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58 SUMMARY

59

60  The ongoing pandemic caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
61  CoV-2)is currently affecting millions of lives worldwide. Large retrospective studies indicate that
62 an elevated level of inflammatory cytokines and pro-inflammatory factors are associated with
63 both increased disease severity and mortality. Here, using multidimensional epigenetic,
64  transcriptional, in vitro and in vivo analyses, we report that Topoisomerase 1 (Topl) inhibition
65  suppresses lethal inflammation induced by SARS-CoV-2. Therapeutic treatment with two doses
66  of Topotecan (TPT), a FDA-approved Topl inhibitor, suppresses infection-induced inflammation
67 in hamsters. TPT treatment as late as four days post-infection reduces morbidity and rescues
68  mortality in a transgenic mouse model. These results support the potential of Topl inhibition as
69  an effective host-directed therapy against severe SARS-CoV-2 infection. TPT and its derivatives
70  are inexpensive clinical-grade inhibitors available in most countries. Clinical trials are needed to
71  evaluate the efficacy of repurposing Top1l inhibitors for COVID-19 in humans.

72

73  INTRODUCTION

74  Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute
75  respiratory syndrome coronavirus 2 (SARS-CoV-2).

76

77  As of 16 November 2020, 54 million people have been infected and 1.33 million have died
78  [https://coronavirus.jhu.edu/map.html, accessed 16 Nov 2020]. It is currently estimated that
79  approximately 40-45% of SARS-CoV-2 infections are asymptomatic (Oran and Topol, 2020).
80  For the remaining patients with symptomatic infections, data from China, Italy and the United
81  States indicate that approximately 80% of infections are mild (not requiring hospitalization), 15%
82  are moderate to severe (requiring hospitalization), and 5% are critical (requiring intensive care
83  unit (ICU) care)(Garg et al., 2020; Livingston and Bucher, 2020; Stokes et al., 2020; Wu and
84  McGoogan, 2020).

85

86 The most common manifestation of severe COVID-19 is acute hypoxemic respiratory failure,
87  often associated with shock or multi-organ failure (Bhatraju et al., 2020; Wang et al., 2020a; Wu
88 et al., 2020). Shock and multiorgan failure may be related to complications of critical illness; For
89 example, ventilator-associated lung injury (Slutsky and Ranieri, 2013), secondary infection
90 (Yang et al., 2020a) and aggravation of underlying chronic organ dysfunction(Cummings et al.,
91  2020).

92

93  In most countries, the infection fatality rate is around 0.5-1%, and exponentially increases to up
94 to 10% when referencing more susceptible age groups and people with pre-existing
95  conditions(O'Driscoll et al., 2020). Therefore, the development of effective treatment plans for
96 severe COVID-19 is imperative.

97

98 SARS-CoV-2 displays similar pathogenic mechanisms to that of SARS-CoV-1
99 (Channappanavar and Perlman, 2017; Zhu et al., 2020). The main hallmarks of disease
100  progression feature two phases: a first phase of increasing viremia, followed by a subsequent
101  steep increase in systemic inflammation (Lee et al., 2020; Merad and Martin, 2020; Siddiqgi and
102  Mehra, 2020). In fact, SARS-CoV-1 and SARS-Cov-2 patients who require intensive care
103  showed elevated plasma levels of inflammatory cytokines and chemo-attractants (Chen et al.,
104  2020; Del Valle et al., 2020; Huang et al., 2020; Lucas et al., 2020; Qin et al., 2020; Wang et al.,
105 2020b; Yang et al., 2020b; Zhou et al., 2020a)

106

107  Several studies have shown that levels of inflammatory molecules can help distinguish those
108 that survive COVID-19 from those that do not. For example, increased levels of IL-6, fibrin
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109  degradation products (D-dimer), as well as other single measurements like CRP or combined-
110 measurement parameters (SOFA score) have been correlated with risk for death from COVID-
111 19. (Zhou et al., 2020a). Notably, all non-survivors experienced sepsis (Zhou et al., 2020a).
112  Therefore, increased systemic inflammation, occurring during disease progression, provides a
113  biological rationale for interrupting hyper-inflammation to reduce disease severity. Guided by
114  this logic, clinical trials have begun to examine the efficacy of cytokine blockers and anti-
115 inflammatory molecules as potential COVID-19 therapeutics (Merad and Martin, 2020).

116

117  However, inhibition of single cytokines such as IL-6 or GM-CSF might not be sufficient (Hermine
118 et al., 2020; Salvarani et al., 2020). This is due to the fact that many signaling molecules and
119  pathways are involved in triggering an inflammatory response. Additionally, levels of individual
120  cytokines can vary depending on the age and the clinical history of the patient, thus limiting the
121 scope of therapeutics that only target a single inflammatory molecule.

122

123 A rapid induction of gene expression serves as a fundamental mechanism in activating an
124  inflammation response. Inhibition of this process might hold the key to the development of novel
125  therapeutics for COVID-19. Previously, we have reported that chromatin factors play key roles
126  in controlling the induction of inflammatory gene expression programs (Marazzi et al., 2012;
127  Miller et al., 2015; Nicodeme et al., 2010). Targeting the activity of these proteins acting on the
128 chromatin template, where infection-induced gene transcription is executed, leads to the
129  concerted suppression of multiple antiviral and anti-inflammatory genes (Marazzi et al., 2012;
130 Miller et al., 2015; Nicodeme et al., 2010). Such simultaneous inhibition of many virus-induced
131 genes “in one go” can have a clear advantage over conventional single target therapies
132 (Marazzi et al.,, 2018). In particular, we have previously shown that the host enzyme
133 topoisomerase 1 (Top-1) is required to selectively activate the expression of inflammatory genes
134 during viral and bacterial infection and co-infections (Rialdi et al.,, 2016). Therapeutic
135  administration (after infection) of one to three doses of topoisomerase inhibitors can rescue
136  mortality in four animal models of inflammation-induced death (Rialdi et al., 2016). These data
137  support the hypothesis that host-directed epigenetic therapy can be valuable to suppress hyper-
138 inflammatory responses in the context of infectious diseases. We present here, a series of
139  experiments in which we tested the hypothesis that epigenetic therapy aimed at modifying the
140  host response to SARS-CoV-2 infection would ameliorate severe COVID-19.

141

142 RESULTS

143

144  Cell signaling cascades converge on chromatin to dictate changes in gene expression programs
145  upon cell intrinsic and extrinsic signals. We performed a combined structural and epigenetic
146  analysis during infection in an effort to understand how SARS-CoV-2 alters chromatin function
147  and the epigenetic landscape of cells upon infection,

148

149  To characterize structural chromatin changes we performed Hi-C, a technique that profiles the
150 three-dimensional architecture of the genome (Bonev and Cavalli, 2016; Hildebrand and
151  Dekker, 2020). Hi-C was performed on uninfected and SARS-CoV-2 infected A549 cells
152  expressing the human SARS-CoV-2 entry receptor Ace2 (A549-ACE2) at both early (8 hours)
153  and late (24 hours) time points post infection, in order to investigate the dynamics of infection
154  induced changes on chromatin structure. Reproducible results were achieved across replicates
155  for all time points. (Table S1). Our analysis indicates that large portions of the genome alter
156  their global interaction profiles as infection progresses, culminating in a major redistribution of
157 chromatin associated with either the active (A) or inactive (B) compartments at the 24h time
158  point (Figure 1A). Notably, compartment changes result in a shortening of the domain size, with
159  large linear stretches of A and B compartment chromatin generally becoming subdivided into
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160 smaller A/B domains (Figure 1A and 1B), a feature that partially phenocopies the loss of
161  regional topological constraints controlled by cohesin (Rao et al., 2017; Schwarzer et al., 2017).

162

163 To characterize whether the structural changes seen using Hi-C were associated with
164  epigenetic features of gene activation and repression, we performed ChIP-sequencing for
165 H3K27 acetylation (K27ac), an epigenetic mark found at active regulatory regions that is
166  commonly used to monitor dynamic changes in transcriptional activation. ChlP-seq for H3K27ac
167  was performed in uninfected and infected A549-ACE2 cells at the same time points as the Hi-C.
168  Our analysis showed high correlation of K27ac levels between replicates (Figure S1A). While
169  some regions of the genome showed no change in K27ac levels upon infection (cluster i; Figure
170 S1B and S1C), there were statistically significant changes in K27ac levels at promoters and
171  other regulatory regions during the course of infection (clusters ii to vii; Figure S1B and S1C;
172 Table S2A-S2C). Regions that significantly gain (clusters v and vi; Figure S1B) and lose K27ac
173 (clusters ii and iii; Figure S1B) over the course of infection were detected.

174

175  We labelled changes in K27ac across condition as “K27 loss” to describe instances in which
176  reduction of K27ac signal across the genome occurs during infection compared to the
177  uninfected condition. Increased genomic level of K27ac during infection was labelled as “K27
178  gain”.

179

180 Overlaying the changes in K27ac with structural chromatin changes indicate that regions
181 gaining or losing K27ac are enriched in chromatin domains that move from B-A or A-B
182  compartment, respectively (Figure 1C). This partitioning occurs dynamically throughout the
183  infection (Figure 1C -compare 8h vs 24h) and is associated with gene expression activity
184  (Figure 1D). These results suggest that the dynamic restructuring of genome
185  compartmentalization by SARS-CoV-2 infection is highly associated with transcriptional activity.

186

187 To characterize whether a unique set of transcription factors might participate in partitioning
188  chromatin into active or inactive regions during infection, we performed DNA binding site motif
189  enrichment analysis of regions displaying differential H3K27ac activity. Our results indicate that
190 repressed regions lack unique enrichment of immune-specific transcription factors at promoters,
191  enhancers, and other putative regulatory regions (Figure S1D, Table S3). Regions that gain
192  K27ac signal are largely devoid of unique transcription factor signatures apart from a strong
193  enrichment for motifs recognized by NF-kB (red bars, cluster v and vi; Figure S1D, Table S3), a
194  master regulator of inflammatory gene programs.

195

196  Overall, our results indicate that SARS-CoV-2 induces global epigenetic and structural changes
197 in the infected cell, underlying the identity of inducible regulatory networks controlling cell
198  responses to infection.

199

200 Topoisomerase | controls SARS-CoV-2-induced gene expression response

201  To determine whether chromatin factors can control the induction of the cell response by
202  promoting the transactivation of SARS-CoV-2-induced gene program, we focused our attention
203  on topoisomerase | (Topl), a factor known to activate bacterial- and viral infection- induced
204  genes (Rialdi et al., 2016). We performed siRNA-mediated knockdown of Topl (siTOP1) along
205  with control siRNA (siSCR) in A549-ACE2 cells, followed by mock treatment (PBS only;
206  uninfected controls) or infection with SARS-CoV-2. Gene expression changes in these cells
207  were quantified by RNA-sequencing at 24 hours post infection. Our analyses indicate that
208 sSiTOP1 treated cells had a distinct transcriptional response to the virus (Figure 2A) as
209 compared to no siRNA or siSCR treated cells, and that depletion of Topl resulted in selective
210  suppression of many infection-induced genes (Fold Change > 1.5, padj<0.05; Figure 2B and
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211 2C, Table S4). Gene ontology pathway analyses of genes that are downregulated upon Topl
212 knockdown suggest that many of these genes are involved in inflammatory responses (Figure
213 2C, Table S5). We further validated our results by qPCR for representative genes IL-6, CXCL8
214 and TOP1 (Figure 2D), verifying that depletion of Topl reduces the expression of these
215 inflammatory genes.

216

217  To understand the specificity of Topl, we profiled infection induced and Topl dependent genes
218  (“Dep.”; Table S4C) identified in Figure 2B with respect to their structural and epigenetic status
219  at basal state and after infection. As controls, we used all expressed genes (“Exp”; Table S4C)
220 or genes that are also induced by infection but unaffected by Topl depletion (Topl
221  independent, “Indep.”; Table S4C). Our analysis indicates that genes that depend on Top1l for
222 their upregulation are induced to higher levels then Topl independent genes upon infection
223 (Figure 2E). Topl dependent genes also displayed greater shifts towards active chromatin
224  compartment (positive delta PC1 levels, Figure 2F) and increases in K27ac signals (positive
225  delta H3K27ac levels; Figure 2G) compared to Topl independent genes. Differences were
226 more pronounced later in infection (Figures 2F and 2G).

227

228  Overall our analysis indicates that Topl-dependent genes are highly inducible during SARS-
229  CoV-2 infection as a result of chromatin and epigenetic changes that render their transactivation
230  permissible.

231

232 Toplinhibition suppresses lung inflammation and lung damage in infected hamsters.

233

234 To determine whether inhibition of Topl activity can dampen inflammatory gene expression in
235  vivo, we selected topotecan (TPT), a FDA approved Topl inhibitor, to use in the Syrian Golden
236  hamster model (Munoz-Fontela et al., 2020) (hereafter referred as hamster) of SARS-CoV-2
237  infection.

238

239  We treated SARS-CoV-2 infected hamsters with either vehicle control (DMSO) or 10mg/kg TPT
240 at days 1 and 2 post-infection. Lungs from these animals were then collected for histology and
241  transcriptome analysis at days 4 and 6 post-infection (Figure 3A).

242

243 Clustering of RNA-seq reads using principal component analysis (PCA) indicates that the gene
244 expression profiles under the three conditions (uninfected, infected-DMSO treated, and infected-
245  TPT treated) partition based on infection, treatment status, and the temporality of the infection
246  (day 4 and 6), with each replicate clustering in close proximity to its counterpart (Figure 3B).

247

248  Differential expression (DE) analysis showed that TPT suppresses inflammatory gene
249  expression in the lungs of infected hamsters (Figure 3C and 3D). Clustering of the DE data
250 indicates that the gene expression profiles of TPT-treated infected lungs are more similar to that
251  of the non-infected lungs, rather than infected ones (Figure 3C). The GO categories associated
252 with the TPT-suppressed genes indicates specific inhibition of virus-induced and inflammatory
253  genes at both day 4 and day 6 post-infection (Figure 3D).

254

255  Histopathological analysis of infected, DMSO vehicle-treated hamster lungs at days 4 and 6
256  post-infection displayed diffused alveoli destruction, bronchiolar epithelium cell death and
257  hemorrhaging, coupled with massive immune cell infiltration and exudation, typically associated
258  with increased expression of inflammatory mediators and recruitment of immune cells during
259  infection (Figure 3E and 3F). On the contrary, TPT treatment diminished pathological features
260 of lung damage in infected animals. Lungs from these animals did not have conspicuous
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261  alveolar space infiltration, exudation or hemorrhaging at both days 4 and 6 post infection
262  (Figure 3G and 3H).

263  To determine the clinical significance of our observations, we then asked if the genes that were
264  downregulated by TPT treatment in SARS-CoV-2 infected hamsters also corresponded to
265  immunopathological gene signatures that have been observed in COVID-19 patients. Cross-
266  comparison of our results with the gene expression profiles in human lungs isolated from
267  autopsies of COVID-19 patients and uninfected control lungs (Nienhold et al., 2020) indicated
268 that TPT suppressed genes that are hyperactivated in patients who succumbed to infection
269  (Figure 4A and 4B). In fact, TPT-inhibited genes are up-regulated in COVID-19 lung autopsy
270  tissue relative to healthy control (P<1E-3) (Figure 4A, left panel), while genes up-regulated by
271  TPT are down-regulated in COVID-19 lung relative to control (P<1E-7) (Figure 4A, right
272 panel). These results suggest that treatment with TPT might reverse COVID-19-induced lung
273  gene expression responses. The gene expression profiles of TPT inhibited genes in individual
274  patients (heatmap, Figure 4B) and the corresponding gene set enrichment scores are shown in
275  Figure 4B.

276  We next sought to validate whether lower dosages of TPT, which are associated with negligible
277  cytostatic effects (Guichard et al., 2001; Houghton et al.,, 1995; Nemati et al., 2010), were
278  effective in suppressing SARS-CoV-2 infection induced inflammation. We performed a parallel
279  experiment to the one described in Figure 4A using 5-fold lower TPT (2mg/kg) and the same
280 regimen of TPT treatment at Day 1 and 2 post-infection (Figure S2A). Lungs from infected and
281  treated hamsters were assayed at Day 4 post infection.

282

283  Animals treated with TPT had reduced lung to body weight ratios post infection (Figure S2B),
284  which suggest reduced pulmonary edemas in these animals. In line with this, histopathological
285 analyses showed reduced broncho-pneumonia (Figure S2C-S2E) and immune cell infiltration
286  (Table S6) in the lungs of TPT treated animals when compared to DMSO treated ones. gPCR
287  analysis of representative genes also suggested reduced expression of inflammatory genes in
288  TPT treated animals (Figure S2F). Overall, these results suggest that lower doses of TPT
289 treatment can still effectively suppress the expression of inflammatory molecules, and
290 ameliorate inflammation induced pathology during SARS-CoV-2 infection.

2901

292  In sum, our results support the hypothesis that TPT suppresses SARS-CoV-2-induced lung
293  inflammation in vivo.

294

295  Topl inhibition therapy suppresses, SARS-CoV-2 morbidity and lethality in transgenic
296  mice.

297

298  To further verify our results, we extended our studies to a complementary model and evaluated
299 the effects of TPT treatment in transgenic mice that express the human angiotensin I-converting
300 enzyme 2 (ACEZ2) receptor under the cytokeratin 18 gene promoter (K18-hACEZ2). This mouse
301  strain is susceptible to SARS-CoV-2 infection and displays a disease progression profile that
302  shares many features of severe COVID-19 (Winkler et al., 2020). Importantly, loss of pulmonary
303 function and weight loss in these mice occurs after the peak of viral replication, and coincides
304 with infiltration of immune cells (monocytes, T cells, neutrophils) in the lung and alveolar
305 spaces at day 4 post infection (Winkler et al., 2020). As such, K18-hACE2 have been suggested
306 as a model to define the basis of SARS-CoV-2-induced lung disease and test immune and
307 antiviral countermeasures (Bao et al., 2020; Winkler et al., 2020).
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308

309 To test whether inhibition of inflammation provides a protective effect in infected K18-hACE2
310 mice, we performed three different regimes of TPT treatments, labelled as early, intermediate,
311  and late, to respectively describe dosing of the inhibitor at 2mg/kg on days 1+2, days 3+4; or
312  days 4+5 post-infection respectively (Figure 5A).

313

314  The rationale behind this approach is that inhibition of inflammation could be detrimental during
315 the early phases of the infection, as it might cause increased viral replication and dissemination.
316  The optimal protective effect of inhibiting inflammation should be achieved during the hyper-
317  inflammatory phase of the disease, which would coincide with the later stage of infection.

318

319 Indeed, our results showed that early treatment of TPT is ineffective in reducing the morbidity
320 and mortality caused by SARS-2 infection (Figure 5B and 5C: TPT: D1+D2). Intermediate
321 treatment ameliorates morbidity but not mortality (Figure 5B and 5C: TPT: D3+D4). Strikingly,
322  late TPT treatment suppresses both morbidity and mortality (Figure 5B and 5C: TPT: D4+D5).
323  TPT treatment is associated with suppression of inflammatory gene expression in the lung, as
324  indicated by qPCR of representative genes IL-6, CXCL3 and CCR8 (Figure 5D).

325

326  Our results indicate that inhibition of hyper-inflammation by therapeutic administration of TPT
327  can rescue K18-hACE2 mice from lethal SARS-CoV-2 infection.

328

329 DISCUSSION

330

331  The ongoing COVID-19 pandemic caused by SARS-CoV-2 is currently affecting millions of lives
332  worldwide, and poses an overwhelming burden on global health systems as well as the
333 economy. The development of novel therapeutics against SARS-CoV-2 remains a top priority.
334  While prophylactic measures are being evaluated and distributed, drugs available to target
335 SARS-CoV-2 and function therapeutically are direly needed especially for severe cases of
336 COVID-19.

337

338  Although the pathophysiology of SARS-CoV-2 has not yet been fully characterized, it has been
339 observed that SARS-CoV-2 infection triggers hyper- activation of pro-inflammatory cytokines
340 (IL-6, -ll1b, TNFa) and chemokines (CXCL8, 9, 10, CCL2) (Huang et al., 2020; Lucas et al.,
341 2020; Merad and Martin, 2020; Tang et al., 2020; Zhou et al., 2020a). The increased level of
342  inflammatory molecules has been shown to correlate with COVID-19 disease severity (Del Valle
343 et al.,, 2020; Moore and June, 2020). While the exact mechanism and cell type-specific
344  contributions to hyper-inflammation still needs to be fully elucidated, monocytes, macrophages
345 and dendritic cells are primary candidates and have been reported to contribute to the cytokine-
346 mediated immunopathology seen in human (Del Valle et al., 2020; Giamarellos-Bourboulis et
347  al., 2020; Moore and June, 2020). This is supported by previous studies of the immune
348  response against SARS-CoV-1 and MERS-CoV infections (Cheung et al., 2005; Wong et al.,
349  2004). Additionally, non-myeloid cells have been recently shown to contribute to the hyper-
350 inflammatory program (Zhou et al., 2020b). Elevated inflammatory response contributes to
351  sepsis and multi-organ failure, an important contributor to death from COVID-19 (Zhou et al.,
352  2020a). Therefore, treatments that can suppress host inflammatory response might be
353  potentially effective therapeutic strategies for COVID-19. In this light, it is important to highlight
354  that glucocorticosteroids (dexamethasone, methylprednisolone, hydrocortisone), which act as
355  suppressors of systemic inflammation, have been reported to ameliorate the outcome of
356 COVID-19, especially in hospitalized patients who require supplemental oxygen (Group et al.,
357  2020).

358
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359  Structural and functional changes in the genome upon infection

360

361  While our knowledge of SARS-CoV-2 pathogenesis is expanding rapidly, little is known about
362  how epigenetic modifications and genome structure are affected by infection, and in what
363  capacity they affect gene activity (Liu et al., 2020). Our data suggest that SARS-CoV-2 infection
364  imposes a pervasive effect on the host cell response at the genome organization level, causing
365 drastic changes in both the segmentation and interaction patterns of chromatin regions. The
366 SARS-CoV-2 infection-induced chromatin segregation pattern mirrors what observed in cells
367 depleted of cohesin, a protein that maintains chromosomal architecture (Hnisz et al., 2016;
368 Schwarzer et al., 2017). In both SARS-CoV-2 infection and absence of cohesin, large stretches
369 of A and B compartments become subdivided into smaller A/B domains, leading to reduction in
370 compartment domain size. These effects are likely indicative of increased chromatin fiber
371  flexibility, allowing it to segregate more easily according to the activity of the embedded
372 regulatory elements. Future work is needed to understand the implications of this events for
373  infection response.

374

375 Regarding SARS-CoV-2 infection-induced compartment movement, we surmise that A-to-B and
376  B-to-A switches are driven by transcriptional and epigenome activity. While A-B transitions are
377  characterized by decreased K27ac at promoters and gene suppression, B-A is accompanied by
378 increased K27ac at promoters and gene induction. Gene suppression has functional
379 consequences as it affects many conventional infection-induced genes activated by STAT1/2
380 and IRF3 transcription factors. Suppression is likely a result of viral antagonism. In fact, a
381 recent report elucidates the pleiotropy of viral antagonism mechanisms and their collective
382 effects on suppressing host functions at transcriptional, co-transcriptional and post-
383  transcriptional levels (Banerjee et al., 2020; Lei et al., 2020). Gene activation is the result of
384  signal-induced transactivation, and indicates that many cellular genes escape viral suppression
385  during infection. One prominent example is a subset of inflammatory genes whose expression is
386 driven by infection-activated transcription factor NF-kB. The proteins encoded by these genes
387 are potent pro-inflammatory molecules and present systemically with high levels in severe
388 COVID-19 patients (Del Valle et al., 2020; Moore and June, 2020). The selective and concerted
389 induction of inflammatory genes provides the rationale for using epigenetic inhibitors to
390  suppress their induction and establish a global anti-inflammatory state (Marazzi et al., 2018).

391

392  Toplinhibition therapy

393

394  We show that the host enzyme Topoisomerase-1 promotes transcriptional activation of pro-
395 inflammatory genes during SARS-CoV-2 infection. We then demonstrate that Topl inhibition
396 limits the expression of inflammatory genes in the lungs of infected animals. Most importantly,
397  Topl inhibition decreases morbidity and morbidity in infected mice. The therapeutic effect can
398 be achieved by drug administration 4-5 days following infection.

399

400 Whether the suppression of inflammation in vivo is solely the result of dampened epithelial
401  response, or whether it affects, directly or indirectly neutrophil/monocytic activation or immune
402  cell recruitment to the lung remains unknown. We posit that TPT action in both epithelial and
403 immune cells responses result in the positive outcomes, as TPT is likely to suppress inducible
404  transcriptional programs in both the infected cells and by-stander cells. Dampening highly
405 inducible genes and sparing housekeeper genes is a typical feature of epigenetic inhibitors that
406  act on signal-induced genes, which aside from the requirement of cofactors for their activation
407 have unifying genomic features like high burst rates conferred by many regulatory
408 enhancers(Chen et al., 2019; Fukaya et al., 2016; Marazzi et al., 2018; Senecal et al., 2014;
409  Zabidi et al., 2015).
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410

411  In sum, TPT and other Topl inhibitors like irinotecan are widely available and FDA-approved.
412  Some are in the WHO list of Essential Medicines. They are inexpensive and generic formulation
413  exists throughout the world, making them easily accessible for immediate use. Overall, our
414  results suggest that repurposing of TOPL1 inhibitor could be a valuable strategy to ameliorate or
415  treat severe COVID-19.

416

417  Pharmacokinetics considerations and limitations of this study

418  Although the preclinical animal models of SARS-CoV-2 pathogenesis used here are, as with
419  any animal model, only partially representative of the biology of humans, our study indicates a
420  promising effect of TPT by suppressing inflammation in COVID-19. Several factors require
421  careful consideration prior to extrapolating these results towards the design of clinical trials of
422  Topl-inhibition therapy for human COVID-19. First, in our animal models, we can suppress
423  inflammation and reduce disease pathology in the lung using 2 doses of Top1l inhibition therapy
424  with TPT at 2mg/kg intraperitoneally. This equates to a 5-fold reduction from typical
425  chemotherapeutic anti-cancer doses in rodent models (Guichard et al., 2001; Houghton et al.,
426 1995; Nemati et al., 2010). In clinical practice, the Topl inhibitors TPT and Irinotecan have well-
427  characterized pharmacokinetics and toxicity profiles (Kollmannsberger et al., 1999; Mathijssen
428 et al., 2001), albeit in patients without SARS-CoV-2 infection. Doses that are 5-fold lower than
429  those used in the treatment of small-cell lung cancer (TPT)(Rowinsky et al., 1992; von Pawel et
430 al., 1999) and colorectal cancer (irinotecan)(Andre et al., 1999) are expected to cause little to no
431  toxicity, and importantly no risk of neutropenia. This significant dose reduction, together with the
432  wealth of clinical experience in the use of TPT and irinotecan should reassure us about potential
433  concerns over cytotoxicity. Nonetheless, safety trials of the reduced dosage of TPT or irinotecan
434  in COVID-19 patients will need to be performed prior to testing efficacy. Another important
435  consideration is that the window of opportunity for Topl inhibitor treatment in humans needs to
436  be carefully evaluated. Many reports indicate that the timing of the intervention against
437  Coronaviruses is key, as protective anti-viral and damaging excessive inflammatory responses
438 need to be balanced (Channappanavar et al., 2016; Channappanavar et al., 2019; Grajales-
439  Reyes and Colonna, 2020). Our data aligns with those studies, as early treatment of TPT did
440  not display protective effect in mice. In essence, limiting inflammatory response too early during
441  infection might increase viral replication and dissemination. As TPT-mediated inhibition of
442  inflammation could theoretically lead to a resurge in viral replication, clinical trials will ideally
443  need to incorporate the administration of an anti-viral agent with activity against SARS-CoV-2
444  after TPT treatment. The safety and efficacy of our strategy will now be evaluated in two clinical
445  trials of TPT that have been submitted for trial initiation, and are set to begin in January 2021
446  (A.J, D.K., and .M. -personal communication). Lastly, we strongly discourage any ‘off label’ use
447  of Top-1 inhibitors until safety and effectiveness is established by clinical trials.

448
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504 RESOURCE AVAILABILITY

505

506 Lead Contact

507  Further information and requests for reagents may be directed to and will be fulfilled by Lead
508 Contact lvan Marazzi (ivan.marazzi@mssm.edu).

509

510 Materials Availability

511  All unique/stable reagents generated in this study are available from the Lead Contact with a
512  completed Materials Transfer Agreement.

513

514 EXPERIMENTAL MODEL AND SUBJECT DETAILS
515

516 Cells

517 Human alveolar basal epithelial carcinoma cells (A549, ATCC CCL-185) and monkey kidney
518 epithelial cells (Vero E6, ATCC CRL-1586) were maintained at 37°C and 5% CO, and cultured
519  in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) supplemented with 10% fetal bovine
520 serum (FBS; Gibco).

521

522 Viral strains

523 For infections in A549-ACE2 cells and K18-hACE2 mice, SARS-related coronavirus 2 (SARS-
524  CoV-2), isolate USA-WA1/2020 (NR-52281) was used (Blanco-Melo et al., 2020; Daniloski et
525 al., 2020). For Infections with hamsters in Figure 3, isolate HKG/13_P2/2020 (MT835140) was
526  used. For Infections with hamsters in Figure S2, isolate USA-WA1/2020 (NR-52281) was used.
527  SARS-CoV-2 was grown in Vero E6 cells in DMEM supplemented with 2% FBS, 4.5 g/L D-
528  glucose, 4 mM L-glutamine, 10 mM non-essential amino acids, 1 mM sodium pyruvate and 10
529 mM HEPES. Plaque assays were used to determine infectious titers of SARS-CoV-2 by
530 infection of Vero E6 cells in Minimum Essential Media supplemented with 2% FBS, 4 mM L-
531  glutamine, 0.2% BSA, 10 mM HEPES and 0.12% NaHCO3 and 0.7% agar.

532

533 METHOD DETAILS

534

535 Generation of A549-ACE2 Cells

536  Generation of A549-ACE2 cells was performed as previously described (Blanco-Melo et al.,
537 2020; Daniloski et al., 2020). Briefly, A549 cells were transduced with lentiviral vector pHR-PGK
538  expressing human ACE2 coding sequence. A549 cells were then transduced with the lentivirus
539  in the presence of polybrene (8 pg/ml). Cells were used for downstream assays after 48h post
540  transduction.

541

542  Preparation of siTOP1 sequencing libraries

543  7.5E4 A549-ACE2 cells were plated in a 24 well dishes. 16 hours post plating, cells were
544  transfected with control, scrambled (siSCR), Topl-targeting (siTOP1) or no siRNA (no siRNA)
545  using Lipofectamine RNAiIMax to a final concentration of 50nM. 48hours post transfection, the
546 media was replaced, and fresh media was added to each well. Cells were then mock infected
547  (PBS only) or infected with SARS-CoV-2 at MOI 0.5. 24 hours post infection, media was
548 removed, and cells were lysed in 250ul of Trizol reagent (Thermo Scientific). RNA was then
549  extracted using the Purelink RNA Minikit (Invitrogen) with DNAsel treatment, according to the
550 manufacturer's recommendations. RNA quality was determined using the RNA 6000 Nano kit
551 and the Eukaryote Total RNA Nano assay on the Agilent 2100 Bioanalyzer System. RNA
552  quantity was determined by Qubit™ RNA HS Assay Kit.

553
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554  To then prepare RNA-sequencing libraries, 300 ng of RNA was depleted of ribosomal RNA
555 using NEBNext® rRNA Depletion Kit (Human/Mouse/Rat), according to the manusfacturer’s
556  instructions. Libraries were then prepared from rRNA depleted RNA using the NEBNext®
557 Ultra™ |l Directional RNA Library Prep Kit for Illlumina®, following the manufacturer's
558 instructions. Final libraries were quantified and sizing was determined using the High Sensitivity
559  DNA Assay reagents and chip in the Agilent 2100 Bioanalyzer System and the Qubit 1X dsDNA
560 HS Assay Kit respectively. Individual libraries were then pooled and sequenced using 75bp
561  paired end on the NextSeq 550 using the NextSeq 500/550 High Output Kit

562

563  ChlIP-Seq Library preparation

564  To prepare ChlIP-Sequencing libraries, ~2E5 A549-ACE2 cells were plated into 12 well dishes.
565  Cells were either mock infected (PBS only) or infected with SARS-CoV-2 virus at MOI 0.5. 24
566 hours post infection, media was removed from the well, and replaced with Fixation buffer (PBS,
567 2% FBS, 1% Methanol-Free Formaldehye). Cells were fixed at room temperature for 10 min. 2M
568 Glycine was then added to a final concentration of 0.125M, and cells were incubated at room
569  temperature for 5min to quench the reaction. Supernatants were removed from wells, and each
570  well was washed 3 times with cold PBS. Cells were then lysed in the well using 250ul of SDS
571 Lysis Buffer [LOOmM NacCl, 50mM Tris pH8.0, 5mM EDTA, 0.02% NaN3, 0.5% SDS + 1X Halt
572  Protease and Phosphatase Inhibitor (Thermo Scientific)] and cell lysates were collected in a
573  1.5ml tube and snap frozen at -80°C. On the day of sonication, lysates were thawed, and diluted
574  with 125ul of Triton Dilution Buffer [LOOmMM Tris pH8.5, 100mM NacCl, 5mM EDTA, 0.02% NaN3,
575 5% TritonX-100 + 1X Halt Protease and Phosphatase Inhibitor]. Lysates were then sonicated for
576 5 - 30 sec ON/ 30 sec OFF cycles twice using the Bioruptor Pico. Each sonicated lysate was
577  then pre-cleared using 10ul of Rabbit-IgG Dynabeads for 1 hour, rotating at 4°C. 1ug of anti-
578 H3K27ac antibody was then added to 300ul of pre-cleared lysate. Immunoprecipitation (IP) was
579  performed with overnight rotation at 4°C. To recover IP-complexes, 10ul of Dynabeads M-280
580 Sheep anti-Rabbit IgG were added to each reaction and tubes were rotated for 2 hours at 4°C.
581  Bead-chromatin complexes were then washed 6 times on a magnet using ice cold RIPA wash
582  buffer [50mM Hepes-KOH pH7.6, 100mM LiCl, 1mM EDTA, 1% NP-40, 0.5% Na-
583  Deoxycholate]. Washed beads were then incubated in 125ul Elution buffer [1% SDS, 0.1M
584  NaHCO3] at 65°C overnight for elution and de-crosslinking. ChIP DNA was then purified using
585 the MinElute PCR purification kit (Qiagen) and quantified using the Qubit 1X dsDNA HS Assay
586 Kit.

587

588  ChIP libraries were prepared using the NEBNext® Ultra™ [l DNA Library Prep Kit for lllumina
589  following the manufacturer's recommendations. 1ng of ChIP-DNA was used to prepare each
590 library. ChIP input libraries were prepared by pooling equal amounts of purified sonicated and
591 non-IPed DNA from each sample. 1ng of the pooled ChIP-input DNA was used for library
592  preparation. Libraries were quantified and sizing was determined using the High Sensitivity DNA
593  Assay reagents and chip in the Agilent 2100 Bioanalyzer System and the Qubit 1X dsDNA HS
594  Assay Kit respectively. Individual libraries were then pooled and sequenced 75bp paired end on
595 the NextSeq 550 using the NextSeq 500/550 High Output Kit v2.5.

596

597  Preparation of HiC libraries

598 In situ Hi-C was performed as described (Heinz 2018) with modifications. The day before
599 infection, 200k A549-ACE2 cells were plated in a 12 well dishes. Cells were either mock-
600 infected (PBS only) or infected with SARS-CoV-2 virus at MOI 0.5. Twenty-four hours post
601 infection, media was removed from the well, and replaced with Fixation buffer (PBS, 2% FBS,
602 1% Methanol-Free Formaldehyde). Cells were fixed at room temperature for 10 min. 2M Glycine
603 was then added to a final concentration of 0.125M, and cells were incubated at room
604  temperature for 5min to quench the reaction. Supernatants were then removed wells, and each
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605  well was washed 2 times with cold PBS. Cells were then lysed in the well using 250 pl of Lysis
606  Buffer [0.5% SDS + Halt Protease and Phosphatase Inhibitors (Thermo Scientific)]. Cell lysates
607  were collected in a 1.5ml tube. 1.5 mU RNAseA (Thermo Scientific) was added to each lysate,
608  and lysates were then incubated at 370C for 1h. RNAseA treated lysates were then snap frozen
609 and stored in -80°C. After thawing, nuclei were collected at 1500 g for 5 minutes at room
610 temperature. Most of the supernatant was discarded, leaving the nuclei in 10 pl liquid. Samples
611  were resuspended in reaction buffer (25 pl 10% Triton X-100, 25 pl 10x Dpn Il buffer, 188 pul
612  water) and rotated at 37°C, 8 RPM for 15 minutes. Chromatin was digested overnight (ON) with
613  either 2 pl (100 U) Dpn Il (NEB) (later experiments) at 37°C, rotating overhead with 8 RPM.
614  Nuclei were collected by centrifugation at 1500 g for 5 minutes at room temperature, 225 pl of
615  the supernatant were discarded, leaving the nuclei in 25 pl liquid, and overhangs were filled in
616  with Biotin-14-dATP by adding 75 pl Klenow Master Mix (54.45 ul water, 7.5 ul NEBuffer 2, 0.35
617 ul 10 mM dCTP, 0.35 ul 10 mM dTTP, 0.35 pl 10 mM dGTP, 7.5 ul 0.4 mM Biotin-14-dATP
618  (Invitrogen), 2 pl 10% Triton X-100, 2.5 pl (12.5 U) Klenow fragment (Enzymatics)) and rotating
619 overhead at RT, 8 RPM for 40 minutes. Reactions were stopped by adding 2.5 pl 0.5 M EDTA
620 and placed on ice. Proximity ligation was performed by transferring the entire reaction into 1.5
621  ml Eppendorf tubes containing 400 pl ligase mix (322.5 pl water, 40 pl 10x T4 DNA ligase buffer
622  (Enzymatics), 36 pl 10% Triton X-100, 0.5 pl 10 % BSA, 1 pl (600 U) T4 DNA ligase (HC,
623  Enzymatics) and rotating ON at 16°C, 8 RPM. Reactions were stopped with 20 ul 0.5 M EDTA,
624  treated with 1 pl 10 mg/ml DNase-free RNAse A for 15 minutes at 42°C, then 31 ul 5 M NaCl,
625 29 ul 10 % SDS and 5 pl 20 mg/ml DNase-free proteinase K (Thermo) were added, proteins
626  digested for 1 h at 55°C while shaking at 800 RPM, then crosslinks reversed ON at 65°C. After
627  extraction with 600 ul pH 8-buffered phenol/chloroform/isoamyl alcohol (Ambion) followed by
628  extraction with 600 pl chloroform, DNA was precipitated with 1.5 pl (22.5 pg) Glycoblue
629  (Ambion) and 1400 pl 100% ethanol ON at -20°C. After centrifugation for 20" at 160009, 4°C,
630 the DNA pellet was washed twice with 80% ethanol, and the pellet air-dried and dissolved in
631 131 pl TT (0.05% Tween 20/Tris pH 8). DNA (200 ng) was sheared to 300 bp in 130 pul TT on a
632  Covaris E220 sonicator using the manufacturer’'s protocol. Biotinylated DNA was captured on
633  Dynabeads MyOne Streptavidin T1 (Thermo) by combining the sonicated DNA sample (130 pl)
634  with 20 pl Dynabeads that had previously been washed with 1x B&W buffer (2X B&W: 10 mM
635  Tris-HCIl pH=7.5, 1 mM EDTA, 2 M NaCl) and had been resuspended in 130 pl 2x B&W
636  containing 0.2% Tween 20. The binding reaction was rotated at RT for 45 minutes, and DNA-
637 bound beads were vigorously washed twice with 150 pul 1x B&W/0.1% Triton-X 100, once with
638 180 pl TET (0.05% Tween 20, 10 mM Tris pH 8, 1 mM EDTA). Libraries were prepared on-
639  beads using an NEBnext Ultra Il DNA library prep kit using half the reagent/reaction volumes
640 given in NEB’s instruction manual and 1.6 pmol Bioo DNA sequencing adapters (lllumina
641  TruSeq-compatible) per reaction. Reactions were stopped by adding 5 ul 0.5 M EDTA, beads
642  collected on a magnet and washed twice with 150 pl 1x B&W/0.1% Triton-X 100, twice with 180
643 pl TET and resuspended in 20 pl TT (0.05% Tween 20, 10 mM Tris pH 8.0). Libraries were
644  amplified by PCR for 10 cycles (98°C, 30s; 10x [98°C, 10s; 63°C, 20s; 72°C, 30s]; 72°C, 2 min;
645  4°C, =), using 10 pl of the bead suspension in a 50 pl reaction with NEBNext Ultra Il Q5 2x
646 master mix (NEB) and 0.5 upM each Solexa 1GA/AGB primers (Solexa 1GA:
647 AATGATACGGCGACCACCGA, Solexa 1GB: CAAGCAGAAGACGGCATACGA). Libraries
648  were precipitated onto magnetic beads by adding 40 pl 20% PEG8000/2.5 M NaCl and 2 pl
649  SpeedBeads (8.9 % PEG final) to 48 pl PCR reaction, thorough mixing by vortexing followed by
650 10-minute incubation at RT. Beads were collected using a magnet and the supernatant
651 discarded. After washing beads twice by adding 180 ul 80% EtOH, moving the tube strip 6x
652  from side to side of the magnet, collecting beads and discarding the supernatant, beads were
653  air-dried, and DNA eluted by adding 20 ul TT. Libraries were sequenced paired-end for 42
654 cycles each to a depth of approximately 250 million reads per experiment on an lllumina
655 NextSeq 500 sequencer.
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656

657  Preparation of Hamster RNA sequencing libraries

658 For RNA sequencing analyses in infected hamsters shown in Figure 3, infected hamsters that
659  were treated with TPT or vehicle control, were euthanized at days 4 and 6 post infection.
660  Uninfected hamsters were used as controls. After euthanasia, lung left inferior lobe from
661 hamsters were cut into pieces and lysed with RA1 lysis buffer provided with the
662  NucleoSpin® RNA Plus kit (Macherey-nagel), RNA extraction was performed according the
663  manufacturer's recommendations, including an on-column genomic DNA digestion step. RNA
664  sequencing library preparation and sequencing were then performed by BGI Genomics

665

666  Hamster Infections

667  For experiments shown in Figure 3, Female Golden Syrian hamster, aged 6-8 week old (~70-
668  100g), were obtained from Laboratory Animal Unit, University of Hong Kong (HKU). All
669  experiments were performed in a Biosafety Level-3 animal facility, LKS Facility of Medicine,
670  HKU. The study has been approved by the Committee on the Use of Live Animals in Teaching
671  and Research, HKU. Virus stock was diluted with Phosphate-buffered saline (PBS) to 2 x 10*
672  PFU/ml. Hamsters were anesthetized with ketamine (150mg/kg) and xylazine (10 mg/mg) and
673  then intranasally inoculation with 50 ul of diluted viruses containing 10° PFU of viruses. For drug
674  treatments, 10mg/kg TPT resuspended in vehicle [5% DMSO + 5% corn oil in PBS] or vehicle
675 alone was administered intraperitoneally to animals on the indicated days post infection.

676

677  For experiments shown in Figure S2, infection procedures were performed following protocols
678  approved by the Icahn School of Medicine at Mount Sinai Institutional Animal Care and Use
679 Committee (JACUC). Animal studies were carried out in strict accordance with the
680 recommendations in the Guide for the Care and Use of Laboratory Animals of the National
681 Research Council. 7-10 week old (~120-1409g) female Golden Syrian hamsters (Charles River)
682  were anesthetized using 90mg/kg Ketamine and 2mg/kg Xylazine by intraperitoneal injection.
683  Once anesthetized, hamsters were intransally infected with 1E5 PFU of SARS-CoV-2 virus re-
684  suspended in 100ul of PBS. Animals were monitored daily for clinical signs of illness and weight
685 loss after infection. For drug treatments, 2mg/kg TPT resuspended in vehicle [4.5% DMSO +
686  20% Sulfobutylether-B-Cyclodextrin (SBE-B-CD) in PBS] or vehicle alone was administered
687 intraperitoneally to animals on the indicated days post infection.

688

689  K18-hACE2 mice infections

690  All mice infection procedures were performed following protocols approved by the Icahn School
691 of Medicine at Mount Sinai Institutional Animal Care and Use Committee (IACUC). Animal
692  studies were carried out in strict accordance with the recommendations in the Guide for the
693  Care and Use of Laboratory Animals of the National Research Council. 5-10 week old female
694 B6.Cg-Tg(K18-ACE2)2Primn/J (K18-hACE2) mice purchased from Jackson Laboratories (Bar
695 Harbor, ME) were anesthetized by an intraperitoneal injection of 90mg/kg Ketamine and 2
696  mg/kg xylazine. Once anesthetized, mice were infected with 1E4 PFU of SARS-CoV-2 virus
697  suspended in 30ul of PBS. Mice were monitored daily for clinical signs of iliness and weight loss
698  after infection. Animals that reached 75% bodyweight or clinical signs that are irrevocably linked
699  with death were humanely euthanized by intraperitoneal injection of 60mg/kg pentobarbital.

700

701  For drug treatments, 2mg/kg Topotecan-hydrochloride (TPT; 14129, Cayman Chemical
702  Company) re-suspended in vehicle [4.5% DMSO + 20% Sulfobutylether-B-Cyclodextrin (SBE-B-
703  CD) in PBS] was administered intraperitoneally to animals on the indicated days post infection.
704

705  Extraction of RNA from Lungs of Infected Hamsters and Mice
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706  Upon euthanasia, the superior lobe of infected hACE2-KI mice or Golden Syrian hamsters were
707  collected for RNA extraction. Lungs were lysed and homogenized in Trizol. RNA extraction was
708 performed using the Purelink RNA Mini Kit with a DNAsel treatment step, according to the
709  manufacturer's recommendations. cDNA was synthesized from RNA using the High-Capacity
710 cDNA Reverse Transcription Kit (ThermoFisher).

711

712 Histological analysis

713 For histological slides shown in Figure 3E to 3H, Lung left superior lobes of infected Golden
714  Syrian hamster were fixed in 4 % paraformaldehyde and then processed for paraffin
715 embedding. The 4pm tissue sections were stained with haematoxylin and eosin for
716  histopathological examination. Images were with Olympus BX53 semi-motorized fluorescence
717  microscope using cellSens imaging software.

718  For histological slides shown in Figure S2D and S2E, the left lung lobe of infected Golden
719  Syrian hamsters was fixed in 10% formalin for 48 hours. Embedding in paraffin blocks and
720  staining with H&E were conducted by the Biorepository and Pathology Dean’s CoRE at the the
721  Icahn School of Medicine at Mount Sinai. Microscopic sections were analyzed in a blinded
722  fashion by the same pathologist (A.M.). A number was randomly assigned by the investigator to
723 discriminate each section, which was then submitted for analysis. No information about
724  treatments and mouse genotypes was communicated to the pathologist. Lungs were scored by
725  the area involved in broncho-pneumonia.

726

727

728 QUANTIFICATION AND STATISTICAL ANALYSES

729  Mouse Infection Studies

730  Mice were randomly assigned into treatment groups. Statistical significance between survival
731  curves was calculated using a Log-rank (Mantel-Cox) test using Graphpad Prism 8.0 software.
732 Two tailed Student’'s t-tests under the assumption of equal variances between groups were
733  used to compare weight loss in mice from different groups for each day post infection. Data are
734  shown as +-SEM.

735

736  Quantitative gPCR assays

737 gPCR assays were done with 3-4 biological replicates (3-4 infected animals/condition).
738  Statistical significance in gene expression was estimated with Graphpad Prism 8.0 software,
739  and determined using two-tailed Student’'s t test under the assumption of equal variances
740  between groups. Data are shown as +/- SEM

741

742  lllumina Short Read RNA sequencing analyses

743  After adaptor removal with cutadapt (Martin, 2011) and base-quality trimming to remove 3'read
744  sequences if more than 20 bases with Q <20 were present, paired-end reads were mapped to
745  the SARS-CoV-2 and human (hg38) or hamster (Mesocricetus auratus; MesAurl.0) reference
746 genomes with STAR . Gene-count summaries were generated with featureCounts (Liao et al.,
747  2014). A numeric matrix of raw read counts was generated, with genes in rows and samples in
748  columns, and used for differential gene expression analysis with the Bioconductor Limma
749  package (Ritchie et al., 2015) after removing genes with less than 50 total reads across all
750 samples or of less than 200 nucleotides in length. Normalization factors were computed on the
751  filtered data matrix using the weighted trimmed mean of M-values (TMM) method, followed by
752  voom (Law et al., 2014) mean-variance transformation in preparation for Limma linear modeling.
753  To specifically identify the effect of siRNA mediated Topl depletion on the inflammatory
754  responses to SARS-CoV-2 in A549-ACE2 cells shown in Figure 2, we used interaction model
755  (SiTOP1_Infected:siTOP_uninfected - SiSCR_Infected:siSCR_uninfected or
756  no_siRNA_infected:no_siRNA:uninfected - siSCR_Infected:siSCR_uninfected), that takes into
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757 account basal differences between conditions. To identify TPT dependent gene expression
758 changes in infected hamsters showin in Figure 3, we performed pairwise contrast between
759  experimental groups (i.e: TPT D4 — DMSO D4; TPT D6 — DMSO D6). Pairwise comparisons
760  were then performed between treatment groups and eBayes adjusted P-values were corrected
761  for multiple testing using the Benjamin-Hochberg (BH) method and used to select genes with
762  significant expression differences (fold change > 1.5, adjusted P value <0.05).

763

764  GSEA analysis for gene signatures in TPT treated hamsters

765  We identified Topl inhibitor gene signatures from TPT-treated Syrian hamsters infected with
766  SARS-CoV-2. We defined the up- and down-regulated signatures as genes differentially
767  expressed after 4 or 6 days of treatment (log2|FC| > 1, FDR=10%). We converted hamster
768 genes to available human orthologs using ENSEMBL (Release 101). We downloaded
769  normalized transcript expression from targeted RNA-seq (398 genes) on lung autopsy tissue
770  from COVID19 patients (16 patients, 34 samples), normal lung tissue (6 patients, 17 samples),
771  and lung tissue from from bacterial or viral pneumonia (4 patients, 5 samples) [(Nienhold et al.,
772 2020), GEO accession: GSE151764]. Gene set enrichment analysis (Subramanian et al., 2005)
773  was performed using the R package fgsea (Korotkevich et al., 2019). We used Tukey's multiple
774  comparison test to identify significant differences in mean normalized enrichment scores.

775

776  ChlP-seq analysis

777  ChIP-seq datasets were processed and analyzed using an in-house automated pipeline
778  (https://github.com/MarioPujato/NextGenAligner). Briefly, basic quality control for raw
779  sequencing reads was performed using FASTQC (version 0.11.2)
780  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Adapter sequences were removed
781  using Trim Galore (version 0.4.2)
782  (https:/lwww.bioinformatics.babraham.ac.uk/projects/trim_galore/), a wrapper script that

783  runs cutadapt (version 1.9.1) to remove the detected adapter sequence from the reads. The
784  quality controlled reads were aligned to the reference human genome (hgl9/GRCh37) using
785  bowtie2 (version 2.3.4.1)(Langmead and Salzberg, 2012). Aligned reads were then sorted using
786  samtools (version 1.8)(Li et al., 2009) and duplicate reads were removed using picard (version
787  1.89) (https://broadinstitute.github.io/picard/). Peaks were called using MACS2 (version 2.1.0)
788  (https://github.com/taoliu/MACS)(Zhang et al., 2008) with the control/input aligned reads as
789  background (callpeak -g hs -q 0.01 —broad -c input/control). ENCODE blacklist regions
790 (Amemiya et al.,, 2019) were removed using the hgl9-blacklist.v2.bed.gz file available at
791  https://github.com/Boyle-Lab/Blacklist/tree/master/lists.

792

793  The ChIP-seq experimental design consisted of triplicates experiments for each condition (Ohr,
794  8hr, 24hr infections). PCA analysis indicating strong agreement between experimental
795 replicates and clear separation between conditions (Figure S1A) Sequencing reads from
796 replicates were thus combined, and alignment and peak calling was again performed as
797  described above. For differential peak analysis, the union set of all peaks from these three
798 conditions was generated using bedtools (Quinlan and Hall, 2010). For each of the resulting
799  genomic regions, read counts were obtained for all 9 replicates. These read counts used as
800 input to DESeqg2 (Love et al., 2014). A fold change cutoff of greater than or equal to 1.5 and an
801 FDR-corrected p-value cutoff of less than or equal to 0.05 were used to identify differential
802  peaks for each pairwise comparison between conditions.

803

804  We used the HOMER suite of tools (Heinz et al., 2010), modified to use a log base two scoring
805 system and to include the large set of human motifs contained in the CisBP database (build
806  2.0)(Lambert et al., 2019) to identify enriched motifs within the sequences of differential and
807 shared ChIP-seq peaks. To minimize redundancy, motifs were grouped into classes using the
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808 following procedure. Each human transcription factor was assigned the single best p-value
809 obtained for any of its corresponding motifs. Transcription factors with identical best motifs
810 were merged then into a single class.

811

812  HiC analysis

813  Hi-C data was processed as described in (Heinz et al., 2018). Briefly, Hi-C reads were trimmed
814  at Mbol/Dpnll recognition sites (GATC) and aligned to the human genome (GRCh38/hg38)
815 using STAR (Dobin et al., 2013), keeping only read pairs that both map to unique genomic
816 locations for further analysis (MAPQ > 10). All PCR duplicates were also removed. PCA
817 analysis of Hi-C experiments used to define chromatin compartments were performed with
818 HOMER(Lin et al., 2012). For each chromosome, a balanced and distance normalized contact
819 matrix was generated using window size of 50 kb sampled every 25 kb, reporting the ratios of
820 observed to expected contact frequencies for any two regions. The correlation coefficient of the
821 interaction profiles for any two regions across the entire chromosome were then calculated to
822  generate a correlation matrix (also visualized in Figure 1A). This matrix was then analyzed
823  using Principal Component Analysis (PCA) from the prcomp function in R (https://www.r-
824  project.org), and the eigenvector loadings for each 25 kb region along the first principal
825 component were assigned to each region (PC1l values). The PC1 values from each
826 chromosome were scaled by their standard deviation to make them more comparable across
827  chromosomes and analysis parameters. For each chromosome, PC1 values are multiplied by
828 -1 if negative PC1 regions are more strongly enriched for active chromatin regions defined by
829 H3K27ac peaks to ensure the positive PC1 values align with the A/permissive compartment (as
830 opposed to the Bfinert compartment). chrY was excluded from the PCA analysis due to its small
831 size and high repeat content. Balanced, normalized Hi-C contact maps were generated at 25 kb
832  resolution for visualization (Figure 1A). Assignment of PC1 values to Gencode gene promoters
833  and other features was performed using HOMER'’s annotatePeaks.pl function using the results
834  from the PCA analysis.

835

836


https://doi.org/10.1101/2020.12.01.404483

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.01.404483; this version posted December 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

837 EIGURE LEGENDS

838

839  Figure 1: SARS-CoV-2 restructures chromatin in host cells.

840  (A) Upper panel: Analysis of 3D chromatin structure in SARS-CoV-2 infected and control A549-
841 ACE2 cells by Hi-C. Normalized Hi-C contact matrices are shown for the uninfected (Ohpi)
842  control (lower-left) and 24 hours post infection (hpi, upper-right) for a representative 30 Mb
843  region of chromosome 9. White rectangles highlight regions with strong changes in interaction
844  patterns between conditions. Middle panel: pairwise correlation matrices for uninfected control
845 and 24 hpi Hi-C experiments analysis for the same region shown in the upper panel. Lower
846  panel: PC1 values, which represent the PCA loadings describing the chromatin compartment
847  membership (+ values for the A compartment, - values for the B compartment) are show along
848  with H3K27ac ChlIP-seq levels for the region depicted. Cells infected for 24 hours show
849  increased segregation of chromatin into smaller A and B compartment domains.

850 (B) Distribution of A and B compartment domain sizes genome wide for uninfected control and
851 24 hpi A549-ACE2 cells.

852  (C) Scatter plot comparing the PC1 values for every 25 kb region in the genome for uninfected
853  control and infected cells (8, 24 hpi). Data points colored red or blue indicate that they overlap
854  with a significantly regulated H3K27ac peaks (4-fold, adjusted p-value < 0.05).

855 (D) Distribution of the change in PC1 values between uninfected and 24 hpi at the promoters of
856  genes that are either expressed in A549-Ace2 cells, induced, or repressed by SARS-CoV-2
857 infection (>1.5-fold, adjusted p-value < 0.05).

858
859  Figure 2: TOP1 depletion in SARS-CoV-2 infected cells inhibits induction of inflammatory
860 genes.

861  (A) PCA plot showing the relationship between samples and treatment conditions.

862  (B) Heat map showing relative changes in gene expression levels in no siRNA (no siRNA) or
863  siTopl (siTOP1) treated cells, when compared to nontargeting control siRNA-treated (SiSCR)
864  cells. Shown are genes that are differentially expressed between siTOP1 and siSCR samples
865  (adjusted p-value < 0.05, fold change>1.5).

866  (C) Gene ontology analyses of downregulated target genes shown in (B).

867 (D) qPCR validation of select target genes shown in (B). Shown are the mean and s.d of 3
868  replicates. *: p<0.05; **: p<0.01 by two-tailed, unpaired Students’ t-test.

869 (E) Barplots showing changes in gene expression levels upon SARS-CoV-2 infection, as
870 quantified by RNA seq, for all expressed genes (Exp), Topl dependent induced genes (Dep)
871  and Topl-independent induced genes (Indep)

872  (F) Violin plots showing changes in PC1 (delta PC1) for 8 hours (8hpi) and 24 hours (24hpi)
873  post infection at expressed genes (Exp), Topl dependent induced genes (Dep) and Topl-
874  independent induced genes (Indep). Horizontal lines indicate the means.

875 (G) Violin plots showing changes in H3K27ac levels (delta H3K27ac) for 8 hours (8hpi) and 24
876  hours (24hpi) post infection at expressed genes (Exp), Topl dependent induced genes (Dep)
877  and Topl-independent induced genes (Indep). Horizontal lines indicate the means.

878

879  Figure 3: TPT treatment reduces inflammatory gene expression in SARS-CoV-2 infected
880 hamsters

881  (A) Schematic showing the infection and treatment regime used.

882  (B) PCA plot showing the relationship between treatment and infection groups.

883 (C) Heatmap showing gene expression levels of genes that are dysregulated with TPT
884  treatment in Uninfected (Green), DMSO (red and purple) or TPT treated (blue and yellow)
885 hamsters at days 4 and 6 post infection. Each column represents an individual hamster, and
886 each row represents one gene. Data are clustered by genes that are up- (yellow) or down-
887  (pink) regulated with infection with reference to the uninfected animals.
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888 (D) Gene ontology analysis of genes that are down regulated with TPT treatment at days 4 (top)
889  and 6 (bottom) post infection

890 (E) Representative scan of hematoxylin and eosin (H&E) stained sections of the lungs of
891 infected hamsters that have been treated with DMSO 4 days post infection. Arrow: Diffuse lung
892 inflammatory damages. Bronchiolar epithelium cells death, bronchiolar luminal secretion and
893 hemorrhage; Arrowheads: Diffuse alveoli destruction with massive immune cell infiltration and
894  exudation; Open arrows: Vasculitis

895 (F) Representative scan of hematoxylin and eosin (H&E) stained sections of the lungs of
896 infected hamsters that have been treated with DMSO 6 days post infection. Lung tissue
897 consolidation affected most of the lung lobe examined. Bronchial secretion, infiltration and
898  alveolar space exudation, immune cell infiltration and hemorrhage are still present at this stage
899 (arrowheads), and is accompanied by alveolar and bronchiolar cell proliferation (arrows)

900 (G) Representative scan of hematoxylin and eosin (H&E) stained sections of the lungs of
901 infected hamsters that have been treated with TPT 4 days post infection. Diffuse milder
902 inflammatory damages. Arrows: Bronchiolar epithelium cells death with milder peribrochiolar
903 infiltration; Arrowheads: Diffuse alveolar wall thickening with capillary congestion. No
904  conspicuous alveolar space infiltration, exudation or hemorrhages; Open arrows: Vasculitis is
905 very mild and rare

906 (H) Representative scan of hematoxylin and eosin (H&E) stained sections of the lungs of
907 infected hamsters that have been treated with TPT 6 days post infection. Patchy lung tissue
908 consolidation with cell proliferation. Most alveolar area are without exudation and infiltration.
909  Bronchiolar luminal secretion is reduced compared to the with DMSO control.

910

911  Figure 4: TPT suppresses gene programs upregulated in autopsy-lung from COVID19
912  patients.

913 (A) Gene set enrichment analysis of lung-tissue gene expression profiles from COVID19
914  deceased patients versus healthy patients (Nienhold et al., 2020). Signed —log10 adjusted P
915 values indicate enrichment of down-regulated (top panel) and up-regulated (bottom panel) gene
916  signatures from TPT-treated hamsters infected with SARS-CoV-2. The sign of enrichment is
917  given by the normalized enrichment score (NES). Dashed lines indicate a significance levels of
918 P=0.05. Differences in mean NES are shown: * P = 10-3, ** P = 5x10-4, *** P = 10-7.

919 (B) Expression in lung autopsy tissue of COVID19 patients and healthy controls [(Nienhold et
920 al., 2020), GSE151764] of genes down-regulated in TPT-treated Sars-CoV-2-infected hamsters
921 (log2|FC| > 1, FDR=10%). Patient groups are indicated by the topmost bar, where healthy
922  controls are colored in cyan, and COVID-19 patients colored in red. Gene set enrichment
923  scores, calculated as -logl0(P)*sign(NES) are indicated in the middle bar. The sign of
924  enrichment is given by the normalized enrichment score (NES). Positive, higher scores (orange)
925 indicate that TPT-inhibited genes are more upregulated in a given patient, whereas negative,
926 lower scores (green) indicate that TPT-inhibited genes are more downregulated in a given
927  patient. The lower heatmap shows the individual gene expression profile of the indicated TPT-
928 inhibited gene for a given patient (in columns). Heatmap is sorted by column from the highest
929  (left) to lowest enrichment score (right).

930

931 Figure 5: Late treatment of TPT in K18-hACE2 mice provides survival benefit during
932 SARS-CoV-2 infection.

933 (A) Schematic showing infection and treatment regime in mice. Groups are color coded by
934  treatment regime

935 (B) Survival curve of K18-hACE2 mice infected with 1E4 PFU of SARS-CoV-2 and
936 subsequently subjected to the indicated TPT treatment regimes. Number of mice used are
937 indicated in the legend. Blue: DMSO vehicle control only (n=9); Red: TPT 2mg/kg on Days 1
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and 2 post infection (n=10); Green: TPT 2mg/kg on Days 3 and 4 post infection (n=10); Purple:
TPT 2mg/kg on Days 4 and 5 post infection (n=5).

(C) Weight loss curves in surviving mice shown in B. Numbers of mice at the end and start
(end/start) points of the experiment are indicated in the legend keys. Weights are shown as
means of the percentage of starting weights. Error bars show the SEM of each group. Blue:
DMSO only; Red: TPT 2mg/kg on Days 1 and 2 post infection; Green: TPT 2mg/kg on Days 3
and 4 post infection; Purple: TPT 2mg/kg on Days 4 and 5 post infection.

(D) gPCR of inflammatory gene expression for mice in the indicated treatment groups at day 7
post infection with 1IE4 PFU SARS-CoV-2. Each dot represents an individual mouse. Lines
indicate the mean of expression.
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950 SUPPLEMENTARY FIGURE LEGENDS

951

952  Figure S1: H3K27ac profiles in SARS-CoV-2 infected A549-ACE2 cells

953  Differential H3K27ac across infection time points. H3K27ac ChlP-seq peaks were classified
954  across the infection time course into clusters by their pattern of occurrence (see Methods).

955  (A) Principle Component (PCA) analysis of ChIP-seq experimental replicates. PCA was
956 performed across the genome using the set of peaks identified in each experimental replicate.
957 Percentage of variance expained by the first two components is shown along the axes. PCA
958 was performed using scikit-learn (Pedregosa et al., 2011).

959 (B) Venn diagram schematic depicting the seven possible patterns of peak occurence (i-vii),
960 along with the number of peaks observed for each pattern at 0, 8 and 24 hours post infection.
961 (C) Heatmap indicating the normalized read count intensity within each peak for each of the
962 three timepoints, for the indicated clusters described in (B).

963 (D) Transcription factor binding site motif enrichment for each of the clusters shown in (B) and
964 (C). Motif enrichment was calculated within H3K27ac-marked regions. Bar plots indicate the
965 negative log p-value of enrichment for the top 100 motif classes (see Methods). Bars are
966 colored by motif. AP-1: Yellow; IRF: Green; NFKB: Red; STAT: Blue; Other: Grey

967

968 Figure S2: Reduced TPT dosages have similar beneficial effects in SARS-CoV-2 infected
969 hamsters.

970  (A) Schematic showing infection and treatment regime in 7-10 week old hamsters.

971  (B) Lung weight to body weight ratios of Hamsters infected with 1E4 PFU SARS-CoV-2 at Day 4
972  post infection, and treated with either DMSO (red) or 2mg/kg TPT (blue). Each dot represents
973  an individual animal, and lines indicate the mean of Lung/Body weight ratios.

974  (C) Scatter plots depicting the percent of lung area that is involved in Broncho Pneumonia, as
975  blindly scored by the pathologist (A.M). Each dot represents an individual animal, and the lines
976 indicate the mean.

977 (D,E) Representative H&E sections of the left lung lobe of infected hamsters at day 4 post
978 infection, and treated either with DMSO (D) or 2mg/kg TPT (E) . Scale bar: 250uM.

979  (F) Inflammatory gene expression in DMSO or TPT infected hamsters at day 4 post infection.
980 Bars show the mean and SEM of 4 animals.

981

982
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983 SUPPLEMENTARY TABLE LEGENDS
984
985 Table S1: Table of HiC peak scores and their overlap with H3K27ac peaks (Related to
986  Figure 1)
987 Table of processed Hi-C data used to derive panels shown in Figure 1. Abbreviations used:
988 IFC: interchromosomal interaction changes: IFC; DLR: distal/local ratio changes; Combo:
989 Replicates combined. Columns T-V: H3K27ac levels in region, at the indicated time points;
990 Columns W-AE: PC1 levels of combined or individual Hi-C replicates; Columns AF-Al: ICF and
991 DLR changes in indicated regions and for the specified contrasts; Column AJ-AQ: Significance
992  values for comparing PC1 values between conditions. Detailed Column descriptions are as
993 follows
994
995 Table S2: H3K27ac ChlIP-seq QC summary and differential peak analyses (Related to
996 Figure S1)
997 Table S2A: QC analysis and statistics of H3K27ac ChlIP-seq data
998 Table S2B: Full results of H3K27ac differential peak analysis (Contrast 8h vs 0Oh)
999 Table S2C: Full results of H3K27ac differential peak analysis (Contrast 24h vs 0h)
1000
1001  Table S3: H3K27ac ChlIP-seq transcription motif analyses summary
1002  Full results of transcription factor binding site motif enrichment analysis.
1003
1004 Table S4: Differential expression analysis (RNA-seq) for siRNA treated infected A549-
1005 ACEZ2 cells (Related to Figure 2)
1006  Table S4A: Fold change and associated significance values for genes that are differentially
1007  expressed (Fold change > 1.5, p.adj < 0.05) in siTOP1 cells when compared to siSCR treated
1008  cells.
1009 Table S4B: Same genes shown in Table S4A, but showing the fold changes and associated
1010  significance values for in no siRNA treated (no siRNA) cells when compared to siSCR treated
1011 cells.
1012  Table S4C: Gene lists for all expressed, Topl dependent and Topl independent genes. Shown
1013  are the log2FC, AveExpr, t-stat, p-values, adjusted p-values and B-stats for the siSCR infected
1014  vs siSCR uninfected contrast, used to define infection induced genes. Genes that are induced
1015 by infection are indicated by “1” in Column I. Genes that are Topl dependent and induced by
1016  infection are indicated by “1” in Column J. Genes that are Infection induced and Topl
1017  independent are indicated by “1” in Column K.
1018
1019 Table S5: Gene ontology (pathway) analyses (Related to Figure 2C)
1020  Gene ontology pathway analysis for downregulated genes listed in Figure 2B and Tables S4.
1021
1022  Table S6: Blind scores of lung sections from TPT and vehicle (DMSO) treated SARS-CoV-
1023 2 Hamsters (Related to Figure S2D and S2E)
1024  Scoring of H&E stained lung sections taken from hamsters infected with SARS-CoV-2 and
1025  treated with vehicle (DMSO) or 2mg/kg TPT at days 1 and 2 post infection. Lung sections were
1026  isolated on day 4 post infection.
1027
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