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Abstract

Exposure to certain engineered nanomaterials has been associated with pathological changes in

animal models raising concerns about potential human health effects. MWCNT have been

reported to activate the NLRP3 inflammasome in vitro, correlating with lung inflammation and

pathology, in vivo. In this study, we investigated the role of IL-1 signalling in pulmonary

inflammatory responses in WT and IL-1R−/− mice after exposure to MWCNT. The results

suggest that MWCNT were effective in inducing acute pulmonary inflammation. Additionally,

WT mice demonstrated significant increased airway resistance 24 h post exposure to MWCNT,

which was also blocked in the IL-1R−/− mice. In contrast, by 28 days post exposure to MWCNT,

the inflammatory response that was initially absent in IL-1R−/− mice was elevated in comparison

to the WT mice. These data suggest that IL-1R signalling plays a crucial role in the regulation of

MWCNT-induced pulmonary inflammation.
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Introduction

Engineered nanomaterials (ENM) are a large variety of particles with at least one dimension

in the 1–100 nm range. Multi-walled carbon nanotubes (MWCNT), in particular, possess

properties, such as high surface area and tensile strength, that make them very attractive for

technological and biomedical product development (Harris 1999; Martin & Kohli 2003).

Results from studies assessing the safety of ENM indicate that significant lung pathologies

can arise following exposure to these materials (Johnston et al. 2010). For example,

MWCNT have been shown to provoke allergic, inflammatory and fibrotic pulmonary
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responses in animal models (Inoue et al. 2009). Although there is intense interest in

describing the mechanisms by which some ENM (including MWCNT) cause inflammation

and injury, the underlying mechanism(s) to explain the bioactivities of ENM remain unclear.

Innate immune defences in the lung are primarily responsible for the clearance of particles

deposited in the respiratory tract. More than any other cytokine family, the IL-1 family of

ligands and receptors are essential to the innate inflammatory response, which includes 11

members coded by 9 distinct genes (Dinarello 2011). IL-1β and, another IL-1 family

member, IL-18 are potent pro-inflammatory cytokines that promote an array of innate

immune processes (Dolinay et al. 2012; Kang et al. 2012; Dinarello 2009). Both IL-1β and

IL18 are initially produced as an inactive cytosolic precursor that requires proteolytic

cleavage by caspase-1 for activation and secretion. Activation of caspase-1 occurs following

formation of the NLRP3 inflammasome assembly, a large multimeric protein complex that

is formed in response to stimulation of macrophages by pathogen-associated molecular

patterns (PAMPs). Activation of the NLRP3 inflammasome is initiated by a diverse and

growing list of endogenous and exogenous agonists (Davis et al. 2011).

The IL-1 family of receptors also includes decoy receptors, binding proteins and inhibitory

receptors (Dinarello 2009). When bound to either IL-1α or IL-1β, the IL-1 receptor (IL-1

ligand-binding chain – IL1RI) recruits and forms a complex with the IL-1 receptor accessory

protein (IL1RAcP). Signalling is initiated with recruitment of the adaptor protein MyD88 to

the Toll-IL-1 receptor (Medzhitov et al. 1998; Muzio et al. 1997) domain resulting in NF-κB

translocating to the nucleus where expression of a large collection of inflammatory genes

takes place leading to a cascade of inflammatory events (Weber et al. 2010).

IL-1R signalling has been associated with what has been termed ‘sterile’ immune responses

(Rock et al. 2010) from exposure to inhaled particulate matter, diesel exhaust, silica and

asbestos, which induce production of IL-1β in the lung (Dostert et al. 2008; Provoost et al.

2011). Furthermore, to emphasise the importance of IL-1β, experiments using IL-1R

knockout (IL-1R−/−) mice showed reduced pulmonary inflammatory responses in response

to these particles (Churg et al. 2009; Hornung et al. 2008; Provoost et al. 2011). In addition,

activation of NLRP3 inflammasome and IL-1β production has been linked to the induction

of pulmonary fibrosis (Dostert et al. 2008).

Recent studies have demonstrated that ENM induced cell toxicity, oxidant stress, cytokine

production, lysosomal disruption and NLRP3 inflammasome activation (Hamilton et al.

2009; Liu et al. 2007; Nel et al. 2006). In vitro analysis of MWCNT using peripheral blood

mononuclear and THP-1 cells has demonstrated that MWCNT increase IL-1β production

(Murphy et al. 2012; Palomaki et al. 2011). Furthermore, Porter et al. have recently

published the first study demonstrating induction IL-1β release through NLRP3

inflammasome activation by titanium dioxide nanospheres and nanobelts in vivo (Murphy et

al. 2012; Palomaki et al. 2011; Porter et al. 2012). Furthermore, our studies have shown a

good correlation between the ability of a metal oxide (i.e., TiO2) and MWCNT to activate

the NLRP3 inflammasome using murine primary alveolar macrophages (AM) (Hamilton et

al. 2012a). However, the precise role of NLRP3 inflammasome-related cytokines has not

been established in the inflammatory and fibrotic responses to MWCNT.
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The MWCNT used in this study were selected from a collection of 24 commercially

available and characterised MWCNT procured and provided to us by the National

Toxicology Program. Our analysis of the metal impurities in these particles revealed that

only the Ni content was associated with increased activation of the NLRP3 inflammasome

(Hamilton et al. 2012b). To this end, the two selected MWCNT were 1) ‘low-nickel’ LN-

MWCNT and 2) ‘high-nickel’ HN-MWCNT (see Table I). These particles were selected to

investigate the MWCNT-induced pulmonary inflammatory response based on prior in vitro

analysis demonstrating an increased toxicity and bioactivity associated with increased nickel

impurity (LN-MWCNT are 2.54% and HN-MWCNT are 5.54% – percentage of total

particle mass), and the level of inflammasome activation. In addition, other studies have

indicated that nickel contributes to the bioactivity of single-walled carbon nanotubes (Liu et

al. 2007). In this study, we examined the role of NLRP3 inflammasome-generated IL-1β

signalling in the pulmonary inflammatory response in C57BL/6 mice, induced by MWCNT.

The role of IL-1β was examined using IL-1RI null mice compared to wild-type mice. Acute

and chronic inflammatory responses were monitored, as well as airway hyperreactivity and

lung injury (pathology).

Methods

Characterisation of multi-walled carbon nanotubes

The bulk MWCNT samples were provided by Dr. Nigel Walker and Brad Collins at the

National Toxicology Program (NTP) at the National Institute of Environmental Health

Sciences (NIEHS). Procurement and characterisation of the bulk unformulated MWCNT

were carried out for the NTP by the Research Triangle Institute under NIEHS contract N01-

ES-65554.

Vendor addresses

Low Ni-MWCNT (FA-04):MK Impex Corp, Mississauga, ON, Canada; www.mknano.com.

High Ni-MWCNT (FA-21): Sun Innovations Sun Innovations, Inc., Fremont, CA, USA;

www.nanomaterialstore.com.

Purity of each MWCNT was analysed by thermogravimetric analysis. A TGA Q500

Thermogravimetric Analyzer (TA Instruments, New Castle, DE) was used for the analysis.

A nominal 10 mg aliquot of each sample was accurately weighed and transferred to a

platinum sample pan and then the TGA for analysis. The instrument was gradually ramped

to a temperature of 850°C. Duplicate aliquots of each study sample were analysed. Metal

content of each of the MWCNT study samples was determined by X-ray fluorescence (XRF)

spectrometry. A nominal 250 mg aliquot of each sample was transferred to an XRF sample

cup and sealed with film. Cups were loaded into the ThermoNoran Quant’X energy

dispersive XRF (now listed as ThermoFisher, Pittsburgh, PA) and were analysed with filter

conditions optimised for determination of Fe, Co, Ni, Mo and Y. Using these filter

conditions, the presence of additional metals present at significant levels have been detected.

Samples were analysed in duplicate. An FEI Tecnai G2 Twin Transmission Electron

Microscope (FEI Tecnai, Hillsborough, OR) (Shared Materials Instrumentation Facility,

Duke University) with an ultrathin carbon type-A, 400 Mesh copper TEM Grid (Ted Pella,
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Inc., Redding, CA) was used to determine the diameter of the MWCNT samples. Over 50

representative TEM images were taken and an average of >150 MWCNT was measured for

each sample. Fovea Pro software (Beirut, Lebanon) was used for the diameter measurement.

The procedure involves threshold adjustment and MWCNT overlap area masking to obtain

accurate measurement of the MWCNT diameters. Dynamic light scattering was used to

measure agglomerate size and the Malvern Zetasizer Nano ZS (Malvern, Worcestershire,

UK) instrument to determine the zeta potential of each MWCNT.

In vivo mouse exposures

Instillation—Wild-type C57BL/6 and IL-1R−/− mice (2 months old) were obtained from

Jackson Laboratories (Bar Harbor, ME) and were housed in controlled environmental

conditions (22 ± 2°C; 30–40% humidity, 12-h light: 12-h dark cycle) and provided food and

water ad libitum. All procedures were performed under protocols approved by the IACUC

(036-09AHCEHS-071409) All nanoparticles were suspended (1.67 mg/ml) in dispersion

medium (Porter et al. 2008) (PBS containing 0.6 mg/ml mouse serumalbumin (Sigma-

Aldrich, Saint Louis, MO) and 0.01 mg/ml 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(Sigma-Aldrich) and suspended using a cup-horn sonication for 1 min. Mice were exposed

to nanoparticles by oral pharyngeal aspiration (Foster et al. 2001; Lacher et al. 2010).

Briefly, the mice were anaesthetised using inhalation isoflurane and a volume of 30 µl of

particle suspension (50 µg) was delivered into the back of the throat. By holding the tongue

to the side, the solution was aspirated into the lungs.

Whole lung lavage (WLL)—Mice were euthanised with sodium pentobarbital

(Euthasol™). The lungs and trachea were exposed by thoracotomy. The trachea was

cannulated with a blunted 25 g needle. One ml of ice cold PBS (pH 7.4) was injected into

the lungs and immediately withdrawn (first pull), which was followed by four additional

repeats. Lung lavage cells were collected by centrifugation (400 × g, 5 min, 4°C) and cell

counts obtained using a Coulter Z2 particle counter (Beckman Coulter, Brea, CA). The cells

were pooled while the first pull of whole lung lavage fluid (WLLF) was stored at −20° for

cytokine analysis.

Pulmonary function testing—Transpulmonary resistance was assessed as previously

described (Wells et al. 2010). Mice were challenged with vehicle (PBS), followed by

increasing concentrations of methacholine (1.5, 3, 6, 12 and 24 mg/ml). Aerosols were

generated with an ultrasonic nebulizer (Aeroneb Laboratory Nebulizer; Buxco Electronics,

Inc., Troy, NY). A computer programme (FinePointe Software; Buxco Electronics) was

used to calculate RL.

Histology—Blood was perfused from the lungs of each mouse followed by inflation-fixing

through the trachea with 4% paraformaldehyde-PBS and submerged in the same fixative

overnight at 4°C. The lungs were washed with cold PBS, dehydrated and embedded in

paraffin. Tissue sections (7 µm) were mounted on Superfrost slides (VSR International,

Westchester, PA) and stained with Gomori’s Trichrome (EMD Chemicals, Gibbstown, NJ)

for histological analysis using a Thermo Shandon automated stainer (Shandon, Pittsburgh,

PA).
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Cytokine assays—Mouse cytokine and chemokine kits: IL-1β, IL-6, TNFα and MCP-1

DuoSets were obtained from R&D Systems and ELISA assays were performed according to

the manufacturer’s protocol. The cytokine levels in WLLF were quantified at 450 nm using

a SpectraMax 190 automated plate reader (Thermo Scientific, West Palm Beach, FL) at 495

nm. The data were analysed using Softmax Pro software (Thermo Scientific).

Hydroxyproline assay

Total collagen of the left lung lobe from 28 day-treated mice was quantified by analysis of

hydroxyproline, an amino acid unique to collagen. Briefly, lung tissue from the left lobe was

excised, weighed and frozen immediately in liquid nitrogen. The lung tissue was

homogenised using a Tissue Tearor in sterile water. An aliquot of lung homogenate was

hydrolysed in 12 N HCl at 110°C for 24 h. The mixture was reacted with chloramine T and

Ehrlich’s reagent to produce a hydroxyproline-chromophore that was quantified a

SpectraMax 190 automated plate reader at 550 nm. Hydroxyproline content for each lobe

was determined by triplicate analysis of the sample to provide a mean value.

Bright field microscopy—Differential cell counts and mouse lung tissue sections were

imaged at 100× using an upright Nikon E-800 (Melville, NY) with bright field, DIC and

fluorescence capabilities. Digital images are generated with a Cambridge Research

Instrumentation/Nuance multispectral camera. The Nuance camera collects wavelengths in

the 420–720 nm range, and the software spectrally classifies and unmixes overlapping dyes.

Scanning electron microscopy (SEM)—Dry nanoparticle samples were placed on a

conductive sticky carbon tab on a 12 mm aluminium SEM stub. The stubs were placed,

uncoated, in a Hitachi S-4700 Field Emission Scanning Electron Microscope and imaged at

10 kv.

Eosinophil peroxidase assay—Eosinophil peroxidase (EPO) activity in WLL cells was

determined by colorimetric assay. WLL cells were centrifuged and suspended in 200 µl of

sterile PBS. 100 µl of the cell suspension was added to 100 µl of PBS in a 96-well microtiter

plate. The cells were serially titrated to a final dilution of to 1:256. 100 µl of EPO substrate

solution, comprised of 0.1 mM orthophenylene diamine dihydrochloride (Sigma-Aldrich) in

50 mM Tris-HCl (Sigma-Aldrich) containing 0.1% Triton X-100 (Sigma-Aldrich) and 1

mM hydrogen peroxide (Sigma-Aldrich) was added to each well. The plate was incubated at

room temperature for 10–15 min and 2 N H2SO4 was added to stop the reaction. The optical

density was determined by reading the plate at 495 nm using a SpectraMax 190 automated

plate reader (Thermo Scientific).

Statistical analyses

Two-way ANOVA tests with Tukey post-hoc analysis were performed, unless otherwise

stated, to evaluate statistical significance. Statistical significance is a probability of type I

error at less than 5% (p < 0.05). The minimum number of experimental replications was

three. Graphics and analyses were performed on PRISM 5.0.
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Results

MWCNT characterisation

Characterisation (tube dimensions and extent of catalyst impurities) of the bulk

unformulated MWCNT was carried out for the NTP by the Research Triangle Institute and

is described in detail in the Methods. Dynamic light scattering studies of LN-or HN-

MWCNT suspended in DM revealed that the average agglomerate was 682 nm and 429 nm

in average size, respectively. The zeta potentials were −11.3 and −12 mV for LN-and HN-

MWCNT, respectively. In addition, HN-MWCNT suspended agglomerates demonstrated

bimodal diameter distribution exhibiting peaks at ~145 nm and ~690 nm (Table I). The

scanning electron micrographs show the tangled structures of LN- and HN-MWCNT to

contain numerous random bends and kinks (Figure 1).

MWCNT induce acute pulmonary inflammation

To assess the inflammatory potential of MWCNT exposure, WLL was collected from

C57Bl/6 mice and IL-1 receptor null mice instilled with 50 µg LN- or HN-MWCNT, 24 h

post exposure. The dosage was established and selected based on the lowest amount of

MWCNT able to reproducibly induce measureable levels of IL-1β and lung fibrosis in vivo.

Total cell counts from WLL demonstrated elevated cell numbers in WT mice treated with

LN- or HN-MWCNT compared to DM-treated control mice indicative of an acute

inflammatory response. Although the IL-1R−/− mice treated with HN-MWCNT had an

overall increase in total cells that was significant compared to the DM-treated mice, the

increase was much less than in the wild-type mice (Figure 2A). Differential cell counts

demonstrated significant pulmonary inflammation, with infiltration by several cell types.

The data shown in Figure 2B demonstrate that neutrophils and eosinophils were a significant

proportion of the influx of inflammatory cells in the lungs of WT mice treated with LN- or

HN-MWCNT. The recruitment of both PMNs and eosinophils to the airways of the LN- or

HN-MWCNT-treated WT mice were diminished in the IL-1R−/− mice. Particle uptake

(observed by light microscopy) in both WT and IL-1R−/− AM demonstrated that IL-1R−/−

mice AM were able to take up particles similar to that of WT AM, suggesting that the

decreased inflammatory response observed in these mice was not due to an inability of the

IL-R−/− AM to respond or uptake particles, but rather to loss of IL-1β signalling (Figure 2C).

In addition, the wild-type mice showed that the neutrophilia was greater following HN-

MWCNT compared to LN-MWNCT, which was dramatically diminished in the IL-1R−/−

mice.

MWCNT induce pro-inflammatory mediators in WLL fluid

To determine the role of IL-1 receptor signalling associated with the inflammatory response,

WT and IL-1R−/− mice were instilled with vehicle, LN- or HN-MWCNT then cytokines and

chemokines were measured in WLL at 24 h post exposure. Analysis of cytokine and

chemotactic factors secreted into the lavage fluid revealed that WT mice respond to both

LN- and HN-MWCNT with enhanced secretion of proinflammatory cytokines IL-1β, TNFα

and IL-6, as well as the chemokine MCP-1. The response of IL-1R−/− mice to LN-or HN-

MWCNT also showed elevated levels of IL-1β, IL-6 and TNFα in the whole lung lavage.

However, levels of the chemokine MCP-1 were diminished in the lavage fluid from both
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LN- and HN-MWCNT-treated IL-1R−/− mice as compared to WT mice (Figure 3). Although

not always significant, there tended to be increased levels of these inflammatory cytokines

in the WLL in the HN-MWCNT compared to LN-MWCNT. These findings suggest that the

release of MCP-1 was downstream of IL-1β.

MWCNT-induced collagen deposition and granuloma formation

To investigate the contribution of IL-1 receptor signalling in the development of pulmonary

fibrosis, lung sections were evaluated from WT or IL-1R−/− mice at 7 and 28 days post

exposure to DM, LN- or HN-MWCNT. Trichrome-stained lung tissues of IL-1R−/− mice

revealed increased collagen deposition as well as peri-bronchial and peri-vascular

inflammation 7 days post HN-MWCNT compared to DM or LN-MWCNT-exposed mice

(Figure 4A). Furthermore, progressive collagen deposition was observed in the tissue

sections from lungs of IL-1R−/− mice 28 days post exposure compared to the tissues of the 7

day-exposed mice. However, the collagen deposition was not appreciably augmented in the

WT mice at 28 days compared to the 7 day-exposed mice. Hydroxyproline quantification

within the lung tissue confirmed that there was a slight increase in collagen in HN-

MWCNT-treated WT mice that was significantly elevated in the IL-1R−/−-exposed mice

compared to vehicle controls at 28 days (Figure 4B). Taken together, these findings indicate

that in contrast to the 24 h results, where there were minimal changes in the IL-1R−/− mice,

the pathology was much worse by 28 days in the IL-1R−/− mice compared to the WT.

MWCNT induce changes in pulmonary function

To determine the acute and chronic effects of MWCNT and IL-1R signalling on pulmonary

function, we assessed pulmonary function in WT and IL-1R−/− mice following instillation of

DM or HN-MWCNT (these studies focused on the high Ni-MWCNT because of the

expected greater effects) at 24 h and 28 days post exposure. The results shown in Figure 5

demonstrate that after 24 h the WT mice responded to methacholine challenge with

enhanced airway hyperreactivity, shown by increased lung resistance. In contrast, the

IL-1R−/− mice had a diminished acute response to HN-MWCNT compared to WT,

demonstrated by the lack of increased RL to methacholine challenge. These findings support

the notion that inflammasome activation and IL-1β signalling are important in the acute

physiological response to MWCNT.

Airway hyperreactivity was also assessed in WT and IL-1R−/− mice 28 days after exposure

to a single installation of HN-MWCNT to determine whether chronic effects were similar to

the acute. In contrast to the acute outcome, at 28 days the IL-1R null mice had a marked

increased RL to methacholine, whereas the response appeared to resolve in the WT mice

with no observable difference between the particle and DM-treated mice in RL (Figure 5).

Therefore, it appears that IL-1R signalling is involved both in the acute inflammatory

responses as well as the resolution phase of inflammation.

Ni-MWCNT induces acute airway eosinophilia in WT mice that was diminished in IL-1R−/−

mice

As described above, eosinophils were observed within 24 h following installation of

MWCNT in WT mice (Figure 2B). Because eosinophil influx was not expected in the
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airways, the time course of eosinophil recruitment was confirmed with a second assay, EPO.

WT and IL-1R−/− mice instilled with DM or HN-MWCNT underwent WLL at 24 h or 28

days post exposure (Figure 6A). Differential cell counts confirmed the previous results

(Figure 2B), a marked influx of eosinophils from HN-MWCNT in the WLL of the WT mice

compared to DM-treated mice. Although not statistically significant, the presence of

eosinophils was detected in the lungs of the IL-1R−/− mice after exposure to HN-MWCNT.

Somewhat unexpectedly, but consistent with the RL results, at 28 days HN-MWCNT

significantly increased eosinophil recruitment in the IL-1R−/− mice, while no eosinophils

were detected in either HN-MWCNT or DM-treated WT mice at 28 days. The time course

of eosinophil infiltration was further supported with measurements of EPO (Figure 6B). In

the WT mice, there was an early spike in the recruitment of eosinophils with HN-MWCNT

exposure that peaked around 1 day then rapidly decreased, but not back to pretreatment

values. In contrast, the recruitment is slow, but continuous in IL-1R−/− mice treated with

HN-MWCNT.

Discussion

The results from this study demonstrated that MWCNT exposure induced IL-1β production

within 24 h and was accompanied by an acute inflammatory response that included not only

neutrophils, but also eosinophils (Figures 2 and 3). Furthermore, the acute response was also

accompanied by an increase in lung resistance (Figure 5). Measurements of lung lavage

cytokines indicated that in addition to IL-1β there were increases in TNF-α, IL-6 and MCP-1

protein levels following MWCNT exposure. To evaluate the role of the NLRP3

inflammasome in this model, these studies were repeated in mice lacking the IL-1R. The

results revealed that loss of IL-1R signalling could reduce the acute inflammatory response,

demonstrated by diminished influx of inflammatory cells and lung resistance in response to

MWCNT exposure. Furthermore, although the increase in IL-1β, IL-6 and TNF-α still

occurred in IL-1R−/− mice, MCP-1 was significantly blocked suggesting that the increase in

MCP-1 was downstream of IL-1β (Figure 3). Together, these results suggest that inhibition

of IL-1β would reduce the acute inflammatory response to MWCNT exposure, consistent

with models of monosodium urate, and diesel exhaust particles induced NLRP3 activation

(Provoost et al. 2011; So et al. 2007).

IL-1β is a potent pro-inflammatory cytokine that is crucial for host response to infection and

injury (Dinarello 1996). It is of particular interest because of previous findings that

demonstrated an association between exposure to TiO2 nanobelts and increased IL-1β

production, in vitro and in vivo (Hamilton et al. 2009). Furthermore, IL-1β production has

been associated with mediation of diverse sterile inflammatory responses, autoimmune

disorders and fibrosis (Cassel et al. 2008; Maynard et al. 2006; Rock et al. 2010). Our

hypothesis was that blocking IL-1β would cause a reduced pulmonary inflammatory

response in mice exposed to MWCNT. The inflammatory response in WT mice treated with

MWCNT included elevated numbers of total cells, specifically, a significant influx of

neutrophils and eosinophils at 24 h. Indeed, in contrast to the WT mice, IL-1R−/− mice

exposed to MWCNT resulted in a reduced pulmonary inflammatory response.
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An acute inflammatory response in the lung is often initiated by AM through its innate

immune activity orchestrating subsequent infiltration of neutrophils by production of IL-1,

IL-6 and TNFα (Dinarello 1996). Although AM uptake of MWCNT was clearly observed in

both WT and IL-1−/− mice, the influx of neutrophils was blocked in IL-1−/− mice (Figure 2),

supporting the important role of IL-1β in initiating the inflammatory response. Similarly,

other studies using IL-1R−/− mice demonstrated inhibition of the neutrophilic response, both

to pathogens and cellular injury (Miller et al. 2006; Provoost et al. 2011). The loss of the

neutrophilic response in IL-1R−/− mice could have important implications. As the first line

of defence and the most abundant immune cell in humans, neutrophils react to danger

signals from infected or injured tissue, where they release antimicrobial factors and reactive

oxygen species to eliminate pathogens and sanitise injured tissues (Kessenbrock et al. 2011).

In MWCNT-induced pulmonary fibrosis, the absence of neutrophils and subsequent lack of

phagocytosis could result in prolonged MWCNT retention in the tissue, which may in part

account for the increased fibrosis observed in the IL-1R−/− mouse compared to the WT

(Figures 2 and 4). These findings are consistent with a previous report where depletion of

blood leukocytes caused increased fibrosis in the lungs of mice exposure to quartz

(Henderson et al. 1991).

Consistent with the proposed role of IL-1β, there was a diminished amount of total cells at

28 days recruited to the lungs of the mice null for IL-1R signalling in comparison to the WT

mice. Neutrophil counts were negligible in WT mice and continued to be absent in IL1R−/−

mice at the 28-day time point (data not shown). These results suggest that, the absence of

neutrophils was likely a result of decreased production of chemotactic factor MCP-1 (Figure

3) and that the release of MCP-1 was downstream of IL-1 signalling. Additionally, although

the levels were at or below the level of detection for the assay (data not shown at 24 h)

production of keratinocyte-derived chemokine (Guran et al. 2009) was decreased in the

lavage fluid of IL-1R−/− mice, compared to the WT mice. Similar results were reported

using IL-1R−/− mice and the IL-1Ra, which inhibited induction of MCP-1 and KC by DEP

(Provoost et al. 2011).

To investigate the role of IL-1R signalling in the chronic inflammatory response to

MWCNT, WLL and lung tissue as well as lung resistance were assessed in WT and

IL-1R−/− mice 28 days after a single exposure to MWCNT. The results demonstrated an

inflammatory response with the presence of granuloma-like foci and collagen-rich fibrotic

tissue in the WT mice consistent with previous studies (Porter et al. 2010; Ryman-

Rasmussen et al. 2009; Wang et al. 2011). However, lung fibrosis and granuloma-like

lesions were exacerbated in the IL-1R−/− compared to the WT mouse. Consistent with the

increased pathological lesions, there was an increased inflammatory cell component in the

lung lavage fluid that included eosinophils and increased lung resistance in the IL-1R−/−

mice that had essentially disappeared in the WT mice by 28 days. These findings are in

contrast with the results from genetic variability studies or using the IL-1R antagonist

Anakinra (Barlo et al. 2011; So et al. 2007). To the best of our knowledge, this is the first

investigation of the effects of fibrosis induced by MWCNT in the IL-1R−/− mouse model.

The increased chronic inflammatory response and pathology in the IL-1R−/− model could be

due to increased persistence of MWCNT in the lung with the absence of neutrophil

clearance. Alternatively, the effects of other signals (e.g., IL-33) may be enhanced in the
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absence of IL-1β signalling (Beamer et al. 2012). Although TNF-α has been associated with

lung fibrosis (Gao et al. 2011; Liu et al. 1998; Liu & Brody 2001), it was not detected in the

WLLF of either WT or IL1R−/− mice at 28 days post exposure to MWCNT(data not shown),

therefore does not appear to play a role in the development of MWCNT-induced pulmonary

fibrosis in the IL1R−/− mouse.

Elevated numbers of eosinophils have been observed in WLL of sensitised mice exposed to

SWCNT and MWCNT in models of allergic airway inflammation (Inoue et al. 2009;

Nygaard et al. 2009). However, to the best of our knowledge, this is the first study to report

the presence of eosinophils in the lavage fluid of C57BL/6 mice after 24 h of exposure to

MWCNT. These results (Figures 2 and 6) demonstrate that eosinophils were recruited to the

lungs as a result of exposure to MWCNT. Additionally, the number of eosinophils was

greatly diminished in the acute response in mice deficient for IL-1R signalling. IL-5, IL-13

and eotaxin levels were slightly elevated in the particle-exposed WT mice compared to

vehicle. However, no differences in these mediators were observed between WT and

IL-1R−/− mice (unpublished data). Unexpectedly, after 28 days, the presence of eosinophils

as well as EPO levels continued to be elevated in the WLL IL-1R−/− compared to the WT

mice (Figure 6). These results suggest that IL-1R signalling could mediate regulatory events

for eosinophilia clearance.

In this study, airway hyperreactivity was evaluated in WT and IL-1R−/− mice at 24 h and 28

days post installation to MWCNT. RL was significantly increased in WT mice, but not in

IL-1R−/− mice at 24 h post installation. However, consistent with the histology and

hydroxyproline data at 28 days post exposure to MWCNT, the RL was significantly elevated

in the mice null for IL-1R compared the WT mice. Taken together, the results suggest that

MWCNT exposure produces combined inflammatory infiltrates (AMs, neutrophils and

eosinophils) and granuloma-like lesions in addition to diminished pulmonary function.

Although unknown compensatory mechanisms in the transgenic IL-1R−/− may in part

contribute to these observations, these outcomes appear to be dependent on IL-1R signalling

in both the acute and chronic responses.

Increased pulmonary fibrosis in IL-1R−/− compared to WT mice was observed in mice

infected with Chlamydia pneumoniae (He et al. 2010). Similar to our findings using HN-

MWCNT (Hamilton et al. 2012a.), C. pneumoniae also induces IL-1β by way of lysosomal

acidification and cathepsin B release (He et al. 2010). He et al. reported reduced neutrophils

and increased infiltrating fibroblasts and fibrosis in the lungs of IL-1R−/− mice compared to

WT mice by 6 days post C. pneumoniae infection. Furthermore, neutropenia was associated

with augmented fibrosis in a mouse model of influenza and may regulate inflammation

through secretion of the anti-inflammatory mediator IL-10 (Tate et al. 2009; Zhang et al.

2009). Collectively these reports suggest that the acute response to pathogens and particles

is ablated in IL-1R−/− mice, but enhanced in the chronic response suggesting a role for IL-1β

signalling in both the initiating and resolution phases of inflammation.

Inexpensive nickel catalyst is being used to generate the large volumes of MWCNT

currently in high market demand (Chen et al. 2010). Nickel-associated MWCNT are in use

as supercapacitor electrodes in hybrid automobiles and solar panels (Gao et al. 2008; Lang et
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al. 2008; Nam et al. 2008). Residues from nickel catalysts used to synthesise MWCNT have

been shown to be bioavailable in human epithelium (Liu et al. 2007). In addition, an

association was observed with high dose of nickel-containing single-walled carbon

nanotubes and increased mortality in a mouse model of exposure (Lam et al. 2004). Our

previous studies demonstrated that a correlation exists between the amount of nickel

impurity from MWCNT and activation of the NLRP3 inflammasome (IL-1β production) in

AM from C57BL/6 mice (data not shown). Furthermore, the increased IL-1β levels were

statistically associated with increased presence of granulomatous lung tissue 7 days post

exposure to MWCNT. Collectively, the information from the literature supports what our

data suggest that the bioactivity of Ni-containing MWCNT can induce NLRP3

inflammasome activation.

In summary, this study has demonstrated that MWCNT induced a severe acute pulmonary

inflammation in C57BL/6 mice that was diminished in IL-1R−/− mice in the acute response.

Furthermore, although resolution of the acute inflammatory response was observed in the

WT mice, a marked increased influx of eosinophils and augmented pulmonary resistance

was demonstrated in the IL-1R−/− mice after 28 days of exposure to MWCNT. These data

suggest that IL-1R signalling is critical in the clearance of the acute phase inflammatory

response to Ni-MWCNT in the lungs of mice and is potentially due to diminished

expression of chemotactic factors MCP-1 and KC. Given these results and the projected

increase in production and use of MWCNT it is crucial to continue assessment of the

toxicological effects of these materials. These studies establish the importance of

inflammasome activation in the acute response and resolution from exposure to MWCNT.
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Figure 1.
Characterisation of multi-walled carbon nanotubes was determined using electron

microscopy. The images recorded using the scanning electron microscope show LN- and

HN-MWCNT. Dry nanoparticle samples were placed on a conductive stick carbon tab on a

12 mm aluminium SEM stub. The stubs were place, uncoated, in a Hitachi S-4700 Field

Emission Scanning Electron Microscope and imaged at 10 kv.
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Figure 2.
Total and differential Cell Counts are augmented in mice exposed to MWCNT. WT and

IL-1R−/− mice were exposed to LN-MWCNT (2.5% Ni) and HN-MWCNT (5.54% Ni) (50

µg/30 µl) through oropharyngeal aspiration. After 24 h, the lungs were lavaged and total cell

counts were determined using the Coulter Z2 particle counter (A). Cells from WLLF (4–10

× 104) were concentrated in PBS by Cytospin (Shandon, Thermo Scientific West Palm

Beach, FL) centrifuged for 5 min at 1500 rpm. The slides were processed with Protocol

Hema-3 Stain (Fisher Scientific, Houston, TX) (Eosin and Methylene Blue). Differential

counts were determined using light microscopy (B and C). Blue and red arrows denote

neutrophils and eosinophils, respectively (C). Results are means ± SE (n = 4 in each group).

*p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05 (vs. WT group).
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Figure 3.
MWCNT induces chemotactic factors MCP-1 through the IL-1R−/− signalling pathway.

WLLF was collected from WT and IL-1R−/− mice 24 h post exposure to LN and HN-

MWCNT. The cells were isolated through centrifugation and the supernatants were assayed

for IL-1β, IL-6*, TNF-α and MCP-1 by ELISA. *p < 0.05, ***p < 0.001 versus DM group,

#p < 0.05 versus WT group. (*Due to shortage of sample, IL-6 assay included only HN-

MWCNT WLLF).
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Figure 4.
Collagen deposition is augmented in the lungs of MWCNT-treated mice. Histopathology of

lungs of IL-1R−/− mice exposed to MWCNT displays granuloma-like lesions and fibrotic

tissue at 7 and 28 days post exposure. The WT or IL-1R−/− mice were euthanised at days 7

and 28 post exposure. After perfusion, the lung tissue from mice instilled with DM only or

50 mg LN- or HN-MWCNT was fixed in paraformaldehyde and imbedded in paraffin.

Tissue sections that were stained with Gomori’s Trichrome demonstrate collagen-rich

granulomas and surrounding fibrotic tissue in lungs of both WT and IL-1R−/− mice exposed
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with HN-MWCNT, but not DM (vehicle) control or LN-MWCNT-exposed mice (A).

Collagen deposition in the lungs of WT or IL- 1R−/− mice following instillation with LN-,

HN-MWCNT was assessed by hydroxyproline assay (n = 3–5 mice/group). The data were

normalised by subtracting the mean background from the vehicle-treated mice, from the

hydroxyproline levels of the particle-treated animals. Values are means ± SEM; * p < 0.05

compared to vehicle controls (B)
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Figure 5.
Pulmonary function at 24 h and 28 days post exposure to HN-MWCNT. Pulmonary function

was assessed as a function of increasing methacholine dose in live mice at 24 h or 28 days

after exposure to HN-MWCNT (A and B). Transpulmonary resistance (Medzhitov R) was

assessed after anaesthetisation and tracheostomy (n = 6 for HN-MWCNT, n = 5 for vehicle

(PBS) control). Two-factor ANOVA and Tukey post-hoc statistical analysis were performed

to test for statistical significance of the effects of exposure to HN-MWCNT between WT

and IL-1R−/− and between each of the vehicle controls. *p < 0.05 (C and D).
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Figure 6.
Acute and chronic influx of eosinophils in to the lungs of mice exposed to HN-MWCNT.

WLL was performed on WT and IL-1R−/− mice 24 h or 28 days post exposure to HN-

MWCT. The total cell and differential counts were performed. After 24 h of exposure, a

significant influx of eosinophils was detected in the WLLF of WT mice in comparison to the

vehicle control (*p > 0.05). After 28 days of exposure IL-1R−/− mice have demonstrate a

prolonged eosinophilia compared to the vehicle-treated mice and the HN-MWCNT WT

mice (*p > 0.05 vs. vehicle; #p > 0.05 vs. WT mouse) (A). EPO levels were assayed to

verify the presence of eosinophils in the lavage fluid collected from the lungs of the mice

exposed to HN-MWCNT (B).
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