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Ronapreve (REGN-CoV; casirivimab and imdevimab) reduces the viral burden and alters the
pulmonary response to the SARS-CoV-2 Delta variant (B.1.617.2) in K18-hACE2 mice using an

experimental design reflective of a treatment use case.
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Abstract

Background: Ronapreve demonstrated clinical application in post-exposure prophylaxis,
mild/moderate disease and in the treatment of seronegative patients with severe COVID19 prior to
the emergence of the Omicron variant in late 2021. Numerous reports have described loss of in vitro
neutralisation activity of Ronapreve and other monoclonal antibodies for BA.1 Omicron and
subsequent sub-lineages of the Omicron variant. With some exceptions, global policy makers have
recommended against the use of existing monoclonal antibodies in COVID19. Gaps in knowledge
regarding the mechanism of action of monoclonal antibodies are noted, and further preclinical study

will help understand positioning of new monoclonal antibodies under development.

Objectives: The purpose of this study was to investigate the impact of Ronapreve on compartmental
viral replication as a paradigm for a monoclonal antibody combination. The study also sought to
confirm absence of in vivo activity against BA.1 Omicron (B.1.1.529) relative to the Delta (B.1.617.2)

variant.

Methods: Virological efficacy of Ronapreve was assessed in K18-hACE2 mice inoculated with either
the SARS-CoV-2 Delta or Omicron variants. Viral replication in tissues was quantified using gRT-PCR to
measure sub-genomic viral RNA to the E gene (sgE) as a proxy. A histological examination in

combination with staining for viral antigen served to determine viral spread and associated damage.

Results: Ronapreve reduced sub-genomic viral RNA levels in lung and nasal turbinate, 4 and 6 days
post infection, for the Delta variant but not the Omicron variant of SARS-CoV-2 at doses 2-fold higher
than those shown to be active against previous variants of the virus. It also appeared to block brain
infection which is seen with high frequency in K18-hACE2 mice after Delta variant infection. At day 6,
the inflammatory response to lung infection with the Delta variant was altered to a mild multifocal
granulomatous inflammation in which the virus appeared to be confined. A similar tendency was also

observed in Omicron infected, Ronapreve-treated animals.
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Conclusions: The current study provides evidence of an altered tissue response to the SARS-CoV-2
after treatment with a monoclonal antibody combination that retains neutralization activity. These
data also demonstrate that experimental designs that reflect the treatment use case are achievable
in animal models for monoclonal antibodies deployed against susceptible variants. Extreme caution
should be taken when interpreting prophylactic experimental designs when assessing plausibility of

monoclonal antibodies for treatment use cases.
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Introduction

A concerted global effort since the emergence of SARS-CoV-2 in late 2019 resulted in a toolbox of
putative interventions that were brought through development at unprecedented speed. The rapid
development and implementation of vaccination programmes has had a transformational impact on
control of the pandemic in some countries but ongoing efforts for vaccine equity continue to be
critical.! In addition, first generation antiviral drugs have emerged from repurposed small molecules
from other antiviral development programmes, such as drugs originally developed for ebola, influenza
or prior coronaviruses. More potent antivirals continue to emerge, but considerable research is still
required to optimise deployment of existing agents (including evaluation of regimens composed of

drug combinations).> 3

Neutralising monoclonal antibodies targeting the spike protein on the surface of SARS-CoV-2 were
also brought forward with commendable speed, but the urgency of the pandemic necessitated that
key knowledge was not collected during the accelerated development process. Ronapreve (REGN-
COV2) is composed of two such monoclonal antibodies (casirivumab and imdevimab), and
demonstrated clinical efficacy against pre-Omicron SARS-CoV-2 variants in post-exposure
prophylaxis,® early treatment,® and in the treatment of seronegative patients with severe COVID19.°
With successive emergence of Omicron sub-lineages, all approved monoclonal antibodies have lost
varying degrees of neutralisation capability such that continued efficacy in all use cases is no longer
plausible based upon the current understanding of the pharmacokinetic-pharmacodynamic
relationship.”® As a result, no monoclonal antibodies are currently recommended by the NIH or
WHO.1%12 Each antibody in Ronapreve exhibits molar potency against previous SARS-CoV-2 variants
which are orders of magnitude higher than current repurposed small molecule drugs such as
molnupiravir and nirmatrelvir'® 13 but they were given in combination to reduce the risk of emergence
of resistance as has been widely documented for monoclonal antibodies used against susceptible

variants as monotherapy.}*%
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80  Several variants of concern (VOC) have emerged over the past 2 years to which at least one of the
81  antibodies in Ronapreve has retained activity in vitro.? Moreover, studies in K18-hACE2 transgenic
82 mice clearly demonstrated virological efficacy of Ronapreve against previous variants (not including
83 Delta which was not studied).?? Several studies have also investigated the activity of casirivumab and
84 imdevimab (alone or in combination) against pseudovirus engineered to express the BA.1 Omicron
85  spike protein or authentic virus.2>% All studies have demonstrated compromised activity of the
86 Ronapreve combination in these assays. However, other studies reported residual activity of the
87 individual antibodies when studied in isolation, albeit with substantially lower activity. Unlike other
88  monoclonal antibodies, extremely high doses of casirivumab and imdevimab (up to 8000 mg
89 intravenously) have been studied safely and pharmacokinetics at these doses far exceed stringent

90 target concentrations developed by the manufacturers for ancestral SARS-CoV-2.°

91 Recent studies provided evidence that intraperitoneal administration of neutralising human
92  antibodies protect K18-hACE2 mice from lung infection and clinical disease in both prophylactic (hours
93  to 3 days prior to intranasal infection, using an ancestral SARS-CoV-2 and the Delta variant) and
94  therapeutic settings (up to 4 days post intranasal infection).? 2’ A study using neutralising murine
95 monoclonal antibodies demonstrated significant reduction of viral titres in the lungs at 2 days post
96 infection (dpi) i.e. the peak of lung infection in untreated mice, when mice were treated with the
97 antibody at 6 hours post intranasal infection. Similarly, prophylactic treatment (day -1) prior to
98 infection with an original virus isolate significantly reduced weight loss and viral titres in nasal
99  turbinate, lungs and brain at 5 dpi; interestingly, treatment at 5.5 hours post infection had the same

100  effect on body weight and viral loads in all tested organs except the lungs.?®

101  The purpose of this study was to investigate the ability of monoclonal antibody combinations to
102 mitigate pulmonary and neurological manifestations of SARS-CoV-2 infection using Ronapreve and the
103 Delta variant as a paradigm for activity against a susceptible variant. In vivo validation of prior in vitro

104  assay readouts for neutralisation of BA.1 Omicron by Ronapreve is also presented.
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105 Methods

106 Materials

107 Materials were purchased and used as received without further purification: chloroform, isopropanol,
108 ethanol, phosphate buffered saline (PBS) and nuclease-free water were purchased from Fisher
109  Scientific (UK). Male K18-hACE2 mice were purchased from Charles River (France). Ronapreve
110  (casirivimab and imdevimab) was kindly provided by Roche (Switzerland). TRIzol™, GlycoBlue™,
111  Phasemaker™ tubes and TURBO DNA-free™ kit were purchased from Fisher Scientific (UK). GoTaq"
112 Probe 1-Step RT-gPCR System was purchased from Promega (US). SARS-CoV-2 (2019nCoV) CDC gPCR
113 Probe Assay was purchased from IDT (US). Precellys CKmix lysing tubes were purchased from Bertin
114  Instruments (France). For immunohistology, a rabbit anti-SARS-CoV nucleoprotein antibody was
115 purchased from Rocklands, the peroxidase blocking buffer and the Envision+System HRP Rabbit and
116  the diaminobenzidine from Agilent/DAKO. All other chemicals and reagents were purchased from

117 Merck (UK) and used as received, unless stated otherwise.

118 Virus isolates

119 The Delta variant (B.1.617.2) hCoV-19/England/SHEF-10E8F3B/2021 (GISAID accession number
120 EPI_ISL_1731019), was kindly provided by Prof. Wendy Barclay, Imperial College London, London, UK
121  through the Genotype-to-Phenotype National Virology Consortium (G2P-UK). Sequencing confirmed
122 it contained the spike protein mutations T19R, K77R, G142D, A156-157/R158G, A222V, L452R, T478K,
123 D614G, P681R, D950N. The Omicron variant (B.1.1.529/BA.1) isolate M21021166 was originally
124 isolated by Prof. Gavin Screaton, University of Oxford?*, UK and then obtained from Prof. Wendy
125 Barclay, Imperial College London, London, UK through the Genotype-to-Phenotype National Virology
126 Consortium (G2P-UK). Sequencing confirmed it contained the spike protein mutations A67V, A69-70,
127 T951, G142D/A143-145, A211/1212l, ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S,

128  S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H,
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129 N764K, A701V, D796Y, N856K, Q954H, N969K, L981F. The titres of all isolates were confirmed on Vero

130 E6 cells and the sequences of all stocks confirmed.

131 Animal studies

132 All work involving SARS-CoV-2 was performed at containment level 3 by staff equipped with respirator
133 airstream units with filtered air supply. Prior to the start of the study, all risk assessments and standard
134  operating procedures were approved by the University of Liverpool Biohazards Sub-Committee and

135  the UK Health and Safety Executive.

136  All animal studies were conducted in accordance with UK Home Office Animals Scientific Procedures
137  Act (ASPA, 1986). Additionally, all studies were approved by the local University of Liverpool Animal
138  Welfare and Ethical Review Body and performed under UK Home Office Project License PP4715265.
139 Male mice (20-30 g) carrying the human ACE2 gene under the control of the keratin 18 promoter (K18-
140  hACE2; formally B6.Cg-Tg(K18-ACE2)2Primn/J) were housed in individually-ventilated cages with
141  environmental enrichment under SPF barrier conditions and a 12-hour light/dark cycle at 21 °C + 2 °C.

142 Free access to food and water was provided at all times.

143 Mice were randomly assigned into groups and acclimatized for 7 days. Mice in each group were
144  anaesthetised under 3% isoflurane and inoculated intranasally with 100 pL of either 10° PFU of SARS-
145  CoV-2 Delta variant (B.1.617.2) or Omicron variant (B.1.1.529) in phosphate buffered saline (PBS).
146  After 24 hours, mice from each group were treated with a single dose (100 uL) of either the saline
147  control or 400 ug Ronapreve, diluted in saline, via intraperitoneal (IP) injection. All animals were
148  weighed and monitored daily throughout the experiment. At 4 and 6 days following infection, groups
149  of mice were sacrificed via a lethal IP injection of pentobarbitone, followed by cardiac puncture and
150 immediate exsanguination from the heart. Animals were immediately dissected and the right lung as
151  well as fragments from the nasal turbinates collected and frozen at -80°C for RNA extraction. The left
152 lung lobe and the head were fixed in 10% buffered formalin for 48 hours and then stored in 70%

153 ethanol until processing for histological and immunohistological examination.
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154  Quantification of viral RNA

155 RNA isolation from lung and nasal turbinate samples, RNA quantification, and DNAse treatment has
156  been detailed previously.?

157  The viral RNA derived from the lung and nasal turbinate samples was quantified using a protocol for
158 quantifying the SARS-CoV-2 sub-genomic E gene RNA (sgE)? using the GoTaq® Probe 1-Step RT-qPCR
159  System (Promega).

160  Quantification of SARS-CoV-2 E SgRNA was completed utilising primers and probes previously
161 described elsewhere?® and were used at 400 nM and 200 nM, respectively (IDT), using the GoTaq®
162 Probe 1-Step RT-qPCR System (Promega). Quantification of 18S RNA utilised previously described
163 primers and probe sequences,*® and were used at 300 nM and 200 nM, respectively (IDT), using the
164  GoTaq® Probe 1-Step RT-qPCR System (Promega). Methods for the generation of the 18S and sgE RNA
165  standards have been outlined previously.3! Both PCR products were serially diluted to produce
166  standard curves in the range of 5 x 108 - 5 copies/reaction via a 10-fold serial dilution. DNAse treated
167 RNA at 20,000 ng/mL or dH,O were added to appropriate wells producing final reaction volumes of
168 20 puL. The prepared plates were run using a gTOWER? Real-Time PCR Detector (Analytik Jena).
169  Thermal cycling conditions have been detailed previously.?® The sgE data were normalised to 18S data
170  for subsequent quantitation.

171  Statistical analysis

172  An unpaired, two-tailed, t-test was used to compare the differences in lung and nasal turbinate viral
173 RNA between the control (saline) and Ronapreve treatment groups at days 4 and 6. A P-value of < 0.05
174  was considered statistically significant. All statistical analysis was completed using GraphPad Prism

175 version 7.

176  Histological and immunohistological analyses
177  The fixed left lung was routinely paraffin wax embedded. Heads were sawn longitudinally in the

178 midline using a diamond saw (Exakt 300; Exakt) and the brain left in the skull. Heads were gently
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179 decalcified in RDF (Biosystems) for twice 5 days, at room temperature (RT) and on a shaker, then both
180  halves paraffin wax embedded. Consecutive sections (3-5 um) were prepared and stained with
181 hematoxylin eosin (HE) for histological examination or subjected to immunohistological staining to
182 detect SARS-CoV-2 antigen (performed in an autostainer; Agilent), using the horseradish peroxidase
183 (HRP) method and rabbit anti-SARS-CoV nucleocapsid protein (Rockland) as previously described3?.
184 Briefly, sections were deparaffinized and rehydrated through graded alcohol. Antigen retrieval was
185 achieved by 20 min incubation in citrate buffer (pH 6.0) at 98 °Cin a pressure cooker. This was followed
186 by incubation with the primary antibody (diluted 1:3,000 in dilution buffer; Dako) overnight at 4 °C, a
187 10 min incubation at RT with peroxidase blocking buffer (Agilent) and a 30 min incubation at RT with
188 Envision+System HRP Rabbit (Agilent). The reaction was visualized with diaminobenzidin (DAB; Dako)
189  for 10 min at RT. After counterstaining with hematoxylin for 2 s, sections were dehydrated and glass
190 coverslipped. In selected animals (see Supplemental Table S1), lungs were also stained for CD3 (T cell

191 marker), CD45R/B220 (B cell marker) and lbal (macrophage marker), as previously described32,

192
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193 Results

194  Body weight

195 Weight was monitored throughout the study as a marker for health. Figure 1 shows mouse weights
196 relative to baseline (day O; prior to SARS-CoV-2 inoculation). All animals displayed weight loss at day
197 2 post infection (9.3-14.3% of body weight); this was less rapid in the Delta variant infected animals,
198  albeit without statistical significance. Most animals regained some weight (2.1-5.2%) by day 3 and
199  most reached pre-infection levels (around 95%) by day 6 with the exception of the control Delta
200 variant infected animals which showed progressive weight loss after day 4, partly reaching the clinical

201  endpoint (up to 20% weight loss) by day 6.

202

203 Effect of Ronapreve on viral replication

204  To determine the viral load in animals infected with each variant and subsequently dosed with either
205 saline (controls) or Ronapreve, total RNA was extracted from the lung and nasal turbinate samples of
206  animals culled on days 4 and 6 post infection. Viral replication was quantified using qRT-PCR to
207  measure sub-genomic viral RNA to the E gene (sgE) as a proxy. The results are illustrated in Figure 2.
208 In SARS-CoV-2 Delta variant infected animals, the amount of sgE RNA was generally reduced after
209 Ronapreve treatment compared to the saline treated mice. At 4 dpi the difference was significant in
210  the nasal turbinates (log10 fold decrease: -0.556, P=0.037) but not in the lung (log10 fold reduction: -
211  0.602, P=0.065), whereas at 6 dpi, the difference was not significant in the nasal turbinates (log10 fold

212  decrease: -1.369, P=0.111) but significant in the lung (log10 fold reduction: -1.667, P=0.033).

213 In contrast, in the Omicron infected mice the amount of sgE RNA detected in the nasal turbinates was
214  only marginally reduced at both 4 dpi (log10 fold decrease: -0.243, P=0.267) and 6 dpi (log10 fold
215 decrease: -0.065, P=0.973) in the Ronapreve treated mice compared to the saline controls. The same

216  effect was observed in the lung at 4 dpi (log10 fold reduction: -0.312, P=0.149) whereas it was similar
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217  at 6 dpi (logl0 fold increase: 0.130, P=0.390). The results highlight the diminished in vivo antiviral

218 potency of Ronapreve against the Omicron variant.

219

220 Differences in viral replication between Delta and Omicron variants

221 Mice were challenged with a comparable amount of virus (10° PFU) of both SARS-CoV-2 variants.
222 However, comparison of the sgE RNA levels in the tissues, of the saline treated animals at both time
223 points, showed that infection with the Omicron variant generally yielded lower viral loads. In the nasal
224  turbinate samples, a log10 fold lower viral RNA level of -0.243, P=0.267 (4 dpi) and -2.043, P=0.099 (6
225  dpi) was observed in the Omicron group. In the lung, a log10 fold lower viral RNA level of -0.353,
226 P=0.137 (4 dpi) and -0.561, P=0.085 (6 dpi) was observed. Detailed information on viral loads in
227  individual animals is provided in Supplemental Table S1. Similar trends have been reported in Omicron

228 infected mice displaying a lower viral load in both upper and lower respiratory tracts.®

229

230 The effect of Ronapreve on pulmonary changes and viral spread to the brain after infection with the

231 Delta and Omicron variants

232 At 4 dpi, productive virus infection was also confirmed by immunohistochemistry in all groups of
233 infected mice. In saline treated animals, virus antigen was detected in epithelial cells in the nasal
234 mucosa in all Delta infected mice, but not in Omicron infected mice. This trend was consistent with
235 nasal turbinate PCR data with lower sgE RNA levels in the saline treated Omicron infected mice
236  compared to the Delta infected mice . Viral antigen was detected in the lung of 5 of the 6 Delta infected
237 mice. Infection was generally widespread and represented by numerous large, partly coalescing
238 patches of alveoli with positive type | and type Il pneumocytes (Supplementary Figure Sla).
239 Histologically, this was accompanied by the presence of activated type Il pneumocytes, occasional

240  syncytial cells and degenerate alveolar epithelial cells as well as scattered desquamed cells within
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241 alveolar lumina and increased interstitial cellularity; mild vasculitis was also seen. Also in the Omicron
242 infected mice, viral antigen was detected in the lung (7 of 8 animals). Expression was seen in
243  disseminated small patches of alveoli with positive pneumocytes (Supplementary Figure S1b) and was
244 overall less abundant than in the Delta infected mice, confirming the virological results. Infection
245 accompanied by focal areas with increased interstitial cellularity and desquamation of a few alveolar
246 cells, some infiltrating lymphocytes and macrophages as well as occasional mild vasculitis. The lung
247 PCR data revealed no significant difference between the saline treated Omicron infected mice and the
248 Delta infected mice (P=0.137). Interestingly, animal C2.5 (Table S1) was negative for both viral antigen

249  and sgE RNA, demonstrating consistency between the immunohistochemistry and PCR data.

250  After Ronapreve treatment, at 4 dpi, virus antigen was detected in epithelial cells in the nasal mucosa
251 in 4 of the 8 Delta infected mice, and in 1 of the 8 Omicron infected mice. Viral antigen was detected
252 in the lung of 7 of the 8 Delta infected mice. It was generally less extensively expressed than in the
253  saline treated group and seen in the pneumocytes of small disseminated patches of alveoli
254  (Supplementary Figure Slc). Infection was accompanied by similar histological changes as in the
255 untreated mice, but these were less extensive. In Omicron infected mice, viral antigen was detected
256 in 5 of the 8 animals, with a similar extent and distribution as the Delta infected mice and the
257  untreated Omicron infected group alveoli (Supplementary Figure S1d), and with histological changes

258 similar to those seen in the untreated Omicron infected mice in nature and extent.

259 At 6 dpi, productive virus infection was still observed in all groups of infected mice. In saline treated
260  animals, virus antigen was detected in epithelial cells in the nasal mucosa in all Delta infected mice
261 but in none of the Omicron infected mice. Lower sgE RNA levels in the saline treated Omicron infected
262 mice compared to the Delta infected mice was observed, albeit not statistically significant (P=0.099).
263 Examination of the lungs revealed viral antigen in the lungs of 4 of the 6 Delta infected animals, mainly
264  in numerous, often large disseminated patches of alveoli (Supplementary Figure Sle), and most

265 intense in association with large focal areas of increased interstitial cellularity that contained activated
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266  type Il pneumocytes, occasional syncytial cells and degenerate and/or desquamed alveolar epithelial
267  cells. In Omicron infected mice, viral antigen expression was detected in all 8 animals, generally in
268  numerous disseminated, mainly small patches of alveoli (Supplementary Figure S1f). It was overall less
269 extensive than in the Delta infected animals at this time point, further supporting the virology results,
270  with lower sgE RNA levels in the saline treated Omicron infected mice compared to the Delta infected
271 mice, albeit not statistically significant (P=0.085). Infection was accompanied by mild histological
272 changes, represented by small focal areas with desquamed alveolar epithelial cells and mild

273 mononuclear infiltration.

274  After Ronapreve treatment, at 6 dpi, a different histopathological picture was observed in the Delta
275 infected mice. When viral antigen was detected (7/8 mice), its expression was very limited
276 (Supplementary Figure S1g). Histologically, multifocal small, delineated, dense parenchymal
277  mononuclear infiltrates were found (Fig. 3). These were comprised of macrophages (lbal+), with
278  lesser T cells (CD3+) and B cells (CD45R+) and also seen to involve vessels, where a patchy vasculitis,
279 with focal infiltration of the vascular wall, stretching into a focal perivascular infiltrate, was observed
280  (Fig. 3). These lesions often contained a few infected alveolar epithelial cells and some free viral
281  antigen, consistent with debris of infected cells (Fig. 3f). Otherwise, viral antigen expression was
282 limited to epithelial cells in a few small patches of alveoli (Supplementary Figure S1g). All 7 Omicron
283 infected animals were found to harbor viral antigen in the lung (Supplementary Figure S1h), the extent
284  and distribution of viral antigen was similar to that at 4 dpi, seen as disseminated small patches of
285  alveoli with positive pneumocytes. The accompanying histological changes were generally mild and as
286 described for the control mice, though focal infiltrates similar to those seen in the Delta infected
287 treated mice were also seen, albeit overall less pronounced and less delineated. Detailed information
288 on histological findings, viral antigen expression and viral loads in individual animals is provided in

289 Supplemental Table S1.
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290  We and others have previously shown that wildtype and VOC SARS-CoV-2s readily spread to the brain
291 in K18-hACEs mice; Omicron variants appear not to have the same effect, remaining unaltered and
292  without viral antigen expression2. The current study confirmed these findings. Brain infection was a
293 rather consistent finding in the untreated Delta infected animals. At 4 dpi, viral antigen was detected
294 multifocally in neurons in the brain in 4 of the 6 mice (Supplementary Fig S2a), all exhibiting viral
295 antigen also in the nasal mucosa, and in particular in the olfactory epithelium. Viral antigen was also
296  detected in nerve fibres or a variable amount of neurons in the olfactory bulb, consistent with viral
297 spread from the nasal mucosa, via the olfactory plate.3* There was no evidence of an inflammatory
298  response. In contrast, none of the Omicron infected animals were found to harbor viral antigen in the
299  nasal mucosa and the brain (Supplemental Fig 2b). At 6 dpi, brain infection was confirmed by
300 immunohistology in 5 of the 6 Delta infected mice; viral antigen expression was still restricted to
301 neurons but was generally very widespread (Supplementary Fig S2e); in two mice it was accompanied
302 by mild perivascular mononuclear infiltrates consistent with a non-suppurative encephalitis. The nasal
303 mucosa, and in particular the olfactory epithelium, often also underlying nerve fibres were found to
304 harbor viral antigen also at this stage. Again, the Omicron infected mice did not show any viral antigen

305  expression in nasal mucosa and brain (Supplementary Fig S2f).

306  After Ronapreve treatment, there was no evidence of viral antigen expression in the brain of any Delta
307 infected animal at 4 and 6 dpi (each n=8; Supplementary Fig 2c and g); however, the nasal mucosa
308 harbored infected epithelial cells at both time points, in 4 of the 8 animals at 4 dpi, and in 6 of the 8
309 animals at 6 dpi. Omicron infected, Ronapreve treated animals were equally negative for viral antigen
310 in the brain and the nasal mucosa at both time points, with the exception of one mouse at 4 dpi.
311 Detailed information on histological findings and viral antigen expression in the brains of individual

312 animals is provided in Supplemental Table S1.

313
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315 Figure legends

316  Figure 1. Mouse weights separated by treatment group and infection status. Weights are the
317  percentage of the initial weight recorded at day 0 prior to infection. Standard deviations are indicated

318 by the dashed plots.

319

320 Figure 2. Viral quantification of SARS-CoV-2 sub-genomic RNA (sgE), relative to 18S, using qRT-PCR
321  from nasal turbinate (a) and lung (b) samples harvested from each group on days 4 and 6 post
322 infection. Mice infected with the Delta variant were administered with a single IP dose of either saline
323 (n=12) or Ronapreve, 400 pug/mouse, in saline (n=16). Equally, mice infected with the Omicron variant
324  were administered with a single IP dose of either saline (n=16) or Ronapreve, 400 pg/mouse, in saline
325 (n=16). Data for individual animals are shown with the mean value represented by a black line. NS,

326  not significant; *, P <0.05 (unpaired, two-tailed t-test).

327

328  Figure 3. Lungs, K18-hACE2 mice at day 6 post infection with 10® PFU of SARS-CoV-2 Delta variant
329  (B.1.617.2), followed after 24 hours by an intraperitoneal injection of 100 uL saline control or 400 pg
330 Ronapreve, diluted in saline. a, b) Saline treated animal (C3.1). The parenchyma shows a focal
331  consolidated area (asterisk) and several areas with increased cellularity (arrow) in the parenchyma in
332  which macrophages (lbal+) are the dominant inflammatory cells (a: HE stain; b: lbal
333 immunohistology; bars =500 um). c-f) Ronapreve treated animal (R3.2). ¢, d) The parenchyma exhibits
334  several well delineated dense inflammatory infiltrates (arrows) that are dominated by macrophages
335 (Ibal+). Inset (d): Closer view of a focal inflammatory infiltrate. Macrophages are the dominant cells
336  and are also seen to emigrate from a vessel (V; arrow). (c: HE stain; d: Ibal immunobhistology; bars =
337 500 um). e, f) Closer view of a focal inflammatory infiltrate. Viral antigen is found within a few

338  pneumocytes (arrows) and cell free or phagocytosed within macrophages (arrowheads). Bars = 25 um.
339

340  Figure 4. Heads with olfactory epithelium (OE) and brain, K18-hACE2 mice. SARS-CoV-2 N expression
341  atday 4 (a-d) and day 6 (e-h) post infection with 10® PFU of SARS-CoV-2 Delta variant (B.1.617.2; a, c,

342 e, g) or Omicron variant (b, d, f, h), followed after 24 hours by an intraperitoneal injection of 100 uL
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343 saline control (a, b, e, f) or 400 ug Ronapreve (c, d, g, h), diluted in saline. a) Delta variant infected
344 mouse (C1.1) treated with saline control, 4 dpi. The virus is widespread in the OE (arrow and inset
345  showing a large patch of positive epithelial cells (arrow) and a few individual positive epithelial cells
346  (arrowhead)) and has spread to the brain; there are patches of neurons positive for viral antigen, in
347  frontal cortex, cerebral nucei (caudoputamen), hypothalamus/thalamus, midbrain and pons. The
348 arrowhead depicts a large patch of positive neurons in the frontal cortex of which a closer view is
349 provided in the inset. b) Omicron variant infected mouse (C2.3) treated with saline control, 4 dpi.
350 There is no evidence of viral antigen expression in the OE and the brain. c¢) Delta variant infected
351 mouse (R1.1) treated with Ronapreve, 4 dpi. There is no evidence of viral antigen expression in the
352 brain. The OE exhibits a small patch with positive epithelial cells. Inset: OE with viral antigen expression
353 in intact individual olfactory epithelial cells (arrowheads) and in degenerate cells in the lumen of the
354  nasal cavity. d) Omicron variant infected mouse (R2.5) treated with Ronapreve, 4 dpi. There is no
355  evidence of viral antigen expression in the OE and the brain. e) Delta variant infected mouse (C3.3)
356  treated with saline control, 6 dpi. There is widespread viral antigen expression in abundant neurons
357  throughout the brain including the olfactory bulb (left, arrow), with the exception of the cerebellum.
358  f) Omicron variant infected mouse (C4.1) treated with saline control, 6 dpi. There is no evidence of
359 viral antigen expression in the OE and the brain. g) Delta variant infected mouse (R3.3) treated with
360 Ronapreve, 6 dpi. There is no evidence of viral antigen expression in the OE and the brain. h) Omicron
361 variant infected mouse (C4.7) treated with Ronapreve, 6 dpi. here is no evidence of viral antigen
362 expression in the OE and the brain. Immunohistology, hematoxylin counterstain, and HE stain (insets).

363 Bars =1 mm.
364

365  Supplemental Figure S1. Left lung, longitudinal sections, K18-hACE2 mice. SARS-CoV-2 N expression
366  atday 4 (a-d) and day 6 (e-h) post infection with 10® PFU of SARS-CoV-2 Delta variant (B.1.617.2; a, c,
367 e, g) or Omicron variant (b, d, f, h), followed after 24 hours by an intraperitoneal injection of 100 pL
368  saline control (a, b, e, f) or 400 pug Ronapreve (c, d, g, h), diluted in saline. a) Delta variant infected
369 mouse (C1.2) treated with saline control, 4 dpi. Abundant large, partly coalescing patches of alveoli
370  with positive epithelial cells are found disseminated throughout the parenchyma. b) Omicron variant
371 infected mouse (C2.1) treated with saline control, 4 dpi. There are multiple disseminated small patches
372  of alveoli with positive epithelial cells. A large patch (arrow) of positive alveoli is seen in association
373  with focal desquamation of alveolar epithelial cells (inset: arrows) and the presence of activated and
374  syncytial type Il pneumocytes (inset: arrowheads). ¢) Delta variant infected mouse (R1.5) treated with
375 Ronapreve, 4 dpi. There are numerous small disseminated patches of alveoli with positive epithelial

376 cells, and larger patches (arrow) in association with focal activation and syncytia formation in type |
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377  pneumocytes, desquamation of alveolar epithelial cells, occasional degenerate cells and a few
378 infiltrating lymphocytes and neutrophils (inset). d) Omicron variant infected mouse (R2.6) treated with
379 Ronapreve, 4 dpi. Viral antigen expression is seen in epithelial cells of random small patches of alveoli.
380 e) Delta variant infected mouse (C3.5) treated with saline control, 6 dpi. Multifocal extensive, partly
381 coalescing large patches of alveoli with positive epithelial cells are found disseminated throughout the
382 parenchyma. f) Omicron variant infected mouse (C4.8) treated with saline control, 6 dpi. There are
383 multiple disseminated, mainly small patches of alveoli with pos epithelial cells. g) Delta variant
384 infected mouse (R3.4) treated with Ronapreve, 6 dpi. There are disseminated very small patches of
385 alveoli with positive epithelial cells (inset). Positive cells are also observed in focal infiltrates (arrow;
386  see Fig. 3). h) Omicron variant infected mouse (C4.8) treated with Ronapreve, 6 dpi. There are
387 numerous disseminated, mainly small patches of alveoli with pos epithelial cells. Immunohistology,

388  hematoxylin counterstain, and HE stain (insets). Bars = 1 mm.
389
390
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392 Figures
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408 Figure 3.
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416  Supplemental Figure S1
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418 Discussion

419  The current study made use of a reliable animal model of SARS-CoV-2 infection to confirm and
420 characterize the effect of Ronapreve on established infections with the Delta variant and confirm its
421 ineffectiveness for BA.1 Omicron infections. Indeed, it provides increased certainty in the absence of
422  effect for Ronapreve which complements in vitro neutralisation data for this variant.?> 3> However, it
423  confirms efficacy for the Delta variant and provides evidence that monoclonal antibodies might limit
424  the virus spread into the brain when deployed against susceptible variants. In addition, it reveals
425 pathological processes that can develop in the lungs when Ronapreve is applied after the Delta variant

426  has reached the lungs.

427  Avery rapid comparable decline in body weight was observed in all groups of mice, at 2 dpi, different
428  from previous studies that showed consistent weight drop only at 3 dpi. This early drop is likely a
429  response to the invasiveness and additional handling associated with the intraperitoneal dosing. The
430  weight gain towards day 3 moved body weights to levels observed in a previous study in which K18-
431 hACE2 transgenic mice were infected with the same virus variants at the same dose, but were not
432  treated any further.?® By the end of the study, all but the saline-control animals infected with the Delta
433  variant had regained more weight. This observation is in agreement with the authors’ previous
434  evaluation of the pathogenicity of these variants in K18 hACE2 transgenic mice.** Mice infected with
435  the Omicron variant generally carried less sub-genomic viral RNA than Delta variant-infected mice in
436  both nasal turbinates and lungs at 4 and 6 dpi, which is consistent with previous reports and lower
437  viral replication of Omicron in the respiratory tract and lungs at these time points.3® The histological
438  and immunohistological results support this finding. At both time points, viral antigen expression was
439  less widespread after Omicron infection, and the histological changes, representing focal areas of

440  alveolar damage with associated inflammatory response, were less severe.

441  Consistent with the clinical evidence through body weight measurements, levels of sub-genomic RNA

442  werereducedin both nasal turbinates and lung of mice infected with the Delta variant after Ronapreve
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443  treatment compared to controls, at both time points. This finding was complemented by the results
444  of the histological and immunohistological examinations. While the control group at 4 dpi exhibited,
445 in the majority, multifocal areas with activation and syncytia formation of type Il pneumocytes, some
446 desquamation of alveolar epithelial cells and occasional vasculitis, with extensive multifocal viral
447  antigen expression, the lungs of the Ronapreve treated mice were either found unaltered and free of
448  viral antigen, or exhibited a few small focal areas with alveolar damage and small patches of infected
449 alveoli, but no evidence of vasculitis. This suggests that post-exposure Ronapreve treatment reduces
450 pulmonary damage. Two days later, the difference between saline control and Ronapreve treated
451 mice was even greater. In the former, the lesions observed at 4 dpi were found to persist and the
452  accompanying inflammatory response had intensified, resulting in larger consolidated areas and
453 perivascular leukocyte infiltrates, with extensive multifocal viral antigen expression in large patches
454  of alveoli. After Ronapreve treatment, a different type and extent of inflammation and viral antigen
455  expression was observed. Viral antigen was only seen in a few very small patches of alveolar epithelial
456 cells and within small, delineated focal macrophage dominated, i.e. granulomatous parenchymal
457 infiltrates that also harbored viral antigen. Their proximity to and frequent continuity with identical
458  focal infiltrates of vascular walls and the presence of viral antigen not only within pneumocytes but
459  also within macrophages in these lesions indicate that they result from focal recruitment of
460  macrophages into the parenchyma in response to virus. Ronapreve represents human antibodies that
461  target the spike protein on the surface of SARS-CoV-2. After a single application, the antibodies will
462 not have induced an immune response in the mice, instead they will likely have bound to the Fc
463 receptors of the murine macrophages.®® Considering that the granulomatous reaction was not
464  observed in the saline controls, it is likely that it represents the local response to antibody-opsonised
465 virus that is phagocytosed by macrophages. A previous study that histologically examined the lungs of
466  mice treated with a neutralizing antibody at 2 dpi as late as 21 days post infection found unaltered
467  lungs with only scarce lymphoid aggregates,?” indicating that these local processes can dissolve with

468  time. Murine models are generally robust for identifying potential pathological effects of therapeutic
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469 interventions. The implications of these findings to clinical deployment of monoclonal antibodies is
470  currently uncertain, but further robust assessment incorporating morphological measures in parallel

471  tovirological measures is warranted.

472  The immunohistological examination also revealed a further positive effect of the Ronapreve
473  treatment. As expected, the Delta variant had already spread to the brain in some animals by day 4
474  and was found widespread in the brain at 6 dpi in mice that had received the saline control.3? At the
475 later time point it had induced a mild inflammatory response in some animals. After Ronapreve
476  treatment, there was no evidence of viral antigen expression in the brain, and no inflammatory
477 change. These findings suggest that Ronapreve treatment post exposure might inhibit viral spread into
478  the brain. Whether infection of the brain is completely blocked or only substantially reduced, requires
479  further investigations, particularly at the molecular level. In light of previous studies which showed

32,34 and

480 that, in K18-hACE2 mice, the virus reaches the brain predominantly via the olfactory route
481  considering Ronapreve treatment reduces viral loads in the nasal turbinates it is probable that

482 Ronapreve inhibits brain infection by reducing the risk of virus spread from the olfactory epithelium

483  tothe underlying nerves, then the olfactory bulb and into the brain.

484  Conversely, no significant impact of Ronapreve on sub-genomic RNA over 6 days was observed in mice
485 infected with BA.1 Omicron, which is consistent with a loss of neutralisation of this variant. The doses
486  used in the current study were 2-fold higher than those for which virological efficacy was
487  demonstrated in K18-hACE2 transgenic mice previously for other variants®? which reinforces the
488  conclusion that activity against Omicron is ablated for Ronapreve. The immunohistological results
489  further support the virological findings, as they indicate no or only mild reduction of viral antigen
490  expression after Ronapreve treatment. At 6 dpi, a limited granulomatous response was observed in

491  some lungs, suggesting some virus opsonization, though only to a very low extent.

492  Curiously, the magnitude of the reduction in Delta sub-genomic RNA was lower in the present study

493  thanthat reported for total RNA in the previous study despite the higher dose.?? At the time of writing,
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494  the authors are unaware of other studies that have investigated the efficacy of Ronapreve for Delta in
495  this model, but neutralisation of Delta was not meaningfully compromised in vitro.®* Differences in
496  the endpoint (sub-genomic versus total RNA measurements) make it difficult to draw firm conclusions
497  from these observations but underscore the importance of in vivo evaluation of the efficacy of

498 interventions against new and future variants.

499  The experimental design employed here reflects treatment whereby the intervention was applied
500 subsequent to the inoculation of the animals with virus. Several other studies that have sought to
501 assess continued efficacy of monoclonal antibodies against later Omicron sub-lineages have utilized
502 prophylactic designs where the antibody is administered prior to inoculation of the animals with virus
503 3739 Because of the differences in viral load when the intervention is introduced, it is well established
504  for antiviral interventions that the bar is much higher to achieve efficacy in treatment than it is for
505 prophylaxis. The data presented here clearly demonstrate that in vivo designs reflecting the intended
506 treatment use case are achievable and demonstrate efficacy for monoclonal antibodies against
507  susceptible variants. Extreme caution should be taken when interpreting in vivo data from
508 prophylactic designs when making an assessment of the likely continued efficacy in treatment, and
509 where animal data are used to support candidacy of interventions, in vivo studies should be designed

510 to be reflective of the intended use case in humans.

511 A limitation of the current study is that serum concentrations of the Ronapreve antibodies were not
512 measured in order to facilitate a comparison with exposures observed in humans. However, the lack
513  of virological efficacy for BA.1 Omicron despite a demonstrable impact upon Delta, coupled with the
514  higher doses used here compared with a previous study with earlier variants?? allows for confidence

515 in the outcome despite this deficit.

516
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