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Abstract 69 

Background: Cobalt has been associated with allergic contact dermatitis and occupational 70 

asthma. However, the link between skin exposure and lung responses to cobalt is currently 71 

unknown. We investigated the effect of prior dermal sensitization to cobalt on pulmonary 72 

physiological and immunological responses after subsequent challenge with cobalt via the 73 

airways. 74 

Methods: BALB/c mice received epicutaneous applications (25 μl/ear) with 5% CoCl2*6H2O 75 

(Co) or the vehicle (Veh) dimethyl sulfoxide (DMSO) twice; they then received 76 

oropharyngeal challenges with 0.05% CoCl2*6H2O or saline five times, thereby obtaining four 77 

groups: Veh/Veh, Co/Veh, Veh/Co and Co/Co. To detect early respiratory responses non-78 

invasively, we performed sequential in vivo micro-computed tomography (µCT). One day 79 

after the last challenge, we assessed airway hyper-reactivity (AHR) to methacholine, 80 

inflammation in bronchoalveolar lavage (BAL), innate lymphoid cells (ILCs) and dendritic 81 

cells (DCs) in lung, and serum IgE. 82 

Result: Compared with the Veh/Veh-group, the Co/Co-group showed increased µCT-derived 83 

lung response, increased AHR to methacholine, mixed neutrophilic and eosinophilic 84 

inflammation, elevated monocyte chemoattractant protein-1 (MCP-1) and elevated 85 

keratinocyte chemoattractant (KC) in BAL. Flow cytometry in the Co/Co-group demonstrated 86 

increased DC, type 1 and type 2 conventional DC (cDC1/cDC2), monocyte-derived DC, 87 

increased ILC group 2 and NCR-ILC group 3. The Veh/Co-group showed only increased 88 

AHR to methacholine and elevated MCP-1 in BAL, whereas the Co/Veh-group showed 89 

increased cDC1 and ILC2 in lung. 90 

Conclusion: We conclude that dermal sensitization to cobalt may increase the susceptibility 91 

of the lungs to inhaling cobalt. Mechanistically, this enhanced susceptibility involves changes 92 

in pulmonary DCs and ILCs. 93 

 94 

 95 

 96 
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Abbreviations 99 

AHR airway hyper-reactivity 

AUC area under curve  

BAL bronchoalveolar lavage 
cDC conventional dendritic cell  

cDC1 conventional type 1 DC  

cDC2 conventional type 2 DC  

DC dendritic cell 

DMSO dimethyl sulfoxide 

ELISA Enzyme-linked immunosorbent assay 

FVC forced vital capacity 

FEV0.1 forced expiratory volume in 0.1 second 

IFN-γ interferon-gamma  

IL interleukin 

ILC innate lymphoid cell 

ILC1 innate lymphoid cell type 1 

ILC2 innate lymphoid cell type 2 

ILC3 innate lymphoid cell type 3 

KC keratinocyte chemoattractant 

MCP-1 monocyte chemoattractant protein-1 

MIP-2 macrophage inflammatory protein 2 

μCT micro-computed tomography 

moDC monocyte-derived DC 

NCR natural cytotoxicity receptor 

pDC plasmacytoid dendritic cell 

 100 

  101 
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1. Introduction  102 

Cobalt is a transition metal widely used in rechargeable batteries, hard metal industry, 103 

jewelry and painting. Five cobalt compounds and cobalt metal itself have been classified as 104 

category 1 sensitizers (10). Cobalt chloride has been identified as a potent skin sensitizer (22), 105 

based on the mouse local lymph node assay (LLNA). Epidemiological studies have 106 

demonstrated a higher risk of asthma in workers exposed to cobalt (20, 28), and several case 107 

series of cobalt-induced asthma have also been reported (31, 32).  108 

 109 

Although several studies identified cobalt as an asthmagen, the mechanisms are still 110 

unclear. In a systematic review of animal studies involving almost 30 chemical sensitizers, we 111 

have concluded that respiratory responses – especially airway hyper-reactivity (AHR) – to the 112 

administration of a sensitizer via the airways are more pronounced in animals having been 113 

previously exposed to the chemical via the skin, compared with controls without prior dermal 114 

exposure (33). The evidence for this phenomenon is limited for metals with sensitizing 115 

potential.  116 

 117 

One of the unresolved questions is whether skin exposure/sensitization to cobalt can 118 

lead to asthma-like symptoms when the airways are subsequently exposed to cobalt. In a well-119 

validated mouse model, we have shown this mechanism for several chemicals (37, 39, 7). In 120 

animal asthma models, neutrophils and eosinophils in BAL have long been considered as 121 

indicators of airway inflammation. Moreover, emerging evidence has revealed the role of 122 

innate lymphoid cells (ILCs) (17) and dendritic cells (DCs) (12) in the pathogenesis of asthma.  123 

 124 

The hypothesis of this experimental study was that our asthma model consisting of 125 

skin sensitization followed by airway challenge, which we had validated for several organic 126 

chemicals (33), would also be applicable to a relevant metallic sensitizer, such as cobalt. We 127 

also investigated whether a low-dose µCT approach was able to identify early changes in the 128 

lungs after the airway challenges in a non-invasive manner. Finally, we assessed for the first 129 

time the involvement of innate lymphoid cells (ILC) and dendritic cells (DC) in the immune 130 

responses induced in the lungs by prior dermal exposure to a sensitizer.  131 

  132 
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2. Materials and Methods 133 

2.1 Animals 134 

Male BALB/cAnNCrl mice (6-8 weeks old) were purchased from Charles Rivers 135 

Laboratories (Germany). All mice were housed in a conventional animal house with 14h 136 

light/10h dark cycles, in individually ventilated cages (n=3-4 per cage). They received water 137 

and pelleted food ad libitum. All animal procedures were approved by the KU Leuven Ethical 138 

Committee for animal experiments (P135/2017). 139 

 140 

2.2 Reagents 141 

Cobalt (II) chloride hexahydrate (CoCl2*6H2O) (CAS 7791-13-1), dimethyl sulfoxide 142 

(DMSO) (CAS 67-68-5), and acetyl-β-methylcholine (methacholine) were obtained from 143 

Sigma-Aldrich (Bornem, Belgium). The concentration of CoCl2*6H2O is given as percentage 144 

(w/v) in dissolving vehicle (1% CoCl2*6H2O=42mM).  145 

 146 

2.3 Experimental protocols 147 

The choice of concentrations (and vehicle) for skin application and oropharyngeal 148 

instillations were based on preliminary dose-finding experiments described in a supplement 149 

(Figure S1, https://doi.org/10.6084/m9.figshare.12403838). Two preliminary experiments 150 

were conducted. In the first preliminary experiment, 25 μL CoCl2*6H2O (0.625%, 1.25%, 151 

2.5% and 5%) or DMSO vehicle were applied on both ears of mice (n=4~6 per concentration) 152 

on days 1 and 8. On day 15, the auricular lymph nodes were collected for the analysis of 153 

lymphocyte subtypes. In the second preliminary experiment, the mice received one 154 

oropharyngeal instillation with 50 μL CoCl2*6H2O (0.0625%, 0.125%, and 0.25%) or saline 155 

vehicle (n=3 per concentration) under light isoflurane inhalation. One day later, the 156 

bronchoalveolar lavage (BAL) was collected to analyze the pulmonary inflammation. In both 157 

preliminary experiments, blood was also collected to analyze the immunoglobulins.  158 

Based on these results (mainly increased total IgE) and literature data (14), we chose a 159 

concentration of 5% CoCl2*6H2O in DMSO to achieve dermal sensitization. We chose a 160 

concentration of 0.05% CoCl2*6H2O in saline for oropharyngeal challenges because this 161 

concentration caused only mild airway inflammation (<10% neutrophils in BAL) 24 h after a 162 

single administration, thus allowing us to distinguish inflammation caused by an allergic 163 

response from that caused by nonspecific irritation.  164 

Downloaded from journals.physiology.org/journal/ajplung at KU Leuven Univ Lib (134.058.253.056) on August 18, 2020.



We did two series of experiments, each following similar treatment protocols (Figure 165 

1) and having 6 to 9 mice per group. Mice were divided into four groups based on whether 166 

they received 1) initial skin exposure to CoCl2 (Co) or vehicle (Veh) and/or 2) oropharyngeal 167 

instillation of CoCl2 or vehicle. On days 1 and 8, the mice received 25 μL of 5% CoCl2*6H2O 168 

(310 μg Co2+) or vehicle (DMSO) on each ear. On days 15, 17, 19, 22 and 24, the mice 169 

received an oropharyngeal instillation of 50 µL of 0.05% CoCl2*6H2O (6 μg Co2+) or vehicle 170 

(saline). This led to the following four groups: Veh/Veh, Veh/Co, Co/Veh, and Co/Co. 171 

In the first series, we performed sequential µCT, and assessed pulmonary function, 172 

immune cell distribution in the auricular lymph nodes, and lung histology. In the second 173 

series, we analyzed the innate lymphoid cells (ILCs) and the dendritic cells (DCs) in lung 174 

tissue. In both series, we evaluated total IgE, IgG1 and IgG2 in the serum, and cytokines and 175 

cell subtypes in BAL.  176 

 177 

2.4 Lung imaging analysis with micro-computed tomography (μCT) 178 

On day 1 (before the dermal sensitization), day 9 (24h after the second dermal 179 

sensitization), day 16 (24h after the first challenge) and day 25 (24h after the last challenge 180 

and before the measurement of pulmonary function), mice were anesthetized with 1.5–2% 181 

isoflurane in 100% oxygen and placed in supine position in a small-animal μCT scanner 182 

(SkyScan 1278, Bruker micro-CT, Kontich, Belgium) to obtain µCT images during free 183 

breathing. Each scan takes approximately 3 minutes and is associated with a measured 184 

radiation dose of 60-80 mGy, validated to be radiosafe (1).  185 

Scan parameters were 50 kVp X-ray source voltage and 346 μA current combined 186 

with a composite X-ray filter of 1 mm aluminium, 150 ms exposure time per projection, 187 

acquiring 3 projections per step with 0.9° increments over a total angle of 220°, and 10 cm 188 

field of view covering the whole body producing expiratory-weighted 3D data sets with 50 189 

μm isotropic reconstructed voxel size. Three-dimensional micro-CT data were then weighted 190 

and reconstructed by using NRecon software (version 1.6.10.4) with the following parameters: 191 

Gaussian smoothing of 1, beam hardening correction of 10%, fine-tuning of post alignment 192 

and ring artifact reduction applied ad hoc if needed.  193 

The main outcome measures were total lung volume, aerated volume, and non-aerated 194 

lung volume and mean densities thereof (36). The aerated lung volume was then gated into 195 

alveolar and airway volume. The trachea surface was measured at the level of tracheal carina. 196 

Lung regions of interest (ROIs) were manually delineated on each coronal image slice, 197 
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excluding the heart and main blood vessels. ROIs were then converted to binary datasets in 198 

the grayscale index histogram, with (51.42 μm)3 voxel size (CTAn, Skyscan, 1.17.7.2).  199 

To calibrate Hounsfield unit (HU), we scanned a phantom consisting of an air-filled 200 

1.5 ml tube inside a water-filled 50 ml tube. Based on the stacked histogram of water and air, 201 

the mean grayscale index of water (130.42) was set to 0 HU, and the grayscale of air (5.68) to 202 

-1000 HU. Voxels with HU < -187.75 were gated as aerated lung area (equivalent to 203 

grayscale index 0-107); voxels with HU> -187.75 were gated as non-aerated area (equivalent 204 

to grayscale index 108-255). In aerated lung area, voxels with HU between -564.55 and -205 

187.75 (equivalent to grayscale index 60-107) were gated as alveolar area; voxels with HU< -206 

564.55 (equivalent to grayscale index 0-60) were gated as airway area. 207 

 208 

2.5 Pulmonary function 209 

 Twenty-four hours after the last oropharyngeal instillation, AHR was measured by 210 

flexiVent (SCIREQ Inc., Montreal Qb, Canada) (34). The system was equipped with a FX1 211 

module as well as with a NPFE extension for mice and it was operated by the flexiWare v7.3 212 

software. A small particle size Aeroneb Lab nebulizer (2.5–4 μm; Aerogen, Galway, Ireland) 213 

was integrated in the inspiratory arm of the Y-tubing for the generation of the aerosol 214 

challenges. The nebulizer activation was synchronized with inspiration and set to a 50% duty 215 

cycle for 5 s. Mice were anesthetized by injecting pentobarbital (Dolethal, 70 mg/kg body 216 

weight). Parameters were acquired before and after nebulization of methacholine (0, 1.25, 2.5, 217 

5, 10, or 20 mg/mL) in saline. 218 

 Airway resistance (Newtonian resistance, Rn) was measured via Quick Prime-3 (QP3) 219 

perturbation. After each methacholine concentration, the QP3 perturbation was performed 5 220 

times spread over 2 min. If the coefficient of determination of a QP3 perturbation was lower 221 

than 0.90, the measurement was excluded and not used to calculate the average. Forced vital 222 

capacity (FVC) and forced expiratory volume in 0.1 s, (FEV0.1) were determined using a 223 

negative pressure-driven forced expiratory volume (NPFE) perturbation. The concentration of 224 

methacholine causing a 20% drop in FEV0.1 (PC20), from FEV0.1 at 0 mg/mL methacholine, 225 

was determined from linear interpolation by using an algebraic formula (4). 226 

 227 

2.6 Bronchoalveolar lavage  228 

 After pulmonary function measurements, blood was taken by retro-orbital sampling 229 

and the lungs were lavaged in situ three times with 0.7 mL sterile saline. The recovered BAL 230 
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was pooled and centrifuged (1000 g, 4 °C, 10 min). The supernatant was stored at -80° until 231 

analysis, and the pellets were re-suspended with 1 mL saline for differential cell counts. The 232 

number of cells was determined using a Bürker hemocytometer. To evaluate the differential 233 

cell counts, 250 mL of the re-suspended cells were spun onto microscope slides (300 g, 4°C, 6 234 

min) (Cytospin 3, Shandon, TechGen Zellik, Belgium), air-dried and stained (Diff-Quik1 235 

method, Medical Diagnostics, Düdingen, Germany). For each sample, 200 cells were counted 236 

to determine the proportions of macrophages, eosinophils, neutrophils and lymphocytes. 237 

 238 

2.7 Cytokines 239 

The concentrations of IFN-γ, IL-4, IL-5, IL-10, IL-13, IL-17A, IL-17F, keratinocyte 240 

chemoattractant (KC), monocyte chemoattractant protein-1 (MCP-1) and macrophage 241 

inflammatory protein 2 (MIP-2) were measured in undiluted BAL, using the MSD U-plex 242 

Assay (Meso Scale Diagnostics, Maryland, USA). Measurements were conducted according 243 

to manufacturer’s instructions. The detection limits were as follows: 0.16 pg/ml (IFN-γ), 0.56 244 

pg/ml (IL-4), 0.63 pg/ml (IL-5), 3.8 pg/ml (IL-10), 2.7 pg/ml (IL-13), 0.30 pg/ml (IL-17A), 245 

24 pg/ml (IL-17F), 4.8 pg/ml (KC), 1.4 pg/ml (MCP-1), 0.3 pg/ml (MIP-2). 246 

 247 

2.8 Analysis of dendritic cell and innate lymphoid cells in lung 248 

The lungs were collected and rinsed in the digestion medium (26), minced and 249 

incubated for 45 minutes at 37°C. Digestion medium consisted of RPMI 1640 supplemented 250 

with 5% FCS, 2 mM L-glutamine, 0.05 mM 2-mercaptoethanol [Gibco, Invitrogen, Paisley, 251 

United Kingdom], 100 U/ml penicillin, 100 mg/ml streptomycin [Invitrogen], 1 mg/ml 252 

collagenase type 2 [Worthington Biochemical, Lakewood, NY], and 0.02 mg/ml DNase I 253 

[grade II from bovine pancreas, Boehringer Ingelheim, Ingelheim, Germany]). 254 

Red blood cells were lysed by adding ammonium chloride buffer, and cell yield 255 

determined by Bürker hemocytometer. Finally, cells were re-suspended to 107 cells/mL with 256 

phosphate buffered saline (PBS). To analyze DCs and ILCs, two million lung cells were pre-257 

incubated with an anti-CD16/CD32 antibody (Clone 2.4G2, BD Biosciences, Erembodegem, 258 

Belgium) in order to minimize nonspecific binding. The live/dead staining was performed 259 

with the Zombie Aqua™ Fixable Viability Kit.  260 

For DCs subpopulations, cells were labeled with combinations of anti-mouse 261 

fluorochrome-conjugated mAbs against CD45 (clone 30-F11), CD11c (clone N418), MHCII 262 

(clone M5/114.15.2), CD11b (clone M1/70), CD103 (clone 2E7), CD64 (clone X54-5/7.1) 263 
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and Siglec-H (clone 551) (all from Biolegend, San Diego, California). For ILCs 264 

subpopulation, cells were stained with a combinations of anti-mouse fluorochrome-265 

conjugated monoclonal antibodies (monoclonal antibodies), which included CD45 (clone 30-266 

F11), CD127 (clone SB/199), CD90.2 (clone 53-2.1), KLRG-1 (clone 2F1) (above from BD 267 

Biosciences, Erembodegem, Belgium), NKp46 (Clone 29A1.4) (Biolegend, Koblenz, 268 

Germany), and RORγT (Clone AFKJS-9) (ThermoFisher, Merelbeke, Belgium).  269 

In ILCs analysis, antibodies used for lineage exclusion consisted of CD11b (clone 270 

M1/70), CD19 (clone 1D3), CD3e (clone G4.18), CD45RB (clone 16A), CD5 (clone 53-7.3), 271 

Gr-1 (clone RB6-8C5), TCRγδ (clone GL3), Ter-119 (clone TER-119), and CD94 (clone 272 

20d5) (from either BD Biosciences, Erembodegem, Belgium; or Biolegend, Koblenz, 273 

Germany).  274 

The gating strategy of DCs and ILCs is provided in Table 1. DCs were gated into type 275 

1 conventional DC (cDC1), type 2 conventional DC (cDC2), monocyte-derived DC (moDC), 276 

and plasmacytoid DC (pDC). ILCs were gated into type 1 (ILC1), type 2 (ILC2), type 3 with 277 

positive/negative natural‐cytotoxicity‐receptor (NCR+ILC3/ NCR-ILC3). Data acquisition for 278 

DCs and ILCs was performed on a LSR Fortessa flow cytometer running DIVA software (BD 279 

Biosciences, Erembodegem, Belgium). FlowJo software (BD Bioscience, Ashland, Oregon) 280 

was used for data analysis. 281 

 282 

2.9 Enzyme-linked immunosorbent assay (ELISA)  283 

Blood was sampled from the retro-orbital plexus, and centrifuged at 14000 g, 4 °C, 10 284 

min. The supernatant serum was stored at -80° until analysis. The OptEIA kits (BD 285 

PharmingenTM, Erembodegem, Belgium) were used for measuring IgE, IgG1, and IgG2a.  286 

Plates were firstly coated with purified rat anti-mouse IgE (Cat:51-26551E, BD 287 

PharmingenTM), IgG1 (Cat: 553445) and IgG2a (Cat: 553446), respectively, before adding 288 

samples. Measured target included total serum IgE (diluted 1/100), serum IgG1 (diluted 289 

1/8000) and IgG2a (diluted 1/1000). The optical density values were assessed after the 290 

detection antibodies biotinylated rat anti-mouse IgE (Cat: 51-26552), IgG1(Cat: 553441), and 291 

IgG2a (Cat: 553388) were added to bind to the analytes. Streptavidin HRPs (Cat: 51-9002813 292 

for IgE, Cat: 554066 for IgG1/G2a) were used to bind to the detection antibodies. A standard 293 

curve was created by using mouse IgE (Cat: 51-26556E), IgG1 (Cat: 557273) and IgG2a (Cat: 294 

553454).  295 

 296 
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2.10 Histology 297 

After lavage, the lungs of mice were immersed in 4% formaldehyde after removal 298 

from the body. Lung tissue was sliced and stained with hematoxylin and eosin (H&E). Slides 299 

were assessed by an experienced pathologist blinded to treatment condition to score 300 

inflammation (i.e., infiltration of macrophages/monocytes or leukocytes), epithelial damage 301 

(i.e., disruption of the epithelial barrier in the airways), and alveolar widening (airspace 302 

enlargements) on a scale of 0–4 (0 for absent; 1 for minor changes; 2 for moderate changes; 3 303 

for substantial changes; and 4 for severe changes). 304 

 305 

2.11 Lymph node cell suspension and cell subtype differentiation 306 

To examine the influence of cobalt exposure via skin, bilateral auricular lymph nodes 307 

from each mouse were collected and kept on ice in RPMI-1640 with Glutamax (Cat: 61870-308 

010, Invitrogen, Merelbeke, Belgium). Cell suspensions were obtained by pressing the lymph 309 

nodes through a cell strainer (100 mm) (BD Bioscience, Erembodegem, Belgium) and rinsing 310 

with 10 mL tissue culture medium (RPMI-1640). After centrifugation (1000 g, 10 min), cells 311 

were counted by using a Bürker hemocytometer and re-suspended as 107 cells/mL in complete 312 

tissue culture medium (RPMI-1640 with 10% heat-inactivated fetal bovine serum, 10 mg/mL 313 

streptomycin/penicillin). If the cell numbers were fewer than 106, 100 μL complete tissue 314 

culture medium was added for suspension. 315 

After the suspension, 500000 cells (or half of the suspension volume if cell numbers 316 

were fewer than 106) were stained with anti-CD3+ (APC), anti-CD4+ (APC-Cy7), anti-CD8+ 317 

(PerCP-Cy5.5) and anti-CD25+ (PE), or received a single staining with anti-CD19+ (PE) 318 

labeled antibodies (BD Biosciences, Erembodegem, Belgium). Percentages of labeled cells 319 

were determined by flow cytometry on a LSR Fortessa flow cytometer with DIVA software 320 

(BD Biosciences, Erembodegem, Belgium). Data was analyzed by using FlowJo software 321 

(TreeStar, Inc, Ashland, Ore). Lymphocytes were gated into B cell (CD19+), T cell (CD3+), T 322 

helper cell (CD3+, CD4+), regulatory T cell (CD3+, CD4+, CD25+), and cytotoxic T cell 323 

(CD3+, CD8+). 324 

 325 

 326 

2.12 Data analysis 327 

 Data were analyzed by non-parametric Kruskal–Wallis test with independent variables 328 

being four groups: Veh/Veh, Co/Veh, Veh/Co and Co/Co. When there was significant effect 329 
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from the Kruskal–Wallis test, a multiple comparison post-hoc test was conducted. The 330 

associations between two variables were analyzed by nonparametric Spearman correlation test.  331 

 To analyze results of sequential measurements (µCT and methacholine test) obtained 332 

within the same animals, we used two-way ANOVA with repeated measures to test the 333 

interaction between 1) type of treatment and time of µCT assessment, or 2) type of treatment 334 

and response to methacholine. A level of p<0.05 (two tailed) was considered significant.  335 

   336 
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3. Results 337 

3.1 Preliminary test 338 

 The preliminary test to determine the optimal concentration for dermal sensitization 339 

(Figure S1A, https://doi.org/10.6084/m9.figshare.12403838) showed higher serum IgE in the 340 

group receiving 5% CoCl2*6H2O on the ear 7 days after the second exposure, though not 341 

statically significant. The percentage of B-lymphocytes, T-lymphocytes and different 342 

subtypes of T cells in auricular lymph nodes did not differ among groups.  343 

In the BAL from the preliminary test of respiratory challenge (Figure S1B, 344 

https://doi.org/10.6084/m9.figshare.12403838), we observed significant shifting of 345 

neutrophils or eosinophils in groups receiving oropharyngeal instillation with 0.125% and 346 

0.25% CoCl2*6H2O. 347 

 348 

3.2 Longitudinal µCT  349 

 The changes in longitudinal µCT results are provided in Figure 2 (Absolute values are 350 

provided in the supplementary Figure S2, https://doi.org/10.6084/m9.figshare.12403880). 351 

Compared with the Veh/Veh-group, Co/Co treatment significantly modified the total lung 352 

volume growth rate (Figure 2A), which was mainly attributed to increases in aerated lung 353 

volume. The Veh/Co-group also exhibited a larger aerated lung volume growth than the 354 

Veh/Veh-group (Figure 2B). Compared with the aerated lung volume, the contribution of the 355 

non-aerated lung in the total lung volume change was minor (Figure 2C). None of the 356 

examined mice showed visual evidence of lung infiltration. 357 

 The changes in aerated lung volume were mainly due to increases in alveolar volume 358 

for cobalt-instilled groups (Figure 2D). The airways of these groups were enlarged, with the 359 

change of airway volume in the Co/Co-group significantly larger than the Veh/Veh-group 360 

(Figure 2E). 361 

 In accordance to the airway volume change, the trachea surface at the first bifurcation 362 

showed a trend of larger increase in both groups receiving Co via the airways (Veh/Co and 363 

Co/Co) compared with the Veh/Veh control group (Figure 2F). These two groups also showed 364 

a trend of lower lung density in both total lung and aerated lung area (Figure 2G & 2H). 365 

 366 

3.3 Pulmonary hyper-reactivity and inflammation  367 

 When assessed on the basis of FEV0.1, the Co/Co-group showed higher responses to 368 

methacholine compared with either Veh/Veh or Veh/Co-group (Figure 3A). The Co/Co-group 369 
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also showed a lower PC20 (Figure 3B). When the response to methacholine was assessed by 370 

measuring resistance, only the Co/Co-group, not the Veh/Co-group, clearly showed a higher 371 

reactivity than the Veh/Veh. (Figure 3C). 372 

 The total number of BAL cells did not differ between the four groups, but the 373 

completely CoCl2 treated mice (Co/Co-group) showed significantly higher proportions of 374 

neutrophils (8±7 %, mean±SD) compared with Veh/Veh control (1±1 %), but not compared 375 

with the Veh/Co-group (4±5 %) (Figure 3D). The Co/Co-group also showed higher 376 

proportions of eosinophils (4±7 %) than either the Veh/Veh (0±0 %) or the Veh/Co-group 377 

(0±0 %).  378 

In terms of the cytokines in BAL, the Co/Co-group had higher levels of KC and MCP-379 

1 compared with the Veh/Veh-group (Figure 3E). When compared with the Veh/Co-group, 380 

the Co/Co-group showed higher levels of KC and MIP-2. The Veh/Co-group had increased 381 

MCP-1 but decreased MIP-2; KC in this group did not differ from the Veh/Veh control. The 382 

levels of IFN-γ, IL-4, IL-5, IL-10, IL-13, IL-17A and IL-17F did not differ among groups.  383 

Although some mice from Veh/Co and Co/Co presented with inflammation in 384 

bronchovascular areas, the semi-quantitative histological scores did not differ among groups 385 

(Figure S3, https://doi.org/10.6084/m9.figshare.12403889).  386 

As seen in representative scatterplots (Figure 4A) and in Table 2, when considering all 387 

individual data, cellular markers of inflammation in BAL (percentages of neutrophils and 388 

eosinophils) correlated with lung imaging features (airway volume change assessed by µCT), 389 

KC and MCP-1 in BAL, and also with physiological parameters (airway resistance and 390 

FEV0.1 response to methacholine).  391 

 392 

3.4 DC and ILC subtypes in lung 393 

In whole lung tissue homogenates, we assessed subsets of DCs and ILCs. The Co/Co-394 

group showed an increased amount of DC compared with the Veh/Veh-group (Figure 5A). In 395 

the analysis of DC subtypes, the Co/Co-group showed significantly increased cDC1, cDC2 396 

and moDC compared with Veh/Veh control (Figure 5B), whereas the Co/Veh-group showed 397 

increased cDC1. Plasmacytoid DC (pDC) showed a tendency to decrease in the Co/Co and the 398 

Co/Veh-groups, but without reaching statistical significance.  399 

The ratio of ILCs of the CD45+ live cells was significantly higher in both the Co/Co 400 

and the Co/Veh-groups, compared with the Veh/Veh control (Figure 5C). This was mainly 401 

due to an increase of the ILC2 subset in these two groups (Figure 5D). Furthermore, the 402 
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Co/Co-group had higher NCR-ILC3 compared with the Veh/Veh control group, and higher 403 

ILC1 compared with the Veh/Co-group.  404 

 405 

3.5 Immunological indicators from auricular lymph nodes and serum  406 

The analysis of lymphocyte subtypes from auricular lymph nodes did not show 407 

differences in the numbers of B cells, T cells, or subtypes of T cells. The cytokine levels in 408 

the supernatants from lymph nodes did not change significantly in the Co/Co-group. Total 409 

serum IgE, IgG1 and IgG2 did not differ between groups. 410 

Although no significant differences were observed in immune responses in auricular 411 

lymph nodes and serum, the skin-lung association was apparent from the association analysis. 412 

As shown in Table 3 and Figure 4 (B, C and D), individual levels of serum IgE and helper T 413 

cells (CD3+CD4+) in auricular lymph nodes were positively associated with cDC1 and ILC2, 414 

and negatively associated with pDC in the lung. On the other hand, regulatory T cells 415 

(CD3+CD4+CD25+), cytotoxic T cells and B cells in auricular lymph nodes were associated 416 

with pDC and ILC1 in the lung.  417 

  418 
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4. Discussion 419 

Our study shows that dermal contact with CoCl2 followed by repeated airway 420 

exposure to CoCl2 leads to several hallmarks of asthma, such as airway hyper-reactivity 421 

(AHR) and lung inflammation, with characteristics of the type 2 adaptive immune response, 422 

in combination with increased cytokines linked to the innate immune system. Moreover, for 423 

the first time we show that in an asthma model, early changes in the lungs can be identified by 424 

µCT imaging in free-breathing mice.  425 

 426 

While the link between skin sensitization and lung susceptibility has been 427 

demonstrated for several chemicals (37, 39, 7), this has never been investigated for metals 428 

with sensitizing properties. Cobalt-induced asthma has been frequently reported in 429 

occupations involving inhalation of cobalt-containing materials, such as hard metal (a 430 

composite consisting mainly of tungsten carbide with cobalt) (16, 40, 41). Previous studies of 431 

the respiratory toxicity of cobalt have focused on histological or immunological changes (2, 432 

19, 29). However, to our knowledge, no study has investigated the possible role of skin 433 

sensitization in the subsequent development of cobalt asthma.  434 

 435 

In this study, we included an imaging modality for the first time to investigate whether 436 

alterations can be identified in a mouse model of asthma. The advantage of µCT is to provide 437 

high-resolution information in living animals repeatedly at relatively low cost, without 438 

causing harm to the animal. In mouse models of lung emphysema (elastase) and fibrosis 439 

(bleomycin) early alterations can be detected by µCT (5, 36). Moreover, a low-dose scanning 440 

protocol was recently developed, allowing radio-safe repeated follow-up of disease 441 

progression (35). Our data showed larger total and aerated lung volumes when mice received 442 

CoCl2 respiratory challenge after skin exposure with cobalt. We interpret these changes as 443 

reflecting early onset lung alterations associated with inflammation.  444 

 445 

Increased airway volume and decreased lung density were observed in both groups 446 

receiving CoCl2 via the airways. This image pattern, also named paradoxical airway dilation, 447 

has been described in several animal models undergoing bronchoconstriction interventions (9, 448 

34). Since we found a correlation between µCT-derived airway enlargement and BAL airway 449 

inflammation (Figure 4A and Table 2), airway dilation could serve as a marker of lung 450 

inflammation.  451 
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 452 

Epidemiological studies show that cobalt may induce or exacerbate AHR in humans 453 

(38, 27). In our animal model, the Co/Co-group responded more strongly to a methacholine 454 

provocation, with a pronounced decrease in FEV0.1, than the other mice. This is in agreement 455 

with the obstructive pattern of asthmatic murine models (8, 25, 39). To our knowledge, 456 

FEV0.1 changes in response to methacholine challenge have not been assessed in an 457 

occupational asthma model.  458 

 459 

Consistent with the increases in airway volume and AHR, mice of the Co/Co-group 460 

exhibited an influx of neutrophils and eosinophils in BAL. In contrast, mice of the Veh/Co-461 

group showed only a minor neutrophilic influx, indicating that the mixed 462 

neutrophilic/eosinophilic inflammatory response in the Co/Co-group was due to the initial 463 

dermal sensitization. Admittedly, a few mice in the Veh/Co-group responded partly like the 464 

Co/Co-group, and this may have been due to the repeated instillations of Co.  465 

 466 

In the present study, the total dosage of the oropharyngeal challenge (6 μg Co2+ given 467 

in five doses) was much lower than that in previous animal models (13 μg Co2+ for 10 days) 468 

(30), but features of a type 2 allergic inflammation still occurred, presumably due to the initial 469 

dermal exposure. The eosinophilic inflammatory response in BAL of dermally CoCl2 treated 470 

and CoCl2 challenged group has never been reported in animal models. The eosinophilic 471 

inflammation produced only in animals with prior dermal contact, even for a short time, 472 

strengthens the conclusion that dermal sensitization increases the airway responsiveness to the 473 

corresponding chemical allergen.  474 

 475 

Although we observed a mixed neutrophilic/eosinophilic lung inflammation, we found 476 

that only cytokines linked to neutrophilic inflammation (KC and MCP-1) were increased in 477 

the Co/Co-group. KC (also known as CXCL1 or GROα) is a chemokine critical to neutrophil 478 

recruitment. This is the first observation in an animal asthma model that BAL KC is 479 

associated with prior skin exposure. While we did not find changes in IL-4, IL-5, or IL-13 in 480 

BAL for all groups, which are linked to type 2 eosinophilic inflammation, we found higher 481 

MCP-1 (also known as CCL2) in both Veh/Co and Co/Co groups. MCP-1 is a cytokine tightly 482 

associated with Th2 reaction, being able to induce mast cell degranulation, thereby enhancing 483 

AHR (3). Our observation may imply a more important role of MCP-1 in the Th2 reaction 484 

compared with IL-4, IL-5 and IL-13. Unexpectedly, in the Veh/Co-group we found a lower 485 
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level of MIP-2 (also known as CXCL2), which is critical to neutrophil attraction and secreted 486 

mainly by macrophages (6). A possible explanation of the finding is that the immune reaction 487 

shifted away from Th1-macrophage axis, thereby leading to downregulated macrophage and 488 

MIP-2 downstream. The interaction between macrophage, cytokines and other signaling cells 489 

deserves further research. 490 

 491 

Dendritic cells and innate lymphoid cells have been investigated extensively in 492 

ovalbumin and house dust mite asthma models (11, 15), but have never been studied in 493 

murine asthma models exposed to chemicals or metals. The analysis of DCs in lung revealed 494 

elevated cDC1 in both Co/Veh and Co/Co groups, while pulmonary cDC2, moDC and total 495 

dendritic cells increased only in the Co/Co-group. cDC1 has been demonstrated to modulate 496 

Th17 immune responses (42), though its full role to enhance Th2 reaction remains 497 

controversial. cDC2s and moDCs are known to facilitate Th2 and Th17 cell differentiation 498 

(23, 24), which is also in accordance with the cytokine pattern from our study. Though some 499 

studies have evaluated the shifting of pulmonary DC subtypes after respiratory exposure to 500 

sensitizing agents (24, 26), the shifting after solely skin exposure has never been reported.  501 

 502 

As dendritic cells, the innate lymphoid cells have not been investigated in a skin/lung 503 

model. In this study, pulmonary ILC2 numbers increased in both Co/Veh and Co/Co groups. 504 

This finding might explain the eosinophilic inflammation in BAL from the Co/Co-group 505 

without an elevation of Th2-related cytokines, and imply an association between skin 506 

exposure and ILC2/Th2/eosinophil axis. The role of ILC3 in asthma has rarely been studied in 507 

animals compared with ILC2. One ILC3 subtype, NCR-ILC3, is known to produce IL-17 (21). 508 

In our study, respiratory CoCl2 challenges irrespective of prior dermal contact showed a trend 509 

to increase the level of NCR-ILC3 in CD45+
 pulmonary cells, admittedly not at a significant 510 

level. Only in the Co/Co-group did NCR-ILC3 increase significantly. As shown in Figure 4B, 511 

the neutrophil proportion in BAL was positively associated with NCR-ILC3. Together with 512 

the inflammatory patterns in BAL and lung, the results imply that the respiratory exposure to 513 

cobalt is associated with ILC3/Th17/neutrophil axis.  514 

 515 

In spite of the mixed type 2/type 3 inflammatory reaction in airway, other related 516 

cytokines in BAL did not increase altogether. We did not observe increasing IL-4/IL-5/IL-13, 517 

which are related to ILC2/Th2/eosinophil reaction. Likewise, IL-17A and IL-17F did not 518 

increase despite the elevation of KC and prominent neutrophilic reaction in BAL. Other 519 
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cytokines associated with asthma, such as IL-22, IL-25, IL-33 might also serve as potential 520 

influential factors (13, 18). In addition, it remains to be verified whether the period between 521 

the sensitization and challenge plays a role. 522 

 523 

Though the mice in the Co/Co-group showed a marked inflammation, the responses 524 

varied considerably between animals and some mice did not show inflammation. We did not 525 

observe significant cell proliferation of the auricular lymph nodes with concordant cytokine 526 

release, or consistent increases in serum IgE from mice of the Co/Co-group. The absence of 527 

these responses contrasts with our previous experience in this skin/lung model with 528 

applications of TDI, trimellitic anhydride or ammonium persulfate (37, 39, 7). We 529 

hypothesize that these “non-responding” mice had not been successfully sensitized, possibly 530 

because the cobalt solution in DMSO did not always persist long enough on the ears (in 531 

previous studies we always used a mixture of acetone and olive oil as vehicle, but that mixture 532 

did not dissolve CoCl2 well). Although a definite indicator of sensitization (e.g. cobalt-533 

specific IgE) is not available, the possibility that some animals were not sensitized is borne 534 

out by the correlation analysis showing that despite the relatively low average changes at 535 

group level, T helper cells (CD3+CD4+) in the auricular lymph nodes and serum IgE were 536 

positively associated with cDC1 and ILC2 cells in the lung and other 537 

immunological/physiological responses in individual animals (Table 3, Figure 4C-D). The 538 

intra-individual consistency between the various responses strengthens our conclusion that 539 

dermal sensitization to cobalt enhanced the susceptibility of the airways to subsequent 540 

challenges. 541 

 542 

In conclusion, prior skin exposure to cobalt modulates immune cells in lung, induces 543 

airway hyper-reactivity and a mixed neutrophilic/eosinophilic inflammation upon respiratory 544 

challenge with Co, which is accompanied by dendritic cells and innate lymphoid cells of the 545 

type 2/type 3. This observation with cobalt strengthens the evidence that asthma caused by 546 

low-molecular weight agents is not only related to sensitizers reaching the lungs via airway 547 

exposure, but also to chemicals sensitizing the body via skin exposure, which increases the 548 

susceptibility of the lungs to inhaling sensitizers.  549 
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Figure 1. Experimental protocol. Balb/c mice received skin exposure to dimethyl sulfoxide (DMSO) or 701 
5% CoCl2*6H2O (25μL per ear) on days 1 and 8. On day 15, 17, 19, 22, 24, mice received oropharyngeal 702 
challenge with saline or 0.05% CoCl2*6H2O. μCT was performed on day 1 (before the skin exposure), day 9, 703 
day 16 and day 25 (before the pulmonary function measurement).  704 

  705 

Figure 2. Longitudinal micro-computed tomography (µCT) quantification of lung response. Mice were 706 
scanned with µCT on day 1, 9, 16 and 25. Value changes of each time point compared with day 1 were 707 
calculated. A) Change of total lung volume. B) Change of aerated lung volume (Hounsfield unit, HU < -708 
188). C) Change of non-aerated volume (HU > -188). D) Change of alveolar volume (-565 < HU < -188). E) 709 
Change of airway volume (HU < -565). F) Change of cross-sectional area at the level of first airway 710 
bifurcation. G) Change of total lung density. H) Change of aerated lung density. Data are shown as mean. 711 
*p<0.05 compared with the Veh/Veh control group, when the interaction between type of treatment and time 712 
of µCT assessment was examined with two-way ANOVA with repeated measures. n=6-9 per group. 713 

 714 

Figure 3. Lung function measurement and inflammatory response in bronchoalveolar lavage (BAL). 715 
A) Forced expired volume at 0.1sec (FEV0.1) in response to increasing concentrations of methacholine (0-20 716 
mg/mL) were measured 24 h after the last time of oropharyngeal instillation. B) Concentration of 717 
methacholine causing a 20% drop (PC20) in FEV0.1. C) Airway resistance in response to increasing 718 
concentrations of methacholine. D) Percentage of neutrophils, eosinophils and macrophages were calculated 719 
from the BAL obtained 24 h after the last time of oropharyngeal instillation. E) Levels of keratinocyte 720 
chemoattractant (KC), monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein 721 
2 (MIP-2) in BAL were determined by MSD U-Plex Assay.  722 

Data are shown as mean. *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared with the Veh/Veh 723 
control group; #p<0.05, ##p<0.01 compared with the Veh/Co-group, when the interaction between type of 724 
treatment and response to methacholine was examined via two-way ANOVA with repeated measures (3A & 725 
3C) or when data were analyzed by Kruskal–Wallis test (3B, 3D & 3E). n=6-9 per group for 3A-C; n=12-17 726 
per group for 3D-E. 727 

 728 

Figure 4. Representative scatter plots between skin and lung endpoints. A) Correlation between airway 729 
volume change (measured by µCT) on day 25 and percentage neutrophils in bronchoalveolar lavage (BAL). 730 
B) Correlation between NCR-ILC3 cells in lung and percentage neutrophils in BAL. C) Correlation between 731 
ILC2 in lung and CD3+CD4+ cells in auricular lymph node (ALN). D) Correlation between ILC2 in lung and 732 
serum IgE. Each point represents data from a single animal (total n=6-9). Coefficients are calculated by 733 
Spearman correlation. Note that data with a skewed distribution are expressed on a logarithmic scale (Ln). 734 

 735 

Figure 5. Dendritic cells (DCs) and innate lymphoid cells (ILCs) in the lung. A) Percentage of DCs 736 
(CD45+, low-autofluorescent, CD11c+, MHCII+) in leukocytes. B) Percentage of DC subpopulations in live 737 
leukocytes are shown as type 1 conventional DC (cDC1, CD11b-, CD103+), type 2 conventional DC (cDC2, 738 
CD11b+ ,CD103-), monocyte-derived DC (moDC, CD11b+, CD103-, CD64+), and plasmacytoid DC (pDC, 739 
CD11b- Siglec-H+). C) Percentage of ILCs (CD45+, lineage negative, CD90.2+, CD127+) in leukocytes. D) 740 
Per mille of ILC subpopulations in live leukocytes are shown as ILC1 (KLRG1-, NKp46+, ROR γT-), ILC2 741 
(KLRG1+), NCR+ILC3 (KLRG1-, NKp46+, ROR γT+) and NCR-ILC3 (KLRG1-, NKp46-, ROR γT+). 742 

Data are shown as mean. *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared with the Veh/Veh 743 
control group; #p<0.05 compared with the Veh/Co-group as analyzed by Kruskal–Wallis test. n=6-8 per 744 
group.745 
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Table 1 Gating strategy in the identification of DC and ILC from lung homogenate 

Abbreviation Cell type Gating strategy 

DC Dendritic cell CD45+, low-autofluorescent, CD11c+ , MHCII+ 

cDC1 Type 1 conventional DC CD11b-, CD103+ 

cDC2 Type 2 conventional DC CD11b+, CD103- 

moDC Monocyte-derived DC CD11b+, CD103-, CD64+ 

pDC Plasmacytoid DC CD11b-, Siglec-H+ 

ILC Innate lymphoid cell CD45+, lineage negative, CD90.2+, and CD127+ 

ILC1 Type 1 innate lymphoid cells KLRG1-, NKp46+, ROR γT- 

ILC2 Type 2 innate lymphoid cells KLRG1+ 

NCR+ILC3 Type 3 innate lymphoid cells,  
natural‐cytotoxicity‐receptor‐positive 

KLRG1-, NKp46+, ROR γT+ 

NCR-ILC3 Type 3 innate lymphoid cells,  
natural‐cytotoxicity‐receptor‐negative 

KLRG1-, NKp46-, ROR γT+ 
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TABLE 2. Nonparametric Spearman correlation between BAL cells and other variables  1 

 BAL % neutrophils  BAL % eosinophils BAL % macrophages 

µCT       
    Δ Total lung volume (on day 25) 0.29  0.01  -0.28  
    Δ Aerated lung volume (on day 25) 0.32  -0.04  -0.28  
    Δ Airway volume (on day 25) 0.55** 0.52** -0.66**** 
Pulmonary function     
    Δ FEV0.1 (methacholine 20mg/mL)  -0.14  -0.39* 0.32  
    Δ Rn (methacholine 20mg/mL) 0.33  0.40* -0.45* 
BAL cytokines    
    KC 0.37** 0.43*** -0.42*** 
    MCP-1 0.63**** 0.50**** -0.62**** 
    MIP-2 0.15  0.08  -0.18  
 2 

*p<0.05 (two-tailed), ** p<0.01, *** p<0.001, **** p<0.0001 analyzed by Spearman correlations of selected individual responses including all animals (n= 6-9) 3 

 4 

 5 
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TABLE 3. Nonparametric Spearman correlation between auricular lymph node (LN) cells and lung dendritic cells (DCs)/innate lymphoid cells (ILCs) 1 

 Serum IgE  Auricular LN 
CD3+ 

Auricular LN 
CD3+CD4+ 

Auricular LN 
CD3+CD4+CD25+

Auricular LN 
CD3+CD8+ 

Auricular LN 
CD19+ 

Lung DCs             
    DC % of CD45+ live cells -0.03  0.16 0.11  -0.51** -0.26 -0.10
      cDC1 % of CD45+ live cells 0.50** 0.47** 0.38* 0.12 0.14 0.15
      cDC2 % of CD45+ live cells 0.16  0.20  0.17  -0.29 -0.17 -0.09
      moDC % of CD45+ live cells 0.15  0.23 0.20  -0.37* -0.27 -0.12
      pDC % of CD45+ live cells -0.15  -0.38* -0.34  0.55** 0.40* 0.12
Lung ILCs            
    ILC ‰ of CD45+ live cells 0.33  0.47* 0.48** -0.12 -0.06 0.10
      ILC1 ‰ of CD45+ live cells 0.06  -0.19 0.00  0.36 0.45* 0.37* 
      ILC2 ‰ of CD45+ live cells 0.43* 0.47** 0.46* -0.06 -0.04 0.15
      NCR+ILC3 ‰ of CD45+ live cells -0.04  0.10 0.33  0.12 0.13 0.08
      NCR-ILC3 ‰ of CD45+ live cells -0.18  0.18 0.30  -0.27 -0.09 -0.07
 2 

*p<0.05 (two-tailed), ** p<0.01, *** p<0.001, **** p<0.0001 analyzed by Spearman correlations of selected individual responses including all animals (n= 6-9) 3 
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