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ABSTRACT 21 

PC945 is a novel triazole optimised for lung delivery and the objective of this study is to 22 

determine the effects of intranasally dosed PC945 on Aspergillus fumigatus infection and 23 

associated biomarkers in immunocompromised mice. PC945, posaconazole or voriconazole was 24 

treated intranasally once daily on days 0 to 3 (early intervention) or days 1 to 3 (late 25 

intervention) post-infection in temporarily neutropenic A/J mice infected intranasally with A. 26 

fumigatus, and bronchoalveolar lavage fluid (BALF) and serum were collected on day 3. The 27 

effects of extended prophylaxis treatment (daily on days -7 to +3 or -7 to 0) were also compared 28 

with those of the shorter treatment regimens (days -1 to +3 or days -1 and 0). Early and late 29 

interventions with PC945 (2.8 ~ 350 μg/mouse, approx. 0.11 ~ 14 mg/kg) were found to inhibit 30 

lung fungal load and to decrease galactomannan (GM) concentrations in both BALF and serum 31 

as well as several biomarkers in BALF (IFNγ, IL-17 and malondialdehyde) and serum (TNFα 32 

and IL-6) in a dose-dependent manner, which was >3 and >47 fold more potent than intranasally 33 

dosed posaconazole and voriconazole, respectively. Furthermore, extended prophylaxis with low 34 

dose PC945 (0.56μg/mouse: 0.022mg/kg) was found to inhibit fungal load and biomarkers more 35 

potently than the shorter treatment regimens. Thus, PC945 dosed intranasally once daily showed 36 

potent antifungal effects and the effects of PC945 accumulated on repeat dosing and were 37 

persistent. Therefore, PC945 has the potential to be a novel inhaled therapy for the treatment of A. 38 

fumigatus infection in humans.  39 
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INTRODUCTION 40 

The incidence of fungal infections has increased substantially over the past two decades and 41 

invasive forms are leading causes of morbidity and mortality, especially amongst 42 

immunocompromised or immunosuppressed patients. Alternatively, chronic lung infections with 43 

Aspergillus, such as a previous infection with tuberculosis (1) or pulmonary inflammatory 44 

diseases, can leave patients with poor lung functuion, and extensive and permanent lung structual 45 

change (2-4).  46 

Systemic triazole therapy is the basis of treating infections with Aspergillus but the adverse 47 

effects of itraconazole, voriconazole and posaconazole are well characterised and thought to be a 48 

consequence of the pharmacological effects of the compounds in host tissues (5, 6). Furthermore 49 

notable drug interactions for voriconazole due to the inhibition of hepatic P450 enzymes make 50 

clinical use challenging and indeed the variability in exposure of the triazoles via the oral route 51 

necessitates the need for close therapeutic drug monitoring and limits the use of triazole therapy 52 

prophylactically in at risk groups (7, 8). In addition, Aspergillus colonization following infection 53 

occurs in a pre-existing lung cavity due to tuberculosis or on airway surfaces where fungus first 54 

deposits and grows, and is difficult to deliver and maintain appropriate level of the treated drug 55 

after oral treatment (9). Furthermore, mutation induction by antimicrobial agents is an emerging 56 

problem worldwide, but high level and continuous exposure of antimicrobial agents is known to 57 

decrease the risk of mutation induction (10) although systemic treatment hardly achieves the 58 

high level of exposure in lung cavity continuously. Thus, there are several advantages of topical 59 

treatment over oral/systemic treatment which alter the risk benefit ratio of treatment favourably.  60 

Amphotericin B is the only antifungal agent treated via the inhaled route (11, 12) because this 61 

agent has poor oral absorption, and its use as an intravenous infusion is complicated by an 62 
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adverse effect on the kidney (13).  Inhaled amphotericin is well tolerated in lung transplant 63 

patients and does not interact with immunosuppressive drugs, although it is reported to cause 64 

bronchospasm in severe asthmatics (14) . Recently nebulised voriconazole has been reported to 65 

produce improved therapeutic outcomes in patients after the failure or withdrawal of 66 

conventional treatment regimens due to adverse effects (15). Furthermore, inhaled voriconazole 67 

has also been tested in severe pulmonary infection with Scedosporium apiospermum in an 68 

adolescent with cystic fibrosis, and confirmed to be safe and effective (16). Recently a dry power 69 

formulation of voriconazole for treatment of respiratory fungal infection has been developed (17). 70 

However, both voriconazole and amphotericin have a very short duration of action in the lungs 71 

(short lung residence times) and require high doses and frequent administration.   72 

An optimised compound for tropical delivery should have prolonged lung tissue residence with 73 

limited systemic exposure to display a better adverse effect profile and eradicate invasive 74 

aspergillosis due to high concentration exposure. Itraconazole is another triazole used to treat 75 

Aspergillus infection. McConville et al demonstrated that single dose nebulized itraconazole 76 

maintained high concentrations in lung in mice for more than 24hrs (18) and it was also 77 

demonstrated in rats (19). Furthermore the survival rates of the group of mice receiving 78 

nebulized itraconazole were significantly higher than the group of mice receiving oral 79 

itraconazole administration (20). Since these reports, new formulations of itraconazole for 80 

topical treatment such as nanoparticles (21, 22), polymeric micelles (23), itraconazole-loaded 81 

nanostructured lipid carrier (24) and dry powder (25) have been developed, although the in vivo 82 

antifungal activity of these inhaled products have not been reported formally. It is worth noting 83 

that inhaled PUR1900 (iSPERSE™-formulated itraconazole, Pulmatrix), being developed for 84 
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fungal infection in patients with cystic fibrosis, was recently reported to demonstrate higher lung 85 

exposure and lower systemic exposure than oral dosing in rats (26).  86 

PC945, 4-[4-(4-{[(3R,5R)-5-(2,4-difluorophenyl)-5-(1H-1,2,4-triazol-1-ylmethyl)oxolan-3-87 

yl]methoxy}-3-methylphenyl)piperazin-1-yl]-N-(4-fluorophenyl)benzamide, is a novel 88 

antifungal triazole (27, 28) (Figure 1A) which has been shown to have potent antifungal activity 89 

on itraconazole susceptible and resistant A.fumigatus isolates with inhibition of the enzyme 90 

lanosterol 14α-demethylase (CYP51A1). PC945 has been designed to deliver high local 91 

concentrations, retention in cells offering a long duration of action, minimal systemic exposure 92 

with poor oral availability and high protein plasma binding. Thus, the aim of this study is to 93 

compare antifungal effects of intranasal PC945 with intranasally dosed voriconazole and 94 

posaconazole quantitatively using several biomarkers such as galactomannan (GM) and 95 

cytokines in temporarily neutropenic mice infected with A.fumigatus.   96 
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MATERIALS AND METHODS 97 

Materials 98 

PC945 was synthetized in Sygnature Discovery Ltd (Nottingham, UK), posaconazole and 99 

voriconazole were sourced from Apichem Chemical Technology Co., Ltd. (Zhejiang, China) and 100 

Tokyo Chemical Industry UK Ltd. (Oxford, UK), respectively. For in vitro assay, all articles 101 

were dissolved in DMSO at 2mg/ml as stock solution. For in vivo assay, solid materials were 102 

directly suspended in physiological saline at 10mg/ml, and diluted with physiological saline after 103 

sonication.  104 

Strain 105 

 A. fumigatus (ATCC 13073 [strain: NIH 5233]) was purchased from ATCC (Manassas, VA, 106 

USA). 107 

MIC determinations 108 

Antifungal susceptibility testing was performed based on the method of the EUCAST(29) in 109 

house, or the CLSI method (CLSI M38-A)(30) by Eurofins Panlabs Inc.   Stock solutions of test 110 

agents (2mg/ml) were prepared in neat DMSO, and serially diluted with neat DMSO to be 200 111 

fold concentrations of the desired concentrations. Those were then applied to fungus growth 112 

media at 1:200, allowing the final DMSO concentration to be constant across the plate at 0.5% 113 

(v/v) . The MIC was read as the lowest drug concentration that yielded no visible growth by eye 114 

or prevented any discernible growth (100% inhibition) according to each guideline.  115 

Animal model and treatment 116 

Preparation of animal model and treatment regimen are shown in Figure 1B. Conidia of 117 

A.fumigatus (ATCC 13073 [strain: NIH 5233]) grown on plates of Malt agar (Nissui 118 
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Pharmaceutical, Tokyo, Japan) were aseptically dislodged from the agar plates and suspended in 119 

0.1%  agar. A/J mice (males, 5 weeks old) were dosed with hydrocortisone (Sigma H4881; 125 120 

mg/kg, sc,) on days 3, 2 and 1 before infection, and with cyclophosphamide (Sigma C0768; 250 121 

mg/kg, i.p.) 2 days before infection to induce immunosuppression and temporary neutropenia as 122 

previously reported (31).  The neutropenic condition was observed up to day 3 after 123 

cyclophosphamide injection, and gradually recovered (unpublished data). On day 0, animals 124 

were infected with the conidia suspension (1.67 × 108 conidia mL-1 of physiological saline, 30 125 

μL intranasally (15 μL each to each nostril)). Body weights were monitored daily.  Animals, 126 

when demonstrating >20% weight loss, showed rough hair coat, difficult breathing, head tilt, 127 

lethargy, trembling and lower body temperature, and in the most case, died in next days of a day 128 

after from our historical data. However, if the body weight loss was <20%, the animals ate less 129 

and became less active, but many of animals were recovered at later time-point. Therefore, in 130 

this study, if it fell >20% compared to that on day 0, animals were sacrificed using a high dose of 131 

pentobarbital.  132 

All animal studies and class II pathogen use were approved by the Ethics Review Committee for 133 

Animal Experimentation of Nihon University and the Microbial safety Management Committee 134 

of Nihon University School of Pharmacy (E-H25-001). 135 

Treatment 136 

Either PC945, voriconazole or posaconazole, which was suspended in physiological saline, was 137 

administered intranasally (35 μL/mouse, approximately 17.5 μL each to each nostril) once daily, 138 

on days 0 (30min before conidia infection), 1, 2 and 3 post infection (early intervention) or days 139 

1, 2 and 3 post infection (late therapeutic intervention) as shown in Figure 1B. The volume 140 

inserted intranasally is reported to achieve almost 60% deposition into lung (32).  Animals were 141 
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terminally anaesthetised 6 hrs after the last dose of drug was administered on day 3 (Figure 1B).  142 

BALF was collected through cannulated tracheas using physiological saline (33), blood was then 143 

collected via cardiac puncture, and lung tissue was removed for homogenate preparation. To 144 

investigate extended prophylaxis analysis, PC945 was administered intranasally once daily, on 145 

days -7 to 3 or -7 to 0, and the effects were compared with treatment on days -1 to 3 or days -1 146 

and 0.  As injection volume was fixed and body weight was changed every day especially after 147 

infection, accurate dose unit was µg/mouse. However, as the average body weight after 148 

immunosuppression and just before infection was 20g, we also calculated estimated dose as 149 

mg/kg. The conversion of dosing unit was shown in Table 1. 150 

Biomarker analysis 151 

Galactomannan (GM) concentrations in serum and BALF were determined using Platelia GM-152 

EIA kits (Bio-Rad Laboratories, Redmond, WA, USA). Cut-off index (COI) was calculated by 153 

the formula: Cut-off index = OD in sample / OD in cut-off control provided as part of the kit. For 154 

semi-quantitative tissue fungal load analysis, 100 mg of lung tissue was removed aseptically and 155 

homogenized in 0.2 mL of the low-nutrient 0.1% sterile water-agar to limit growth of fungus in 156 

homogenates on ice until all samples were processed. Homogenates were prepared using mini 157 

cordless CG-4A homogenizer (Funakoshi Ltd., Tokyo, Japan) at mild condition with 2 repeated 158 

cycles of 10 seconds homogenization and 2 min resting on ice. Serially diluted lung homogenates 159 

with sterile physiological saline were plated on Malt agar plates (50 μL/plate), and incubated at 160 

24±1°C for 72 to 96 hr. We used room temperature and longer culture period to avoid any 161 

sporulation during analysis. The colonies of A. fumigatus on each plate were counted and the 162 

fungal titre presented here as CFUs per gram of lung tissue. In preliminary analysis, we found a 163 

good correlation between CFU and A.fumigatus copy number by PCR analysis (p<0.001) 164 
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(unpublished data). The numbers of alveolar macrophages and neutrophils in BALF were 165 

determined by FACS analysis (EPICS® ALTRA II, Beckman Coulter, Inc., Fullerton, CA, USA) 166 

using anti-mouse MOMA2-FITC (macrophage) or anti-mouse 7/4 (neutrophil) as previously 167 

reported (33). Measurement of Interferon-γ (INFγ), IL-17 and CXCL1 in BALF and TNFα and 168 

IL-6 in serum was performed using Quantikine® mouse ELISA kit (R&D systems, Inc., 169 

Minneapolis, MN, USA). MDA (malondialdehyde) analysis was also performed using 170 

OxiSelect® TBARS Assay Kit (MDA Quantitation; Cell Biolabs Inc, San Diego, CA, USA).  For 171 

histology, whole lungs were fully inflated by intratracheal perfusion with 10% paraformaldehyde 172 

in PBS. Lungs were then dissected and placed in the fresh paraformaldehyde solution. Routine 173 

histological techniques were used to paraffin-embed this tissue, and 4-μm sections of whole lung 174 

were stained with hematoxylin and eosin, and Grocott stain kit (Silver stain kit, Sigma HT100A). 175 

Statistical analysis: 176 

  Results are expressed as means ± standard error of the mean (SEM). Multiple comparison was 177 

performed by ANOVA followed by Dunnett's multiple comparison test performed using the 178 

PRISM 6® software program (GraphPad Software Inc., San Diego, CA, USA). The comparison 179 

between 2 groups was performed by unpaired t-test with Welch's correction or Mann-Whitney 180 

test. The ID50 value was also calculated from dose-response curve using a nonlinear regression 181 

analysis with three parameter fitting using the PRISM 6® software program when more than 3 182 

doses were tested. To facilitate the modelling, we kept constant the lower and the maximal 183 

effects (as 0 and 100%). The 95% confidence intervals were also calculated.  For the case that 184 

only two doses were tested, the estimated ID50 value was calculated by linear regression for 185 

information.  Statistical significance was defined as P<0.05.   186 
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RESULTS 187 

MICs for ATCC13073 strain 188 

The susceptibility of A. fumigatus (ATCC13073) to PC945 was determined by EUCAST and 189 

CLSI methods and compared with those to voriconazole and posaconazole. In EUCAST test, 190 

MIC values of PC945, posaconazole and voriconazole were 0.094, 0.094, 0.50 mg/L, 191 

respectively. In CLSI test, MIC values of PC945, posaconazole and voriconazole were 0.031, 192 

0.031, 0.50 mg/L, respectively. Thus, in both tests, the ATCC13073 strain was highly susceptible 193 

to PC945, which was equal to those of posaconazole, and 5.3 and 16 fold more potent than 194 

voriconazole in EUCAST and CLSI, respectively. 195 

Effects of intranasally dosed PC945 by early and late intervention on fungal load 196 

and biomarkers of A.fumigatus infected mice 197 

A suspension of PC945 in isotonic saline (2.8, 14, 70 or 350 μg/mouse; equivalent to 0.11, 0.56, 198 

2.8 or 14 mg/kg, respectively) was dosed by intranasal injection once daily on Day 0, 1, 2 and 3 199 

post infection.  This “early intervention” regimen was found to strongly inhibit fungal load in the 200 

lung (CFU) with an ID50 value of 2.66 µg/mouse (0.13 mg/kg) (Figure 2A, Figure 3A, Table 2, 201 

Supplement Table 1), and also to decrease GM concentrations in both BALF and serum in a 202 

dose-dependent manner (both ID50: <2.8 µg/mouse (<0.14 mg/kg) as 85% inhibition was 203 

observed at 2.8 µg/mouse (Figure 2B and 2C, Figure 3B and 3C, Table 2, Supplement Table 1).  204 

Notably, 70µg/mouse (3.5 mg/kg) of PC945 produced almost complete inhibition of fungal load 205 

in the lung and GM in BALF and serum (Figure 2B and 2C), which was confirmed by histology 206 

using Grocott fungus staining (Figure 2D).  PC945 also inhibited inflammatory cell 207 

accumulation into BALF, IFNγ, IL-17 and malondialdehyde (MDA: an oxidative stress marker) 208 

levels in BALF, and TNFα and IL-6 levels in serum, all of which were elevated by A.fumigatus 209 
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infection (Figure 3D – I, Table 2, Supplement Table 2). Intranasal dosing with either 210 

posaconazole or voriconazole also inhibited infection, but neither compound was as potent as 211 

PC945 (Figure 2A- C, Figure 3A-H, Table 3, supplement Table 3). For example, PC945 was 212 

more than 109 and 19 times more potent than voriconazole and posaconazole, respectively, on 213 

GM in BALF, and 105 and 3 times more potent than voriconazole and posaconazole on CFU in 214 

lung tissue (Table 2). 215 

Using the “Late intervention” regimen (once daily on days 1, 2 and 3 post infection), PC945 (14, 216 

70 or 350 μg/mouse: 0.70, 3.5, 17.5 mg/kg) also dose-dependently inhibited fungal load in lung 217 

tissue (CFU), and decreased GM concentrations in both BALF and serum in a dose-dependent 218 

manner (Figure 3A – C, Supplement Table 1).  At the lowest dose evaluated (14 μg/mouse 219 

(0.70mg/kg)), PC945 showed more than 87% inhibition on tissue fungal load (CFU) and GM,  220 

and therefore ID50 values were not calculable and the inhibitory effects were similar to those of 221 

early intervention (Table 2).   PC945 in this regimen also inhibited inflammatory cell 222 

accumulation into BALF, the levels of IFNγ, IL-17 and MDA in BALF, and the levels of TNFα 223 

and IL-6 in serum (Figure 3D-I, supplement Table 2). The same late intervention dosing regimen 224 

with posaconazole also inhibited infection in a dose-dependent manner, but it was not as potent 225 

as PC945. For example PC945 was 12, 4 and 55 fold more potent than posaconazole on IL-17, 226 

IFNγ and MDA, respectively, based on the ID50 values (Table 2). 227 

 228 
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Effects of extended prophylaxis dosing of PC945 on biomarkers of A.fumigatus 229 

infected mice 230 

Body weight was reduced by approximately 17.5% during 3 days post-infection in the control 231 

group. Treatment for -1/+3 days improved body weight loss only slightly, but extended 232 

prophylaxis (-7/+3 days) showed remarkable improvement (Figure 4A, B and C).  In addition, 233 

extended prophylaxis with PC945 (-7/+3 days) was found to inhibit fungal load in lung tissue 234 

(CFU), GM concentrations in both BALF and serum and cytokines slightly more than the shorter 235 

period treatment (-1/3).  Furthermore, extended prophylaxis with PC945 (-7/+3) achieved the 236 

higher level of inhibitory effects on fungal load and biomarkers at much lower doses (0.56 and 237 

0.11 µg/mouse (0.028mg/kg and 0.0056 mg/kg) than  those used in previous early/late 238 

intervention study (Table 3 and 4 vs supplement Table 1 and 2, also Figure 3D vs Figure 2B).  239 

For example, PC945 showed 46% inhibition on CFU in lung at 2.8 µg/mouse (0.14 mg/kg) by 240 

early intervention (0/+3) (supplement Table 1), and the same level of inhibition was observed at 241 

0.28 µg/mouse (0.014 mg/kg) by extended prophylaxis treatment (-7/+3) (Table 3), suggesting 242 

extended prophylaxis was 10-fold more potent than early intervention. This also confirmed on 243 

serum TNFα and IL-6, where extended prophylaxis (-7/+3) was 7- and 14-fold more potent than 244 

early intervention on ID50 values, respectively. 245 

More marked difference between extended prophylaxis and shorter period treatment was 246 

observed between -7/0 and -1/0 (Figure 4 D and E, Table 3 and 4). For example, inhibitory 247 

effects at 0.56 µg/mouse were 63% for -7/0 and 7% for -1/0 on serum GM, 57% for -7/0 and 248 

12% for -1/0 on BALF GM and 79% for -7/0 and 17% for -1/0 on BALF CXCL1 (Table 3 and 4).249 
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DISCUSSION 250 

PC945 is a novel antifungal triazole which has been found to be an inhibitor of planktonic 251 

growth and bronchial epithelial cell infection by itraconazole-susceptible and resistant A. 252 

fumigatus strains in vitro with persistent action (27).  In this study, we demonstrated that topical 253 

once daily treatment of PC945 was highly effective versus fungal burden in lung tissue and 254 

several biomarkers (galactomannan, cytokines) in serum and BALF in temporarily neutropenic 255 

mice infected with A.fumigatus when compared with intranasally treated posaconazole and 256 

voriconazole. 257 

Existing triazole-type antifungal medicines, which are predominantly dosed either orally or 258 

systemically, have several common problems such as systemic unwanted effects, and poor and 259 

variable drug concentrations achieved at the site of infection (7, 34-36). Therefore, targeted 260 

pulmonary delivery by aerosolization of antifungals has gained attention to avoid systemic side 261 

effects and to achieve high local concentrations at the primary site of infection. Tolman and 262 

colleagues have demonstrated that prophylaxis with aerosolized aqueous intravenous formulation 263 

of voriconazole significantly improved survival and limited the extent of invasive disease, as 264 

assessed by histopathology, in an invasive pulmonary murine model (37). Interestingly, mice that 265 

received aerosolized voriconazole had a survival advantage over controls and those treated with 266 

amphotericin B.  267 

We also demonstrated that intranasally dosed voriconazole provided dose-dependent inhibition 268 

on GM in serum and BALF, and lung tissue fungal burden in A.fumigatus infected temporarily 269 

neutropenic mice (Figure 2A, supplement Table 1). However, voriconazole required a very high 270 

dose (1050µg/mouse=52.5mg/kg) to inhibit those measures by >80%, and the effects of 271 

voriconazole were 105, >109 and >47 fold weaker than PC945 on CFU in lung, GM in BALF 272 
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and GM in serum, respectively (Table 2). In addition, PC945 was 3, >18 and >4 fold more potent 273 

than posaconazole, which is reported to have longer tissue retention than voriconazole (38-42), 274 

on CFU in lung, GM in BALF and GM in serum (Table 2, Figure 2) despite that posaconazole 275 

and PC945 showed similar MIC on this strain in broth microdilution assay.  276 

The anti-Aspergillus activity of PC945 in vivo has been investigated in mice using two 277 

treatment regimes.  PC945 was either administered to animals on days 0, 1, 2, 3 post infection 278 

(early intervention) or days 1, 2, 3 post infection (late intervention).  PC945 showed marked 279 

effects on fungal burden in lung and biomarkers in serum and BALF by both dosing regimen and 280 

there was no significant difference in efficacy between two dosing regimens. Especially 281 

intranasal PC945 treated mice (early intervention) demonstrated no or little fungus with dark 282 

Grocott sliver stain in alveolar area in histology (Figure 2D), which was strong evidence that 283 

intranasal PC945 efficiently eliminated fungus in the lung. Thus, PC945 was able to inhibit local 284 

fungus growth quickly, and consequently reduced systemic invasion of A.fumigatus.  285 

In addition, we also investigated the effects of extended prophylaxis with PC945 on 286 

biomarkers from A.fumigatus infected mice. PC945 was treated intranasally at either 0.11 or 287 

0.56 μg/mouse either from 7 days before through to 3 days post-infection (-7/+3 days) or -7/0 288 

days, and the effects were compared with shorter treatment period (-1/+3 or -1/0 days), 289 

respectively.  In these studies the dose was almost 25-fold lower than that used in the early and 290 

late intervention studies discussed above. Prophylaxis with PC945 was found to inhibit fungal 291 

load in the lung, the GM concentrations in both BALF and serum and cytokines, and the 292 

inhibitory effects of prophylaxis (-7/+3) were more than 10-fold more potent than either early or 293 

late intervention (Table 3 and 4, supplement Table 1 and 2).   Furthermore, the data suggested 294 

accumulation of antifungal effects in the lung on repeat dosing, since 7 days prophylaxis (-7/+3 295 
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or -7/0) produced greater anti-fungal effects than did a single day prophylaxis (-1/+3 or -1/0).  In 296 

particular, the persistence of PC945 action in the lung, which could contribute to an 297 

accumulation of effect, was suggested by the observation that prophylaxis treatment (-7/0) 298 

generated superior antifungal effects than resulted from -1/0 days treatment, as the antifungal 299 

effects were evaluated on day 3 after stopping treatment. 300 

In our temporarily neutropenic model, IFNγ and IL-17 in BALF and TNFα and IL-6 in 301 

serum were significantly increased in BALF from Aspergillus infected mice. Significant 302 

increases in IL-17, IL-8 and/or IFNγ in response to Aspergillus antigen or infection have been 303 

observed in human epithelial cells or blood mononuclear cells (43-45) . Studies in an in vivo 304 

murine model also showed that lung fungal growth was associated with elevated lung IL-17 and 305 

IFNγ levels (46). Bronchial epithelial cells are known to be a major source of IL-8 and IL-17 in 306 

vitro. IL-8 (KC/CXCL1 in mice) is a chemotactic factor for activator of neutrophils, which is 307 

stimulated with IL-17 in epithelial cells. In addition, IFNγ is known to be an anti-microbial 308 

factor. Thus, those cytokines are important factors for innate immunity although those are also 309 

acknowledged as biomarkers of Aspergillus infection as they are elevated after infection/invasion. 310 

In this manuscript, we demonstrated that PC945 strongly inhibited A.fumigatus infection induced 311 

elevation of IL-17, IFNγ and CXCL1 in mice with greater potency than either posaconazole or 312 

voriconazole. This does not mean that PC945 inhibited Aspergillus infection-induced innate 313 

immunity, and the data is believed to demonstrate that PC945 showed reduction of those 314 

cytokines as consequence of inhibition of fungus growth in lung. In fact, we found that PC945 315 

did not inhibit IL-17, IFNγ, CXCL1 and other cytokines stimulated by non-fungus stimulation 316 

(Cytostim-T lymphocyte activator) in human PBMCs (supplement Figure 1).   317 
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In addition, we also found that the oxidative stress marker, malondialdehyde (MDA) was 318 

increased in BALF from Aspergillus infected mice. Increased formation of oxygen radicals has 319 

previously been shown in alveolar macrophages (AM) challenged with Cryptococcus 320 

neoformans, Candida albicans and A.fumigatus without alteration of AM cell viability(47). In 321 

addition, human epithelial cells are a potential source of reactive oxygen in response to Dectin-322 

1(48). Interestingly, some Aspergillus fumigatus have detoxifying systems for reactive oxygen 323 

species, such as catalases and superoxide dismutase, which are essential for virulence (49).  324 

Furthermore, A.fumigatus is known to have the ability to generate reactive oxygen species (ROS) 325 

by itself (50), which may contribute to invasiveness of A.fumigatus and inflammatory response 326 

of the host cells. 327 

The limitation of this study was a lack of pharmacokinetic measurement of PC945 in 328 

mice during infection to explain the superiority of PC945 compared with voriconazole and 329 

posaconazole. PC945 has been optimised for topical treatment to the lung to maximize local 330 

exposure and minimise systemic exposure. Systemic concentrations of drug are therefore not a 331 

useful surrogate marker to help explain the different anti-fungal efficacy of compounds. 332 

However, we have some data demonstrating that limited systemic exposure does occur. In 333 

preliminary studies using non-infected A/J mice, intranasal treatment of PC945 (70µg/mouse, 334 

approximately 3.5mg/kg, in) showed limited but measurable systemic exposure (PC945 content 335 

in serum (ng/ml): 0.64±0.61 at 12hrs post treatment (detectable in 7 out of 8 animals), 0.26±0.13 336 

at 24 hrs post treatment (detectable in 4 out of 8 animals)). In addition, PC945 dosed 337 

intratracheally with 40 µL of a 2 mg/mL aqueous suspension showed the plasma concentration 338 

range of 37.8 ~ 55.8 ng/mL 2 hours post dose and 2.1 ~ 2.8 ng/mL 24 hours post dose.  Under 339 

the same conditions, the plasma concentrations achieved with posaconazole were 2.96 ~ 23.6 340 
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ng/mL 2 hrs post dose and 15.6 ~ 125 ng/mL 24hrs post dose. Thus, after single doses the 341 

maximum concentrations achieved were not too different, but the time profiles are hugely 342 

different with posaconazole, demonstrating a much higher AUC than is apparent for PC945. As 343 

PC945 has no or little oral availability (unpublished data), the exposure results from absorption 344 

through the respiratory tract (not by the compounds accidentally swallowed). In addition, we 345 

carefully optimised the intranasal dosing volume, and based on the publication (32), 346 

approximately 60% of the administered dose will be deposited in lung after intranasal treatment 347 

of 35uL. 348 

In addition, all compounds are water insoluble, and administered topically (exposed to 349 

respiratory tract directly). We do not, therefore, believe that water solubility is a key factor 350 

explaining the in vivo efficacies or topical exposure levels. As shown in all fungal and cytokine 351 

biomarker results, PC945 was superior to posaconazole and voriconazole despite of that MIC 352 

values on this Af strain were not so different. Our speculation will be, 1. Persistent action: 353 

PC945 has been demonstrated to have longer duration of action in bronchial epithelial cells and 354 

hypha (27). This might have contributed to superior antifungal activity by current once daily 355 

regimen. 2. Accumulation: Our rat study demonstrated that PC945 was accumulated in lung after 356 

repeat daily dosing (unpublished data). In addition, we have demonstrated here that 7 day 357 

prophylactic treatment (using very low doses) produced much greater anti-Aspergillus activity 358 

than prophylactic treatment for 1 day, and also that the effects of 7 day prophylactic treatment 359 

are maintained if treatment cease when Aspergillus is inoculated on day 0 (Figure 4D, E, Table 3 360 

and 4).  This is powerful pharmacodynamic evidence that the effects of PC945 accumulate on 361 

daily dosing in mice and are maintained when dosing is terminated. 3. Recently, Baistrocchi and 362 

colleagues published that posaconazole was accumulated in granulocyte type cells and it 363 
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enhanced synergic anti-fungal effects (by exposure of  cellular posaconazole during 364 

phagocytosis) (51). Considering to persistent action of PC945, granulocyte/macrophages 365 

containing PC945 contributed to further enhancement of anti-fungal agent. 366 

 367 

Thus, intranasally dosed PC945 showed more potent inhibition of fungal load, GM 368 

concentrations and A. fumigatus-dependent inflammation than intranasal treatment with either 369 

posaconazole or voriconazole.  The data suggests that the antifungal effects in the lung of PC945 370 

accumulated on repeat dosing and that these effects are persistent. Thus, PC945 has the potential 371 

to be a novel inhaled therapy for the prevention or treatment of A.fumigatus lung infection in 372 

humans.  373 
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FIGURE LEGEND 537 

FIGURE 1 Chemical stricture of PC945 (A) and an experimental protocol with dosing regimen 538 

(B). A.fumigatus (ATCC13073) and compounds (aqueous suspension) were given intranasally.  539 

FIGURE 2 Effects of intranasally dosed PC945, posaconazole or voriconazole (early 540 

intervention) on biomarkers in A.fumigatus infected mice. Fungal burden in lung tissue (A), 541 

galactomannan in serum (B), galactomannan in serum (C), Haematoxylin eosin staining (H&E) 542 

and Grocott fungus staining (x200) in lung section (D). Compounds were dosed on Day 0 (30 543 

min before infection), Day1, 2, 3 post infection, and lung, BALF and serum were collected 6 hrs 544 

after the final dose. *p<0.05, Kruskal-Wallis (Dunn’s comparison as post-hoc analysis). 545 

FIGURE 3 Inhibitory effects of intranasally dosed PC945 (early intervention [closed circle]:  546 

late intervention [open circle]) and posaconazole (early intervention [closed square]:  late 547 

intervention [open square] with dotted line) on biomarkers in A.fumigatus infected mice. Fungal 548 

burden in lung tissue (A), galactomannan in serum (B), galactomannan in serum (C), neutrophils 549 

in BALF (D), macrophages in BALF (E), IL-17 in BALF (F), MDA in BALF (G), IFNγ in 550 

BALF (H) and IL-6 in serum (I).  551 

FIGURE 4 Effects of extended prophylaxis of intranasal PC945. Body weight loss post infection 552 

in control infected mice (A), mice treated with PC945 on days -7  to 3 (B), mice treated with 553 

PC945 on days -1  to 3   (C). Galactomannan in serum (D) and CXCL1 (E) in BALF from mice 554 

treated with PC945 on days -7 to 3 (-7/3), days -1 to 3 (-1/3), days -7 to 0 (-7/0) and days -1 and 555 

0(-1/0). *p<0.05, ***p<0.001 vs infection control, Kruskal-Wallis (Dunn’s comparison as post-556 

hoc analysis) 557 

  558 
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 559 

TABLE 1 Dose unit conversion 560 

 561 

Stock solution for intranasal 
treatment (mg/mL) 

µg/mouse mg/kg 
(estimated as the body 

weight of 20g) 
0.016 0.56 0.028 
0.08 2.8 0.14 
0.4 14 0.70 
2 70 3.5 
10 350 17.5 

  562 
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 563 

TABLE 2 ID50 values for early intervention and late intervention with PC945, voriconazole or posaconazole on biomarkers in BALF and 564 

serum in Aspergillus fumigatus infected, immuno-compromised, neutropenic mice 565 

ID50 intranasal 
µg/mouse (mg/kg) 

[95% confidence, 
µg/mouse] 

Early Intervention Late Intervention 
PC945 Voriconazole Posaconazole PC945 Posaconazole 

CFU lung 2.66 (0.13) 278 (13.9) 8.23 (0.41) <14 (0.70) 12.0 (0.60) 
 [1.09 - 6.46] [160 - 485] [3.98 - 17.0] [N/A] [3.34 - 42.8] 
GM  BALF <2.8 (0.14) 304 (15.2) 50.6 (2.53) <14 (0.70) 24.2 (1.21) 

 [N/A] [176 - 525] [19.6 - 130] [N/A] [17.1 - 34.2] 

GM  serum <2.8 (0.14) 132 (6.58) 11.5 (0.58) <14 (0.70) 23.6 (1.18) 

 [N/A] [61.0 - 283] [6.25 - 21.3] [N/A] [14.7 - 37.8] 

Neutrophil BALF 23.6 (1.2) 451 (22.5) 31.5 (1.57) 281 (14.1) 549 (27.4) 
 [12.9 - 43.4] [231 - 880] [20.9 - 47.5] [166 - 476] [284 - 1060] 
Macrophage BALF 14.0 (0.70) 918 (45.9) 26.1 (1.30) 168 (8.41) 491 (24.6) 
 [7.21 - 27.3] [492 - 1690] [16.2 - 42.1] [88.1 - 321] [268 - 901] 
IL-17 BALF 4.2 (0.21) 943 (47.1) 20.6 (1.03) 12.5 (0.62) 154 (7.72) 
 [2.11 - 8.37] [352 - 2530] [11.8 - 36.0] [8.63 - 18.0] [93.3 - 256] 

 on June 23, 2017 by Im
perial C

ollege London
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


AAC (Research article, Kimura et al) 

26 
 

 566 

 567 

 568 

 569 

 570 

 571 

ND: not done, 572 
N/A: not applicable, CFU=colony forming unit, GM=galactomannan, BALF=bronchoalveolar lavage fluid; IFNγ=interferon gamma; IL-573 
17=interleukin 17; MDA=malondialdehyde; N=number. 574 
 575 

 576 

  577 

IFNγ BALF 3.04 (0.15) 585 (29.3) 9.43 (0.47) 20.9 (1.04) 82.0 (4.10) 

 [1.62 - 5.71] [266 - 1290] [6.01 - 14.8] [11.4 - 38.1] [52.9 - 127] 

MDA BALF 4.83 (0.24) 669 (33.4) 36.8 (1.84) 6.29 (0.31) 348 (17.4) 
 [3.04 - 7.69] [416 - 1076] [13.3 - 101] [3.95 - 10] [195 - 619] 
TNFα serum 3.33 (0.17) ND ND 6.04 (0.30) ND 
 [1.90 - 5.84] [N/A] [N/A] [3.55 - 10.3] [N/A] 
IL-6 serum 4.69 (0.23) ND ND 3.94 (0.20) ND 

 [2.68 - 8.21] [N/A] [N/A] [2.37 - 6.56] [N/A] 
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TABLE 3 Effects of repeated prophylactic dosing of PC945 on fungal load (CFU) in 578 

lung and galactomannan concentrations in BALF and serum in Aspergillus 579 

fumigatus infected, immuno-compromised, neutropenic mice  580 

BALF=bronchoalveolar lavage fluid; CFU=colony forming units; COI=cut off index; 581 

GM=galactomannan; N=number. 582 

The data for fungal load and GM are shown as the mean ± standard error (SD); N=5. 583 

Percentage inhibition with respect to vehicle.584 

Treatment 
Regimen 

N Dose 
(µg/mouse)

Values (% inhibition of response) 
CFU 

(mg of lung) 
GM in BALF  

(COI) 
GM in serum 

(COI) 
Vehicle + Conidia 5 None 34.7 ± 10.7 5.1 ± 0.9 4.3 ± 1.0 

       -7 ~ 3 5 0.11 8.3 ± 2.0 (76) 2.6 ± 0.36 (49) 1.8 ± 0.43 (58)
       -1 ~ 3 5 0.11 9.5 ± 3.3 (73) 2.8 ± 0.71 (45) 2.2 ± 0.69 (49)
       -7 ~ 3 5 0.56 5.0 ± 2.3 (86) 1.7 ± 0.39 (67) 1.4 ± 0.20 (67)
       -1 ~ 3 5 0.56 6.7 ± 1.7 (81) 2.3 ± 0.52 (55) 1.7 ± 0.59 (60)
       -7 ~ 0                  5 0.56 6.1 ± 2.8 (82) 2.2 ± 0.61 (57) 1.6 ± 0.41 (63)
       -1 ~ 0 5 0.56 13.1 ± 2.6 (62) 4.5 ± 0.50 (12) 4.0 ± 0.88 (7) 
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TABLE 4 Effects of repeated prophylactic dosing of PC945 on macrophage and neutrophil accumulation into the BALF of Aspergillus 585 

fumigatus infected, immunocompromised, neutropenic mice  586 

Treatment N Dose  
(µg/mo

use) 

Cell numbers in BALF 
x105/mL 

(% inhibition) 

Biomarkers in BALF 
(% Inhibition) 

Biomarkers in serum 
(% Inhibition) 

Macrophage Neutrophil CXCL1 
(ng/mL) 

IL-17 
(pg/mL) 

MDA 
(µg/mL) 

IL-6 
(pg/mL) 

TNFα 
(pg/mL) 

Vehicle + 
Conidia 5 None 0.60 ± 0.082 0.48 ± 0.14 5.3 ± 1.4 21.9 ± 10.4 1.3 ± 0.23 247 ± 80.1 32.5 ± 9.59 

       -7 ~ 3 5 0.11 0.50 ± 0.062  
(17) 

0.41 ± 0.15  
(15) 

2.3 ± 0.48  
(57) 

11.4 ± 2.2  
(48) 

0.93 ± 0.14 
(28) 

161 ± 25.2  
(35) 

20.0 ± 3.02 
(38) 

       -1 ~ 3 5 0.11 0.53 ± 0.058  
(12) 

0.40 ± 0.025  
(17) 

3.2 ± 1.4  
(40) 

 14.6 ± 4.3  
(33) 

1.0 ± 0.14  
(23) 

172 ± 21.5 
(30) 

19.9 ± 6.44   
 (61) 

       -7 ~ 3 5 0.56 0.46 ± 0.070  
(23) 

0.36 ± 0.054  
(25) 

0.90 ± 0.34 
(83) 

8.2± 1.6  
(63) 

0.66 ± 0.16 
(49) 

101 ± 18.1  
 (59) 

13.0 ± 2.82  
 (60) 

       -1 ~ 3 5 0.56 0.49 ± 0.062  
(18) 

0.38 ± 0.082  
(21) 

2.6 ± 1.8  
(51) 

12.7 ± 4.4  
(42) 

0.78 ± 0.20 
(40) 

143 ± 53.2  
(42) 

17.4 ± 10.2  
(46) 

       -7 ~ 0             5 0.56 0.49 ± 0.072  
(18) 

0.38 ± 0.046  
(21) 

1.1 ± 0.67  
(79) 

9.9 ± 1.8  
(55) 

0.71 ± 0.15 
(45) 

121 ± 28.1  
(51) 

15.0 ± 5.20  
(54) 

       -1 ~ 0 5 0.56 0.54 ± 0.10  
(10) 

0.43 ± 0.11  
(10) 

4.4 ± 1.1  
(17) 

19.6 ± 3.2  
(11) 

1.2 ± 0.13  
(14) 

215 ± 27.9  
(13) 

27.3 ± 4.64  
(16) 

The data are shown as the mean ± standard error (SD); N=5. Percentage inhibition with respect to vehicle. BALF=bronchoalveolar lavage fluid; 587 

CXCL1=chemokine (C-X-C motif) ligand 1; IL-17=interleukin 17; MDA=malondialdehyde; N=number 588 
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