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Abstract

SARS-CoV-2 rapidly spread around the globe after its emergence in Wuhan in December
2019. With no specific therapeutic and prophylactic options available, the virus was able to
infect millions of people. To date, close to half a million patients succumbed to the viral disease,
COVID-19. The high need for treatment options, together with the lack of small animal models
of infection has led to clinical trials with repurposed drugs before any preclinical in vivo
evidence attesting their efficacy was available. We used Syrian hamsters to establish a model
to evaluate antiviral activity of small molecules in both an infection and a transmission setting.
Upon intranasal infection, the animals developed high titers of SARS-CoV-2 in the lungs and
pathology similar to that observed in mild COVID-19 patients. Treatment of SARS-CoV-2-
infected hamsters with favipiravir or hydroxychloroquine (with and without azithromycin)
resulted in respectively a mild or no reduction in viral RNA and infectious virus. Micro-CT scan
analysis of the lungs showed no improvement compared to non-treated animals, which was
confirmed by histopathology. In addition, both compounds did not prevent virus transmission
through direct contact and thus failed as prophylactic treatments. By modelling the PK profile
of hydroxychloroquine based on the trough plasma concentrations, we show that the total lung
exposure to the drug was not the limiting factor. In conclusion, we here characterized a hamster
infection and transmission model to be a robust model for studying in vivo efficacy of antiviral
compounds. The information acquired using hydroxychloroquine and favipiravir in this model
is of critical value to those designing (current and) future clinical trials. At this point, the data
here presented on hydroxychloroquine either alone or combined with azithromycin (together
with previously reported in vivo data in macaques and ferrets) provide no scientific basis for

further use of the drug in humans.
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first emerged in Wuhan,
China in December 2019'. From there, the virus rapidly spread around the globe, infecting
more than 8 million people so far (June 18) [https://covid19.who.int/]. SARS-CoV-2 is the
causative agent of coronavirus disease 2019 (COVID-19). Common clinical manifestations of
COVID-19 are fever, dry cough, paired in a minority of patients with difficult breathing, muscle
and/or joint pain, headache/dizziness, decreased sense of taste and smell, diarrhea, and
nausea?®. A small subset of patients will develop to acute respiratory distress syndrome
(ARDS), characterized by difficult breathing and low blood oxygen levels, which may directly
result into respiratory failure?. In addition, an overreaction of the host's immune and
inflammatory responses can result in a vast release of cytokines (‘cytokine storm’), inducing
sepsis and multi-organ damage, which may lead to organ failure®. To date, more than 440,000
patients worldwide succumbed to COVID-19. Hence, in response to the ongoing pandemic

there is a desperate need for therapeutic and prophylactic options.

At present, no specific antiviral drugs have been developed and approved to treat infections
with human coronaviruses. Nonetheless, antiviral drugs could fulfill an important role in the
treatment of COVID-19 patients. Slowing down the replication of SARS-CoV-2 by antiviral
treatment could be beneficial and prevent or alleviate symptoms. In addition, antiviral drugs
could be used as prophylaxis to protect health care workers and high-risk groups. However, a
specific, highly potent antiviral drug for SARS-CoV-2 will take years to develop and evaluate
in clinical studies. Therefore, the main focus for COVID-19 treatment on the short term is on
the repurposing of drugs that have been approved for other diseases*. Repurposed drugs can
however not be expected to be highly potent inhibitors of SARS-CoV-2, since these were not
developed and optimized specifically against this virus. In cell culture, several repurposed
drugs inhibit SARS-CoV-2 replication®®. Although preclinical in vivo evidence evaluating the

efficacy of some of these repurposed drugs for COVID-19 treatment is lacking, clinical trials
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76 have already been conducted or are currently ongoing. Two such drugs are

77  hydroxychloroquine and favipiravir.

78  Hydroxychloroquine (HCQ) is an anti-malaria drug that has been widely used to treat patients
79  with malaria, rheumatoid arthritis and systemic lupus erythematosus. This drug is also able to
80 inhibit a broad range of viruses from different virus families in cell culture, including
81  coronaviruses (SARS-CoV-1, MERS-CoV)”2. Favipiravir is a broad-spectrum antiviral drug that
82 has been approved in Japan since 2014 to treat pandemic influenza virus infections®. Both
83  drugs have shown antiviral efficacy against SARS-CoV-2 in Vero E6 cells?, albeit modest for
84  favipiravir'®'2, Enzymatic assays with the SARS-CoV-2 RNA-dependent RNA polymerase
85 demonstrated that favipiravir acts as a nucleotide analog via a combination of chain
86  termination, slowed viral RNA synthesis and lethal mutagenesis'?. However, proof of in vivo
87 efficacy in animal models is still lacking for both drugs. Nevertheless, clinical trials were
88 initiated early on in the pandemic to assess the efficacy of HCQ and favipiravir to treat COVID-
89 19 patients. For HCQ, these trials were small anecdotal studies or inconclusive small
90 randomized trials' and thus did not lead to conclusive results. Despite the lack of clear
91 evidence, HCQ is currently being widely used for the treatment of COVID-19, often in
92  combination with a second-generation macrolide such as azithromycin. Results from animal
93  models and rigorous randomized controlled trials are thus required to clarify the efficacy of

94  HCQ and favipiravir in the treatment of COVID-19 patients.

95 Infection models in small animals are crucial for the evaluation and development of antiviral
96  drugs. Although rhesus and cynomolgus macaques seem to be relevant models for studying
97 the early stages of COVID-19 infection in humans', preclinical models using smaller animals
98 are essential to ensure efficient and ethical allocation of resources towards designing
99 (relevant) preclinical and clinical efficacy studies. Syrian hamsters are permissive to SARS-
100 CoV-2 and develop mild lung disease similar to the disease observed in early-stage COVID-
101 19 patients'®'6. Nevertheless, evidence of antiviral efficacy of repurposed drugs in small animal

102 models is lacking to date. In this work, we characterized Syrian hamsters as a model for the
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103  evaluation of antiviral drugs in therapeutic and prophylactic settings against SARS-CoV-2. We
104  then used this model to evaluate the antiviral efficacy of HCQ and favipiravir against SARS-

105 CoV-2in infected hamsters and in a transmission setting.
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106  Material and Methods
107 SARS-CoV-2

108 The SARS-CoV-2 strain used in this study, BetaCov/Belgium/GHB-03021/2020 (EPI ISL
109  407976|2020-02-03), was recovered from a nasopharyngeal swab taken from a RT-qPCR-
110 confirmed asymptomatic patient who returned from Wuhan, China in the beginning of February
111 2020". A close relation with the prototypic Wuhan-Hu-1 2019-nCoV (GenBank accession
112  number MN908947.3) strain was confirmed by phylogenetic analysis. Infectious virus was
113  isolated by serial passaging on HuH7 and Vero E6 cells'®; passage 6 virus was used for the
114  studies described here. The titer of the virus stock was determined by end-point dilution on
115  Vero EG6 cells by the Reed and Muench method. Live virus-related work was conducted in the
116  high-containment A3 and BSL3* facilities of the KU Leuven Rega Institute (3CAPS) under
117  licenses AMV 30112018 SBB 219 2018 0892 and AMV 23102017 SBB 219 20170589

118  according to institutional guidelines.
119  Cells

120  Vero E6 cells (African green monkey kidney, ATCC CRL-1586) were cultured in minimal
121 essential medium (Gibco) supplemented with 10% fetal bovine serum (Integro), 1% L-
122 glutamine (Gibco) and 1% bicarbonate (Gibco). End-point titrations were performed with

123 medium containing 2% fetal bovine serum instead of 10%.
124  Compounds

125  Favipiravir was purchased from BOC Sciences (USA). Hydroxychloroquine sulphate was
126  acquired from Acros Organics. For in vivo treatment, a 30 mg/mL favipiravir suspension was
127  prepared in 0.4% carboxymethylcellulose and a 20 mg/mL hydroxychloroquine sulphate
128  solution in 10% DMSO, 18% Cremophor, and 72% water. Azithromycin was provided by the
129  hospital pharmacy of the University Hospitals Leuven (Belgium) as a 40 mg/ml oral solution
130  (Zitromax®) which was diluted to 5 mg/mL with an aqueous medium consisting of 0.6% xanthan

131  gum as viscosity enhancer.
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132 SARS-CoV-2 infection model in hamsters

133  The hamster infection model of SARS-CoV-2 has been described before'®. In brief, wild-type
134  Syrian hamsters (Mesocricetus auratus) were purchased from Janvier Laboratories and were
135  housed per two in ventilated isolator cages (IsoCage N Biocontainment System, Tecniplast)
136  with ad libitum access to food and water and cage enrichment (wood block). Housing
137  conditions and experimental procedures were approved by the ethical committee of animal

138  experimentation of KU Leuven (license P065-2020).

139  Female hamsters of 6-10 weeks old were anesthetized with ketamine/xylazine/atropine and
140  inoculated intranasally with 50 uL containing 2x10°® TCIDso. Drug treatment was initiated 1h
141  before infection. Favipiravir was administered twice daily by oral gavage, starting with a loading
142 dose of 600 mg/kg/day on the first day. On consecutive days, 300 mg/kg/day favipiravir was
143  administered until the day of sacrifice. Hydroxychloroquine sulphate (50 mg/kg) was
144  administered once daily by intraperitoneal (ip) injection for 4 days. Azithromycin (10 mg/kg)
145  was administered once daily by oral gavage using a 5 mg/ml dilution of Zitromax®. Hamsters
146 were daily monitored for appearance, behavior and weight. At day 4 post infection (pi),
147  hamsters were euthanized by ip injection of 500 pL Dolethal (200mg/mL sodium pentobarbital,
148  Vétoquinol SA). Tissues [lungs, small intestine (ileum)] and stool were collected, and viral RNA
149  and infectious virus were quantified by RT-qPCR and end-point virus titration, respectively.

150 Blood samples were collected at day 4 pi for PK analysis of HCQ.
151  SARS-CoV-2 transmission model in hamsters

152  The hamster transmission model of SARS-CoV-2 via direct contact has been described
153  previously'>'8, Briefly, index hamsters (6-10 weeks old) were infected as described above. At
154  the day of exposure, sentinel hamsters were co-housed with index hamsters that had been
155 intranasally inoculated with SARS-CoV-2 one day earlier. Index and sentinel hamsters were
156  sacrificed at day 4 pi (post-exposure in the case of the sentinels) and the viral load in lung,

157 ileum and stool was determined, as described above. For prophylactic testing of drugs, sentinel
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158 hamsters were treated daily for 5 consecutive days with either hydroxychloroquine or

159  favipiravir, starting 1 day prior to exposure to the index hamster.

160  To study the contribution of the fecal-oral route to the overall transmission of SARS-CoV-2,
161 index hamsters were inoculated as described earlier. On day 1 or 3 pi, the index hamsters
162  were sacrificed after which sentinel hamsters were placed in the dirty cages of the index
163  hamsters. Food grids and water bottles were replaced by clean ones to minimize virus
164  transmission via food or water. At day 4 post exposure, the sentinels were sacrificed. Tissues
165  (lung, ileum and stool) were collected from index and sentinel hamsters and processed for

166  detection of viral RNA and infectious virus.

167  PK analysis of hydroxychloroquine and metabolite in plasma

168  Hydroxychloroquine (HCQ) and its active metabolite desethylhydroxychloroquine (DHCQ)
169  were quantified in EDTA-plasma samples. A total of (i) 50 pL sample and (ii) 10 pL of internal
170  standard (IS) solution (hydroxychloroquine-d4 1500 ng/mL in water) were added to a tube and
171  mixed. After addition of 50 uL 5% perchloric acid, samples were shaken for 5 min and
172 centrifuged for 5 min at 16,162 g. Five uL of the supernatant was injected onto the HPLC-

173 column.

174  HPLC analysis was performed using a Shimadzu Prominence system (Shimadzu, Kioto,
175  Japan) equipped with a Kinetex C18 column (100mm length x 2.1mm i.d., 2.6 um particle size)
176  (Phenomenex, Torrance, CA, USA) at 50°C. A 6 min gradient of mobile phase A (0.1% formic
177  acid (FA) in water) and B (0.1% FA in acetonitrile) with a flow rate of 0.4 mL/min was used for
178  elution of the compounds. The mass spectrometer (MS) was a Triple Quad 5500 (Sciex,
179  Framingham, MA, USA) with an electrospray ionization source (ESI) in positive ion mode,
180  using multiple reaction monitoring (MRM). The monitored transitions were 336.8 to 248.0 m/z,
181  307.8 to 130.0 m/z and 340.8 to 252.0 m/z for HCQ, DHCQ, and HCQ-d4, respectively. The
182  used collision energy for all the transitions was 30 V. Calibration curves for both HCQ (linear

183  1/x weighting) and DHCQ (quadratic 1/x2 weighting) were between 10 and 2250 ng/mL.
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184  Between-run imprecision over all QC levels (10, 25, 400, 2000 ng/mL) ranged from 2.84 to

185  11.4% for HCQ and from 5.19 to 10.2% for DHCAQ.
186  Calculation of hydroxychloroquine concentration in the lung cytosol

187  Starting from the measured total trough plasma concentrations measured at sacrifice after 4
188  or 5 days of HCQ treatment, total lung cytosolic concentrations of HCQ were calculated. First,
189  the mean trough total plasma concentration of HCQ was used as a starting point to estimate
190 the whole blood concentrations considering a blood to plasma ratio of 7.2, as reported by Tett
191 and co-workers'® and as mentioned in the SmPC of Plaquenil® (Sanofi, Paris, France)
192  (Equation 1).

193 whole blood concentration=plasma concentration x7.2
194 (Equation 1)

195  Relying on the experimental Kp (tissue versus whole blood partition coefficient) values in rats,
196  the total lung tissue concentrations of HCQ was determined. Based on the partition values as
197 reported by Wei et al.?°, a lung Kp value of 50 was applied to estimate the total lung

198  concentration (Equation 2).

199 Total lung tissue concentration=mean blood concentration x50
200 (Equation 2)

201 Subsequently, as the HCQ efficacy target is intracellular, the cytosolic / total HCQ
202  concentration ratio was estimated, based on (i) relative lysosomal lung tissue volume, as well
203  as the contributions of interstitial and intracellular volumes to total lung volume and (ii) the pH
204  partition theory applying a pKa value of HCQ of 9.67. Based on these calculations (data not
205  shown), lung cytosolic HCQ concentrations are corresponding to 6% of the total lung tissue
206  concentration (Equation 3).

207 Total cytosolic lung tissue concentration=total lung tissue concentration x0.06
208 (Equation 3)
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209 The calculated total cytosolic lung concentration was compared with ECso concentrations

210  previously reported in literature, ranging from 0.72 uM to 17.3 uM?'-23,
211  SARS-CoV-2 RT-qPCR

212 Hamster tissues were collected after sacrifice and were homogenized using bead disruption
213 (Precellys) in 350 uL RLT buffer (RNeasy Mini kit, Qiagen) and centrifuged (10,000 rpm, 5 min)
214  to pellet the cell debris. RNA was extracted according to the manufacturer’s instructions. To
215  extract RNA from serum, the NucleoSpin kit (Macherey-Nagel) was used. Of 50 uL eluate, 4
216 pL was used as a template in RT-qPCR reactions. RT-gPCR was performed on a
217  LightCycler96 platform (Roche) using the iTaq Universal Probes One-Step RT-gPCR kit
218  (BioRad) with N2 primers and probes targeting the nucleocapsid'®. Standards of SARS-CoV-

219 2 cDNA (IDT) were used to express viral genome copies per mg tissue or per mL serum.
220  End-point virus titrations

221  Lung tissues were homogenized using bead disruption (Precellys) in 350 uL minimal essential
222 medium and centrifuged (10,000 rpm, 5min, 4°C) to pellet the cell debris. To quantify infectious
223 SARS-CoV-2 particles, endpoint titrations were performed on confluent Vero E6 cells in 96-
224 well plates. Viral titers were calculated by the Reed and Muench method using the Lindenbach

225  calculator?* and were expressed as 50% tissue culture infectious dose (TCIDso) per mg tissue.
226  Histology

227  For histological examination, the lungs were fixed overnight in 4% formaldehyde and
228 embedded in paraffin. Tissue sections (5 uym) were analyzed after staining with hematoxylin
229 and eosin and scored blindly for lung damage by an expert pathologist. The scored
230 parameters, to which a cumulative score of 1 to 3 was attributed, were the following:
231  congestion, intral-alveolar hemorrhagic, apoptotic bodies in bronchus wall, necrotizing
232 bronchiolitis, perivascular edema, bronchopneumonia, perivascular inflammation,

233 peribronchial inflammation and vasculitis.
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234 Micro-computed tomography (CT) and image analysis

235  Micro-CT data of hamster lungs were acquired in vivo using dedicated small animal micro-CT
236  scanners, either using the X-cube (Molecubes, Ghent, Belgium) or the Skyscan 1278 (Bruker
237  Belgium, Kontich, Belgium). In brief, hamsters were anaesthetized using isoflurane (2-3% in
238  oxygen) and installed in prone position into the X-cube scanner using a dedicated imaging
239  bed. A scout view was acquired and the lung was selected for a non-gated, helical CT
240  acquisition using the High-Resolution CT protocol, with the following parameters: 50 kVp, 960
241  exposures, 32 ms/projection, 350 pA tube current, rotation time 120 s. Data were reconstructed
242 with 100 um isotropic voxel size using a regularized statistical (iterative) image reconstruction
243 algorithm?. On the SkyScan1278, hamsters were scanned in supine position under isoflurane
244  anesthesia and the following scan parameters were used: 55 kVp X-ray source voltage and
245 500 pA current combined with a composite X-ray filter of 1 mm aluminium, 80 ms exposure
246  time per projection, acquiring 4 projections per step with 0.7° increments over a total angle of
247  220°, and 10 cm field of view covering the whole body producing expiratory weighted 3D data

248  sets with 50 ym isotropic reconstructed voxel size?8. Each scan took approximately 3 minutes.

249  Visualization and quantification of reconstructed micro-CT data were performed with
250 DataViewer and CTan software (Bruker Belgium). As primary outcome measure, a semi-
251 quantitative scoring of micro-CT data was performed as previously described®. Visual
252 observations were blindly scored (from 0 — 2 depending on severity, both for parenchymal and
253  airway disease) on 5 different, predefined transversal tomographic sections throughout the
254  entire lung image for both lung and airway disease by two independent observers and
255  averaged. Scores for the 5 sections were summed up to obtain a score from 0 to 10 reflecting
256  severity of lung and airway abnormalities compared to scans of healthy, WT control hamsters.
257  As secondary measures, imaging-derived biomarkers (non-aerated lung volume, aerated lung
258  volume, total lung volume and respective densities within these volumes) were quantified as

259  previously'®2627 or a manually delineated volume of interest covering the lung, avoiding the
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260 heart and main blood vessels. The threshold used to distinguish aerated from non-aerated

261  lung volume was manually defined and kept constant for all data sets?6-2’.
262  Statistics

263  GraphPad Prism (GraphPad Software, Inc.). was used to perform statistical analysis.
264  Statistical significance was determined using the non-parametric Mann Whitney U-test. P

265  values of =0.05 were considered significant.
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266  Results
267  Characterization of hamster model for antiviral drug evaluation

268  We further characterized SARS-CoV-2 infection and readouts of disease in hamsters to be
269  able to use this model for the evaluation and development of antiviral drugs. To investigate
270  SARS-CoV-2 replication and shedding, the lung, ileum and stool of infected hamsters were
271  harvested at different time points post-infection (pi) for viral RNA quantification by RT-qPCR.
272 Infectious virus titers were additionally determined in lung samples. SARS-CoV-2 efficiently
273 replicates in the lungs of the hamsters, with viral RNA being detected in the lungs from day 1
274  pi and reaching a maximum level of ~7 logio RNA copies/mg tissue at 4 days pi (Fig 1A). A
275  similar kinetic profile was found in the ileum and stool samples, albeit at lower levels of 2-3
276  logio RNA copies/mg of tissue. Titrations of homogenized lung tissue contained infectious
277  particles from 1 day pi and reached levels of ~5 log1o TCIDso/mg tissue from day 2 pi onwards
278  (Fig 1B), which is in line with the viral RNA levels. Infected animals displayed a slight weight
279  loss of about 5% by day 2 pi, which was completely resolved by day 4 pi (Fig 1C). No other

280  signs of disease or distress were observed in the hamsters at any time point pi.

281  Alike to what is currently done in clinical practice, we evaluated the development of lung
282 disease in a non-invasive way by micro-computed tomography (micro-CT) scanning the
283 infected animals under isoflurane gas anesthesia?®. Dense lung infiltrations and bronchial
284  dilation were simultaneously present from day 3 pi onwards, becoming more pronounced at
285  day 4 pi. Longitudinal follow-up of radiological pathology showed signs of multifocal pulmonary
286 infiltrates and lung consolidation on day 3 pi (Fig 1D). Analysis by H&E staining of lungs of
287 infected hamsters at day 4 pi showed signs of bronchopneumonia and peribronchial

288 inflammation, which were not present at the day of inoculation (Fig 1E).
289  Evaluation of in vivo efficacy of hydroxychloroquine and favipiravir

290 Next, we treated hamsters with antiviral molecules for four consecutive days starting one hour

291  before intranasal infection with SARS-CoV-2. At day 4 pi, a micro-CT scan was performed,
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292  after which the animals were sacrificed and organs were collected for quantification of viral
293  RNA, infectious virus titers and lung histopathology (Fig 2A). Twice-daily treatment with
294  favipiravir was done orally with a loading dose of 600 mg/kg/day at day 0 pi and 300 mg/kg/day
295 from day 1 pi onwards. Favipiravir-treated hamsters presented a decrease of 0.9 logio RNA
296  copies/mg lung tissue, compared to untreated infected hamsters (Fig 2B); a lesser effect was
297  observed in the ileum and stool of treated animals (Fig 2B). A modest reduction in infectious
298 titers of 0.5 logio TCIDso/mg was observed in the lungs of favipiravir-treated animals (Fig. 2C).
299  Treatment with favipiravir caused over 5% weight loss at day 3 and 4 pi, which is slightly more
300 than that of the untreated animals (Fig. 2D). This could be due to the effect of administering a
301 relatively high volume of compound per os (which was at the limit of 10 mL/kg/ day) or due to
302 some toxicity of the molecule. Despite the very modest reduction in viral load, no obvious
303 change (improvement or worsening) of the rather subtle radiological and histological lung
304 pathology could be observed in favipiravir-treated hamsters (Fig. 2E-G). Quantification of
305 micro-CT-derived biomarkers support these observations and quantify a relatively small
306  burden of radiological lung consolidation upon infection that does not change with favipiravir

307 treatment (Fig. 2F).

308 HCQ sulphate was tested alone or in combination with azithromycin at a dose of 50 mg/kg/day
309 (equivalent to 39 mg/kg HCQ base) administered intraperitoneally once daily. When in
310 combination, azithromycin was given orally once daily at a dose of 10 mg/kg/day. Treatment
311  with HCQ alone resulted in a very modest reduction of 0.3 log1o viral RNA copies/mg lung, and
312 no reduction in viral RNA load in the ileum or stool compared to untreated infected hamsters
313  (Fig 2B). When combined with azithromycin, no additional reduction of viral RNA was observed
314 in the organs of infected animals (Fig 2B). Virus titrations of the lungs also revealed no
315  significant reduction after treatment with HCQ alone or in combination with azithromycin (Fig
316  2C). The weight loss of the animals treated with HCQ follows along the lines of the untreated
317 animals with < 5% weight loss during the whole experiment, while the combination treatment

318  with azithromycin caused a slightly greater weight loss at day 1 and 2 pi, from which the
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319 animals could partially recover (Fig 2D). Similarly, no radiological improvement was observed
320 between non-treated animals and animals treated with HCQ or HCQ in combination with
321  azithromycin, which was confirmed by quantification of micro-CT-derived biomarkers of lung

322 pathology (Fig 2E-G).

323  Hydroxychloroquine and favipiravir fail to prevent SARS-CoV-2 infection in a transmission

324  model

325 SARS-CoV-2 is typically transmitted through direct contact with respiratory droplets of an
326 infected person or from touching eyes, nose or mouth after touching virus-contaminated
327  surfaces. Transmission of SARS-CoV-2 through aerosols and direct contact has also been
328 demonstrated in a Syrian hamster model'>'®. We additionally explored whether SARS-CoV-2
329 can be transmitted via the fecal-oral route. To this end, hamsters that were intranasally
330 inoculated with virus were sacrificed at day 1 or day 3 pi. Subsequently, sentinel hamsters
331 were housed in the used cages of the index hamsters (food grids and water bottles were
332  replaced by fresh ones) and sacrificed at day 4 post exposure. Although viral RNA and
333  infectious virus could readily be detected in tissues from index hamsters (except in two stool
334  samples), the majority of sentinel hamsters did not become infected, as shown by the absence
335  of viral RNA and infectious virus in lung and ileum. (Supplemental Fig. 1). This indicates that
336 the fecal-oral route only marginally contributes to the transmission SARS-Cov-2 between
337 hamsters, thereby confirming the results of a previous study'®. We therefore continued by

338  focusing on transmission of the virus via direct contact only.

339  Using the transmission model, we investigated the prophylactic potential of HCQ and favipiravir
340 against SARS-CoV-2. Sentinel hamsters received a daily dosage for 5 consecutive days with
341  either HCQ or favipiravir, starting 24 hours prior to exposure. Each individual sentinel hamster
342  was co-housed with an index hamster that had been intranasally inoculated with SARS-CoV-
343 2 the day before (Fig 3A). Index hamsters were sacrificed 4 days pi and sentinels 4 days post
344  exposure, after which the viral loads in lung, ileum and stool were determined. Index hamsters

345 had ~7logio viral RNA copies/mg in the lungs, whereas untreated sentinel hamsters had
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346 ~4logio viral RNA copies/mg in the lungs (Fig 3B). Even though the variability between
347 individual hamsters in the sentinel groups was more pronounced than in the index groups, no
348  reduction in viral RNA was observed in either favipiravir- or HCQ-treated sentinel hamsters.
349  Also in ileum and stool, the viral RNA levels were not reduced by compound treatment. The
350 infectious viral loads in the lungs were also not reduced by treatment with either compound
351 (Fig 3C), which is in line with the viral RNA data. In contrast to index hamsters, sentinel
352  hamsters did not lose weight, but gained around 8% of body weight by day 4 pi. Sentinels that
353  received HCQ or favipiravir treatment gained less body weight than the untreated sentinels
354 (5% and 2%, respectively) (Fig. 3D). Pathology scores derived from micro-CT scans of
355  hamsters revealed multifocal pulmonary infiltrates and consolidations in some but not in all
356  hamsters (Fig. 3E, 3F). Also, micro-CT-derived biomarkers showed no difference in lung
357 pathology between untreated and treated sentinel hamsters (Fig. 3G), further confirming that
358 hydroxychloroquine and favipiravir failed to prevent SARS-CoV-2 infection in a transmission

359  model.
360  Estimation of HCQ total lung and cytosolic lung concentrations

361 Based on the measurement of trough concentrations of HCQ at sacrifice (n=14), a mean + SD
362  trough plasma concentration of 84 + 65 ng/mL (0.251 = 0.19 uM) was found (Fig 4A). This is
363 comparable to the plasma trough concentrations that were detected in cynomolgus macaques
364 (treated with a dosing regimen of 90 mg/kg on day 1 pi (loading dose) followed by a daily
365 maintenance dose of 45 mg/kg)'* and in patients (3-5 days after starting treatment with 200
366  mg three times daily)'™. The peak viral load in the lungs was not significantly associated with
367 plasma HCQ concentrations in individual hamsters (Fig 4B), suggesting that a higher HCQ

368  exposure did not result in a more pronounced reduction of viral infection.

369  According to Equation 1, a whole blood concentration of 1.804 + 1.39 uM was calculated (Fig
370  4C). Subsequently, applying Equation 2, this resulted in a total lung concentration of 90.18 +
371  69.42 uM, indicating that the lung tissues achieved HCQ concentrations above the reported in

372 vitro ECs values, ranging from 0.72 to 17.31 puM, with a median value of 4.51 uM and an
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373 interquartile range of 5.44 (25-75%)%. To estimate 90% of inhibition of viral replication (ECgo),
374 the ECgo was equated to 3 times the ECsg, resulting in a target lung concentration of 13.53 £
375 16.31 uM. In this case, the efficacy target at trough would be reached when applying this
376  dosing regimen (i.e., 50 mg HCQ sulphate/kg/day). However, it is important to note that the
377  total lung tissue concentrations described above consist of both intracellular and interstitial
378 HCQ concentrations. As the in vivo antiviral mechanism(s) of action of HCQ against SARS-
379 CoV-2 has not been clarified yet and might not be exclusively by inhibition of endosome
380 acidification®®, HCQ concentrations were calculated in cytosolic lung tissue, in the endosomal-
381 lysosomal compartment of cells and in the interstitial compartment. Assuming that cytosolic
382  HCQ concentrations are only 6% of total tissue concentrations, a total cytosolic lung tissue
383  concentration of 5.41 £ 4.17 uM was calculated. This value was in line with the median in vitro
384  ECso value, but is well below the estimated ECgo value. Also the interstitial concentration was
385 calculated to be 5.41 pM. In contrast, the endosomal/lysosomal HCQ concentration was

386 calculated to be 1.9 mM, which is much higher than the estimated ECgo.
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387 Discussion

388 Inaprevious study, we showed that wild-type Syrian hamsters are highly susceptible to SARS-
389  CoV-2infections'®. Here, we further characterized the hamster infection model to allow the use
390  of this model for antiviral drug evaluation. In agreement with previous studies, upon intranasal
391 inoculation, we observed that the virus replicates efficiently to peak levels (~6 logio TCIDso/mg)
392 in the lungs on day 4 pi., which is supported by radiological and pathological evidence.
393  Although the virus was also present in the ileum and stool of infected hamsters, levels were
394  significantly lower (~2.5 log1o copies/mg). Besides serving as efficient replication reservoirs of
395 SARS-CoV-2, the hamsters also efficiently transmit the virus to co-housed sentinels''8. Here,
396  we demonstrated that the virus is mainly transmitted via direct contact and only to a limited
397 extent via the fecal-oral route. The variability observed in the virus titers in the lungs of the

398  sentinels is probably due to differences in the infection stage of the animals.

399 Besides hamsters, a variety of other animals have been tested for their permissiveness to
400 SARS-CoV-2, of which ferrets and non-human primates were the most sensitive ones®'-3%. In
401 ferrets, infectious SARS-CoV-2 was only detected in the nasal turbinate and to a lesser extent
402  in the soft palate and tonsils, but not in the lungs®. Although, in a different study infectious
403  virus in the lungs of ferrets was detected, levels remained close to the limit of detection®. This
404 indicates that ferrets support SARS-CoV-2 replication, albeit to a lesser extent than hamsters.
405 In SARS-CoV-2-infected macaques (both rhesus and cynomolgus) virus levels were the
406  highestin nasal swabs and the lungs®?3*. SARS-CoV-2 infection resulted in moderate transient
407  disease in rhesus macaques, whereas cynomolgus macaques remained asymptomatic, but
408 did develop lung pathology as seen in COVID-19%4. Although aged macague models may
409  represent the best models for studying more severe COVID-19 disease®, both the high costs
410 and ethical considerations (leading to small group sizes) are major drawbacks of non-human
411  primate models. The efficient SARS-CoV-2 replication in the lungs of hamsters combined with
412 development of lung pathology endorses the use of hamsters over any other small animal

413  infection model for preclinical evaluation of the efficacy of antiviral drugs and immune-
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414  modulating agents. Potent reduction of SARS-CoV-2 replication in hamsters has been
415 demonstrated by a single dose with a single-domain antibody from a llama immunized with
416  prefusion-stabilized coronavirus spikes'®%, thereby validating the use of hamsters to evaluate
417  treatment options against SARS-CoV-2. In addition, our data also indicate that hamsters are
418  highly amenable for studying the potential antiviral effect of small molecules on virus

419  transmissibility in a pre- and post-exposure setting.

420 In an effort to contribute to the debate on the efficacy of (hydroxy)chloroquine and favipiravir
421 in COVID-19 patients, we evaluated both re-purposed drugs in our hamster infection and
422  transmission model. Treatment with HCQ or combined treatment with azithromycin was not
423  efficacious in significantly lowering viral RNA levels and infectious virus titers in the lungs of
424  SARS-CoV-2-infected hamsters. Lack of efficacy was also demonstrated in the transmission
425  model whereby sentinel hamsters were treated prophylactically prior to exposure to infected
426  hamsters. In SARS-CoV-2 infected ferrets, HCQ treatment was also not able to significantly
427  reduce in vivo virus titers®. In addition, a recent study in SARS-CoV-2-infected cynomolgus
428 macaques showed that HCQ alone or in combination with azithromycin did not result in a
429  significant decrease in viral loads, both in a therapeutic and in a prophylactic setting'. On the
430 other hand, clinical trials with HCQ for the treatment of COVID-19 patients have resulted in
431  conflicting results and controversy. This is especially the case with clinical studies conducted
432 inthe early stage of the pandemic, which were mostly small anecdotal studies. Results of large,
433  placebo-controlled, randomized trials are now becoming available. A randomized trial of HCQ
434  as post-exposure prophylaxis after high-to-moderate-risk exposure to COVID-19 showed that
435  high doses of HCQ did not prevent SARS-CoV-2 infection or disease similar to COVID-19%,
436  In the RECOVERY trial, a large UK-based clinical study to evaluate potential therapies, HCQ
437  treatment did not result in a beneficial effect in mortality or hospital stay duration in patients
438  hospitalized with COVID-19%. These data are in agreement with our results in the hamster
439  model and clearly underline the importance of preclinical studies in animal models in the drug

440  development/repurposing process.
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441  The lack of effect observed for HCQ in this study and potentially also in other studies may be
442  explained by a pharmacokinetic failure. High lung concentrations of HCQ are caused by
443  massive accumulation (‘ion trapping’) of the compound in acidic lysosomes, which is driven by
444  a pH gradient between cytosol (pH 7.2) and lysosomes (pH 5). However, taking into account
445  the pH partition theory and considering the relative volumes of lung cellular and interstitial
446  compartments, only 6% of total HCQ concentrations in lung tissue is present in the cytosol of
447  lung cells. The other 94% of HCQ is present in the interstitial compartment and intracellularly
448  in lysosomes/endosomes or other subcellular fractions, or bound to proteins. Starting from the
449  measured trough concentrations from treated hamsters at day 4 or 5, the calculated HCQ
450  concentration in the endosomal compartment was 1.9 mM, which would be well above the
451  ECgotarget. In contrast, cytosolic concentrations in the lung were only slightly higher than the
452  ECso values reported in the literature, and far below the ECgo target. Although alkalization of
453  endosomes has been proposed as one of the key mechanisms of the broad-spectrum antiviral
454  effect of HCQ, the mechanism of action against SARS-CoV-2 has not been completely
455  unraveled®. Therefore, the very low cytosolic concentrations of HCQ in the lung may explain
456  the absence of an antiviral effect of HCQ against SARS-CoV-2 in vivo. Increasing the HCQ
457  dose to reach the ECg might not be feasible in terms of safety, as it may lead to an increased
458  risk of QTc prolongation and fatal arrhythmia. In future studies, lung tissue distribution of (re-
459  purposed) antiviral drugs should be taken into account, along with specification of the

460  subcellular target site, as recommended by Wang and Chen*.

461 In contrast to HCQ, favipiravir was able to inhibit virus replication in intranasally infected
462  hamsters, but the effect was modest and only statistically significant at the viral RNA level. In
463  the transmission model on the other hand, favipiravir failed to reduce viral replication when
464  given as a prophylaxis. This suggests that the antiviral effect of favipiravir in COVID-19 patients
465  will most likely be limited. Also, the efficacy of favipiravir as a pre- or post-exposure prophylaxis
466  seems very modest. Clinical trials to evaluate the potency of favipiravir against SARS-CoV-2

467  are currently ongoing in China, Italy and the UK*'. Prior, an open-label, randomized study
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468  already showed that in COVID-19 patients with mild symptoms (fever and respiratory
469  symptoms without difficulties in breathing) the clinical recovery rate at day 7 was higher in the
470  favipiravir-treated group compared to the control group, which received treatment with
471  arbidol*2. However, for COVID-19 patients with hypertension and/or diabetes as well as
472  critically ill patients, the clinical recovery rate was not significantly different between groups,
473  suggesting that favipiravir might be useful for patients with mild symptoms, but not for severely
474 il patients. One concern with favipiravir is that it has been reported that the trough
475  concentrations (after 8-12h) in critically ill patients are lower than those in healthy persons and
476  do not even reach the in vitro obtained ECso value against SARS-CoV-24344, This unfavorable
477  PK profile of favipiravir has been previously observed in Ebola virus-infected patients*s. While
478  favipiravir might be well tolerated and safe in a short-term treatment, safety concerns remain
479  as the drug proved to be teratogenic*. Therefore, potential widespread use of favipiravir to

480  treat COVID-19 patients should be handled with caution.

481 In conclusion, we here characterize our hamster infection and transmission model to be a
482  robust model for studying the in vivo efficacy of antiviral compounds. Our data endorse the use
483  of Syrian hamsters as the preferred small animal model for preclinical evaluation of treatment
484  options against SARS-CoV-2. Our results also indicate that in both a therapeutic and a
485  prophylaxis scenario, a highly potent antiviral is necessary for a positive outcome. The
486  information we acquired using this model on HCQ and azithromycin is of critical value to those
487  designing (current and) future clinical trials. Of note, in a non-pandemic situation, based on the
488  pre-clinical data we provide, together with the earlier studies in ferrets and non-human
489  primates, there would be no indication to initiate clinical trials with either compound. We
490  recognize the exceptional situation the world is currently in and that clinical trials were initiated
491  at atime when no pre-clinical data was available. However, at this point, the pre-clinical data
492  obtained by us and others on HCQ and azithromycin provide no scientific basis for further
493  studies in humans with these molecules. The very modest reduction of viral load in the lungs

494  of hamsters treated with favipiravir and the lack of efficacy in the transmission model, also
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suggests that the potential benefit of this drug in humans may be limited as well. Finally, we
emphasize the need to develop highly specific, potent and safe pan-corona antiviral drugs.
Highly potent drugs are available to treat other viral infections (such as with herpesviruses,
HIV, HBV, HCV and influenza virus) and it will without any doubt be possible, given sufficient
efforts, to develop also coronavirus inhibitors. Small animal infection models, such as the

hamster model, should have a pivotal place in (de)selecting drugs for clinical development.
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633  Figure legends

634  Figure 1. Kinetics of SARS-CoV-2 replication and lung disease in hamsters. (A) Viral RNA
635 levels in the lungs, ileum and stool of infected Syrian hamsters. At the indicated time intervals
636  pi, viral RNA levels were quantified by RT-qPCR. (B) Infectious viral load in the lung expressed
637 as TCIDso per mg of lung tissue obtained at day 4 pi. (C) Weight change as compared to the
638  weight at d0 in percentage at the indicated time intervals pi. (A-C) The data shown are medians
639 plus the individual hamsters represented as separate data points. (D) Representative
640  transversal lung pCT-images on SARS-CoV-2 infected hamsters at baseline (0 d.p.i) and 3
641  d.p.i. Red arrows indicate infiltration by consolidation of lung parenchyma. (E) Representative
642  H&E images of lungs of SARS-CoV-2-infected hamsters at day 0 and day 4 pi. Red arrows
643  point at a lymphoid follicle. The blue arrowhead indicates apoptotic cells in the bronchial

644  epithelium.

645  Figure 2. In vivo testing of favipiravir and hydroxychloroquine (HCQ) in the SARS-CoV-
646 2 infection model. (A) Set-up of the study. (B) Viral RNA levels in the lungs, ileum and stool
647  of untreated and treated (favipiravir, HCQ or HCQ + azithromycin) SARS-CoV-2 infected
648 hamsters at day 4 pi. At the indicated time intervals pi, viral RNA levels were quantified by RT-
649 qPCR. (C) Infectious viral load in the lung of untreated hamsters and hamsters receiving
650 treatment (favipiravir, HCQ or HCQ + azithromycin) expressed as TCIDso per mg of lung tissue
651  obtained at day 4 pi. (D) Weight change of the hamsters as compared to the weight at dO in
652  percentage points at the indicated time intervals pi. (E) Coronal lung uCT images at 4 d.p.i. of
653 SARS-CoV-2 infected hamsters, untreated and treated with favipiravir, HCQ or HCQ +
654  azithromycin. Red arrows point to examples of pulmonary infiltrates observed as consolidation
655 of lung parenchyma. (F, G) Quantification of uCT-derived biomarkers: non-aerated lung
656  volume (reflecting the tissue lesion volume) and aerated lung volume relative to total lung
657  volume (F) and mean density of the aerated lung volume (G). (H) Cumulative severity score
658  from H&E staining of lungs of SARS-CoV-2 infected hamsters that were untreated (blue) or

659 treated with favipiravir (red), HCQ (green) or HCQ + azithromycin (green-yellow).
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660 Figure 3. HCQ and favipiravir fail to prevent infection in a direct contact transmission
661  model. (A) Set-up of the study. (B) Viral RNA levels in the lungs, ileum and stool at day 4 pi
662  are expressed as logio RNA copies per mg tissue. Closed dots represent data from index
663  hamsters (n = 5) inoculated with SARS-CoV-2 one day before co-housing with sentinel
664  animals. Open dots represent data from sentinel hamsters (n = 5 per condition) which were
665  untreated (blue) or treated with either HCQ (green) or favipiravir (red), starting one day before
666  exposure to index animals. (C) Infectious viral loads in the lung at day 4 pi/post exposure are
667  expressed as logio TCIDso per mg lung tissue. (D) Weight change at day 4 pi in percentage,
668 normalized to the body weight at the day of infection (index) or exposure (sentinel). (E)
669  Representative coronal and transversal lung pCT images of sentinel favipiravir and
670  hydroxychloroquine (HCQ) treated hamsters at day 4 pi. Red arrows indicate examples of
671  pulmonary infilirates seen as consolidation of lung parenchyma. (F) uCT-derived biomarkers:
672  non-aerated lung volume (reflecting the tissue lesion volume) and aerated lung volume relative
673  to total lung volume of index SARS-CoV-2 infected hamsters and untreated, favipiravir and
674 HCQ treated sentinel hamsters. (G) Cumulative severity score from H&E staining of index

675 SARS-CoV-2 infected hamsters and untreated, favipiravir and HCQ treated sentinel hamsters.

676  Figure 4. Pharmacokinetics of HCQ in infected and sentinel hamsters (A) Individual
677  plasma trough concentrations of HCQ in hamsters treated with HCQ or HCQ and azithromycin
678  (n=14). (B) Viral RNA levels in lung tissue at day 4 pi to HCQ plasma trough concentrations of
679 individual hamsters. (C) Summary of trough blood and tissue levels of HCQ in hamsters dosed

680  with 50 mg/kg HCQ sulphate and comparison with in vitro ECso values.
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