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Abstract

Pulmonary exposure to carbon nanotubes (CNTs) induces fibrosing lesions in the lungs that 

manifest rapid-onset inflammatory and fibrotic responses, leading to chronic fibrosis in animals 

and health concerns in exposed humans. The mechanisms underlying CNT-induced fibrogenic 

effects remain undefined. Macrophages are known to play important roles in immune regulation 

and fibrosis development through their distinct subsets. Here we investigated macrophage 

polarization and activation in mouse lungs exposed to multi-walled CNTs (MWCNTs). Male 

C57BL/6J mice were treated with MWCNTs (XNRI MWNT-7) at 40 μg per mouse (~1.86 mg/kg 

body weight) by oropharyngeal aspiration. The treatment stimulated prominent acute 

inflammatory and fibrotic responses. Moreover, it induced pronounced enrichment and 

polarization of macrophages with significantly increased M1 and M2 populations in a time-

dependent manner. Induction of M1 polarization was apparent on day 1 with a peak on day 3, but 

declined rapidly thereafter. On the other hand, the M2 polarization was induced on day 1 modestly, 

but was remarkably elevated on day 3 and maintained at a high level through day 7. M1 and M2 

macrophages were functionally activated by MWCNTs as indicated by the expression of their 

distinctive functional markers, such as iNOS and ARG1, with time courses parallel to M1 and M2 

polarization, respectively. Molecular analysis revealed MWCNTs boosted specific STAT and IRF 

signaling pathways to regulate M1 and M2 polarization in the lungs. These findings suggest a new 

mechanistic connection between inflammation and fibrosis induced by MWCNTs through the 

polarization and activation of macrophages during MWCNT-induced lung pathologic response.
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Introduction

Pulmonary inflammation and fibrosis are the most predominant pathological effects induced 

by carbon nanotubes (CNTs) in experimental animals (Donaldson et al. 2006; Dong and Ma 

2015). Field studies have revealed significant induction and accumulation of inflammatory 

and fibrotic mediators and biomarkers in the body fluids of workers exposed to CNTs 

through respiration, implying a similar adverse health impact of CNT exposure in humans 

(Fatkhutdinova et al. 2016; Liou et al. 2015). These findings, along with the rapid expansion 

in the production and application of CNTs in industrial and consumer products, have raised 

considerable concerns over the potential pathological effects of CNTs and CNT-containing 

products on humans in recent years (De Volder et al. 2013; Donaldson et al. 2006; Dong and 

Ma 2015; Kumar et al. 2017; Schulte et al. 2012).

CNTs, including single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs), possess unique physicochemical properties, such as a nano-scaled 

size, a fiber-like shape(i.e. high aspect ratio), and strong carbon–carbon bonds through sp2 

hybridization, which confer CNTs high respirability, poor solubility, and substantial 

biopersistence to degradation in biological systems. It is believed that these features make 

many types of CNTs to behave like inflammatogenic and fibrogenic foreign bodies, such as 

asbestos and silica, to cause inflammation, fibrosis, and malignancy in the lungs. Indeed, 

pathological analysis from a large number of animal studies demonstrates that CNTs 

potently induce rapid-onset inflammatory and fibrotic responses that may lead to chronic 

fibrosis in the lungs (Aiso et al. 2010; Dong and Ma 2016c; Dong et al. 2015; Lam et al. 

2004; Mangum et al. 2006; Muller et al. 2005; Park et al. 2011; Porter et al. 2010; Reddy et 

al. 2012; Shvedova et al. 2005; Vietti, Lison, and van den Brule 2016; Warheit et al. 2004). 

In these observations, pronounced acute inflammation often proceeds chronic fibrotic 

lesions, suggesting an interplay between inflammation and tissue fibrosis in the biphasic 

development of lung fibrosis (Dong and Ma 2015, 2016b). The mechanism(s) by which 

CNTs stimulate the inflammatory and fibrotic responses and how the interactions between 

them determine chronic outcomes in the lungs remain poorly understood.

The pulmonary inflammation following foreign body deposition and epithelial damage 

commonly initiates with the infiltration, accumulation, and activation of inflammatory cells, 

such as neutrophils, macrophages, and T and B lymphocytes, to orchestrate the clearance of 

foreign bodies, tissue debridement, and tissue repair in a time-dependent fashion. A failure 

or overzealous function of these cells would compromise tissue integrity and function 

leading to various acute and chronic pathologic conditions including fibrosis (Borthwick, 

Wynn, and Fisher 2013; Wynn and Barron 2010). Among the cells, lung macrophages, 

including infiltrated monocytes and resident macrophages, have been recognized as major 

mediators of many functions that include, in addition to engulfing, digesting, and 

transporting the foreign bodies directly, the secretion of an array of soluble cytokines, 
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chemokines, and growth factors, such as TNF-α, IL-1 α, IL-1β, IL-6, MCP-1, TGF-β1, and 

PDGF, to regulate inflammation, tissue repair, and immune functions. Moreover, recent 

studies have highlighted the importance of specific subsets or polarization states of 

macrophages, in particular, the M1 (classically activated or polarized) and M2 (alternatively 

activated or polarized) macrophages, in maintaining tissue homeostasis and promoting 

disease development. For instance, in the case of parasitic infection with parasite egg 

deposition, macrophages are shown to undertake an M2 polarization under the influence of 

type 2 T helper (Th2) cells. The M2 macrophages then promote the development of 

granulomatous fibrosis by provoking an anti-inflammatory but pro-fibrotic environment rich 

in pro-fibrotic cytokines and growth factors. These mediators inhibit M1 macrophage-

mediated inflammatory reactions, but activate fibroblasts and myofibroblasts to produce and 

deposit copious amounts of fibrotic extra-cellular matrix (ECM) proteins and form 

granulomatous foci around deposited eggs, which is defined as a type 2 response (Wynn and 

Barron 2010).

Whether CNTs elicit M1–M2 polarization and response to modulate inflammation and 

fibrosis is an intriguing question for understanding CNT-induced lung pathology, but 

supporting evidence, in particular, the in vivo data regarding fibrosis development, is 

lacking. By using an unbiased array approach, we recently found that a Th2-driven immune 

response was significantly enriched in MWCNT-exposed mouse lungs in vivo, evidenced by 

the induced expression of Th2 cytokines, IL-4 and IL-13, and a panel of Th2 signature 

downstream target genes, including Il4i1, Chia, and Ccl11/Eotaxin (Dong and Ma 2016a). 

Maximal induction of Th2 genes took place on day 7 post-exposure, at which time acute 

inflammation reaches a peak but subsides rapidly thereafter, whereas the pathologic 

phenotype transits to chronic fibrosis, supporting a role of Th2 functions in the chronic 

progression of fibrosis. Induction of Th2 cytokines occurred in CD4+ T lymphocytes, 

indicating the activation of Th2 cells. Mechanistically, activation of the Th2-type response 

by MWCNTs was mediated by the activation of the IL-4Ra/STAT6 signaling pathway, as 

revealed by an increased level of phosphorylated STAT6 and up-regulated expression of 

GATA-3, the transcription factor controlling the expression of Th2 target genes, in CD4+ T 

cells. These findings suggest a molecular connection between acute inflammation and 

fibrosis development induced by MWCNT exposure via a Th2 response. IL-4 and IL-13 

have been shown to function as potent pro-fibrotic mediators to drive fibrosis in a variety of 

fibrotic diseases and animal models (Wynn, 2015). In these cases, M2 macrophage 

polarization and response constitute the major innate immune arm of the Th2 response.

In light of the much anticipated role of M2 macrophages in fibrosis development and the 

evidence of Th2 induction at the transition from acute inflammation to chronic fibrosis in 

CNT-exposed lungs, we posited that CNTs stimulate the M1–M2 polarization of 

macrophages in exposed lungs to regulate the initiation and resolution of acute inflammation 

and the progression of fibrosis. In this study, we analyzed the dynamic phenotypic and 

functional changes of macrophages in MWCNT-exposed mouse lungs that are consistent 

with macrophage polarization and activation. The results reveal that M1–M2 immune 

responses were remarkably induced in the early phase response to MWCNT exposure in the 

lungs, supporting an M1 and M2 paradigm of macrophage activation as a novel molecular 

mechanism to initiate and promote CNT-induced acute and chronic lung lesions.
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Materials and methods

Multi-walled carbon nanotubes

The MWCNTs used in this study were obtained from Mitsui & Company (XNRI MWNT-7, 

lot #0507 2001K28, Tokyo, Japan). This lot was fully characterized and described in 

previous reports, in which acute, subchronic, and chronic exposures were conducted (Dong 

and Ma 2017a; Dong et al. 2015; Porter et al. 2010). The MWCNTs have an average surface 

area of 26 m2/g as measured by nitrogen absorption–desorption technique. The length 

distribution is log normal with a median length of 3.86 μm and a geometric SD of 1.94, 

whereas the width distribution follows normal distribution with a count mean diameter of 49 

nm and a SD of 13.4, as determined by scanning electron microscopy when suspended in a 

dispersion medium (DM). Trace element contaminations were low, with 0.78% for all 

metals, 0.41% for sodium, and 0.32% for iron. The lipopolysaccharides (LPS)/endotoxin 

level of the MWCNT preparation was examined and was found to be below the level of 

detection.

DM was used to disperse MWCNTs. DM containing Ca2+- and Mg2+-free phosphate-

buffered saline (PBS), pH 7.4, 0.6 mg/ml mouse serum albumin (Sigma-Aldrich, St. Louis, 

MO) and 0.01 mg/ml 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (Sigma-Aldrich) was 

freshly prepared before being used to suspend MWCNTs or to serve as vehicle control for 

animal treatment. MWCNTs were dispersed in DM via a two-step sonication procedure 

immediately before use. DM effectively disperses MWCNTs as shown by transmission 

electron microscopy (Porter et al. 2010). The DM preparation does not cause toxicity or 

mask the reactivity of MWCNTs at the dose used in this study (Dong and Ma 2016c).

Animals and treatment

Eight- to 10-week-old, specific pathogen-free wild-type (WT) C57BL/6J male mice were 

purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were maintained in an 

accredited, specific pathogen-free, and environmentally controlled facility at the National 

Institute for Occupational Safety and Health. All animal experiments were performed in 

accordance with the guidelines of the Animal Care and Use Committee (ACUC). A single 

dose of 50 μl of DM or 50 μl of MWCNT suspension containing 40 μg of MWCNTs 

(approximately 1.86 mg/kg body weight) was administered by oropharyngeal aspiration 

following an established procedure described previously (Porter et al. 2010). The use of the 

40 lg per mouse dose was based on previous dose–response studies, in which MWCNTs at 

this dose induced significant inflammation and fibrosis in mouse lungs; moreover, this dose 

has been shown to be relevant to human exposures at workplace (Dong and Ma 2017a). 

Mouse body weights were recorded and there was no significant difference in the initial 

body weights among treatment groups. Mice were monitored for general health and toxicity 

daily after treatment. No apparent effects from treatment were observed during exposure.

Histopathology

Cryostat sections from frozen lung tissues (left lung lobe, 7 μm) were prepared and used. 

Collagen fibers were determined using the Sirius Red/Fast Green Collagen Staining Kit 

(Chondrex, Redmond, WA). Sirius Red specifically binds the [Gly-X-Y]n helical structure of 
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fibrillar collagens, regardless of collagen type. Fast Green binds to non-collagenous proteins 

to show the tissue structure of the lungs.

Immunohistochemistry and immunofluorescence

Formalin-fixed, paraffin-embedded lung tissue sections (left lung lobe, 5 μm) were 

deparaffinized, antigen-unmasked, and used to perform immunohistochemistry, following 

procedures described previously (Dong and Ma 2017a, 2017b, Dong et al. 2016). The 

primary antibodies used were anti-F4/80 (Bio-Rad/AbD Serotec, Hercules, CA), anti-CD68 

(Bio-Rad/AbD Serotec), anti-FIZZ1 (Abcam, Cambridge, MA), anti-YM1 (R&D Systems, 

Minneapolis, MN), anti-IRF5 (Abcam), and anti-IRF4 (Santa Cruz, Dallas, TX) antibodies. 

Images were photographed using Olympus Provis AX-70 system (Olympus, Center Valley, 

PA). Cells with positive staining were counted using the ImageJ program (National Institutes 

of Health, Bethesda, MD) on microscopic images taken under 20× magnification and 

presented as the mean ± SD with n = 4.

Cryostat sections from frozen lung tissues (left lung lobe, 7 μm) were fixed with 4% 

paraformalde-hyde and used for immunofluorescence staining, following procedures 

described previously (Dong and Ma 2017a, 2017b). The primary antibodies used were anti-

Collagen I (Abcam), anti-F4/80 (Abcam), anti-CD86 (Santa Cruz), anti-CD206 (Abcam), 

anti-iNOS (Santa Cruz), anti-ARG1 (Abcam), anti-phospho-STAT1 (Tyr701, Cell Signaling 

Technology, Danvers, MA), and anti-phospho-STAT6 (Y641, Abcam) antibodies. Images 

were taken with a Zeiss LSM 780 confocal microscope (Carl Zeiss Microscopy, Jena, 

Germany). Cells with positive staining were counted using the ImageJ program on 

microscopic images taken under 40× magnification and presented as the mean ± SD (n = 4).

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from mouse lungs using RNeasy Mini Kit (QIAGEN, Valencia, 

CA). cDNA was produced with QuantiTect Reverse Transcription system (QIAGEN), and 

used for real-time PCR analysis with RT2 SYBR Green ROX qPCR Mastermix (QIAGEN) 

and ABI Sequence Detection System 7500 (Thermo Fisher Scientific, Waltham, MA), as 

described previously (Dong et al. 2015). Mouse housekeeping gene glyceraldehyde 3-

phosphate dehydrogenase (Gapdh) was used as an internal control for normalization. Primer 

sequences are as follows: Fizz1-forward: 5′-CTGCCCTGCTGGGATGACT-3′, Fizz1-

reverse: 5′-CATCATATCAAAGCTGGGTTCTCC-3′, Ym1-forward: 5′-
CAAGTTGAAGGCTCAGTGGCTC-3′, Ym1-reverse: 5′-
CAAATCATTGTGTAAAGCTCCTCTC-3′, Gapdh-forward: 5′-
ACTGGCATGGCCTTCCG-3′, and Gapdh-reverse: 5′-CAGGCGGCACGTCAGATC-3′. 
Fold changes were presented as the mean ± SD (n = 5).

Immunoblotting

Randomly selected lung tissue samples were homogenized and lysed in T-PER Tissue 

Protein Extraction Reagent (Thermo Fisher Scientific). Whole protein extract (20 μg) was 

resolved on a 4–15% or 8–16% Criterion TGX Gel (Bio-Rad). Representative blotting 

images were presented, with Actin as control. The primary antibodies used were anti-CD86 

(Boster, Pleasanton, CA), anti-MHC II (Thermo Fisher Scientific-eBioscience), anti-CD206 
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(Abcam), anti-CD163 (Abcam), anti-iNOS (Santa Cruz), anti-ARG1 (Santa Cruz), anti-

FIZZ1 (Abcam), anti-YM1 (R&D Systems), anti-phospho-STAT1 (Tyr701, Cell Signaling 

Technology), anti-STAT1 (Cell Signaling Technology), anti-phospho-STAT6 (Y641, 

Abcam), anti-STAT6 (Cell Signaling Technology), anti-phospho-STAT3 (Tyr705, Cell 

Signaling Technology), anti-STAT3 (Cell Signaling Technology), anti-IRF5 (Abcam), anti-

IRF4 (Proteintech, Rosemont, IL), and anti-Actin (Santa Cruz) antibodies.

Statistical analysis

Statistical analyses of differences between experimental groups were performed using one-

way ANOVA followed by between group comparisons using standard procedures. The 

representative data were presented as the mean ± SD. A p value of less than 0.05 was 

considered statistically significant (*p < 0.05, **p < 0.01, and ***p < 0.001). The statistical 

significance between experimental groups was further examined by post-hoc Tukey HSD 

(Honestly Significant Difference) test, and consistent results were obtained.

Results

Macrophage enrichment and infiltration in the early phase response to MWCNT exposure

The early phase pulmonary response to MWCNTs leading to chronic fibrosis is 

characterized by acute inflammation and rapid-onset fibrotic changes before progression to 

the chronic stage (Dong and Ma 2017a; Dong et al. 2015). This dynamic, biphasic 

development of fibrosis implicates a role of innate immune/inflammatory functions in the 

transition from an acute response to chronic fibrosis in CNT-exposed lungs (Dong and Ma 

2016a). Given the critical role of macrophages in both innate immune regulation and 

fibrosis, we focused our analysis on the dynamic changes of macrophages during the early 

phase response induced by MWCNT exposure. For this purpose, we chose day 1, day 3, and 

day 7 post-exposure as the time points to represent the immediate, intermediate, and peak 

stages of the early phase response for the study.

Mice were exposed to a single dose of DM, the vehicle control, or MWCNTs (40 μg/mouse) 

by oropharyngeal aspiration. Sirius Red collagen staining showed that fibrillar collagens 

were dramatically induced by MWCNTs with increasing amounts deposited in lung 

interstitial tissues from day 1 to day 7 post-exposure, forming varying sizes of fibrotic foci 

around MWCNT deposits (Figure 1(A) and Supplementary Figure S1). Double 

immunofluorescence staining revealed that, within the fibrotic foci, F4/80+ macrophages 

were remarkably enriched, interspersing among significantly increased and condensed 

Collagen I fibers (Figure 1(B)). The overall population of macrophages was assessed by 

detecting two commonly used pan macrophage surface markers, F4/80, which is encoded by 

the gene Emr1 and is expressed on most tissue macrophages in mice, and CD68, which is 

encoded by the gene Cd68 and is expressed on all macrophages (Murray and Wynn 2011). 

Immunohistochemistry clearly showed that F4/80+ cells (Figure 1(C), left panel) and 

CD68+ cells (Figure 1(D), left panel) were dramatically increased in the interstitial, 

perivascular, and peribronchial regions in MWCNT-exposed lungs, compared with the 

control, during the early phase response to MWCNTs. Induction of F4/80+ cells (Figure 

1(C), right panel) or CD68+ cells (Figure 1(D), right panel) by MWCNTs was statistically 
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significant at all the time points examined, with a significantly higher induction on day 3 

compared with that on day 1 post-exposure, indicating that MWCNT exposure rapidly and 

dramatically induces the enrichment and infiltration of macrophages in the lungs.

Phenotypic characterization of M1 and M2 polarization induced by MWCNTs

In response to environmental cues in tissues, both bone marrow-derived monocytes and 

tissue resident macrophages may differentiate into M1 and M2 macrophages with distinct 

phenotypes to mediate specific functions. To examine whether M1–M2 macrophage 

polarization takes place in MWCNT-induced pulmonary pathology, a number of surface 

markers for M1 and M2 macrophages were analyzed. By immunoblotting analysis, we 

found that the expression of CD86 (B7–2) and MHC II (major histocompatibility complex 

II), two surface markers for M1 phenotype, was induced in lung tissues on day 1 and day 3, 

but not day 7, post-exposure to MWCNTs; whereas the expression of CD206 (mannose 

receptor C-type 1 or MRC1) and CD163 (hemoglobin scavenger receptor), two surface 

markers for M2 phenotype, was induced on day 1 only slightly, but was remarkably elevated 

in lung tissues on day 3 and day 7, post-exposure to MWCNTs (Figure 2(A)). These results 

suggest that MWCNT exposure elicits macrophage polarization in the lungs, with M1 

polarization occurring more rapidly than M2 polarization.

Double immunofluorescence staining was performed to further ascertain the differentiation 

of M1 and M2 macrophages. In MWCNT-exposed lungs, the number of M1 macrophages 

(CD68+ F4/80+) was significantly increased at all the time points detected in comparison 

with control, with high levels of induction on day 1 and day 3, but significantly reduced 

level on day 7 (Figure 2(B) and Supplementary Figure S2(A)). Induction of M2 

macrophages (CD206+ F4/80+) exhibited a different time course from that of M1, in which 

M2 macrophages continuously increased in numbers from day 1 to day 7 post-exposure, 

with the changes between day 1 and day 3 and between day 3 and day 7 statistically 

significant (Figure 2(C) and Supplementary Figure S2(B)). These results visualized the 

enrichment of M1 and M2 macrophages induced by MWCNTs in the lungs. Moreover, the 

findings revealed overlapping but distinct time courses of M1 and M2 induction, which are 

reflective of the highly dynamic early phase pathologic changes and are consistent with the 

distinctive functions of M1 and M2 macrophages in inflammation and fibrosis development.

Functional activation of M1 and M2 macrophages in MWCNT-exposed lungs

Upon activation, M1 macrophages express a high level of inducible nitric oxide synthase 

(iNOS or NOS2) that catalyzes the production of nitric oxide (NO), a key mediator of the 

killing function of M1 cells; on the other hand, M2 macrophages use arginase 1 (ARG1) to 

convert L-arginine to L-ornithine and polyamines that, in part, mediate the repair function of 

M2 macrophages. Therefore, the induction of iNOS and ARG1 is often used as indicators 

for activation of M1 and M2 macrophages, respectively (Roszer, 2015). In MWCNT-

exposed lungs, iNOS protein was induced, as revealed by immunoblotting, at all the time 

points detected, with a slight induction on day 1, but a remarkable elevation to a peak level 

on day 3, followed by reduction on day 7 (Figure 3(A)). The expression of ARG1 protein 

was slightly induced on day 1, but was dramatically induced on day 3 and further increased 

to a higher level on day 7 post-exposure (Figure 3(A)). Therefore, the induction of iNOS and 
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ARG1 by MWCNTs correlates well with the induction of M1 and M2 polarization, 

respectively, indicating the functional activation of M1 and M2 macrophages.

To further corroborate the activation of M1 and M2 macrophages, double 

immunofluorescence staining was performed. MWCNT exposure significantly increased the 

number of iNOS+ F4/80+ cells, i.e. activated M1 macrophages, compared with control, at all 

the time points detected, with a slightly increased level on day 1, a peak level on day 3, and a 

reduced induction on day 7; the changes between day 1 and day 3 and between day 3 and 

day 7 were statistically significant (Figure 3(B) and Supplementary Figure S3(A)). The 

number of ARG1+ F4/80+ cells, i.e. activated M2 macrophages, was slightly increased with 

a statistical significance on day 1, but was distinctly elevated on day 3 and day 7, by 

MWCNTs; the change between day 1 and day 3 was statistically significant (Figure 3(C) 

and Supplementary Figure S3(B)). These results are in a good agreement with the findings 

from immunoblotting (Figure 3(A)), demonstrating the distinctive functional activation of 

M1 and M2 macrophages in MWCNT-stimulated inflammation and fibrosis.

M2 macrophages are known to play a critical role in fibrosis development. Therefore, we 

further analyzed the activation of M2 macrophages in MWCNT-induced lung fibrosis by 

examining the levels of two additional marker proteins of mouse M2 macrophages with pro-

fibrotic functions, FIZZ1 (found in inflammatory zone 1; resistin-like molecule a or RELM-

α; resistin-like-α or RETNL-α) and YM1 (chitinase 3-like 3 or CHI3L3; eosinophil 

chemotactic factor-lymphocyte or ECF-L) (Raes et al. 2002; Roszer, 2015). MWCNTs 

significantly induced the mRNA expression of Fizz1 and Ym1 in mouse lungs on days 1, 3, 

and 7 post-exposure, with a peak on day 7 (Figure 4(A)). Moreover, the protein levels of 

FIZZ1 and YM1 were dramatically elevated by MWCNTs at all the time points detected, 

with a continuously increased induction from day 1 to day 7 (Figure 4(B)). 

Immunohistochemistry demonstrated that the numbers of FIZZ1+ cells (Figure 4(C), left 

panel) and YM1+ cells (Figure 4(D), left panel) were remarkably increased in MWCNT-

exposed lungs during the early phase response to MWCNTs. The increase of the number of 

FIZZ1+ cells (Figure 4(C), right panel) or YM1+ cells (Figure 4(D), right panel) by 

MWCNTs was statistically significant, compared with control, at all the time points 

detected; induction on day 3 was statistically significant compared with that on day 1, for 

both proteins. The increased expression of FIZZ1 and YM1 further confirmed the functional 

activation of M2 macrophages in the lungs exposed MWCNTs.

Signaling pathways of macrophage polarization and activation in MWCNT-exposed lungs

M1 and M2 polarization is mediated through specific signaling pathways in macrophages 

(Martinez and Gordon 2014). Activation of STAT1 and IRF5 would promote the M1 

polarization to result in pro-inflammatory and cytotoxic M1 functions, whereas activation of 

STAT6/STAT3 and IRF4 stimulates the M2 polarization to confer anti-inflammatory and 

tissue repair activities.

To analyze the signaling pathways involved in MWCNT-induced M1–M2 polarization, we 

first examined phosphorylation of STAT1, STAT6, and STAT3 in lung tissues, which 

indicates activation of the signaling pathways for these transcription factors. Immunoblotting 

showed the level of p-STAT1 was moderately increased on day 1 and strikingly elevated on 
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day 3; but induction was markedly reduced on day 7 post-exposure to MWCNTs (Figure 

5(A)). On the other hand, the levels of p-STAT6 and p-STAT3 were slightly increased on day 

1 and were remarkably elevated on both day 3 and day 7 post-exposure (Figure 5(A)). 

Induction of p-STAT1 and p-STAT6 in macrophages was examined by double 

immunofluorescence staining. In MWCNT-exposed lungs, the number of p-STAT1+ F4/80+ 

macrophages was significantly increased, compared with control, at all the time points 

detected, starting from day 1, reaching a peak on day 3, and reducing to a lower level on day 

7; the changes between day 1 and day 3 and between day 3 and day 7 were statistically 

significant (Figure 5(B) and Supplementary Figure S4(A)). In contrast, the number of p-

STAT6+ F4/80+ macrophages was slightly increased with a statistical significance on day 1, 

but was markedly elevated on day 3 and day 7 upon MWCNT exposure; the change between 

day 1 and day 3 was statistically significant (Figure 5(C) and Supplementary Figure S4(B)). 

These results are consistent with the findings from immunoblotting (Figure 5(A)). These 

patterns of activation of M1 and M2 STAT proteins by MWCNTs correlate well with the 

time courses of M1 and M2 polarization induced by MWCNTs, respectively.

The induction of IRF5 and IRF4 was examined for activation of IRF signaling in MWCNT-

exposed lungs. Similar to the time course of p-STAT1 level affected by MWCNTs, IRF5 

level was slightly increased on day 1 and dramatically increased on day 3; induction was 

reduced to an intermediate level on day 7 compared with those on day 1 and day 3 (Figure 

6(A)), whereas, IRF4 level was shown to be remarkably increased on day 3 and day 7 post-

exposure to MWCNTs (Figure 6(A)). The cells expressing IRF5 or IRF4 were visualized by 

immunohistochemistry. The number of IRF5+ cells was increased by MWCNTs and the 

induction was statistically significant, compared with control, at all the time points detected; 

induction was moderate on day 1, was strikingly increased on day 3, but was reduced on day 

7; the changes between day 1 and day 3 and between day 3 and day 7 were statistically 

significant (Figure 6(B)). On the other hand, the number of IRF4+ cells was increased by 

MWCNTs on day 3 and day 7 with statistical significance, with statistically significant 

differences between day 1 and day 3 and between day 3 and day 7, in MWCNT-exposed 

lungs (Figure 6(C)).

Taken together, specific STAT and IRF signaling pathways were significantly activated 

during M1–M2 polarization in MWCNT-exposed lungs, which correlate with the time 

courses of the appearance of M1 and M2 macrophages in MWCNT-exposed lungs, 

implicating the STAT and IRF signaling pathways in controlling macrophage polarization 

and functionalization induced by MWCNTs.

Discussion

There is an increasing interest in understanding the health impact of exposure to 

nanomaterials in workers and populations at large, as recent years have witnessed a rapid 

expansion in nano-production and the commercial application of nano-products worldwide, 

accompanied by substantial evidence of adverse health effects from nano-exposure in animal 

studies (Donaldson et al. 2006; Dong and Ma 2015; Schulte et al. 2012). In this respect, 

CNT-induced pulmonary fibrosis has received a particular attention, because of its potential 

severe consequences analogous to those of pneumoconiosis caused by dust exposure. From 
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an experimental point of view, CNT-elicited lung fibrosis serves as a useful model to analyze 

how nano-exposure stimulates the initiation and progression of chronic fibrotic lesions in the 

lungs.

The pulmonary fibrotic response to CNT exposure manifests a biphasic development with 

pronounced acute inflammation preceding chronic fibrosis progression (Dong and Ma 

2016b). Specifically, acute inflammation develops abruptly upon exposure and predominates 

the lesions during the early phase response, which includes infiltration of inflammatory cells 

and secretion of an array of cytokines, chemokines, and growth factors, along with increased 

deposition of collagen fibers in the matrix, for up to 7 days after treatment. Thereafter, the 

acute lesions are resolved rapidly, followed by progression to chronic interstitial fibrosis 

with formation of granulomatous fibrotic foci around deposited CNT fibers. These findings 

suggest a close interplay between inflammation and the fibrotic response in the development 

of lung fibrosis. We have, therefore, targeted to unravel the cellular and molecular 

underpinnings that control the transition from acute inflammation to chronic fibrosis. In this 

study, we characterized the phenotypes of lung macrophages that are markedly increased 

during the early phase response to MWCNT exposure. We demonstrate that MWCNTs elicit 

apparent polarization and activation of macrophages in the lungs through specific signaling 

pathways, thus providing a novel cellular and molecular link at the interphase between 

pulmonary acute inflammation and chronic fibrosis progression through M1–M2 

polarization and function.

The MWCNT-induced macrophage polarization was dichotomous with specific and dynamic 

time courses. M1 macrophages, marked by increased expression of two M1 surface markers, 

CD86 and MHC II, were significantly increased on day 1, reached a peak on day 3, but 

declined on day 7 post-exposure. These macrophages were activated as evidenced by 

parallel induction and decline of iNOS, which catalyzes the production of NO. These 

findings are consistent with the functions of M1 macrophages in promoting acute 

inflammation to kill invading microbes, remove deposited foreign bodies, and, at the same 

time, cause tissue damage. On the other hand, M2 macrophages showed a marked increase 

on day 3 and predominated on day 7 post-exposure, evidenced by the up-regulation of M2 

surface markers, CD206 and CD163, as well as ARG1 that converts L-arginine to L-

ornithine and polyamines critical for the reparative functions of M2 macrophages. This 

delayed but dramatic induction of M2 polarization after M1 induction correlates well with 

the decline of acute inflammation and its transition to chronic fibrosis progression, reflecting 

the M2 functions to inhibit M1-mediated, tissue damaging, acute inflammation, but promote 

tissue debridement and repair. It is believed that, in the presence of a persistent or repetitive 

stimulant and/or tissue damage, M2 functions become overzealous and imbalanced, causing 

the over-activation of fibroblasts and myofibroblasts, excessive deposition of collagenous 

matrix, and fibrotic remodeling of the normal parenchyma, resulting in organ fibrosis.

The M1–M2 polarization of macrophages can be induced by distinct signaling molecules in 

a context-dependent manner (Martinez and Gordon 2014; Wynn, 2015). Typical stimuli for 

M1 polarization are pro-inflammatory molecules, such as IFN-γ, IL-12, IL-23, TNF-α, 

IL-6, IL-1β, specific chemokines, and antigen presenting molecules. Both MWCNTs and 

SWCNTs stimulate a rapid induction of IFN-γ on day 1 post-exposure (Park et al. 2009, 
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2011). MWCNTs also induce the expression and secretion of pro-inflammatory cytokines 

TNF-α, IL-1β, and IL-6, as well as inflammatory signaling molecules TIMP1 and OPN, in 

the lungs as early as day 1 after treatment (Dong and Ma 2017a, 2017b; Dong et al. 2015). 

Given the complex nature of the signaling in acute inflammation, it is likely that many of 

these factors contribute to the induction of M1 polarization. Known stimuli for M2 

macrophage polarization include IL-4, IL-13, immune complex + TLR or IL-1R ligands, 

IL-10, and glucocorticoids. We have previously reported that MWCNTs stimulate a 

prominent Th2 response at the junction of transition from acute inflammation to chronic 

fibrosis in mouse lungs (Dong and Ma 2016a). Th2 cytokines IL-4 and IL-13 are markedly 

elevated, along with their downstream target genes Il4i1, Chia, and Ccl11/Eotaxin, in a time-

dependent manner, with peak induction occurring on day 7 post-exposure. Activated Th2 

cells exhibit increased signaling of the STAT6 and GATA-3 pathway to mediate the 

transcription of Th2 genes. These findings implicate a critical role of Th2 functions in 

MWCNT-induced M2 polarization. This conclusion does not exclude the possibility that 

MWCNTs directly stimulate macrophages to induce M1 and/or M2 polarization. In addition, 

CNTs are known to vary with their physicochemical properties and thereby induce variable 

phenotypes. Thus, whether CNTs other than the MWCNTs being tested in this study 

stimulate M1–M2 polarization to modulate fibrotic responses is an intriguing question. In 

this regard, it has been shown that an oxidized MWCNT preparation interacted with 

macrophage cells in vitro and induced a mixed M1–M2 phenotype wherein the M1 

phenotype mimicked the response observed in macrophages exposed to LPS, whereas the 

M2 phenotype mimicked that of macrophages treated with a mixture of IL-4, IL-10, and 

IL-13, which are known Th2 cytokines (Meng et al. 2015). However, detailed comparisons 

among CNTs with contrasting properties for their abilities to induce M1–M2 polarization 

both in vitro and in vivo are needed to better understand the mechanism of induction of M1–

M2 polarization by different types of CNTs.

The Th2-mediated type 2 immune responses are known to exert protective activities 

important to the maintenance of tissue homeostasis, including promoting anti-helminth 

immunity, suppressing Th1-driven autoimmune diseases, neutralizing toxins, and regulating 

wound healing and tissue regeneration. However, when dysregulated, type 2 immunity 

boosts the pathogenesis of a range of diseases by inducing complex inflammatory responses 

(Wynn, 2015). The type 2 cytokines IL-4 and IL-13 have been recognized as major drivers 

for the development of many allergic and fibrotic disorders wherein the Th2 cells and the 

IL-4 and/or IL-13-conditioned macrophages (i.e. M2 polarized macrophages) play a central 

role. In these models, M2 macrophages function as the major effector cells to mediate the 

innate immune arm of the type 2 immune responses. M2 macrophages also secrete more 

IL-4, IL-13, and other type 2 cytokines to amplify and propel type 2 responses. Consistent 

with these notions, the CNT-induced Th2 response coincides well with the polarization and 

activation of M2 macrophages in CNT-exposed lungs, both arising around day 3 and peaking 

on day 7 post-exposure. From these observations, it is rational to propose that the Th2 

response and M2 polarization induced by CNTs in the lungs are interconnected and mutually 

promoted, thereby instituting a major mechanism by which the transition from acute 

inflammation to chronic fibrosis is promoted and propagated. It has been reported that CNTs 

induced or potentiated Th2-type allergy-like airway responses in a number of mouse models 
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of asthma. For instance, the rod-like MWCNTs, but not tangled MWCNTs, caused allergic 

airway inflammation with marked eosinophilia, mucus hypersecretion, airway 

hyperresponsiveness, and elevated expression of Th2-type cytokines (Rydman et al. 2014). 

MWCNTs potentiated the airway inflammation, fibrosis, and asthma-like responses in 

mouse lungs pre-conditioned with house dust mite or ovalbumin, accompanied by elevated 

levels of type 2 alarmins, cytokines, and cells (Ronzani, Casset, and Pons 2014; Ryman-

Rasmussen et al. 2009). MWCNTs also induced airway hyper-sensitivity in mouse lungs, 

which required IL-33 and a subset of innate helper cells (Beamer et al. 2013). In a separate 

study, mast cells and the IL-33/ST2 axis, which are important for type 2 alarmin signaling, 

were shown to mediate MWCNT-induced airway and lung fibrotic changes (Katwa et al. 

2012). Therefore, the phenotypes of CNT-induced Th2 response in the lungs may vary with 

inducers and animal models.

It is known that M2 macrophages consist of several subtypes with overlapping but 

distinguishable functions. Identification of the subtypes and their specific modes of action in 

CNT-induced responses is necessary to fully understand CNT-induced and M2-mediated 

functions in lung fibrosis development in future studies. It is also generally accepted that the 

M1–M2 paradigm represents a simplistic view of the dynamic changes of macrophage 

phenotypes and functions during disease development (Murray et al. 2014). Therefore, a 

spectrum of macrophage phenotypes that include, but not limited to, the M1 and M2 

macrophages may be induced by MWCNTs in the lungs to control or modulate the 

progression of inflammation and fibrosis in a time and context-dependent manner, which 

requires further investigation.

The signaling behind the effects of M1 and M2 stimuli in macrophages has gained certain 

clarity in recent years (Martinez and Gordon 2014; Sica and Mantovani 2012; Wang, Liang, 

and Zen 2014). For instance, activation of STAT1 and IRF5 is believed to promote the M1 

polarization by up-regulating the expression of inflammatory mediators that boost pro-

inflammatory and cytotoxic M1 functions. On the other hand, activation of STAT6/STAT3 

and IRF4 would stimulate the M2 polarization to confer anti-inflammatory and tissue repair 

activities of M2 cells. We found that MWCNTs elicit significant induction and activation of 

STAT1 and IRF5 with a peak on day 3, which correlates with the induction of M1 

macrophages, thus implicating the STAT1 and IRF5 signaling in CNT-induced M1 

polarization. It has been shown that rod-like MWCNTs stimulated exaggerated airway 

fibrosis in Stat1 knockout mouse lungs, which correlated with elevated levels of TGF-β1 

protein and Smad2/3 phosphorylation in the lungs of the knockout mice, suggesting that 

STAT1 plays a protective role against CNT-induced fibrosis (Duke et al. 2017). This 

observation is consistent with the current finding on the activation of STAT1 and M1 

polarization, which is believed to be pro-inflammatory but suppressive to fibrosis. Induction 

and activation of STAT6/STAT3 and IRF4 by MWCNTs take place on day 3 and dominate 

on day 7 post-exposure during the early phase response, which correlates with the induction 

of M2 polarization, thus supporting a role of STAT6/STAT3 and IRF4 signaling in the 

induction and function of M2 macrophages. Although detailed elucidation of these signaling 

pathways awaits further investigation, this study identifies the major factors and their 

signaling pathways for CNT-elicited M1–M2 polarization in the lungs, thus paving the road 

for future molecular mechanistic studies.
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Figure 1. 
Lung fibrosis and macrophage enrichment. Wild-type mice treated with DM or MWCNTs 

(40 μg per mouse) were sacrificed on day 1, 3, or 7 post-exposure. (A) Fibrillar collagens 

detected by Sirius Red/Fast Green staining in lung tissues from mice exposed for 7 days. 

Collagen fibers are in red and non-collagenous proteins in green (scale bar: 20 μm). (B) 

Accumulation of macrophages in fibrotic foci in the lungs on day 7 post-exposure examined 

by double immunofluorescence staining of F4/80 (green) and Collagen I (red). Blue 

indicates nuclear staining (scale bar: 20 μm). (C) and (D) Time-dependent induction of 

macrophages by MWCNTs in the lungs on days 1, 3, and 7 post-exposure determined by 

immunohistochemistry of F4/80 (C) and CD68 (D). Red indicates positive staining and blue 

nuclear counterstaining (scale bar: 50 μm). Quantification of positively stained cells is 

shown as mean ± SD (n = 4).
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Figure 2. 
M1–M2 macrophage polarization. Wild-type mice treated with DM or MWCNTs (40 μg per 

mouse) were sacrificed on day 1, 3, or 7 post-exposure. (A) Immunoblotting. Macrophage 

surface proteins CD86 and MHC II were detected as markers for M1 macrophages, and 

CD206 and CD163 for M2 macrophages (n = 2). (B) M1 polarization examined by double 

immunofluorescence staining of CD86 (red) and F4/80 (green). (C) M2 polarization 

examined by double immunofluorescence staining of CD206 (red) and F4/80 (green). Blue 

indicates nuclear staining (scale bar: 20 μm). Representative double positive cells are 

marked with arrows. Quantification of double positive cells is shown as mean ± SD (n = 4).
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Figure 3. 
Activation of M1 and M2 macrophages. Wild-type mice were exposed to DM or 40 μg 

MWCNTs for 1, 3, or 7 days. (A) Immunoblotting. iNOS was detected as a functional 

marker for M1 macrophage activation and ARG1 for M2 macrophage activation (n = 2). (B) 

M1 activation examined by double immunofluorescence staining of iNOS (red) and F4/80 

(green). (C) M2 activation examined by double immunofluorescence staining of ARG1 (red) 

and F4/80 (green). Blue indicates nuclear staining (scale bar: 20 μm). Representative double 

positive cells are marked with arrows. Quantification of double positive cells is shown as 

mean ± SD (n = 4).
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Figure 4. 
Induction of FIZZ1 and YM1. Wild-type mice received DM or MWCNTs (40 μg per mouse) 

and were sacrificed on day 1, 3, or 7 post-exposure. (A) qRT-PCR. Levels of Fizz1 and Ym1 

mRNA from lung tissues were determined, with Gapdh as internal control (mean ± SD, n = 

5). (B) Immunoblotting. Levels of FIZZ1 and YM1 proteins in lung tissue lysates were 

determined (n = 2). (C) and (D) Time-dependent induction of FIZZ1 (C) and YM1 (D) 

detected by immunohistochemistry on lung tissue sections. Red indicates positive staining 

and blue nuclear counterstaining (scale bar: 50 μm). Quantification of positively stained cells 

is shown as mean ± SD (n = 4).
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Figure 5. 
Activation of STAT signaling. Wild-type mice were exposed to DM or 40 μg MWCNTs for 

1, 3, or 7 days. (A) Immunoblotting. Phosphorylated STAT1 was detected as a marker for 

activation of M1 signaling, whereas phosphorylated STAT6 and phosphorylated STAT3 were 

examined for M2 signaling activation (n = 2). In addition to the Actin control, STAT1, 

STAT6, and STAT3 levels were examined as controls for the phosphorylated proteins, 

respectively. (B) Time-dependent activation of M1 signaling examined by double 

immunofluorescence staining of p-STAT1 (red) and F4/80 (green). (C) Time-dependent 

activation of M2 signaling determined by double immunofluorescence staining of p-STAT6 

(red) and F4/80 (green). Blue indicates nuclear staining (scale bar: 20 μm). Representative 

double positive cells are marked with arrows. Quantification of double positive cells is 

shown as mean ± SD (n = 4).
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Figure 6. 
Activation of IRF signaling. Wild-type mice received DM or MWCNTs (40 μg per mouse) 

and were sacrificed on day 1, 3, or 7 post-exposure. (A) Activation of IRF signaling 

examined by immunoblotting. IRF5 was detected as a marker for M1 signaling activation 

and IRF4 for M2 signaling activation (n = 2). (B) and (C) Time-dependent induction of IRF5 

(B) and IRF4 (C) detected by immunohistochemistry. Red indicates positive staining and 

blue nuclear counterstaining (scale bar: 50 μm). Quantification of positively stained cells is 

shown as mean ± SD (n = 4).
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