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Abstract 12 

The need for safe and effective antiviral treatments is pressing, particularly given the number of 13 

viral infections that are prevalent in animal and human populations, often causing devastating 14 

economic losses and mortality. In the context of the current coronavirus pandemic, which has 15 

highlighted how devastating the effects of a virus can be on a naïve population, it is imperative to 16 

have rigorous and unbiased data on the efficacy and safety of potential antiviral treatments, 17 

particularly those that have demonstrated virucidal effects as a disinfectant, are being considered 18 

for use despite warnings on their potential toxicity, but no not have empirical evidence of their 19 

antiviral effect in vivo. Here, we tested the effect of chlorine dioxide (ClO2) on chick embryos 20 

infected with avian infectious bronchitis coronavirus (IBV). We determined virus-induced mortality 21 

on 10-day old embryos inoculated with 104 mean EID50/mL of attenuated Massachusetts and 22 

Connecticut IBV strains. We determined viral titres using RT-qPCR and conducted histopathological 23 

examination of various tissues and organs. Viral titres were 2.4-fold lower and mortality was 24 

reduced by half in infected embryos that were treated with ClO2. Infection led to developmental 25 

abnormalities regardless of treatment. Lesions typical of IBV infections were observed in all 26 

inoculated embryos, but severity tended to be lower in ClO2-treated embryos. We found no gross 27 

or microscopic evidence of toxicity caused by ClO2 at the doses used herein. Our study shows that 28 

ClO2 could be a safe and viable option for controlling avian coronavirus, and raises the possibility 29 

that similar effects could be observed in other organisms.  30 
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Introduction 33 

Since its start in January 2020, the COVID19 outbreak quickly reached pandemic proportions with 34 

a steep rise in mortality and mounting pressure on health services worldwide, as well as marked 35 

damage to the economy (Duan et al., 2020; Nicola et al., 2020). The pandemic has evidenced that 36 

our available repertoire of antiviral drugs is insufficient. Existing antiviral [remdesivir (Wang et al., 37 

2020) and lopinavir/ritonavir (Kim et al., 2020; Lim et al., 2020)], anti-inflammatory 38 

[dexamethasone (Villar et al., 2020)], and immunomodulatory drugs [chloroquine (Borba et al., 39 

2020), hydroxychloroquine (Meo et al., 2020; Sinha and Balayla, 2020), and ivermectin (Caly et al., 40 

2020; Heidary and Gharebaghi, 2020)], have been proposed as treatment following clinical trials. 41 

However, except for dexamethasone, none of these drugs are currently recommended by the 42 

World Health Organization to treat COVID19 patients other than outside the context of clinical 43 

trials due to serious side effects (WHO, 2020). Despite this recommendation, remdesivir has 44 

already been approved in some countries for emergency use in patients with severe COVID19 45 

symptoms, as it decreases the duration of hospitalization and shows a modest reduction of 46 

mortality rates in severely afflicted patients (Beigel et al., 2020). However, given that this drug 47 

costs 2,430 USD per treatment1, it is unlikely to be a sustainable option for developing countries, 48 

such as those in Latin America, where the number of new COVID19 cases continues to grow 49 

steadily. With nearly 38 million confirmed infections worldwide and more than one million deaths 50 

at the time of writing this paper, the need for effective and safe options to treat COVID19 patients 51 

is urgent.  52 

The surge in COVID19 cases and the lack of effective treatments have led to a growing number of 53 

informal reports and testimonials across social networks regarding the oral and intravenous use of 54 

                                                             
1 https://www.gilead.com/news-and-press/press-room/press-releases/2020/6/an-open-letter-from-daniel-
oday-chairman--ceo-gilead-sciences 
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chlorine dioxide (ClO2) solution as an efficacious treatment of COVID19. In an unprecedented 55 

move, the Senate of Bolivia authorized the extraordinary use of ClO2 to “manufacture, sell, supply 56 

and use ClO2 to prevent and treat COVID19” (law PL N° 219/2019-2020 CS approved 15 July 2020).  57 

This situation has sparked concern from health agencies of various countries regarding the 58 

potential toxicity of using this disinfectant as a treatment, given that ClO2 has strong oxidative 59 

properties. Chlorine dioxide, a gas that is highly soluble in water, has been known since 1946 for 60 

its broad antimicrobial properties (Sigstam et al., 2014), for which it is commonly used to purify 61 

water for human consumption, decontaminate produce and other food items (López-Gálvez et al., 62 

2018), and disinfect surgical instruments (Doona et al., 2014). According to the Food and Drug 63 

Administration (FDA) of the US, consuming ClO2 can lead to adverse effects such as 'vomiting, 64 

diarrhoea, dehydration, abdominal pain, metahemaglobinemia and systemic failures that could 65 

potentially lead to death'. However, an impartial review of the scientific peer-reviewed literature 66 

reveals few case reports of human patients presenting adverse effects after consumption of ClO2, 67 

none of which were fatal, and in all cases reversed completely after treatment (Kishan, 2009; 68 

Bathina et al., 2013; Romanovsky et al., 2013; Loh and Shafi, 2014). Published studies on ClO2 69 

toxicity have reported null to mild effects in adult humans and other animals (e.g. Lubbers et al., 70 

1982; Akamatsu et al., 2012; Ma et al., 2017) and have stressed that toxicity is strongly dose-71 

dependent (Bercz et al., 1982; Hose et al., 1989; Ma et al., 2017). Interestingly, despite the voiced 72 

concerns, there are two drugs based on acidified sodium chloride (a precursor for generation of 73 

ClO2, named NP001 and WF10) that have been used intravenously in humans to treat diverse 74 

conditions, including diabetic foot ulcer and amyotrophic lateral sclerosis (ALS), without reporting 75 

adverse reactions (Yingsakmongkol et al., 2011; Yingsakmongkol, 2013; Miller et al., 2015; 76 

Maraprygsavan et al., 2016). 77 
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The virucidal effect of ClO2 when used as a disinfectant of water and hard surfaces is well 78 

documented. Specifically, there is evidence of virucidal activity against echovirus (Zhong et al., 79 

2017), enterovirus (Jin et al., 2013), poliovirus (Simonet and Gantzer, 2006), rotavirus (Chen and 80 

Vaughn, 1990), norovirus (Lim et al., 2010; Montazeri et al., 2017), calicivirus (Montazeri et al., 81 

2017), and coronavirus (Wang et al., 2005). However, to date, there are few publications that 82 

explore potential antiviral effects in vitro and in vivo. One of the few studies available found that 83 

mice that were exposed to influenza A virus in an environment that contained aerosolized ClO2 84 

had significantly lower mortality than mice that were solely exposed to Influenza A virus (Ogata 85 

and Shibata, 2008). The authors reported that the antiviral effect was due to denaturation of 86 

hemaglutinin and neuraminidase glicoproteins, a finding that concurs with previous studies that 87 

explain the virucidal mechanism of action of ClO2 due to oxidation of amino acid residues that are 88 

key for cell entry (Noss and Olivieri, 1985; Ison et al., 2006; Stewart et al., 2008). More recently, 89 

the antiviral mechanism of action of ClO2 was investigated in vitro using pig alveolar macrophages 90 

and MARC-145 cells exposed to the porcine reproductive and respiratory syndrome virus 91 

(PRRSV1), finding that the chemical also inhibits the synthesis of pro-inflammatory molecules that 92 

contribute to the pathogenesis of this disease (Zhu et al., 2019). The authors concluded that viral 93 

synthesis of RNA and proteins was impeded by ClO2, leading to a reduction in viral replication. 94 

Despite these studies, to date there has been no published report of an in vivo assessment of the 95 

antiviral effect of ClO2. Here, we have investigated the effect of a ClO2 solution in 10-day old chick 96 

embryos inoculated with attenuated avian infectious bronchitis coronavirus (IBV) Massachusetts 97 

and Connecticut vaccine strains, which are pathogenic for birds during their embryonic stages of 98 

development (Tsai et al., 2016).  99 

Methods 100 

Chick embryo inoculation 101 
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We used 30 10-day old SPF RossxRoss chick embryos (Pilgrims, Mexico) incubated at 38°C and 65-102 

70% humidity (Guy, 2015). Embryos were placed at random within the incubator to avoid any 103 

slight variation in humidity and temperature that could affect results. Prior to starting the 104 

experiment, all embryos were candled to ensure their viability, and were examined daily to search 105 

for evidence of death (presence of blood ring or lack of visible eggshell membrane blood vessels). 106 

Five chick embryos were assigned to each of the six experimental groups and treated accordingly 107 

(see Table 1). In all cases, embryos were inoculated via the chorioallanotic sac, as recommended 108 

for avian coronavirus replication (Jordan and Nassar, 1973; Escorcia et al., 2002). Before 109 

inoculation, the eggshell was disinfected with 70% ethanol and 3.5% iodine (Guy, 2015). Using the 110 

tip of sterile scissors, a hole was drilled in the eggshell over a 1 cm2 transparent tape film and a 111 

sterile 1ml syringe with a 28-g 5/16" needle was used to administer the treatment directly into the 112 

allantoic cavity as indicated in Table 1. All procedures were carried out aseptically. After 113 

inoculation, the drilled hole was sealed with a drop of glue and the embryo was returned to the 114 

incubator. Inoculation of every embryo was performed by a single person to ensure experimental 115 

variation was kept at a minimum. Embryos were candled daily to determine mortality. As there 116 

was no death recorded within the first 24 h post-inoculation, none of the embryos were discarded 117 

from the experiment. 118 

 119 

Macroscopic examination 120 

Seven days after inoculation, embryos were sacrificed according to the American Veterinary 121 

Medical Association guidelines on humane treatment and euthanasia of chick embryos over 13 122 

days of age (AVMA 2020). The embryos were placed at 4 °C for 4 h to ensure blood coagulation 123 

and avoid contamination of the allantoic fluid (Guy, 2015). Next, each egg was placed on a firm 124 
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surface with the air chamber facing upwards. The eggshell over the air chamber was disinfected 125 

with 70% ethanol and 3.5% iodine (Guy, 2015) and using sterile scissors, the eggshell and 126 

chorioallantoic membrane were removed to expose the allanotic fluid. A sterile pipette was used 127 

to aspirate 750 µl of the fluid and transfer it to a sterile cryovial before storage at −70 °C. Next, the 128 

embryo was removed from the eggshell using sterile dissection forceps and placed in a sterile Petri 129 

dish to be photographed.  130 

Each embryo was cleaned with distilled water to remove any remaining albumin, vitellus and 131 

amniotic fluid before its mass was determined with a precision scale (±0.1 mg). Embryonic axis 132 

length was measured with digital callipers (± 0.1 cm). After decapitation with a sterile scalpel 133 

blade, each embryo was examined for macroscopic lesions typically caused by avian coronavirus, 134 

such as cutaneous haemorrhages, stunting, curving, urate deposits in the kidney and feather 135 

alterations (Escorcia et al., 2002; Alexander D.J. and D.A. Senne, 2008). Chick embryos were 136 

considered to have died during the experiment when there was evidence of disconnected or 137 

detached blood vessels of the chorioallantoic membrane or their organs exhibited imbibition of 138 

haemoglobin. Further evidence of mortality was determined by examining the presence of 139 

autolysis at microscopic examination.  140 

For each chick embryo, both femurs were dissected and their length was determined and 141 

averaged with a digital calliper as a surrogate measure of chick development. We collected 142 

samples of all organs and tissues, including those known to be affected by the Massachusetts and 143 

Connecticut strains of avian coronavirus, namely trachea, lung, proventricle, duodenum, liver, 144 

kidneys and the Bursa of Fabricius (Escorcia et al., 2002; Cavanagh, 2003, 2007; Tsai et al., 2016), 145 

and those reportedly affected by exposure to ClO2, namely thyroid (Bercz et al., 1982; Harrington 146 

et al., 1986), thymus, spleen and bone marrow (EPA, 2000).  147 
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Microscopic examination 148 

Samples were cut longitudinally at their mid-section and immersed in 10% buffered formalin, pH 149 

7.4. Fixed samples were paraffin-embedded and sectioned at 3 µm with a microtome before being 150 

stained with haematoxylin-eosin for microscopic examination. The slides were observed under the 151 

microscope at 40X and 100X.   152 

To assess haematopoietic status, bone marrow preparations were used for a 200-cell differential 153 

count to classify the marrow precursors and to determine the myeloid:erythroid (M/E) ratio for 154 

each embryo. This ratio was obtained by dividing the sum of all the granulocytic cells by the sum of 155 

all the erythrocytic cells (Schalm and Jain, 1986). 156 

Virus quantitation by RT-qPCR 157 

The virus was quantified in the allantoid fluid with an RT-qPCR protocol (Naguib et al., 2017). 158 

Briefly, RNA was extracted by adding 700 µL of Trizol (Invitrogen) to 500 µL of each sample. The 159 

sample was incubated for 10 min at ambient temperature. Next, 200 µL of chloroform were 160 

added, mixed by inversion, and centrifuged at 12,000 g for 10 min at 4 °C. The aqueous phase was 161 

transferred to a sterile microtube, and 500 µL of isopropanol were added. The sample was 162 

centrifuged at 12,000 g for 10 min at 4 °C prior to decanting the supernatant. The pellet was 163 

washed with 500 µL of cold 70% ethanol, centrifuged at 7,500 g for 5 min at 4 °C and the 164 

supernatant was removed completely. The dry pellet was resuspended in 12 µL of nuclease-free 165 

water and centrifuged at 7,500 g for 1 min at 4 °C. Quantity and quality of the extracted RNA was 166 

examined in a Nanodrop (Qiagen) spectrophotometer and all samples were diluted to 35 ng/mL 167 

RNA before retrotranscription. 168 

cDNA synthesis was performed with oligo dT and MLV reversotranscriptase (Invitrogen)according 169 

to the manufacturer's instructions. Briefly, we used 8 μL of RNA, 1 μL of Oligo DT (50 ng/μL), 1 μL of 170 
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10 mM dNTP and 2 μL of nuclease-free H2O. The reactions were incubated at 65 °C for 5 min and 171 

placed on ice for 1 min. Seven μL of the kits cDNA synthesis mix, which contains 4 μL 5X First-Strand 172 

Buffer, 2 μL 0.1 M DTT and 1 μL RNAse and DNAse free H2O, were added prior to mixing by pipetting 173 

and incubating at ambient temperature (~25 °C) for 2 min. We added 1 μL pf SuperScript II RT, mixed 174 

by pipetting and incubated at ambient temperature for 10 min. The reactions were incubated at 42 175 

°C for 50 min and inactivated at 70 °C for 15 min. All cDNA samples were stored at -20°C until used. 176 

A 100 bp fragment of the avian coronavirus N gene was amplified using primers IBV-pan_FW-1 (5'-177 

CAG TCC CDG ATG CNT GGT A) and IBV-pan_RV (5'-CC TTW SCA GMA ACM CAC ACT) (Naguib et al., 178 

2017). Quantitation was done with SYBR Green qPCR (Qiagen) in a real-time thermal cycler (CFX 179 

connect, Biorad) under the following protocol:  45 °C for 10 min, initial denaturation at 95 °C for 10 180 

min and 35 cycles of 95 °C for 15 s, 52 °C for 15 s, and 68 °C for 30 s, with a final extension step at 181 

68 °C for 10 min. We used a cDNA sample extracted from 500 µL of the vaccine as a positive control 182 

(the vaccine contained 104 mean embryo infective dose (EID50)/mL of coronavirus strains 183 

Massachusetts and Connecticut). A linear regression was used to calculate the correlation 184 

coefficient (R2 = 0.99) and the slope value (b = -5.062) of the RNA copy number and Cq values using 185 

a 10-fold dilution of the vaccine (104 to 10-1; see standard curve in Supplementary material). The 186 

number of viral RNA copies (hereafter viral load) was determined by comparing the Cq against this 187 

standard curve (Naguib et al., 2017). All cDNA samples were diluted 1:10 prior to running the qPCR 188 

assays. 189 

Statistical analyses 190 

Contingency tables were built to investigate differences in the number of dead vs. live chick 191 

embryos between experimental groups. The relative risk of developing virus-related lesions 192 

between treated and un-treated embryos was calculated using Fisher exact tests to estimate 193 
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significance. Body mass, morphometrics, viral load, and lesion severity were compared among 194 

groups by one-way ANOVA and post-hoc Tukey HSD tests. All analyses were performed in R 195 

version 3.6.3 (R Core Team, 2016). Contingency tables, Fisher exact p-values and odds ratios were 196 

calculated with R package Epitools version 0.5-10.1. 197 

Bioethics statement 198 

This study was carried out in compliance with the American Veterinary Medical Association 199 

(AVMA) guide for humane treatment of chick embryos and approved by the Autonomous 200 

University of Queretaro Research Ethics Committee. 201 

 202 

Results 203 

Avian coronavirus RNA was detected in all of the embryos that were inoculated with the vaccine 204 

(n=15, in all cases Cq <40). The viral load varied significantly between treatments (ANOVA; 205 

F2,12=4.421, p=0.036; Fig. 1), being 2.4 times higher in the untreated embryos. The average viral 206 

load of ClO2-treated chicks was 104.3/mL, range: 103.66 – 105.03 and of untreated chicks was 207 

104.83/mL, range: 104.52 – 105.01, respectively (Tukey HSD, Group E vs. F, p = 0.03). There were no 208 

differences in the viral load between both ClO2-treated groups (p>0.05). 209 

Embryo mortality varied among groups (Fig. 2) and differed significantly between virus-inoculated 210 

and virus-free embryos (Pearson's Chi2 = 7.78; p = 0.004), reaching 80 % (4/5) of mortality in the 211 

viral control group (Group F). In the groups that contained viral-inoculated embryos treated with 212 

ClO2, 1/5 (20 %) of the infected embryos in the low dosage group (Group D) and 2/5 (40 %) of the 213 

infected embryos in the high dosage group (Group E) died. In the groups that were not infected 214 
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with the virus, there was only one death observed, in the group that received the high dosage of 215 

ClO2 (Group C). 216 

Body mass, embryonic axis length and femur length differed between the virus-inoculated and 217 

virus free-groups, regardless of ClO2 treatment. All of the virus-inoculated embryos exhibited 218 

dwarfing and had, on average, 38% lower mass (t = 21.15, df = 29.40, p = 2.2 x 10-16; Fig. 3A), 10% 219 

shorter axis length (t = 58.43, df = 29.26, p = 2.2 x 10-16; Fig. 3B), and 20% shorter femur length (t = 220 

8.49, df = 23.34, p = 1.4 x 10-8; Fig 3C) than the virus-free groups. When analysing growth in the 221 

virus-inoculated groups, mass was significantly higher in embryos that were treated with ClO2 (t = -222 

2.74, df = 12.98, p = 0.017). Body length of virus-inoculated chicks did not vary according to ClO2 223 

treatment (p > 0.1).  See supplementary material for photographs of the embryos. 224 

Lesions previously described in embryos infected with avian coronavirus were observed at post 225 

mortem examination. Namely, curling, the presence of white caseous material (urates), thickened 226 

amnion and allantoic membranes that adhered to the embryos, oedematous serous membranes, 227 

epidermal congestion, and subcutaneous haemorrhage (Table 2). Virus-inoculated embryos that 228 

were treated with ClO2 had a lower risk of epidermal congestion (RR = 0.4; Wald 95% CI: 0.187- 229 

0.855; p = 0.04), haemorrhage (RR = 0.1; Wald 95% CI: 0.016 - 0.642; p = 0.002), curling (RR = 230 

0.019; Wald 95% CI: 0.125 - 0.844; p = 0.017) and thickened membranes (RR = 0; p = 0.003) than 231 

untreated infected embryos. All the embryos had a pale liver and mildly congested lungs, 232 

regardless of their experimental group. Pale enlarged kidneys were observed in the virus-233 

inoculated groups but not in the virus-free groups, regardless of ClO2-treatment (see Table 2). 234 

Microscopic lesions compatible with avian IBV infection were observed in various organs in all 235 

virus-inoculated groups (Fig. 4). The severity of the lesions was either similar or slightly lower in 236 

the embryos that had been treated with ClO2 than in the embryos that did not receive any 237 
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treatment (Table 3). Two exceptions were the kidneys and the duodenum. In the kidneys, swelling 238 

and degeneration of renal tubular epithelium was more common and more severe in the infected 239 

chicks that were administered ClO2 than in the infected embryos that did not receive ClO2, 240 

although the former presented mitotic cells. The duodenal villi of the embryos in the IBV-infected 241 

groups were longer (ANOVA; F5,18 = 5.62, p = 0.003), and their base was wider (ANOVA; F5,18 = 242 

13.65, p = 1.39 x 10-05) than embryos from the none-infected groups, and they were moderately 243 

congested. Duodenal villous atrophy varied amongst groups (ANOVA; F5,18 = 5.71, p = 0.003) and 244 

post-hoc comparisons revealed that the significant differences were E vs. B (p = 0.021) and E vs. C 245 

(p = 0.001). The percent of bursal lymphoid tissue decreased markedly in the virus-inoculated 246 

embryos (ANOVA; F5,12 = 3.58, p = 0.033; see Fig. 4). Virus-inoculated embryos showed mild 247 

apoptosis in the thymus and heterophilic infiltration. Amongst the six experimental groups, all of 248 

the embryos examined presented subacute heterophilic bursitis, and pulmonary interstitial 249 

multifocal heterophilic foci with congestion (Table 3). 250 

There were no observable alterations to the architecture and integrity of the tissues of non-251 

infected embryos that were administered ClO2 (Experimental groups B and C), nor was any 252 

difference in the area (µm2) of the thyroid (p>0.1). ClO2-treated groups showed a slightly higher 253 

myeloid to erythroid ratio in the bone marrow than the experimental control group and the viral 254 

control group, although the difference was not statistically significant (ANOVA; F5,15 = 2.33, p = 255 

0.094).   256 

Discussion 257 

The use of chlorine dioxide (ClO2) as a disinfectant is well established, and its virucidal effects are 258 

reported against a wide range of enveloped and non-enveloped viruses that can affect human and 259 

domestic animal health. To date, its informal use as an antiviral drug is polemical, and there are no 260 
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published studies that have explored the antiviral action of this substance following oral or 261 

parenteral administration. We have investigated the antiviral effect of 30 ppm and 300 ppm ClO2 262 

solutions (both concentrations below the reported NOAEL; Bercz et al., 1982) in chick embryos 263 

infected with avian infectious bronchitis coronavirus (IBV) strains. We observed a reduction in viral 264 

titre in infected embryos that were treated with ClO2. Mortality decreased substantially in the 265 

ClO2-treated embryos, although alterations to chick development were prevalent regardless of 266 

treatment. 267 

Virulent avian IBV strains typically have a burst size of 10 to 100 infective units per cell (Robb and 268 

Bond, 1979), which appear in culture within six hours and can reach peak virus titres of 106.5–108.5 269 

TCID50 after 36 hours (Otsuki et al., 1979). The vaccine strains used here have lower replication 270 

efficiencies as they are attenuated (Tsai et al., 2020), but they are capable of replicating and 271 

causing damage in chick embryos (Tsai et al., 2016). With 2,000 infective units (200 µl of 104 272 

infective units/mL) inoculated into each embryo, the ClO2 treatments decreased viral load 2.4-fold 273 

compared to the infected non-treated embryos, representing an average difference of 42,711 274 

infective units. This result could be explained by two mechanisms described for ClO2. Firstly, direct 275 

destruction or neutralization of the virions exposed to ClO2, could have occurred due to 276 

denaturing of their envelope glycoproteins following oxidation of amino acid residues(Noss and 277 

Olivieri, 1985; Ison et al., 2006; Ogata and Shibata, 2008). Secondly, viral replication efficiency 278 

could have decreased due to ClO2–induced biochemical changes in the extra- or intracellular 279 

milieu impeding the synthesis of viral RNA and proteins (see Enjuanes et al., 2006; Zhu et al., 280 

2019). These proposed mechanisms of action are not mutually exclusive.  281 

The effects of reduced viral titres in the infected embryos were evident, with a 50 to 75% 282 

reduction in mortality in the treated embryos treated with 300 ppm and 30 ppm of ClO2, 283 

respectively. However, developmental abnormalities were observed in the majority of the infected 284 
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embryos, including the groups that received ClO2 treatment. Namely, dwarfing, assessed by body 285 

mass, axis length, and femur length were significantly lower in all infected embryos, as expected to 286 

occur in IBV infections (Balasubramaniam et al., 2013). In contrast, curling – also caused by avian 287 

IBV (Wickramasinghe et al., 2011; Mork et al., 2014) – was virtually absent in the embryos that 288 

received ClO2 after infection. Alterations associated con IBV infection were observed in the 289 

proventriculus, spleen, liver, but specifically in kidneys, trachea and lung. (Butcher et al., 1990; 290 

Cook et al., 2012) were observed in most of the infected embryos, including those that were 291 

administered ClO2. However, for most of these abnormalities, severity was lower or similar in the 292 

ClO2-treated groups. One exception was the pathology observed in the kidneys, where lesions 293 

indicative of nephrosis were more severe and frequent in the IBV-infected embryos treated with 294 

ClO2 than in the IBV-infected non-treated embryos. Such lesions in the kidneys are unlikely to be 295 

due to the ClO2 treatment itself, given that none of the non-infected embryos that were 296 

administered ClO2 showed any abnormality in the kidneys. Similarly, atrophy of the duodenal villi 297 

was highest in the inoculated group that was administered a high dose of ClO2, but absent in the 298 

non-infected groups that only received ClO2. If duodenal atrophy and nephropathogenicity in IBV-299 

infected embryos are mitigated by inflammatory responses (Chhabra et al., 2018), it is possible 300 

that the observed tubular damage reflected ClO2-driven downregulation of acute inflammation 301 

that allowed virion replication in the tubular epithelium and in the duodenal villi. This scenario 302 

could be plausible if we consider that a recent study that investigated the antiviral effect of ClO2 in 303 

pig alveolar macrophages and African green monkey kidney cells infected with the porcine 304 

reproductive and respiratory syndrome virus (PRRSV1) in vitro, reported downregulation of pro-305 

inflammatory cytokines IL-1, IL-6 and TNF-α (Zhu et al., 2019). The drug NP001 (a chemical 306 

precursor of ClO2) exerts strong anti-inflammatory responses by inhibiting macrophage activation 307 

in humans, even after a single dose (Miller et al., 2014). In turn, WF10, a strong oxidizing agent 308 
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that is related to ClO2 (Veerasarn et al., 2004), induces apoptosis of inflammatory cells and 309 

downregulates pro-inflammatory genes (Giese et al., 2004; Yingsakmongkol et al., 2011). 310 

Interestingly, the affected renal tubules had mitotic cells, suggestive of regeneration as a 311 

reparative response to damage of the renal tubular epithelium (Toback, 1992; Fujigaki, 2012; 312 

Lombardi et al., 2016). This possibility will need to be explored further in the animal model used in 313 

our study. Unfortunately, knowledge of IBV pathogenesis, immune responses and tissue 314 

reparation in the embryonated egg is limited. In hatched birds, IBV can impact lymphocyte 315 

populations by inducing apoptosis, thus impeding virus clearance (Caron, 2010). We found some 316 

evidence of this effect, as the virus-inoculated embryos had a reduced percent of bursal lymphoid 317 

tissue. 318 

Taken together, our results indicate that ClO2 limited viral replication but as the embryos were 319 

only administered a single dose of a ClO2 solution rather than repeated doses, not all virions were 320 

eliminated. The viruses that remained viable after administration of the ClO2 were able to 321 

replicate, yielding lower viral titres, and the damage that they caused to the embryos was less 322 

severe and ultimately led to less mortality than in the untreated infected embryos. Repeated 323 

administrations of ClO2 solution might have reduced the viral load further, plausibly leading to 324 

even less virus-induced damage, a possibility that we could not explore in this model. However, an 325 

important result of our study was the lack of evidence of tissue damage caused by ClO2 itself. Only 326 

one (20%) of the uninfected embryos treated with the high dose of ClO2 died, and this difference 327 

was not statistically significant to the experimental control. It is possible that the death was due to 328 

other causes, as a 20% embryo mortality rate is considered normal in aviculture (Romanoff, 1972; 329 

Fasenko & O´Dea, 2008). 330 

Further studies should aim to test the antiviral effect of ClO2 in hatched chicks, which have a more 331 

mature immune system, and where repeated administrations are easier to procure. However, it is 332 
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promising that we found an evident effect against IBV without any significant adverse effect or 333 

evidence of toxicity to the chick embryos. Much research needs to be done before it is possible to 334 

generalize and extrapolate our findings to other viruses and animal hosts. However, in the context 335 

of the current COVID-19 crisis, with near to none viable, accessible and safe therapeutic option 336 

available, it might be prudent to consider conducting controlled double-blind and randomized 337 

studies on the antiviral effect of ClO2 in COVID-19 patients. 338 
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Figures 589 

  590 

Figure 1. Virus RNA copy number in the allantoic fluid of the infected embryos per treatment group. Virus 591 

copy number was calculated by the geometric mean of the triplicate Cq value referred to the standard curve 592 

(see methods). Experimental groups D to F contained virus-inoculated embryos (D: Low dose of ClO2, E: High 593 

dose of ClO2, F. Viral control). For details on treatments, see Table 1. 594 
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 595 

Figure 2. Chick embryo mortality during the experiment. Experimental groups A to C contained virus-free 596 

embryos (A: Experimental control, B: Low dose of ClO2, C: High dose of ClO2); experimental groups D to F 597 

contained virus-inoculated embryos (D: Low dose of ClO2, E: High dose of ClO2, F. Viral control). For details 598 

on treatments, see Table 1.  599 
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 600 

Figure 3. Chick embryo development at the end of the experiment (day 17 of incubation). A) mass, B) body 601 

axis, C) femur length. Experimental groups A to C contained virus-free embryos (A: Experimental control, 602 

B: Low dose of ClO2, C: High dose of ClO2); experimental groups D to F contained virus-inoculated embryos 603 

(D: Low dose of ClO2, E: High dose of ClO2, F. Viral control). For details on treatments, see Table 1.  604 
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 614 

 615 

 616 

 617 

 618 

Figure 4. Histology of selected tissues from 17-day-old chick embryos. In each row, microphotograph pairs 619 

show H&E-stained representative tissues of non-infected (left) and infected embryos (right), A) Bursa of 620 

Fabricio (100X). Infected embryos showed severe lymphoid depletion, with approximately 10% of active 621 

lymphoid tissue and abundant heterophils. B) Bone marrow (400 X). Infected embryos showed an increase 622 

in erythroid cellularity ne, C) Spleen (400 X), Infected embryos showed reticuloendothelial hyperplasia, D) 623 

Duodenum (400 X). Infected embryos showed mild villous atrophy, E) Proventricle (40X). Infected embryos 624 

showed epithelial hyperplasia with desquamation and hyaline material, F) Proventricle (400X). Image 625 

shows the increased length of the proventricular folds and mitotic cells indicative of epithelial 626 
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regeneration, G) Kidney (400X). Infected embryos showed swelling, cell detritus and protein within the 627 

tubules, and basophilic material compatible with urate crystals, H) Liver (400X). Infected embryos showed 628 

glucogenic degeneration, I) Trachea (400X). Infected embryos showed hyperplasia and epithelial 629 

degeneration. Scale = 50 µm in all panels except for E (scale = 500 µm).   630 
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Table 1. Experimental groups used to assess the in vivo antiviral effect of high and low 

concentrations of ClO2 solution in chick embryos. The table shows the number of embryos 

included in each group. (LD: Low dose, HD: High dose) 

Group N Treatment 

Group A (Experimental control) 5 200 µl of sterile 0.9% saline solution 

Group B (ClO2 LD) 5 100 µl of sterile ClO2 solution (30 ppm1) and 100 µl of 

sterile 0.9% saline solution 

Group C (ClO2 HD) 5 100 µl of sterile ClO2 solution (300 ppm2) and 100 µl 

of sterile 0.9% saline solution 

Group D (Virus + ClO2 LD) 5 100 µl of resuspended avian coronavirus vaccine and 

100 µl of sterile ClO2 solution (30 ppm) 

Group E (Virus + ClO2 HD) 5 100 µl of resuspended avian coronavirus vaccine and 

100 µl of sterile ClO2 solution (300 ppm) 

Group F (Viral control) 5 100 µl of resuspended live attenuated avian 

coronavirus vaccine (Bron Blen® Merial, containing 

104 of mean embryo infective dose (EID50)/mL of 

coronavirus strains Massachusetts and Connecticut) 

and 100 µl of sterile 0.9% saline solution 

1 This concentration is 10 times below the no-observed-adverse-effect level (NOAEL; 3.5 mg/kg per day) 631 
determined for ClO2 (Bercz et al. 1982), considering an embryonic mass of 10 g at the time of inoculation. 632 
2 This concentration is equal to the NOAEL considering an embryonic mass of 10 g at the time of inoculation.  633 
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Table 2. Macroscopic abnormalities observed at necropsy in the chick embryos. The table 

shows the number of embryos in each group that presented each lesion. (LD: Low dose, HD: 

High dose) 
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Group A (Experimental control) 0/5f 0/5f 0/5f 0/5f 0/5 0/5f 0/5 

Group B (ClO2 LD) 0/5f 0/5f 0/5f 0/5f 0/5 0/5f 0/5 

Group C (ClO2 HD) 0/5f 0/5f 1/5f 0/5f 0/5 2/5 0/5 

Group D (Virus + ClO2 LD) 5/5a 1/5 1/5f 0/5f 0/5 2/5 5/5f,a 

Group E (Virus + ClO2 HD) 5/5a 0/5f 1/5f 0/5f 0/5 2/5 3/5a 

Group F (Viral control) 5/5a 4/5a 4/5a 4/5a 1/5 5/5a 1/5 

 634 

a:  Indicates a significant difference to the experimental control  

f:  Indicates a significant difference to the viral control 
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Table 3. Microscopic abnormalities related to avian coronavirus infection in the chick embryos. (LD: Low dose, HD: High dose) 
 A 

(Exp. control) 
B 

(ClO2 LD) 
C 

(ClO2 HD) 
D 

(Virus + ClO2 LD) 
E 

(Virus + ClO2 HD) 
F 

(Viral control) 
Trachea - Mild 

hyperplasia 
Mild 

hyperplasia 
Karyorexis, focal 

hyperplasia 
Moderate 
congestion 

Mild hyperplasia 

Lung Mild to 
moderate 
congestion 

Moderate 
congestion, 
interstitial 
oedema 

Mild to 
moderate 

congestion, 
interstitial 
oedema 

Moderate to 
severe congestion, 

karyolysis 

Mild to moderate 
congestion, 

moderate oedema 

Mild to moderate 
congestion, severe to 

moderate oedema 

Proventricle - - - Moderate 
hyperplasia  

Mild hyperplasia  Moderate hyperplasia, 
mild congestion 

Duodenum - - - Moderate 
congestion 

  Mild diffuse congestion, 
atrophy of intestinal villi 

Liver - - - Gluogenic 
degeneration, mild 

congestion 
 

Gluogenic 
degeneration, mild 

congestion 

Gluogenic degeneration, 
moderate congestion, 
periportal eosinophilic 

material 
Kidneys - - - Degeneration w/ 

regeneration, 
congestion, mild 

heterophilic 
infiltration, urates 

Degeneration w/ 
regeneration, 

congestion, mild 
heterophilic 

infiltration, urates 

Haemorrhage, 
multifocal heterophilic 

infiltration, urates 

Spleen - - - Reticuloendothelial 
hyperplasia 

Reticuloendothelial 
hyperplasia 

Reticuloendothelial 
hyperplasia 

Bursa of Fabricius Subacute 
heterophilic 

bursitis 

Subacute 
heterophilic 

bursitis 

Subacute 
heterophilic 

bursitis 

Subacute 
heterophilic 

bursitis 

Subacute 
heterophilic 

bursitis 

Subacute heterophilic 
bursitis 
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