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 85 

At a glance commentary 86 

Our study illuminates the mechanism of action of two widely used COVID-19 87 

treatments, anti-viral monoclonal antibodies and dexamethasone. Using single-cell 88 

RNA sequencing, we provide insights into therapeutic effects observed in two animal 89 

models on a single-cell transcriptome level, and reveal benefits of a combinatorial 90 

treatment approach. 91 
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Abstract 97 

Rationale: In face of the ongoing SARS-CoV-2 pandemic, effective and well-98 

understood treatment options are still scarce. While vaccines have proven instrumental 99 

in fighting SARS-CoV-2, their efficacy is challenged by vaccine hesitancy, novel 100 

variants and short-lasting immunity. Therefore, understanding and optimization of 101 

therapeutic options remains essential. 102 

Objectives: We aimed at generating a deeper understanding on how currently used 103 

drugs, specifically dexamethasone and anti-SARS-CoV-2 antibodies, affect SARS-104 

CoV-2 infection and host responses. Possible synergistic effects of both substances 105 

are investigated to evaluate combinatorial treatments. 106 

Methods: By using two COVID-19 hamster models, pulmonary immune responses 107 

were analyzed to characterize effects of treatment with either dexamethasone, anti-108 

SARS-CoV-2 spike monoclonal antibody or a combination of both. scRNA sequencing 109 

was employed to reveal transcriptional response to treatment on a single cell level. 110 

Measurements and main results: Dexamethasone treatment resulted in similar or 111 

increased viral loads compared to controls. Anti-SARS-CoV-2 antibody treatment 112 

alone or combined with dexamethasone successfully reduced pulmonary viral burden. 113 

Dexamethasone exhibited strong anti-inflammatory effects and prevented fulminant 114 

disease in a severe COVID-19-like disease model. Combination therapy showed 115 

additive benefits with both anti-viral and anti-inflammatory potency. Bulk and single-116 

cell transcriptomic analyses confirmed dampened inflammatory cell recruitment into 117 

lungs upon dexamethasone treatment and identified a candidate subpopulation of 118 

neutrophils specifically responsive to dexamethasone.  119 

Conclusions: Our analyses i) confirm the anti-inflammatory properties and indicate 120 

possible modes of action for dexamethasone, ii) validate anti-viral effects of anti-121 

SARS-CoV-2 antibody treatment, and iii) reveal synergistic effects of a combination 122 

therapy and can thus inform more effective COVID-19 therapies.  123 

 124 

Key words: COVID-19 treatment, dexamethasone, antibody, monoclonal antibody 125 

therapy 126 
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Introduction 128 

A novel coronavirus (CoV), severe acute respiratory distress syndrome CoV-2 (SARS-129 

CoV-2) emerged in December 2019 in Wuhan, China and evolved rapidly into an 130 

ongoing pandemic (1). While development of vaccines was successful, there is still a 131 

lack of approved, effective and well-understood CoV disease 2019 (COVID-19) 132 

treatments (2, 3).  133 

To devise successful host-directed therapeutic strategies, understanding of COVID-19 134 

pathogenesis is required. For COVID-19 patients, virus-triggered exuberant cytokine 135 

release and associated tissue damage play a crucial role in disease severity, e. g. 136 

elevated levels of pro-inflammatory cytokines as well as loss of effector T-cells were 137 

associated with fatal outcomes (4-7). Despite growing knowledge regarding the 138 

mechanisms of severe disease, very few treatment options are available, so that the 139 

use of corticosteroids, specifically dexamethasone, remains the treatment of choice for 140 

many critically ill patients.  141 

Initially, use of corticosteroids was not recommended in treatment guidelines due to 142 

their broadly immunosuppressive action (8-10). Evidently, glucocorticoid treatment can 143 

result in impaired virus clearance (11). Nevertheless, in the RECOVERY trial, clinical 144 

application of dexamethasone yielded positive effects, especially for COVID-19 145 

patients requiring oxygen therapy (12). Although corticosteroids are now used routinely 146 

to treat critically-ill COVID-19 patients, putative hazards for mild to moderate COVID-147 

19 patients as well as mechanisms underlying its protective efficacy in severe COVID-148 

19 remain obscure and only begin to be investigated in greater depth (13).  149 

Since the development of small molecule inhibitors of virus replication is all but trivial, 150 

passive immunization using monoclonal antibodies (mAb) became an important 151 

approach to COVID-19 therapy relatively early in the pandemic. SARS-CoV-2 cell entry 152 

inhibition by mAb targeting the receptor-binding domain (RBD) of the spike protein 153 

revealed high effectivity (14). Various anti-SARS-CoV-2 antibodies have been 154 

developed and are currently tested in in-vivo models or in clinical trials (15-17). The 155 

first approved anti-SARS-CoV-2 mAb is REGN-COV2 a combination of the mAbs 156 

casirivimab and imdevimab. Effectivity depends on timing of therapy, as application 157 

early in disease can prevent patient hospitalization. Early therapy or prophylaxis 158 

reduces virus titers in the respiratory tract and consequently the risk of severe disease 159 

progression (18, 19). The therapeutic activity of mAbs depends critically on the 160 

presence of their binding sites in currently circulating virus variants (20). 161 
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Dexamethasone, in contrast, acts non-specifically on the hosts’ immune response and 162 

is less likely to lose therapeutic power to new variants if induced immune responses 163 

remain similarly pathogenic. To date, detailed understanding of the mechanisms 164 

behind the action of these two standard treatments is still not fully developed. To fill 165 

this knowledge gap, we examined the therapeutic effects of dexamethasone and 166 

monoclonal anti-SARS-CoV-2 antibody treatment as well as their potential as 167 

synergistic combinatorial therapy in hamster models of moderate and severe COVID-168 

19 using single-cell and bulk transcriptome-based analyses. 169 

 170 

Methods 171 

An online Supplement is provided giving more details on the here described methods. 172 

 173 

Ethics statement and COVID-19 hamster models 174 

Experiments including female and male hamsters (Mesocricetus auratus; breed 175 

RjHan:AURA, JanvierLabs, France) and Roborovski hamster (Phodopus roborovskii, 176 

via German pet trade) were approved and executed in compliance with all applicable 177 

regulations (permit number 0086/20). SARS-CoV-2 preparation (21) and infection of 178 

hamsters were carried out as previously described (22, 23). Treatments were applied 179 

as single i.p. treatment with 30 mg/kg mAb as previously described (16) and daily i.m. 180 

treatment with 2 mg/kg dexamethasone in the respective groups. Hamsters were 181 

monitored daily until they reached scheduled take-out time points or defined humane 182 

endpoints. Virus titers and RNA copies were determined by plaque assay and 183 

quantitative RT-PCR analysis as previously described (22). 184 

 185 

Histopathology and in situ-hybridization of SARS-CoV-2 RNA 186 

For histopathology and in situ-hybridization (ISH), lungs were processed, and tissues 187 

evaluated by board-certified veterinary pathologists in a blinded fashion following 188 

standardized recommendations, including pneumonia-specific scoring parameters as 189 

described previously (24). 190 

 191 
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Annotations of the M. auratus and P. roborowskii genome 192 

The M. auratus genome was derived from Ensembl and modified as previously 193 

described (25). The detailed description of the de-novo gene assembly of the 194 

Roborovski hamster genome was deposited on a pre-print server (26). 195 

 196 

Bulk RNA analysis  197 

For RNA-Bulk Sequencing of both hamster species, the right medial lung lobe was 198 

removed and RNA isolated using Trizol reagent according to the manufacturer’s 199 

instructions. Bulk RNA sequencing libraries were constructed using the Nebnext Ultra 200 

II Directional RNA Library Prep Kit (New England Biolabs) and sequenced on a 201 

Nextseq 500 or Novaseq 6000 device. Reads were aligned to the genome using hisat2 202 

(27) and gene expression quantified using quasR (27). 203 

 204 

Single-cell-RNA-Sequencing 205 

To enable scRNA-Seq, cells were isolated from Roborovski hamsters’ caudal lung lobe 206 

as previously described (25). 1,000,000 lung cells per sample were subjected to CMO 207 

labeling according to manufacturers’ instructions (3ʹ-CellPlex-Kit-Set-A, 10x 208 

Genomics). Labelled cells from 12 samples were pooled, filtered and counted. Pooled 209 

cells were adjusted to a final concentration of ~1,600 cells / μL, and 197,760 cells were 210 

split into four equal pools and subjected to partitioning into Gel-Beads-in-Emulsions 211 

with the aim of recovering a maximum of 120,000 single cells from four lanes by 212 

following the instructions of Chromium-Next-GEM-Single-Cell-3ʹ-Reagent-Kits-v3.1 213 

(Dual Index) provided by the manufacturer (10x Genomics). Library sequencing was 214 

performed on a Novaseq 6000 device (Illumina), with SP4 flow cells (read1: 28 215 

nucleotides, read2: 150 nucleotides). Sequencing of one of four libraries failed.  216 

 217 

Analysis of single-cell-RNA-Sequencing data 218 

Analysis of the single-cell data was based on Seurat (28). Raw and processed data is 219 

available through GEO at 220 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE191080, code through 221 

Github at https://github.com/Berlin-Hamster-Single-Cell-Consortium/Dwarf-Hamster-222 

Dexamethasone-Antibody. Details on single cell analysis and RNA velocity analysis 223 

can be found in the online Supplement.  224 
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Results 225 

Dexamethasone treatment prevents severe disease, while monoclonal antibodies 226 

decrease viral burden. 227 

Following SARS-CoV-2 infection, Syrian hamsters lost body weight. Irrespective of 228 

treatment, Syrian hamsters failed to show significant differences in body weight 229 

development nor did they present with severe signs of disease (Figure 1A, B). Titers 230 

of replication competent virus of all hamsters receiving mAb or combination treatment 231 

was below the detectable level at all sampling time points. The use of dexamethasone 232 

alone significantly increased viral titers in the lungs of Syrian hamsters and delayed 233 

viral clearance with moderately increased titers on day 5 and sustained increased titers 234 

7 days post infection (dpi) (Figure 1C). This effect was also evident in virus gRNA 235 

levels in the lungs (Figure 1D), but not in the upper respiratory tract (Figure 1E), which 236 

is the common site of sampling in patients.  237 

Contrary to Syrian hamsters, Roborovski hamsters which develop fulminant disease 238 

early after infection (23) displayed marked differences in clinical parameters in 239 

response to specific treatments. Specifically, both dexamethasone alone and in 240 

combination with mAb protected Roborovski hamsters from severe disease 241 

progression. By contrast, hamsters assigned to mAb treatment (2/6 on 2 dpi) and 242 

animals receiving mock treatment (2/6 on 2 dpi or 3 dpi) had to be euthanized prior to 243 

the terminal time point as they reached human endpoint criteria (Figure 1F). Hamsters 244 

that developed severe disease in respective groups presented with drastic drops in 245 

body temperature at 2 dpi (Figure 1G). Until the end of the experiment, body weights 246 

in the dexamethasone treated groups remained stable, animals in the mAb treatment 247 

group recovered from initial weight losses, while mock treated animals continued to 248 

lose weight throughout the experiment (Figure 1H). Similar to Syrian hamsters, the 249 

viral load in the lungs of Roborovski hamsters treated with either mAb or combinatorial 250 

therapy was below the detectable level at all regular sampling days. Only Roborovski 251 

hamsters that had to be terminated at 2 dpi showed high titers of replication competent 252 

virus despite mAb treatment (Figure 1I). In contrast to the results obtained from Syrian 253 

hamsters, no boost of viral replication was observed in the dexamethasone treated 254 

group of Roborovski hamsters compared to mock treated animals. This result was 255 

evident for all time-points, on both replicating virus and virus gRNA level in the lungs 256 

as well as in the upper respiratory tract (Figure 1J, K).  257 

 258 
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Dexamethasone restricts the inflammatory response 259 

Dexamethasone is a useful drug to treat severe COVID-19 patients (12). To better 260 

characterize effects on local pathomechanisms, we performed lung histopathology 261 

upon dexamethasone, mAb and combinatorial therapy against SARS-CoV-2 in models 262 

of moderate (Syrian hamster) and severe (Roborovski hamster) COVID-19 (Figure 2A 263 

– F).  264 

Lung histology indicated that in both Syrian (Figure 2A) and Roborovski hamsters 265 

(Figure 2B) dexamethasone and combination treatment markedly reduced immune cell 266 

infiltrates over time (Figure E1). Inflammation and bronchitis scores were reduced at 267 

from 5 dpi on in all groups receiving dexamethasone, which corresponds to 3 or 4 days 268 

post treatment start for Syrian and Roborovski hamster, respectively (Figure 2C – F). 269 

mAb treatment alone reduced pneumonia, however, to a lesser extent as compared to 270 

dexamethasone (Figures 2A – F, E1).  271 

Next, we investigated how anti-viral and inflammatory transcriptional responses were 272 

influenced by treatment in Syrian (Figure 2G, E2A) and Roborovski hamsters (Figure 273 

2H, E2B) over time. Therefore, we analysed previously established viral infection 274 

related gene sets, response to type I interferon (IFN) and interferon-gamma (IFN-γ) 275 

(25, 29). In Syrian hamsters, the amplitude of the type I IFN response genes decreased 276 

from 5 to 7 dpi in the absence of treatment (Figure 2G, E2A). mAb treatment alone or 277 

in combination with dexamethasone led to further reduction in gene expression of the 278 

type I IFN response genes. In contrast, IFN-γ response set genes decreased more 279 

upon dexamethasone compared to mAb treatment (Figure 2G, E2A). Similar effects 280 

were observed in Roborovski hamsters (Figure 2H, E2B). The combination treatment 281 

led to a strong reduction of both gene sets, independent of hamster species (Figure 282 

2G,H). 283 

Taken together, treatment related improvement in clinical parameters and 284 

histopathology correlated with substantially altered gene expression profiles in general, 285 

and a reduced expression of the response to IFN-γ gene set following dexamethasone 286 

treatment specifically.  287 

 288 

Dexamethasone reduces influx of immune cells and stabilizes endothelial cells 289 

As described above, both mAb and dexamethasone treatment, and in particular their 290 

combination, attenuated inflammatory aspects of pneumonia following SARS-CoV-2 291 
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infection, thereby rescuing Roborovski hamsters from an otherwise fatal disease 292 

course.  293 

In order to investigate cellular mechanisms underlying these treatment effects, we next 294 

performed pulmonary scRNA-seq of Roborovski hamsters for all treatment groups at 295 

3 dpi. First, we evaluated the absolute content and composition of cell types by 296 

measuring total cell counts of the dissociated tissue (Figure 3A) and relative cell type 297 

distribution from scRNA-seq data (Figure 3B–D, E3A-J). Lungs from dexamethasone 298 

(alone or in combination with mAb) treated hamsters yielded significantly lower total 299 

cell counts (Figure 3A). This reduction likely originated from reduced infection-triggered 300 

pulmonary immune cell immigration. NK cell numbers were significantly lower in 301 

dexamethasone treated groups compared to mock and mAb treated hamsters; 302 

similarly, neutrophil, monocytic macrophage, Treml4+ monocyte, T and B cell showed 303 

reduced numbers in hamsters receiving dexamethasone, although the difference was 304 

not statistically significant (Figure 3B, C). Notably, endothelial cells had significantly 305 

higher counts in groups treated with a combination therapy of dexamethasone and 306 

mAb (Figure 3D) as compared to mock treated animals. Higher endothelial cell counts 307 

were likely caused by mechanisms governing endothelial protection, rather than cell 308 

proliferation, since increased Mki67 and Top2 expression was not detectable in 309 

endothelial cells (Figure E3K). The notion of endothelial protection was supported by 310 

histopathological analyses showing reduced edema formation and reduced 311 

endothelialitis in dexamethasone treated groups (Figure 3E, F upper panel), thus 312 

replicating findings in patients (30). Histopathological analyses likewise confirmed 313 

reduction of recruited immune cells following single dexamethasone treatment alone, 314 

and in combination with mAb (Figure 3F). In contrast to mAb treatment alone, 315 

dexamethasone therefore largely reduced recruitment of immune cells.  316 

 317 

  318 
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Neutrophils and monocytic macrophages exhibit strong responses to dexamethasone 319 

Dexamethasone directly impairs transcription of NF-kB target genes via Rela/p65 and 320 

Crebbp/CBP (31). In order to assess the effect of dexamethasone treatment, known 321 

target genes of the glucocorticoid receptor, the coagulation cascade factor F13a1 (32), 322 

the plasma apolipoprotein serum amyloid a-3 protein (Saa3) (33), and Dusp1/MKP-1, 323 

an inhibitor of the MAP kinase pathways (34), were investigated (Figure E4A-C). 324 

Neutrophils and macrophages, particularly monocytic macrophages, from 325 

dexamethasone treated groups, showed strong increase in target gene expression, 326 

F13a1, Dusp1, and Saa3 (Figure E4A – C).  327 

For an unbiased view of the data, we selected all genes that were at least four-fold 328 

upregulated in all cell types (Figure 4A). Again, monocytic macrophages and 329 

neutrophils stood out with several upregulated genes, including Saa3 and F13a1 as 330 

mentioned above. We identified a dexamethasone-induced transcriptional program 331 

common to several cell types, whereas some genes, for example Gal (coding for 332 

galanin and galanin message-associated peptides) in endothelial cells were cell-type 333 

specific. In contrast, tissue cells, including endothelial cells, alveolar epithelial cell type 334 

2 (AT2) or smooth muscle cells did not show substantial upregulation of gene 335 

expression in response to dexamethasone alone (Figure 4A). Notably, the mRNA of 336 

the glucocorticoid receptor, encoded by the Nr3c1 gene, is ubiquitously present in both 337 

Roborovski hamsters and Syrian hamsters, and not modulated by SARS-CoV-2 338 

infection or the employed treatments (Figure E4D). 339 

Next, we asked which disease-relevant changes in gene expression were influenced 340 

by treatment in different cell types. We therefore assessed changes in gene expression 341 

between treatments for each cell type in an unbiased manner (Figure E4E). We noticed 342 

consistent downregulation of a group of interferon-induced genes (ISGs) such as 343 

Ifit2/3, Ifi27, Ifi209 in animals treated with mAb alone or in combination with 344 

dexamethasone, but not with dexamethasone alone. Conversely, some genes, such 345 

as Tnfsf10 (coding for the pro-inflammatory cytokine Trail) in neutrophils were more 346 

reduced in dexamethasone treated compared to mAb treated animals.  347 

In order to understand the changes in gene expression patterns caused by these 348 

treatments, we defined, based on our Syrian hamster scRNA-seq data (25), two groups 349 

of gene sets. The first was viral PAMP dependent (identified as “NF-kB-dependent”), 350 

the second induced by the infection in general (“interferon-dependent”) (Figure E4F). 351 

Whereas the “interferon-dependent” gene expression was reduced more by mAb 352 
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compared to dexamethasone treatment, for the “NF-kB-dependent” gene set we in 353 

tendency observed the opposite (Figure 4B). We scrutinized this effect in detail in 354 

monocytic macrophages and neutrophils, and found that in neutrophils, the NF-kB-355 

driven cytokine genes Cxcl10 and Tnfsf10 are particularly decreased by 356 

dexamethasone, whereas the ISG Mx2 was specifically diminished by mAb treatment 357 

(Figure 4C). For all genes, the combination treatment showed an additive effect (Figure 358 

4). 359 

Overall, these data suggest that the reduced viral load in mAb-treated animals leads 360 

to a generally reduced antiviral/type 1 interferon signal, whereas dexamethasone 361 

treatment downregulates specific genes in some cell types, such as the pro-362 

inflammatory cytokines Tnfsf10 and Cxcl10 in neutrophils, thereby attenuating classic 363 

features of pneumonia in animals receiving dexamethasone. 364 

 365 

Dexamethasone alters the neutrophilic response to SARS-CoV-2 infection 366 

Given that neutrophils are critical drivers of immune pathology and showed a 367 

particularly strong reactivity to dexamethasone treatment, we investigated this cell type 368 

in greater detail. For this, we sub-clustered the neutrophil population into 11 369 

subpopulations (Figure 5A).  370 

In order to understand the transcriptional dynamics within neutrophils and the influence 371 

of the treatments used here, we performed an RNA velocity analysis which can predict 372 

the future state of individual cells (35, 36). This showed a transcriptional trend towards 373 

the cluster on the bottom of the projection (cluster 6 in Figure 5A), which also showed 374 

a particularly high viral RNA content (Figure 5B, E5A). Importantly, cell density in that 375 

cluster decreased upon dexamethasone treatment (Figure 5C, E5B). 376 

Among the genes that were particularly prominent in cluster 6 were the cytokines and 377 

macrophage and lymphocyte attractants Csf1 and Ccl3 (37, 38) (Figure E5C). We 378 

therefore plotted the expression of these two genes along with the ISG/NF-kB targets 379 

Mx2/Tnfsf10/Cxcl10, which showed that neutrophils in cluster 6 express Csf1 and Ccl3 380 

at particularly high levels (Figure 5D), in the same time, these cells become less 381 

abundant upon dexamethasone and particularly combination treatment (Figure 5E). 382 

Concomitantly, by histopathology analysis, we observed less neutrophils in the 383 

dexamethasone treated groups (Figure 5F). Of note, cells expressing mRNAs of 384 

receptors (Csf1r, Ccr1, Ccr4, and Ccr5) corresponding to cytokines Csf1 and Ccl3 were 385 

less abundant in the lungs upon dexamethasone treatment (Figure E5D, compare with 386 
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Figure 3B and E3B). In addition, neutrophil-cluster 6 showed particularly low and high 387 

expression of Il1r2 and Isg20 (Figure E5E), respectively, thereby recapitulating the 388 

phenotypes seen for immunosuppressive and IFNactive neutrophils in the peripheral 389 

blood of COVID-19 patients (13).  390 

To generalize the observation of this transcriptional dynamic, we applied diffusion map 391 

analysis of neutrophils to identify their most prominent direction of variation (39, 40) 392 

(Figure E5F). For each treatment, we show the neutrophil density along the diffusion 393 

axis (Figure E5G, upper part), which we defined as the first non-trivial component of 394 

the diffusion map. The directional progression towards the right on this axis (which is 395 

the same cellular state represented as neutrophil-cluster 6 above) is present in all 396 

conditions, as shown by the average RNA velocity projected onto the diffusion axis 397 

(Figure E5G, lower part). However, most neutrophils derived from hamsters treated 398 

with dexamethasone or combinatorial treatment are found at the leftmost part of the 399 

axis, whereas neutrophils from hamsters with mAb and mock treatment are split into a 400 

left and right part, confirming that with dexamethasone treatment an otherwise 401 

directional progression of neutrophils is limited. In order to relate the diffusion axis to 402 

biological effects, we scored hallmark signatures (41) for every neutrophil and linearly 403 

correlated each hallmark with the diffusion axis (Figure E5H, upper part). In addition, 404 

we correlated the expression profiles of each gene with the diffusion axis (Figure E5H, 405 

lower part). These correlations revealed that the drive towards neutrophil-cluster 6 406 

marked by high expression of Csf1 and Ccl3 and elevated amounts of viral RNA is 407 

accompanied by an increase of interferon/inflammatory response gene expression 408 

(such as Isg15 or Cd274), and a decrease in the levels of classical neutrophil marker 409 

genes such as S100a8/9 or Pglyrp1. Dexamethasone limits this dynamic, effectively 410 

keeping the neutrophils in a stationary transcriptomic state at the left part of the 411 

diffusion axis. As we will discuss in detail, this stagnation could be a reason for the 412 

reduced production of lymphocyte attractants and consequently, the reduction of lung 413 

infiltrates.  414 

 415 

Discussion 416 

In this study, we examined the effects of separate and combined anti-viral and anti-417 

inflammatory treatments for COVID-19 in two hamster models reflecting a moderate 418 

(Syrian hamster) and severe (Roborovski hamster) disease course, respectively. Using 419 

histopathology and bulk and single-cell transcriptomic analysis of hamsters subjected 420 
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to dexamethasone, monoclonal antibody, and combination treatment, we demonstrate 421 

treatment efficacy, and identified a subset of neutrophils that express 422 

macrophage/lymphocyte attracting cytokines and can be impeded by dexamethasone.  423 

The use of dexamethasone caused a boost of virus replication and a significant delay 424 

of viral clearance in Syrian hamsters, albeit without significantly worsening the clinical 425 

course of disease. In the light of existing literature on the enhanced replication of 426 

respiratory viruses upon dexamethasone treatment (42), and data that overall shows 427 

a tendency towards a boost of SARS-CoV-2 replication in dexamethasone treated 428 

patients (11, 43-45), this result is not unexpected and may imply a risk for increased 429 

and/or prolonged transmissibility. Still, dexamethasone exerted the expected anti-430 

inflammatory effects and attenuated inflammatory lung injury. As previously reported 431 

(16), the mAb CV07-209 employed in this study effectively abolished virus replication 432 

within 48 hours of treatment. At the dose applied here, the mAb inhibited the boost of 433 

virus replication after dexamethasone treatment. This suggests that a combination of 434 

dexamethasone and mAb may present an effective way to reduce inflammation and at 435 

the same time suppress virus replication, limiting the risk of viral transmission. This 436 

would advocate for the use of a combination therapy in patients at risk of severe 437 

disease relatively early when active virus replication is still ongoing, and before lung 438 

injury or COVID-19 triggered fibrosis (46) develop. Interestingly, the use of 439 

dexamethasone in the Roborovski hamster, a species highly susceptible to severe 440 

COVID-19-like disease, did not boost virus replication at any of the examined time 441 

points. One possible explanation could be that the virus-restrictive immunity targeted 442 

by dexamethasone in Syrian hamsters is dysregulated in Roborovski hamsters, and 443 

consequently its inhibition has no impact on viral control. 444 

Treatment of SARS-CoV-2 infected hamsters with dexamethasone reduced the extent 445 

of lung infiltrates, comparable to what can be observed in CT-scans of human COVID-446 

19 patients (47). In the single-cell RNA-seq analysis, this effect was evident as reduced 447 

abundance of infiltrating leukocytes and lymphocytes. In an unbiased comparison of 448 

gene expression patterns in the different lung cell types, we found that neutrophils are 449 

particularly affected by dexamethasone treatment. A detailed analysis showed that 450 

upon SARS-CoV-2 infection, neutrophils move towards a state with high expression of 451 

the cytokines Csf1 and Ccl3, and that this movement is impaired by dexamethasone. 452 

Furthermore, the receptors of the two cytokines are expressed on a range of cell types 453 

that become less abundant in the lungs upon dexamethasone treatment. This together 454 
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suggests a mechanistic link underlying the protective effect, through reduction of lung 455 

infiltrates, by dexamethasone. These results are in line with the key role of neutrophils 456 

in COVID-19 pathogenesis (48), and corroborate recent findings highlighting the effect 457 

of dexamethasone on neutrophils in peripheral blood (13). Although neutrophils in 458 

blood and lung might not be directly comparable, the observation by Sinha and 459 

colleagues, a neutrophil “IFNactive” program restrained by dexamethasone, was 460 

similarly observed in the present study. 461 

In addition to its effects on PMN, dexamethasone treatment exerted protective effects 462 

on the endothelium of SARS-CoV-2 infected hamsters, likely by reducing endothelial 463 

injury caused by cytotoxic immunity and bystander effects conveyed by the pro-464 

inflammatory program executed by highly stimulated immune cells. As a secondary 465 

effect, the expression of inflammatory mediators by endothelial cells could also be 466 

reduced. Of clinical relevance, endothelial protection will reduce the development of 467 

lung edema and micro-thrombosis and may thus contribute to improved gas-exchange 468 

in dexamethasone treated patients. 469 

Care should be taken not to transfer findings from animals uncritically to patients. Yet, 470 

it should be noted that we and others recently demonstrated comparability between 471 

immunological responses and pulmonary phenotypes in hamsters and humans in 472 

response to SARS-CoV-2 infection (25, 49, 50). That notwithstanding, future studies 473 

should ideally compare patient data to the findings reported here with the obvious 474 

constraint of limitations in the availability of corresponding human biomaterial.  475 

In summary, we found that broadly active anti-inflammatory and immunosuppressive 476 

agents such as dexamethasone may have a strong benefit in SARS-CoV-2 infection 477 

at high risk for severe disease when applied before the onset of severe illness, 478 

particularly when combined with an anti-viral agent. A recent analysis showed that 479 

COVID-19-related ARDS patients can be classified into hypo- and hyperinflammatory 480 

types, with corticosteroid treatment being beneficial only for the latter (51). Animal 481 

models as the ones described here can help to better dissect causes and types of 482 

COVID-19 lung pathologies, and thus help to improve therapeutic strategies. 483 
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 492 

Figure legends 493 

Figure 1. Clinics of SARS-COV-2 infected Syrian and Roborovski hamsters under 494 

COVID-19 therapy. Syrian hamsters (A – E) were challenged with SARS-CoV-2 (1 x 495 

105 pfu Wildtype (WT)) and treated once at 2 dpi with 30 mg/kg mAb CV07-209 (mAb, 496 

n = 6), daily starting at 2 dpi with 2mg/kg Dexamethasone (Dex, n = 6) or received 497 

combination treatment (Dex + mAb, n = 6). Survival rates (A) in percent of SARS-CoV-498 

2 infected Syrian hamsters and body weight (B) development in percent after virus 499 

challenge were measured until analysis time point (5 dpi, n = 3 and 7 dpi n = 3) and 500 

displayed according to treatment group. (B) Results are displayed as mean ± SD. (C) 501 

Quantification of replication competent virus as plaque-forming units (pfu) per gram 502 

homogenized lung tissue. Dotted line marks the limit of detection (DL = 100 pfu). Titers 503 

below the detection limits were set to DL/2 = 50 pfu. Number of genomic RNA (gRNA) 504 

copies detected in homogenized lung tissue (D) and oropharyngeal swabs (E). (C – E) 505 

Results are shown as mean with range. Roborovski hamsters (F – K) were challenged 506 

with SARS-CoV-2 (1 x 105 pfu Wildtype (WT)) and treated once at 1 dpi with 30 mg/kg 507 

mAb CV07-209 (mAb, n = 6), daily starting at 1 dpi with 2 mg/kg Dexamethasone (Dex, 508 

n = 6) or received combination treatment (Dex + mAb, n = 6). Survival rates (F) in 509 

percent of SARS-CoV-2 infected Roborovski hamsters, body temperature (G) in 510 

degree Celsius and body weight (H) development in percent after virus challenge were 511 

measured until planned analysis time point (3 dpi, and 5 dpi) or until termination due 512 

to score sheet criteria (non-survivors) according to treatment group. Two hamsters 513 

from the mAb group and one hamsters from the mock-treated group were euthanized 514 

at 2 dpi (represented by orange squares (I – K)). One hamster from the mock-treated 515 

group reached end point criteria at 3 dpi and was included in 3 dpi time point analysis 516 

as planned. (G, H) Results are displayed as mean ± SD. (I) Virus titers displayed as 517 

pfu per gram homogenized lung tissue. Dotted line marks the limit of detection (DL = 518 

100 pfu). Titers below the detection limits were set to DL/2 = 50 pfu. J + K) 519 

Quantification of gRNA copies in homogenized lung tissue (J) and oropharyngeal 520 

swabs (K). (I – K) Results are displayed as mean with range. 521 
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 522 

 523 

Figure 2. Dexamethasone treatment dampens inflammatory responses of SARS-524 

CoV-2 infected hamsters. Longitudinal sections of H&E-stained left lungs from 525 

representative Syrian hamsters (A) and Roborovski hamsters (B) at indicated time 526 

points post infection. Consolidated areas indicative of pneumonia appear in darker 527 

colours. Bars = 3 mm. Lung inflammation score ((C) Syrian and (E) Roborovski 528 

hamsters) accounting for the severities of pneumonia, immune cell influx, perivascular 529 

lymphocyte cuffs, bronchitis, bronchial epithelial necrosis, alveolar epithelial necrosis 530 

and type II pneumocyte hyperplasia. Bronchitis score ((D) Syrian and (F) Roborovski 531 

hamsters) assessing bronchitis and bronchial epithelial necrosis. Gene expression ((G) 532 

Syrian and (H) Roborovski hamsters) was quantified using polyA RNA high-throughput 533 

sequencing from Syrian hamster lung samples. Shown are z-scores of fpkm 534 

(fragments per kilo base of transcript per million mapped fragments) values calculated 535 

over all samples on a colour scale ranging from blue (-4) to red (+4) for selected genes. 536 

Time points and treatments are shown on top of the heatmap. Samples from animals 537 

euthanized at 2 dpi are shown in orange. 538 

 539 

Figure 3. Dexamethasone limits immune cell recruitment in Roborovski 540 

hamsters. Roborovski hamsters were challenged with SARS-CoV-2 (1 x 105 pfu 541 

Wildtype (WT)), treated once at 1 dpi with 30 mg/kg mAb CV07-209 (mAb), daily 542 

starting at 1 dpi with 2 mg/kg Dexamethasone (Dex) or received combination treatment 543 

(Dex + mAb). At 3 dpi n = 3 Roborovski hamsters of each group were subjected to 544 

pulmonary single-cell RNA sequencing analysis. Pulmonary single cell suspensions 545 

were generated, cells were microscopically counted and total numbers per lung lobe 546 

calculated. (A) Cell count of isolated cells per lung lobe according to treatment group. 547 

Calculated numbers of indicated innate immune cells (B), T and B lymphocytes (C) 548 

and AT2 and endothelial cells (D) based on scRNA-seq determined cell frequencies 549 

(Figure E3) and according to treatment group. Data display means ± SD. n = 3 per 550 

group. (A – D) Two-way ANOVA, Tukey’s multiple comparisons test. ∗ P < 0.05, ∗∗ P 551 

< 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001. (E) Edema Score resulting from semi-552 

quantitative assessment of alveolar and perivascular edema (F) H&E stained 553 

histopathology of pulmonary vascular endothelia (upper panel) and lung parenchyma 554 

(lower panel) from Roborovski hamsters at 3 dpi. Mock and mAb treated groups had 555 
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moderate to marked endothelialitis with activation and loss of endothelial cells whereas 556 

the vascular endothelium remained mostly intact in Dex and Dex + mAb treated 557 

groups. The inflammatory response was more pronounced in mock and mAb treated 558 

hamsters compared to Dex and Dex + mAb treated animals. Differences were 559 

particularly observed for infiltrating neutrophils, macrophages and, lymphocytes as well 560 

as for the degree of alveolar epithelial cell necrosis. Size bars: 15 µm (top) and 25 µm 561 

(bottom). 562 

 563 

Figure 4. Macrophages and neutrophil show strongest gene expression changes 564 

by Dexamethasone treatments. (A) Shown are genes with at least four-fold 565 

upregulation in at least one cell type in the dexamethasone compared to the mock-566 

treated animals, for all three treatments compared to mock. Size and colors of the dots 567 

indicate log2-transformed fold changes (FC) and p-values, respectively. Adjusted (adj) 568 

p-values were calculated by DEseq2 using Benjamini–Hochberg corrections of two-569 

sided Wald test p-values. Genes are ordered by unsupervised clustering. (B) Shown 570 

are interferon and NF-kB-dependent genes as determined in Figure E4 for the 571 

comparisons Dex vs. mock and Dex + mAB vs. mock. Otherwise as in (A). (C) 572 

Expression of Mx2, Tnfsf10, and Cxcl10 in neutrophils (top) and monocytic 573 

macrophages (bottom). Shown are the fraction of cells with ≥ one mRNA count (means 574 

± SD. n = 3 per group). 575 

 576 

Figure 5. Absence of a specific chemokine-expressing subset of neutrophils 577 

upon dexamethasone treatment in Roborovski hamsters. (A) Neutrophils from the 578 

scRNA-seq data were sub-clustered using the Louvain algorithm based on their 579 

individual transcriptomes, and two-dimensional projections performed using the UMAP 580 

algorithm. Cells were coloured by their cluster identity. (B) Projection as in (A), but 581 

cells are coloured by the log10-transformed percentage of viral RNA. Overlaid are the 582 

stream arrows derived from the RNA velocity analysis. Neutrophil cluster 6 is marked 583 

with a light blue oval. (C) Changes in cellular density on the UMAP projection were 584 

calculated, and cells coloured by fold changes of the indicated Dex vs. mock. Red 585 

indicates increased density, and blue indicates decreased density. Neutrophil cluster 586 

6 is marked with a light blue oval. (D) Graph indicates the log2-transformed fold 587 

changes of the cell counts in the respective neutrophil clusters 1- 10, with all three 588 

treatments compared to mock. For example, in cluster 6 there are about one third less 589 
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cells (dark blue bar at –0.6, which corresponds to log2 of 0.66) upon dexamethasone 590 

treatment. (E) Dot plots show the expression of selected genes over all hamsters in 591 

the clusters as defined in (A). The dot size indicates the fraction of cells in the clusters 592 

as indicated on the left from mock-treated animals, with ≥ one mRNA count for the 593 

respective gene. The colour represents the average expression in those cells. (F) 594 

Histopathology of Roborovski hamsters 3 days after infection revealed moderate to 595 

marked alveolar and interstitial infiltration with viable and degenerate neutrophils (black 596 

arrowheads) in mock and mAb treated animals as well as elevated numbers of alveolar 597 

macrophages (gray arrowhead). Dex and Dex + mAb treated hamsters had lower 598 

numbers of neutrophils especially in their alveolar spaces and mild to moderate 599 

numbers of neutrophils in alveolar capillaries (black arrowheads). Activated alveolar 600 

macrophages phagocytized cellular debris and cleared the inflammatory response 601 

(gray arrowhead). Scale bar = 20 µm. 602 
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Figure 1. Clinics of SARS-COV-2 infected Syrian and Roborovski hamsters under COVID-19 therapy. Syrian hamsters (A – E) were challen-
ged with SARS-CoV-2 (1 x 105 pfu Wildtype (WT)) and treated once at 2 dpi with 30 mg/kg mAb CV07-209 (mAb, n = 6), daily starting at 2 dpi 
with 2mg/kg Dexamethasone (Dex, n = 6) or received combination treatment (Dex + mAb, n = 6). Survival rates (A) in percent of SARS-CoV-2 
infected Syrian hamsters and body weight (B) development in percent after virus challenge were measured until analysis time point (5 dpi, n = 3 
and 7 dpi n = 3) and displayed according to treatment group. (B) Results are displayed as mean ± SD. (C) Quantification of replication competent 
virus as plaque-forming units (pfu) per gram homogenized lung tissue. Dotted line marks the limit of detection (DL = 100 pfu). Titers below the 
detection limits were set to DL/2 = 50 pfu. Number of genomic RNA (gRNA) copies detected in homogenized lung tissue (D) and oropharyngeal 
swabs (E). (C – E) Results are shown as mean with range. Roborovski hamsters (F – K) were challenged with SARS-CoV-2 (1 x 105 pfu Wildtype 
(WT)) and treated once at 1 dpi with 30 mg/kg mAb CV07-209 (mAb, n = 6), daily starting at 1 dpi with 2 mg/kg Dexamethasone (Dex, n = 6) or 
received combination treatment (Dex + mAb, n = 6). Survival rates (F) in percent of SARS-CoV-2 infected Roborovski hamsters, body temperature 
(G) in degree Celsius and body weight (H) development in percent after virus challenge were measured until planned analysis time point (3 dpi, 
and 5 dpi) or until termination due to score sheet criteria (non-survivors) according to treatment group. Two hamsters from the mAb group and one 
hamsters from the mock-treated group were euthanized at 2 dpi (represented by orange squares (I – K)). One hamster from the mock-treated 
group reached end point criteria at 3 dpi and was included in 3 dpi time point analysis as planned. (G, H) Results are displayed as mean ± SD. (I) 
Virus titers displayed as pfu per gram homogenized lung tissue. Dotted line marks the limit of detection (DL = 100 pfu). Titers below the detection 
limits were set to DL/2 = 50 pfu. J + K) Quantification of gRNA copies in homogenized lung tissue (J) and oropharyngeal swabs (K). (I – K) Results 
are displayed as mean with range.
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Figure 2. Dexamethasone treatment dampens inflammatory responses of SARS-CoV-2 infected hamsters. Longitudinal sections of 
H&E-stained left lungs from representative Syrian hamsters (A) and Roborovski hamsters (B) at indicated time points post infection. Consolidated 
areas indicative of pneumonia appear in darker colours. Bars = 3 mm. Lung inflammation score ((C) Syrian and (E) Roborovski hamsters) accoun-
ting for the severities of pneumonia, immune cell influx, perivascular lymphocyte cuffs, bronchitis, bronchial epithelial necrosis, alveolar epithelial 
necrosis and type II pneumocyte hyperplasia. Bronchitis score ((D) Syrian and (F) Roborovski hamsters) assessing bronchitis and bronchial 
epithelial necrosis. Gene expression ((G) Syrian and (H) Roborovski hamsters) was quantified using polyA RNA high-throughput sequencing from 
Syrian hamster lung samples. Shown are z-scores of fpkm (fragments per kilo base of transcript per million mapped fragments) values calculated 
over all samples on a colour scale ranging from blue (-4) to red (+4) for selected genes. Time points and treatments are shown on top of the 
heatmap. Samples from animals euthanized at 2 dpi are shown in orange.
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Figure 3. Dexamethasone limits immune cell recruitment in Roborovski hamsters. Roborovski hamsters were challenged with SARS-CoV-2 
(1 x 105 pfu Wildtype (WT)), treated once at 1 dpi with 30 mg/kg mAb CV07-209 (mAb), daily starting at 1 dpi with 2 mg/kg Dexamethasone (Dex) 
or received combination treatment (Dex + mAb). At 3 dpi n = 3 Roborovski hamsters of each group were subjected to pulmonary single-cell RNA 
sequencing analysis. Pulmonary single cell suspensions were generated, cells were microscopically counted and total numbers per lung lobe 
calculated. (A) Cell count of isolated cells per lung lobe according to treatment group. Calculated numbers of indicated innate immune cells (B), T 
and B lymphocytes (C) and AT2 and endothelial cells (D) based on scRNA-seq determined cell frequencies (Figure E3) and according to treatment 
group. Data display means ± SD. n = 3 per group. (A – D) Two-way ANOVA, Tukey’s multiple comparisons test. * P < 0.05, ** P < 0.01, ***P < 
0.001, **** P < 0.0001. (E) Edema Score resulting from semi-quantitative assessment of alveolar and perivascular edema (F) H&E stained 
histopathology of pulmonary vascular endothelia (upper panel) and lung parenchyma (lower panel) from Roborovski hamsters at 3 dpi. Mock and 
mAb treated groups had moderate to marked endothelialitis with activation and loss of endothelial cells whereas the vascular endothelium 
remained mostly intact in Dex and Dex + mAb treated groups. The inflammatory response was more pronounced in mock and mAb treated 
hamsters compared to Dex and Dex + mAb treated animals. Differences were particularly observed for infiltrating neutrophils, macrophages and, 
lymphocytes as well as for the degree of alveolar epithelial cell necrosis. Size bars: 15 µm (top) and 25 µm (bottom).
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Figure 4. Macrophages and neutrophil show strongest gene expression changes by Dexamethasone treatments. (A) Shown are genes 
with at least four-fold upregulation in at least one cell type in the dexamethasone compared to the mock-treated animals, for all three treatments 
compared to mock. Size and colors of the dots indicate log2-transformed fold changes (FC) and p-values, respectively. Adjusted (adj) p-values 
were calculated by DEseq2 using Benjamini–Hochberg corrections of two-sided Wald test p-values. Genes are ordered by unsupervised cluste-
ring. (B) Shown are interferon and NF-kB-dependent genes as determined in Figure E4 for the comparisons Dex vs. mock and Dex + mAB vs. 
mock. Otherwise as in (A). (C) Expression of Mx2, Tnfsf10, and Cxcl10 in neutrophils (top) and monocytic macrophages (bottom). Shown are the 
fraction of cells with ≥ one mRNA count (means ± SD. n = 3 per group).
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Figure 5. Absence of a specific chemokine-expressing subset of neutrophils upon dexamethasone treatment in Roborovski hamsters. 
(A) Neutrophils from the scRNA-seq data were sub-clustered using the Louvain algorithm based on their individual transcriptomes, and 
two-dimensional projections performed using the UMAP algorithm. Cells were coloured by their cluster identity. (B) Projection as in (A), but cells 
are coloured by the log10-transformed percentage of viral RNA. Overlaid are the stream arrows derived from the RNA velocity analysis. 
Neutrophil cluster 6 is marked with a light blue oval. (C) Changes in cellular density on the UMAP projection were calculated, and cells coloured 
by fold changes of the indicated Dex vs. mock. Red indicates increased density, and blue indicates decreased density. Neutrophil cluster 6 is 
marked with a light blue oval. (D) Graph indicates the log2-transformed fold changes of the cell counts in the respective neutrophil clusters 1- 
10, with all three treatments compared to mock. For example, in cluster 6 there are about one third less cells (dark blue bar at –0.6, which 
corresponds to log2 of 0.66) upon dexamethasone treatment. (E) Dot plots show the expression of selected genes over all hamsters in the 
clusters as defined in (A). The dot size indicates the fraction of cells in the clusters as indicated on the left from mock-treated animals, with ≥ 
one mRNA count for the respective gene. The colour represents the average expression in those cells. (F) Histopathology of Roborovski 
hamsters 3 days after infection revealed moderate to marked alveolar and interstitial infiltration with viable and degenerate neutrophils (black 
arrowheads) in mock and mAb treated animals as well as elevated numbers of alveolar macrophages (gray arrowhead). Dex and Dex + mAb 
treated hamsters had lower numbers of neutrophils especially in their alveolar spaces and mild to moderate numbers of neutrophils in alveolar 
capillaries (black arrowheads). Activated alveolar macrophages phagocytized cellular debris and cleared the inflammatory response (gray 
arrowhead). Scale bar = 20 µm.
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