 24-hour time period. To better examine the 

sustained polarization of monocytes, we aim to test the hypothesis that sustained challenges 

with super-low dose LPS may polarize monocytes into a low-grade inflammatory state, not 

conducive for effective wound healing.

To test this hypothesis, we examined the behavior of monocytes challenged with sustained 

super-low dose LPS in vitro and in vivo, as well as that of human monocytes. Using a 

cutaneous wound healing animal model, we examined the pathological consequence of 

subclinical dose LPS in vivo. We also test the therapeutic potential of tauroursodeoxycholic 

acid (TUDCA), a potent inhibitor of cellular stress, in restoring lysosome function, 

monocyte homeostasis and effective wound repair affected by subclinical dose LPS.
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Materials and Methods

Animals

C57BL/6 mice were maintained and bred under standard pathogen-free conditions. 8–12-

week-old male animals were used. Experiments were approved, prior to the study, by the 

Institutional Animal Care and Use Committee (IACUC) of Virginia Tech.

Reagents

LPS (Escherichia coli 0111:B4) was purchased from Sigma (St. Louis, MO). TUDCA was 

purchased from Prodotti Chimici E Alimentari S.p.A (Basaluzzo, Italy). Murine macrophage 

colony-stimulating factor (M-CSF), CCL3 and CCL5 were obtained from PeproTech 

(Rocky Hill, NJ). Anti-mouse monocyte/macrophage marker (MOMA-2) antibody and anti-

phospho-JNK were purchased from Santa Cruz (Dallas, TX); anti-mouse CD 16/32 

antibody, anti-mouse Ly-6G (Gr-1) antibody, biotin-anti-mouse IgG, biotin-anti-rat IgG and 

streptavidin-PE, streptavidin-FITC were from eBioscience (San Diego, CA). PE-rat anti-

mouse CD31 antibody and biotin-goat anti-rabbit Ig antibody were from BD Pharmingen 

(San Jose, CA). PE-anti-mouse TGF-β antibody and streptavidin-HRP were from Biolegend 

(San Diego, CA). Anti-neutrophil antibody (7/4) was from Abcam (Cambridge, MA). Dab 

substrate kit for peroxidase was from Vector Laboratories (Burlingame, CA). Anti-

SAPK/JNK antibody was obtained from Cell Signaling Technology.

Wounding procedure and LPS treatment protocol

The wound repair model was as previously described [23–25]. Briefly, anesthetized mice 

were partially shaved at the back, and sterilized with betadine solution followed by 70% 

ethanol. Four full-thickness punch biopsies (Acu.Punch, 6 mm, Acuderm, FL) were created. 

The biopsy sites were covered with a form-fitting bandage. Mice were injected IP with 

either PBS or LPS (5 ng/kg body weight) once every three days for 10 days (total three 

times) before biopsy and once every three days after biopsy (Fig. 1a). Wounds were 

monitored daily and photographed using a Nikon 9000D digital camera (Nikon, Japan). 

Changes in wound contraction over time were calculated using the NIH ImageJ software. 

For histologic analysis, wounds were excised at different times after injury, and the tissue 

was either fixed overnight in 10 % formaldehyde or embedded in optimal cutting 

temperature compound (OCT), (Tissue-Tek, Zoeterwoude, NL).

Histopathology and immunohistochemistry

Skin tissues embedded in OCT were sectioned (4 μm) and stained with H&E. Collagen 

staining was performed with elastic stain kit (Sigma, St. Louis, MO) in which elastin stains 

black and van Gieson’s solution stains collagen red and other components yellow. 10-μm 

cryosections were immunostained for the macrophage marker MOMA-2 and for the 

neutrophil marker Ly-6G. The secondary antibody was biotinylated rabbit anti-rat IgG 

antibody. The slides were developed using streptavidin–horseradish peroxidase, followed by 

diaminobenzidine, after which they were counterstained with Mayer’s hematoxylin. For 

immunofluorescence, frozen sections (10 μm) were stained with antibodies as indicated on 

figure legends.
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Cytokine Assay from Plasma

Whole blood samples were collected from naïve, PBS-treated, LPS-treated mice, and plasma 

samples were obtained by centrifugation. Serum cytokine levels were examined by ELISA 

according to the manufacturer’s instructions (eBioscience, San Diego, CA).

Protein extraction and analyses

Cells were washed with cold PBS after specified treatments and harvested in SDS lysis 

buffer containing protease and phosphatase inhibitors as previously described [26]. Protein 

concentration was assessed by Bradford assay. Following SDS-PAGE, protein bands were 

transferred to an immunoblot PVDF membrane (Bio-Rad) and subjected to immunoblot 

analysis with the indicated antibodies.

Real-time RT-PCR

Total RNA was extracted using TRIzol (Thermo Fisher Scientific), according to the 

manufacturer’s protocol. RNA was reverse-transcribed using the High-Capacity cDNA 

Reverse Transcription kit (Thermo Fisher Scientific). Real-time PCR was performed on a 

Bio-Rad CFX96 machine using SYBR Green mix (Bio-Rad). The relative levels of different 

transcripts were calculated using the ΔΔCt method and results were normalized based on the 

expression of GAPDH.

In vitro culture of murine monocytes and flow cytometry

Crude BM cells isolated from C57 BL/6 mice were cultured in RPMI 1640 medium 

supplemented with 10% FBS, 2 mM L-glutamine, 1% penicillin/streptomycin, and with M-

CSF (10 ng ml−1) in the presence of different doses of LPS (from 100 pg ml−1 to 1 μg ml−1). 

TUDCA (500 μM) was also added to the cell cultures in some experiments. Fresh LPS and 

TUDCA was added to the cell cultures every 2 days. After 5 days, cells were harvested and 

stained with anti-Ly6C, anti-CD11b and anti-CCR5 antibodies (BioLegend, San Diego, 

CA). The samples were then analyzed by FACSCanto II (BD Biosciences, San Jose, CA). 

The data were processed by FACSDiva (BD Biosciences), or Flow Jo (Tree Star, Ashland, 

OR).

Confocal Microscopy

Cells were fixed with 4% paraformaldehyde, permeabilized with methanol and stained with 

Cy3-conjugated anti-mouse LAMP1 antibody (Abcam, UK) together with Alexa Fluor 488-

conjugated anti-mouse LCIII antibody (Novus Biologicals, Littleton, CO). The samples 

were analyzed under the Zeiss LSM 510 confocal microscope.

In vitro culture of human monocytes and flow cytometry analyses

Peripheral blood from healthy individuals was purchased from Research Blood Components, 

LLC (Boston, MA). PBMCs were isolated using Histopaque®-1119 and Histopaque®-1077 

(Sigma-Aldrich, St. Louis, MO), and then cultured with RPMI 1640 medium supplemented 

with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1% penicillin/streptomycin, 

together with M-CSF (100 ng ml−1) in the presence of different doses of LPS (5 pg ml−1, 50 

pg ml−1 and 10 ng ml−1). After 2 days, cells were harvested and stained with anti-CD14, 
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anti-CD16 and anti-CCR5 antibodies (BioLegend). The samples were then analyzed by 

FACSCanto II (BD Biosciences). The data were processed by FACSDiva (BD Biosciences), 

or Flow Jo (Tree Star).

Chemotaxis Assays

Chemotaxis of monocytes in response to CCL3 (100 ng ml−1) and CCL5 (100 ng ml−1) was 

performed using a 48-well Micro Chemotaxis Chamber (NeuroProbe, Gaithersburg, MD) in 

which a 8-μm pore size polycarbonate filter separated the upper and the lower chamber. The 

cells were incubated in RPMI 1640 medium supplemented with 1% BSA, 2 mM L-

glutamine, 1% penicillin/streptomycin, 30mM HEPES, and allowed to migrate towards 

CCL3 or CCL5 for 2 hours. After the migration period, the filters were fixed and stained 

with Giemsa, and the cells migrated across the filters were counted by light microscopy. The 

results were expressed as the means ± S.E. of the chemotaxis index (CI), representing the 

increase in the number of migrated cells in response to chemoattractants compared with 

spontaneous cell migration (to control medium).

Statistical analysis

Statistical analyses were performed using Prism Version 5 software (GraphPad). 

Significance of difference was analyzed with a Student t test. When more than two groups 

were compared, one-way ANOVA was performed. Data were presented as means ± SEM. P 

values less than 0.05 were considered significant.

Results

Impaired cutaneous wound healing in mice pre-conditioned with subclinical super-low 
dose LPS

Although past evidence suggests a connection between subclinical super-low dose 

endotoxemia and chronic disease, no data is available to confirm causation. We used the 

cutaneous wound healing model to test whether injection of super-low dose endotoxin 

affects the proper course of wound repair. Mice were pre-conditioned i.p. with either PBS or 

super-low dose LPS (5 ng/kg body weight) as shown in Fig. 1A. They were then subjected 

to a procedure that yields full-thickness cutaneous wounds, and closely observed for 

recovery. As shown in Fig. 1B, 1C and supplementary Figure S1, the wound closure was 

significantly impaired in LPS pre-conditioned mice, especially at the later stage of wound 

healing (10–11 days post wounding; Fig 1C).

In addition to the superficial evaluation of the overall wound size, we evaluated the quality 

of tissue repair through histological examination. Specifically, we studied the course of 

blood vessel sprouting and regression in the wound bed, as well as collagen deposition. As 

shown in Fig. 1D–E, blood vessel sprouting occurs well in the wound tissues of PBS- and 

LPS-pre-conditioned mice 6 days after wounding. However, the pruning and regression of 

blood vessels at the late stage of wound repair (d 11) were significantly compromised in 

LPS-pre-conditioned mice. Collagen deposition was also significantly reduced in the wound 

beds of LPS-pre-conditioned mice (Fig. 1F–G). An analysis of disease score based on 
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inflammatory cell infiltration also corroborated with the reduced wound repair in LPS pre-

conditioned mice, as shown in Supplementary Figure S2.

Sustained presence of pro-inflammatory monocytes in wound tissues of mice conditioned 
with super-low dose LPS

Sustained polarization of pro-inflammatory monocytes plays a key role in delayed wound 

repair [6,27]. Of particular relevance, sustained presence of inflammatory monocytes was 

shown to negatively affect the resolution of tissue repair through prolonged blood vessel 

sprouting and impaired pruning [5,28]. However, the agents and mechanisms responsible for 

the sustained polarization of low-grade inflammatory monocytes were not well understood. 

Thus, we tested whether super-low dose LPS can induce sustained polarization of low-grade 

inflammatory monocytes in vivo. As measured by immuno-histochemistry, tissue levels of 

monocytes/macrophages initially rose at day 1 after wounding, and subsequently subsided at 

day 11 in PBS-pre-conditioned mice (Fig. 2A). In contrast, the tissue levels of monocytes/

macrophages remained at a significantly higher level at day 11 in LPS-pre-conditioned mice. 

Furthermore, flow cytometry of elutriated suspension cells from the wound tissues 

demonstrated significantly more CD11b+Ly6Chigh pro-inflammatory monocytes in mice 

pre-conditioned with LPS as compared to PBS-treated mice, both at day 1 and day 11 after 

wounding (Fig. 2B). Circulating levels of the CD11b+Ly6Chigh pro-inflammatory 

monocytes were also higher in LPS-treated mice than PBS-treated mice (Fig. 2C). Plasma 

levels of selected cytokines were also raised in LPS-treated mice (Supplementary Figure 

S3). As a consequence, tissue levels of neutrophils as well as myeloperoxidase (MPO) 

activities were similarly elevated in mice treated with super-low dose LPS, compared to 

PBS (Supplementary Figure S4–6).

Polarization of low-grade inflammatory monocytes in vitro by sustained challenges with 
super-low dose LPS

Given our in vivo observation of elevated inflammatory monocytes in mice injected with 

super-low dose LPS, we next examined whether super-low dose LPS may directly modulate 

the expansion of CD11b+Ly6Chigh inflammatory monocytes in vitro. To this end, we 

cultured bone marrow-derived monocytes with M-CSF together with varying dosages of 

LPS for 5 days. As shown in Fig. 3A, continuous incubation with super-low dose LPS 

significantly expanded the population of the CD11b+Ly6Chigh inflammatory monocytes in 

vitro. The expansion of the CD11b+Ly6Chigh inflammatory monocytes reached a plateau 

upon challenge with the intermediate levels of LPS, and declined with higher dosages (Fig. 

3B). We further examined the expression levels of a key chemokine receptor CCR5, 

representative of inflammatory monocytes in both murine and human systems [3]. Both the 

percentages of CCR5+ monocytes and the mean fluorescent intensities of CCR5 were 

elevated in cells incubated with super-low dose LPS, but reduced in cells cultured with 

higher dosages of LPS (Fig. 3B). We further performed real-time RT-PCR analyses of 

representative inflammatory mediators, and observed that monocytes continually incubated 

with super-low dose LPS exhibit a unique expression profile distinct from the traditionally 

defined M1 or M2 subtypes (Supplementary Figure S7). We therefore use the term “low-

grade inflammatory monocytes” (ML) to define this phenotype.
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Recent studies indicate that the intermediate CD14+CD16+ monocytes are the preferential 

inflammatory subsets in humans [2,3]. This particular subset also expresses high levels of 

CCR5. Thus, we tested whether LPS may preferentially expand the intermediate 

inflammatory monocytes in human blood. Since human monocytes are much more sensitive 

to LPS and probably respond to much lower dosages of LPS, we used a much lower 

concentration range for the human study. As shown in Fig. 3C, super-low dose LPS 

selectively and significantly expanded the population of intermediate CD14+CD16+ CCR5+ 

monocytes, while higher dosages of LPS drastically reduced this population in vitro.

Increased migratory ability of monocytes programmed by super-low dose LPS in vitro

Based on our above observation that super-low dose LPS elevates the tissue levels of 

inflammatory monocytes, we further studied the migratory behavior of monocytes 

programmed by super-low dose LPS in vitro, using a chemotaxis assay in transwell 

chambers with selective CCR5 agonist CCL3. As shown in Fig. 4A, murine monocytes 

cultured with super-low dose LPS were more able to migrate toward CCL3. We further 

demonstrated by real-time RT-PCR a significant induction of Ccr5 mRNA levels in cells 

programmed by sustained challenges with super-low dose LPS (Fig. 4B).

Super-low dose LPS polarizes monocytes via cellular stress and IRF5 accumulation

We previously reported that super-low dose LPS selectively induces cellular stress and 

stress-related kinases such as the c-Jun N-terminal kinase (JNK) in macrophages [29]. Next, 

we studied whether prolonged challenges of monocytes with super-low dose LPS may 

sustain JNK activation, and whether the alleviation of cellular stress through the application 

of TUDCA may reduce the migratory behavior of the inflammatory monocytes. TUDCA has 

a traditional medicinal role in the treatment of tissue injury [30]. On a molecular level, 

TUDCA has been shown to be a potent inhibitor of cellular stress and JNK activation [31]. 

As shown in Fig. 4C, prolonged incubation of monocytes with super-low dose LPS for 5 

days led to the activation of JNK, and addition of TUDCA ablated the JNK activation 

mediated by LPS.

TUDCA may exert its inhibitory effect on JNK through restoring cellular homeostasis [31]. 

We previously reported that super-low dose LPS disrupts cellular homeostasis by disrupting 

the orderly fusion of lysosomes with autophagosomes [22]. We therefore tested whether 

TUDCA may restore the completion of autophagy through facilitating the fusion of 

autophagosome with lysosome. Indeed, monocytes with prolonged super-low dose LPS 

challenges experienced a disruption of lysosome-autophagosome fusion, as judged from the 

separation of LCIII staining and LAMP1 staining observed under confocal microscopy, 

while application of TUDCA restored this process and the co-localization of LCIII and 

LAMP1 (Fig. 4D).

IRF-5 was shown to be a signature transcription factor within inflammatory monocytes [32]. 

We observed that IRF-5 levels were elevated in monocytes programmed by super-low dose 

LPS, and dramatically reduced in monocytes programmed by higher dose LPS (Fig. 5A). 

Our data further supports the notion that super-low dose LPS programs monocytes into an 

IRF-5+ low-grade inflammatory state. Since IRF-5 protein is known to be modulated by 

Yuan et al. Page 7

J Pathol. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



degradation [33], and lysosome function is among the key mechanisms modulating protein 

degradation [34], we investigated whether super-low dose LPS may enhance IRF-5 stability 

through disrupting lysosome function. Western blotting indicated that treatment with the 

lysosome inhibitor chloroquine increased IRF-5 protein levels in cultured monocytes, 

suggesting that disruption of lysosome function may account for the enhanced IRF-5 protein 

stability (Fig. 5A). On the other hand, we TUDCA treatment blocked the induction of IRF-5 

by super-low dose LPS (Fig. 5A). To further test the modulation of IRF-5 within the 

Ly6Chigh monocyte population, we performed flow cytometry analyses with cultured 

monocytes. We observed that sustained super-low dose LPS challenges significantly 

increased the IRF-5 levels within the Ly6Chigh monocytes (Fig. 5B, C). Application of 

chloroquine alone raised the IRF-5 levels within the Ly6Chigh monocytes, mimicking the 

effect of super-low dose LPS (Fig. 6b). In contrast, application of TUDCA reduced the 

levels of IRF-5 within the Ly6chigh monocytes challenged with super-low dose LPS (Fig. 

5B, C).

As shown in Fig. 5D, the application of TUDCA reduced the CCR5 expression induced by 

super-low dose LPS, and also drastically inhibited the migration of LPS-incubated 

monocytes toward CCL3 and CCL5 (Fig. 5E).

TUDCA facilitates wound healing in vivo

We next tested whether TUDCA may facilitate wound repair in mice pre-conditioned with 

super-low dose LPS. Indeed, i.p. injection of TUDCA dramatically improved the course of 

wound repair (Fig. 6A–B) and facilitated the pruning and regression of blood vessels at the 

later stage of wound healing (Fig. 6C–D).

Flow cytometry of inflammatory monocytes in vivo showed that mice treated with TUDCA 

together with super-low dose LPS had lower levels of inflammatory CD11b+Ly6Chigh 

monocytes than mice challenged with super-low dose LPS (Fig. 6E). The numbers of 

infiltrating inflammatory granulocytes within the wound tissues were also reduced in 

TUDCA-treated mice (Supplementary Figure S8).

Discussion

Our data demonstrates that sustained challenges with super-low dose endotoxin can polarize 

the low-grade inflammatory monocytes both in vitro and in vivo. Inflammatory polarization 

of monocytes as reflected in the sustained expansion and recruitment of inflammatory 

monocytes could be critically involved in the altered wound healing dynamics. 

Mechanistically, a disruption of lysosome function in monocytes may contribute to the 

accumulation of IRF5, a key transcription factor representative of inflammatory monocytes. 

Our intervention study with TUDCA may hold potential promise in re-balancing monocyte 

homeostasis that is necessary for effective wound healing.

Our data complement and extend the emerging concept of innate immunity programming 

[8]. Innate immune cells may be differentially programmed by simultaneous or sequential 

challenges of distinct innate agonists, as measured by the expression levels of selected 

cytokines [35]. For example, as compared to naïve monocytes, monocytes previously 
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“trained” with beta-glucan may express much higher levels of IL-6 when subsequently 

challenged with LPS [36]. In terms of innate programming by LPS, we and others reported 

that monocytes/macrophages with an initial challenge of varying dosages of LPS may adopt 

either a “primed” or “tolerant” state, with regard to the expression of selected pro-

inflammatory cytokines [20,21,26,37]. In contrast to these existing reports, this current study 

is the first to examine the programming of monocytes under continuous and prolonged 

incubation with LPS. This may better reflect in vivo pathophysiological situations in humans 

with subclinical endotoxemia due to mucosal leakage. Our data reveal that monocytes under 

prolonged incubation with higher dose LPS exhibit reduced expression of selected 

inflammatory mediators such as CCR5, reminiscent of the endotoxin-tolerant phenotype. In 

contrast, monocytes under prolonged and continued incubation with super-low dose LPS 

exhibit sustained expression of inflammatory cytokines, elevated surface levels of Ly6C as 

well as chemokine receptor CCR5.

Our data with primary human cells cultured with LPS further confirm this phenomenon. 

Super-low dose LPS selectively expands the inflammatory intermediate monocyte 

population, while higher dose LPS dramatically reduced the population of the inflammatory 

intermediate monocytes. In clinical settings, the intermediate human monocytes have been 

closely correlated with chronic inflammatory diseases [3,38]. Our data provides a system for 

future mechanistic studies with regard to the ontology and maintenance of human 

intermediate inflammatory monocytes.

In the context of wound healing, although a causal connection between the sustained 

presence of pro-inflammatory monocytes and compromised wound repair is well established 

[5,7,27,28], the cause and mechanism responsible for the establishment and dynamic 

“memory” of low-grade inflammatory monocytes were not known. Our current study fills 

this gap, and reveals that super-low dose LPS can selectively program and sustain 

inflammatory monocytes both in vitro and in vivo, and delay effective wound repair. With 

further pathological relevance, the super-low doses of LPS we used closely resemble plasma 

circulating levels of LPS in humans with chronic health conditions such as diabetes, aging 

and chronic inflammation [9,10,39–41]. Extending this correlation, our data suggest causal 

relevance of super-low dose LPS in selectively programming the low-grade inflammatory 

monocyte both in vitro and in vivo.

Although extensive studies exist regarding the effects of higher dose LPS on cellular 

signaling, very few have examined the effects of pathologically-relevant super-low dose 

LPS [8]. Mechanistically, our recent reports reveal that super-low dose LPS preferentially 

utilizes cell surface TLR4 receptor, (rather than endocytosed TLR4), and activates IRAK-1-

mediated signaling and JNK activation [20,22,29,42]. Extending these observations, the 

current work focuses on the modulation of IRF-5, a key polarizing transcription factor 

involved in the activation of inflammatory monocytes/macrophages [32,43]. The cause and 

mechanism for the accumulation of IRF-5 in monocyte polarization have not been clarified. 

Our study provides the first evidence that super-low dose LPS potently programs low-grade 

inflammatory monocytes by inducing IRF-5. This extends our previous findings and reveals 

that disruption of lysosome fusion is causally responsible [22]. Furthermore, our data clarify 
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the role of therapeutic agent TUDCA in facilitating would repair, through restoring 

lysosome fusion and relieving persistent low-grade JNK activation.

Taken together, the current study reveals the intriguing dynamics of monocyte polarization, 

and its pathological consequence in wound repair, intervention in which may hold promise 

for treating chronic wounds and other inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Super-low dose LPS pre-conditioning impairs cutaneous wound healing
(A) LPS treatment regimen and the wounding procedure. (B, C) Wounds were monitored 

and photographed daily. Wound sizes at different time points after wounding are represented 

in a box and whisker plot. The box regions represent data from the 1st to 3rd quartiles, and 

the whisker lines represent the remaining outlying data range. Significant differences were 

apparent on day 10 and 11 after wounding. (C) A separate dot plot representing days 10 and 

11 is shown with means and standard error bars. Student t test, * p<0.05. (D–E) 
Immunohistochemical analyses of CD31-positive endothelial cells as measurements of 

blood vessel sprouting in wound tissues (D). (E) The number of CD31-positive cells in the 

granulation tissues per viewing field at day 6 and 11 after puncture (n=6 fields per slide, 6–7 
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slide samples per group collected from at least five different animals). D: Dermis; E: 

Epidermis; G: Granulation tissue; M: Muscle; S: Scab. Error bars show means ± s.e.m.; * P 

< 0.05; ** P < 0.01; student t-test. (F–G) Super-low dose LPS reduced collagen content in 

the granulation tissues at day 11 after puncture. (F) Elastic staining. Upper panel: × 40, 

Lower panel: × 200. (G) The percentages of collagen in the granulation tissues per viewing 

field at day 11 after puncture (n = 6 fields per slide, 6–7 slide samples per group from at 

least five animals). Error bars show means ± s.e.m.; * P < 0.05; ** P < 0.01; student t-test.
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Figure 2. Super-low dose LPS increases recruitment of pro-inflammatory monocytes into wound 
tissues
(A) Immunohistochemical staining of MOMA-2+ cells (brown color) around the skin wound 

at day 1 and day 11 after puncture, with quantification (n = 7). (B) Flow cytometry of 

Ly6G−/CD11b+/Ly6Chigh inflammatory monocytes in wound tissues after puncture. The 

frequency of inflammatory monocytes among total leukocytes was quantified. Data are 

shown from PBS- and super-low dose LPS-conditioned mice (day 1, n=6; day 11, n=7). (C) 
Flow cytometry of circulating Ly6G−/CD11b+/Ly6Chigh inflammatory monocytes. Data are 

shown from PBS- and super-low dose LPS-conditioned mice (day 1, n=6; day 11, n=7). 

Error bars show means ± s.e.m.; * P < 0.05; ** P < 0.01; *** P < 0.001; student t-test.
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Figure 3. Polarization of inflammatory monocytes by sustained challenges with super-low dose 
LPS
(A) Expansion of Ly6G−/CD11b+/Ly6Chigh inflammatory monocytes by super-low dose 

LPS. BM cells from C57 BL/6 mice were cultured with M-CSF (10 ng ml−1) in the presence 

of different doses of LPS for 5 days, and fresh LPS was added to the cell cultures every 2 

days. Representative flow cytometry plots of the frequencies of Ly6G−/CD11b+/Ly6Chigh 

inflammatory monocytes are shown (n=3). (B) Induction of CCR5 by super-low dose LPS. 

The expression levels of CCR5 within Ly6G−/CD11b+/Ly6Chigh inflammatory monocytes 

were analyzed by flow cytometry. The frequencies of CCR5+ population and the MFI of 

CCR5 within Ly6Chigh inflammatory monocytes were quantified (n=3). (C) Super-low dose 

LPS sustains CCR5 expression in human intermediate inflammatory monocytes. Peripheral 

blood mononuclear cells (PBMCs) isolated from healthy individuals were cultured with M-

CSF (100 ng ml−1) in the presence of different doses of LPS for 2 days. Three monocyte 

sub-populations were detected by flow cytometry based on differential expressions of CD14 

and CD16. Frequency of CD14+/CD16+ intermediate inflammatory monocytes is displayed. 

Frequency of CCR5+ intermediate inflammatory monocytes was quantified (n=3). Error bars 

show means ± s.e.m.; * P < 0.05; ** P < 0.01; *** P < 0.001 as compared to controls; one-

way ANOVA. Data are representative of three experiments.

Yuan et al. Page 16

J Pathol. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Super-low dose LPS increases migratory ability of monocytes, and polarizes monocytes 
via sustained cellular stress
(A) In vitro chemotaxis assays of monocytes toward CCL3 and CCL5 following continuous 

incubation with various concentrations of LPS. The chemotaxis index (CI) were quantified 

(n=3). (B) Real-time RT-PCR analyses of chemokine receptor CCR5 (n=3). ***p<0.001, as 

compared to controls. Error bars show means ± s.e.m.; ** P < 0.01; *** P < 0.001 as 

compared to controls; one-way ANOVA. Data are representative of three experiments. (C) 
Western blot analysis of phosphorylated JNK in cells treated with LPS or LPS plus TUDCA. 

Total JNK levels served as controls. (D) Restoration of autophagy completion by TUDCA. 

Cultured monocytes were seeded on coverslips and treated with or without super-low dose 

LPS (100 pg ml−1) for 24 h. TUDCA (500 μM) was added to some cultures. Cells were then 
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stained with anti-LAMP1 and anti-LCIII antibodies after starvation. The fusion of 

lysosomes with autophagosomes was visualized by confocal microscopy. Data represent 

three experiments.
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Figure 5. Super-low dose LPS polarizes monocytes via IRF5 accumulation
Monocytes from C57BL/6 mice were cultured with M-CSF (10 ng/ml) in the presence super 

low dose LPS (100 pg ml−1) for 5 days, and TUDCA (10 nM) or chloroquine (CQ, 1 μM) 

was also added to some cultures. Fresh LPS, TUDCA and CQ were added to the cell 

cultures every 2 days. (A) Expression levels of IRF5 in monocytes analyzed by Western 

blot. (B) Expression levels of IRF5 within CD11b+/Ly6Chigh inflammatory monocytes 

analyzed by flow cytometry. The MFI of IRF5 within CD11b+/Ly6Chigh inflammatory 

monocytes was quantified (n = 3). (C) Real-time RT-PCR analyses of Ccr5 levels in 

monocytes treated with either LPS alone or LPS plus TUDCA (n=3). (D) Chemotaxis assays 

of cultured monocytes toward CCR5 ligands, CCL3 and CCL5. The chemotaxis index (CI) 

were quantified (n=3). Error bars show means ± s.e.m.; * P < 0.05; ** P < 0.01; *** P < 

0.001; one-way ANOVA. Data are representative of three experiments.
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Figure 6. TUDCA facilitates wound healing in vivo
Two groups of mice were injected i.p. with super-low dose LPS (5 ng/kg body weight) three 

times for 10 days before skin puncture and once every three days after puncture. After 

puncture, one group of mice was injected i.p. with TUDCA (5 mg/kg) daily for 10 days. (A) 
Wounds were monitored daily. Wound areas (% initial wound size, n>8) over the total 

observation periods in a box and whisker plot (B). Student t test, *, P < 0.05; **, P < 0.01; 

***, P < 0.001. (C) H&E (C, top panel) and immuno-histochemical (C, bottom panel) 
staining of CD31-positive endothelial cells in skin as measurements of blood vessel 

sprouting within the wound (n=6 fields per slide, 6–7 slides per group). (D) Dot plot 

representing number of CD31-positive cells per viewing field. Error bars represent means ± 

s.e.m. Student t test, **, P < 0.01. (E) Peripheral blood cells were collected and CCR5 

within Ly6G−/CD11b+/Ly6Chigh inflammatory monocytes was analyzed by flow cytometry. 

The frequency of CCR5+ population and MFI of CCR5 within Ly6Chigh inflammatory 

monocytes were quantified (n>5). Error bars show means ± s.e.m.; ns, not significant; * P < 

0.05; **, P < 0.01; ***, P < 0.001; one-way ANOVA.
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