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Abstract  45 

 46 

Effective therapies are needed to combat emerging viruses. Seventeen candidates that rescue 47 

cells from SARS-CoV-2-induced lethality and target diverse functions emerged in a screen of 48 

4,413 compounds. Among the hits was lapatinib, an approved inhibitor of the ErbB family of 49 

receptor tyrosine kinases. Lapatinib and other pan-ErbB inhibitors suppress replication of 50 

SARS-CoV-2 and unrelated viruses with a high barrier to resistance. ErbB4, but not lapatinib’s 51 

cancer targets ErbB1 and ErbB2, is required for SARS-CoV-2 entry and encephalitis alphavirus 52 

infection and is a molecular target mediating lapatinib’s antiviral effect. In human lung 53 

organoids, lapatinib protects from SARS-CoV-2-induced activation of pathways implicated in 54 

non-infectious acute lung injury and fibrosis downstream of ErbBs (p38-MAPK, MEK/ERK, and 55 

AKT/mTOR), pro-inflammatory cytokine production, and epithelial barrier injury. These findings 56 

reveal regulation of viral infection, inflammation, and lung injury via ErbBs and propose 57 

approved candidates to counteract these effects with implications for pandemic coronaviruses 58 

and unrelated viruses.  59 
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Introduction 79 
 80 
Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has spread globally, resulting 81 
in the Coronavirus Disease 2019 (COVID-19) pandemic. While largely asymptomatic or mild, in 82 
3-21% of symptomatic patients, COVID-19 progresses to acute lung injury (ALI) and acute 83 
respiratory distress syndrome (ARDS) associated with a 5-20% 28-day death rate in face of 84 
standard of care1-3. Survivors of severe COVID-19 are also at risk of developing lung fibrosis4.  85 
 86 
The development of countermeasures that reduce COVID-19 morbidity and mortality via off-87 
label use of existing drugs has been an area of much global research. Unbiased screens have 88 
discovered repurposing drug candidates for the treatment of COVID-195,6,7,8, several of which 89 
are still studied clinically. Nevertheless, to date the reported clinical benefit in reducing 90 
complication and mortality rates has been overall limited9. Moreover, no single agent capable of 91 
suppressing viral infection, inflammation and tissue injury has been identified. There is thus an 92 
urgent need for more effective approaches to prevent the acute and long-term complications 93 
associated with COVID-19 and ideally provide readiness for future outbreaks. 94 
 95 
To address these gaps, we conducted a high-throughput screen of existing compounds for 96 
agents that rescue mammalian cells from SARS-CoV-2-induced lethality. Among the promising 97 
hits were inhibitors of members of the ErbB family of receptor tyrosine kinases, including 98 
lapatinib, an approved anticancer drug. Here, we reveal regulation of SARS-CoV-2 infection and 99 
pathogenesis via ErbBs and characterize the therapeutic potential and mechanism of action of 100 
lapatinib and other pan-ErbB inhibitors as a candidate broad-spectrum antiviral, anti-101 
inflammatory and tissue protective strategy, with implications for future pandemic coronaviruses 102 
and beyond.  103 
 104 
Results 105 
 106 
High-throughput screening (HTS) for compounds that counteract SARS-CoV-2-induced 107 
lethality  108 
 109 
We assembled a collection of 4,413 bioactive investigational and FDA approved compounds 110 
derived from four commercially available libraries and a self-assembled set of 13 kinase 111 
inhibitors (Fig. 1a and Extended Data Fig. 1a). This collection was screened in two 112 
independent experiments for inhibition of lethality induced by SARS-CoV-2 (isolate: Belgium-113 
GHB-03021) in Vero E6 cells constitutively expressing an enhanced green fluorescent protein 114 
(eGFP) via a high-throughput assay10 (Fig. 1b). The average percent fluorescent area for 115 
control wells included in each plate was 102.9±5% for uninfected cells (cell control), 0.1±0.2% 116 
for infected untreated cells (virus control), and 0.0±0.164% for infected cells treated with DMSO 117 
(Fig. 1c). The Z’ and RZ’ values of each of the 29 screen plates, calculated based on the virus 118 
control and cell control wells, were greater than 0.78 (Extended Data Fig. 1b). The signal-to-119 
background (S/B) value, representing the ratio of the median value of the raw data between the 120 
virus control and the cell control, was greater than 120 (Extended Data Fig. 1b). The two 121 
replicate screens demonstrated good correlation (r= 0.76) (Extended Data Fig. 1c). Remdesivir 122 
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and its major metabolite, GS-441524, used as positive controls, demonstrated dose-dependent 123 
anti-SARS-CoV-2 activity in this assay (Extended Data Fig. 1d). Overall, these data indicate 124 
that this antiviral assay is robust for HTS and is specific.   125 
 126 
We set a percent area of greater than 15 in at least one of the two screens as the cutoff for 127 
positive hits (Fig. 1c and Extended Data Fig. 2a). 40 compounds from the commercial libraries 128 
and two from the kinase inhibitor set met this criterion. Nelfinavir and salinomycin, but not 129 
ivermectin, previously demonstrating anti-SARS-CoV-2 activity9,11, emerged by our more 130 
stringent assay. Eighteen of the 42 hits were prioritized based on PubChem data documenting 131 
lower promiscuity and toxicity or activity against other viruses (Fig. 1a).  132 
 133 
Dose-dependent effect of hits in an orthogonal antiviral assay  134 
 135 
The 18 prioritized compounds were then studied for their effect on SARS-CoV-2 infection and 136 
cellular viability in Vero cells infected with a distinct viral isolate (2019-nCoV/USA-WA1/2020) 137 
via plaque and alamarBlue assays, respectively. Seven compounds showed potent dose-138 
dependent antiviral activity with EC50 (half-maximal effective concentration) <0.7 µM, CC50 (half-139 
maximal cellular cytotoxicity) >20 µM, and selectivity indices (SI, CC50 to EC50 ratio) >29 (Fig. 140 
1d, 1e and Extended Data Fig. 2b). Six compounds showed moderate antiviral activity beyond 141 
toxicity with EC50 values of 1.2-4.3 µM, CC50>20 µM, and SI>5.1. Four compounds effectively 142 
suppressed SARS-CoV-2 infection without apparent toxicity at the tested concentrations, albeit 143 
with higher EC50 values. Salbutamol showed no anti-SARS-CoV-2 activity (Fig. 1d and 144 
Extended Data Fig. 2b). In total, 17 hits demonstrated antiviral effect beyond toxicity, and 12 of 145 
these were effective at sub to low micromolar concentrations. These compounds target diverse 146 
cellular factors and functions (Fig. 1f). Two of the hits are known to target ErbBs: lapatinib 147 
(approved anticancer)12 and tyrphostin AG 879 (experimental)13. Inhibitors of NUMB-associated 148 
kinases (NAK), heat shock protein 90 (HSP90) and ion transport across cell membranes were 149 
also among the hits. Five of the compounds have been previously approved for other indications 150 
and seven are natural products (Fig. 1f). 151 
 152 
Broad-spectrum antiviral activity of hits 153 
 154 
In parallel, we studied the effect of the 18 emerging hits on replication of two unrelated RNA 155 
viruses, the alphavirus Venezuelan equine encephalitis virus vaccine strain (VEEV (TC-83)), 156 
and the flavivirus, dengue (DENV2) in human astrocytes (U-87 MG) and hepatoma (Huh7) cells, 157 
respectively, both via luciferase assays. Lycorine, calcimycin, monensin, azaserine, gedunin, 158 
and the kinase inhibitors lapatinib and tyrphostin AG 879 dose-dependently inhibited replication 159 
of VEEV (TC-83) and DENV2 (Extended Data Fig. 3). Several compounds showed more 160 
potent anti-VEEV (TC-83) and DENV2 activity than anti-SARS-CoV-2 activity, and others 161 
showed variable activity against one or two of these viruses. Salbutamol demonstrated minimal 162 
to no activity against all three viruses (Extended Data Fig. 2b and 3). 163 
 164 
Lapatinib has a broad-spectrum antiviral activity and a high genetic barrier to resistance 165 
 166 
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We focused on defining the therapeutic potential of lapatinib, an already approved pan-ErbB 167 
inhibitor that emerged in the screen (Fig. 2a). Lapatinib dose-dependently inhibited replication 168 
of SARS-CoV-2 (USA-WA1/2020 strain) in both Calu-3 (human lung epithelial) and Vero cells 169 
measured via plaque assays (EC50=0.5-0.7 µM, CC50 >20 µM) (Fig. 2b and 1e). Moreover, 170 
lapatinib demonstrated a dose-dependent rescue of Vero-eGFP cells from SARS-CoV-2-171 
induced lethality (Belgium-GHB-03021 strain) (Fig. 2c, d).  172 
 173 
Lapatinib dose-dependently inhibited infections of both vaccine (TC-83) and wild type (WT) 174 
(Trinidad donkey, TrD) VEEV measured by plaque assays in U-87 MG cells (EC50=0.8 μM, CC50 175 
>20 µM) (Fig. 2e, f). Similarly, it dose-dependently inhibited the replication of DENV2 (EC50=1.8 176 
µM) measured via plaque assays, and the filoviruses Ebola (EBOV) (EC50=2.5 µM) and Marburg 177 
viruses (MARV) (EC50=1.9 µM) measured via microneutralization assays in Huh7 cells, albeit 178 
lower CC50 values were measured in infected Huh7 cells (10.2-10.5 µM) relative to the other cell 179 
lines (Fig. 2g-i).  180 
 181 
To determine whether viruses can escape treatment with lapatinib, we focused on VEEV (TC-182 
83) since it replicates robustly in cultured cells, has a short life cycle, and its handling does not 183 
require BSL3 containment. VEEV was passaged in U-87 MG cells in the presence of lapatinib or 184 
the nonstructural protein 2 (nsP2) inhibitor ML33614 and viral titers were measured in culture 185 
supernatants by plaque assays. By passage 3, VEEV overcame inhibition by ML336. In 186 
contrast, VEEV remained suppressed for 10 passages under lapatinib treatment without 187 
phenotypic resistance (Fig. 2j). Virus obtained from culture supernatants at passage 10 under 188 
lapatinib or DMSO treatment remained susceptible to lapatinib (Fig. 2k). Conversely, virus 189 
obtained at passage 10 under ML336, but not DMSO, treatment, lost its susceptibility to ML336, 190 
with the emergence of a resistance mutation in nsP2 (Y102C in TC-83) (Fig. 2l).  191 
 192 
These results point to lapatinib as a potential broad-spectrum antiviral agent with a higher 193 
relative barrier to resistance than a direct-acting antiviral.  194 
 195 
Lapatinib inhibits SARS-CoV-2 entry 196 
 197 
To understand lapatinib’s target(s) and mechanism of antiviral action, we first tested the 198 
hypothesis that by targeting receptor tyrosine kinases, it inhibits the entry of vesicular stomatitis 199 
virus encapsidated RNA pseudotyped with the SARS-CoV-2 spike glycoprotein (rVSV-SARS-200 
CoV-2-S). Treatment of Calu-3 and Vero cells with lapatinib dose-dependently suppressed 201 
rVSV-SARS-CoV-2-S infection measured by luciferase assays without impacting cell viability 202 
(EC50=2.6-3.2 µM, CC50 >20 µM) (Fig. 3a, b and Extended Data Fig. 4a). Moreover, lapatinib 203 
suppressed the level of intracellular viral RNA at 3 hours post-infection with a high rVSV-SARS-204 
CoV-2-S inoculum measured via RT-qPCR (Fig. 3a, c). These results highlight a defect in the 205 
entry step, yet, it is possible that lapatinib inhibits additional stages of the SARS-CoV-2 life 206 
cycle.  207 
 208 
ErbB4, but not other lapatinib’s targets, is essential for SARS-CoV-2 entry and VEEV (TC-209 
83) infection  210 
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 211 
The ErbB family is composed of four members (ErbB1-4), of which three are catalytically active: 212 
ErbB1, 2 , and 415. Lapatinib’s cancer targets are ErbB1 (EGFR) (IC50=5.3 nM) and ErbB2 213 
(HER2) (IC50=35 nM)12. Yet, its kinome (ID:20107) reveals potent binding to 5 additional kinases 214 
(ErbB4, RAF1, RIPK2, STK10, and MAP2K5), with an overall excellent selectivity. To define 215 
which of these 7 molecular targets mediate(s) the observed antiviral effect of lapatinib, we 216 
studied the effects of siRNA-mediated depletion of these kinases on rVSV-SARS-CoV-2-S and 217 
VEEV (TC-83) infections. Depletion of ErbBs by siRNA pools was confirmed (Extended Data 218 
Fig. 4b, c). ErbB4 depletion suppressed rVSV-SARS-CoV-2-S infection in Vero cells by 73% 219 
(Fig. 3d, e) and VEEV (TC-83) infection in U-87 MG cells by 76% relative to non-targeting (NT) 220 
controls (Extended Data Fig. 4d, e). RIPK2 depletion mildly reduced VEEV infection, but not 221 
rVSV-SARS-CoV-2-S infection (Fig. 3e and Extended Data Fig. 4e). Depletion of the 222 
remaining 5 targets, including ErbB1 and ErbB2, had no effect on infection of both viruses. 223 
None of these siRNA pools impacted cellular viability (Fig. 3e and Extended Data Fig. 4e).  224 
 225 
Silencing ErbB4 expression by two siRNAs targeting distinct regions suppressed rVSV-SARS-226 
CoV-2-S infection by 80-85% and VEEV (T-83) infection by 60-95% relative to siNT (Fig. 3f, g 227 
and Extended Data Fig. 4f, g). Moreover, these siErbB4s suppressed WT SARS-CoV-2 228 
infection by 78-97% and SARS-CoV-2 entry by 50-80% relative to siNT (Fig. 2d, f, h, i). ErbB4 229 
depletion did not impact cell viability (Fig. 3e, g, h and Extended Data Fig. 4e, g) and largely 230 
correlated with the observed phenotype. These findings confirm a role for ErbB4 in viral entry; a 231 
step of the viral life cycle that is also inhibited by lapatinib.   232 
 233 
Lapatinib was shown to bind the ATP binding site of ErbB4 in a comparable manner to ErbB1 234 
and ErbB2 binding16. We measured an IC50 of 28 nM on ErbB4 in a cell-free assay (vs. IC50=430 235 
nM reported with a different peptide17) and confirmed anti-ErbB2 activity (Extended Data Fig. 236 
4h).  237 
 238 
To further probe the requirement for ErbBs in SARS-CoV-2 infection, we evaluated the antiviral 239 
effect of chemically distinct compounds with anti-ErbB activity. Tyrphostin AG 87913, an 240 
experimental compound that emerged in the HTS, dose-dependently inhibited SARS-CoV-2 and 241 
rVSV-SARS-CoV-2-S infections in Calu-3 cells (EC50=0.5-1.1 µM, CC50>20 µM (Fig. 3j and 242 
Extended Data Fig. 4i). Yet, its activity on ErbB2 and 4 could not be confirmed (Extended 243 
Data Fig. 4h), suggesting that another target may mediate its antiviral activity. While not 244 
included in the original screen, ibrutinib (Fig. 3k), an approved anticancer Bruton’s tyrosine 245 
kinase (BTK) inhibitor, and sapitinib (investigational) (Fig. 3l), with potent pan-ErbB activity12,18, 246 
suppressed both SARS-CoV-2 and rVSV-SARS-CoV-2-S infections, with EC50 values at sub to 247 
low micromolar range and CC50>20 µM (Fig. 3k-m and Extended Data Fig. 4h-j).  248 
 249 
Collectively, these results provide evidence that ErbB4, but not ErbB1 or 2, is required for 250 
SARS-CoV-2 entry and VEEV (TC-83) infection, thereby validating it as a druggable antiviral 251 
target. Its role as an entry co-factor, a step of the life cycle that is inhibited by lapatinib, supports 252 
a hypothesis that inhibition of ErbB4 mediates the antiviral effect of lapatinib.  253 
 254 
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ErbB4 is a molecular target mediating the antiviral effect of lapatinib 255 
 256 
To determine whether lapatinib exerts its antiviral effect by inhibiting phosphorylation of ErbBs, 257 
lysates derived from SARS-CoV-2-infected Calu-3 cells treated with lapatinib or DMSO were 258 
subject to Western blot analysis. Lapatinib treatment dose-dependently suppressed the ratio of 259 
phosphorylated to total ErbB1, 2, and 4 levels at 24 hours post-infection with EC50 values lower 260 
than 0.1 µM that correlated with reduced expression of the SARS-CoV-2 nucleocapsid protein 261 
(Fig. 4a, b). Similar findings were observed at 1.5 hour post-infection (Extended Data Fig. 5). 262 
These results provide evidence that drug exposure and the antiviral effect of lapatinib are 263 
correlated with functional inhibition of ErbBs’ activity. 264 
 265 
To confirm that inhibition of ErbB4 is a mechanism underlying the antiviral effect of lapatinib, we 266 
conducted gain-of-function assays. Ectopic expression of WT ErbB4, but not catalytically 267 
inactive ErbB4 mutant harboring a lysine to arginine substitution in position 751 (K751R) or 268 
control plasmid, either completely or partially reversed the antiviral effect of lapatinib on rVSV-269 
SARS-CoV-2-S infection (Fig. 4c-e and Extended Data Fig. 6a). Similarly, WT, but not the 270 
ErbB4 mutant, reversed the effect of lapatinib on VEEV (TC-83) infection (Extended Data Fig. 271 
6b-e). These results validate ErbB4 as a key mediator of the antiviral effect of lapatinib and 272 
indicate that its enzymatic activity is required for viral infection. 273 
 274 
Lapatinib inhibits SARS-CoV-2-induced activation of ErbB-regulated inflammatory and 275 
tissue injury signals 276 
 277 
In non-infectious ALI and ARDS, animal and human data indicate that ErbB1 and 2 are key 278 
regulators of inflammation and tissue injury via activation of the p38 MAPK, AKT/mTOR and 279 
Ras/RAF/MEK/ERK pathways15,19-27. To test the hypothesis that these pathways are activated in 280 
SARS-CoV-2 infection and suppressed by the pan-ErbB inhibitory effect of lapatinib, we 281 
measured their activation in Calu-3 cells upon SARS-CoV-2 infection and/or lapatinib treatment 282 
by Western blot analysis. At 1.5 and 24 hours post-infection, SARS-CoV-2 increased the ratio of 283 
phosphorylated to total protein level of AKT, ERK, and/or p38 MAPK by >1.5-2.5 fold (Fig. 4b, 284 
f), in agreement with reports in other cell lines8,28. Lapatinib treatment dramatically inhibited 285 
SARS-CoV-2-induced activation of AKT and ERK both at 1.5 and 24 hours post-infection and of 286 
p38 MAPK at 24 hours post-infection (Fig. 4b, f).  287 
 288 
These results provide evidence that lapatinib inhibits SARS-CoV-2-induced activation of 289 
signaling pathways downstream of ErbBs, which are implicated in non-infectious ALI/ARDS. 290 
 291 
Lapatinib inhibits SARS-CoV-2 infection, inflammation, and tissue injury ex vivo in 292 
human adult lung organoids (ALO) 293 
 294 
Next, we studied the effect of lapatinib treatment on SARS-CoV-2 infection in a biologically 295 
relevant, validated human ALO monolayer model. Generated from adult stem cells isolated from 296 
lung tissue, these organoids contain both proximal airway cells, critical for sustained viral 297 
infection, and distal alveolar cells, required for mounting the overzealous host immune response 298 
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in fatal COVID-1929 (Fig. 5a). Viral replication measured by plaque assays in culture 299 
supernatant and nucleocapsid transcript expression measured by RT-qPCR in ALO monolayer 300 
lysates both peaked at 48 hours following SARS-CoV-2 infection (Extended Data Fig. 7a, b), 301 
and were effectively suppressed by lapatinib, with EC50 values of 0.4 µM and <0.2 µM, 302 
respectively, and CC50 > 20 µM (Fig. 5a-c). Confocal immunofluorescence (IF) analysis 303 
revealed a near-complete disappearance of SARS-CoV-2 nucleocapsid staining in epithelial cell 304 
clusters forming alveolar-like structures and resembling AT2 cells in ALOs treated with 10 µM of 305 
lapatinib relative to DMSO controls (Fig. 5d and Extended Data Fig. 7c).  306 
 307 
As in Calu-3 cells, lapatinib treatment dose-dependently inhibited phosphorylation of ErbB1, 2 308 
and 4, indicating an association between its antiviral effect and ErbB modulation in these ALOs 309 
(Fig. 5e). Moreover, lapatinib treatment inhibited SARS-CoV-2-induced phosphorylation of AKT 310 
and ERK, albeit not p38 MAPK, in this more complex tissue model (Fig. 5f).  311 
 312 
To test the hypothesis that ErbB-regulated signaling mediates the inflammatory response to 313 
SARS-CoV-2 infection, we measured cytokine levels in ALO culture supernatants upon SARS-314 
CoV-2 infection and treatment with lapatinib or DMSO. SARS-CoV-2 infection increased the 315 
production of TNF-α, IL-1β and IL-6, in agreement with former reports30. Lapatinib treatment 316 
dose-dependently reduced the expression level of these pro-inflammatory cytokines, with levels 317 
at or lower than those measured in uninfected organoids achieved at drug concentration of 0.5 318 
µM (Fig. 5g). Concurrently, lapatinib increased the expression level of MCP-1 (Fig. 5g), 319 
suggesting that it may augment innate immune responses31.  320 
 321 
Lastly, to define the role of ErbB signaling in SARS-CoV-2-induced lung injury, we analyzed the 322 
effect of lapatinib on the integrity of tight junction formation in ALOs via confocal IF analysis. 323 
Lapatinib was added to ALO monolayers 4 hours post-infection, to minimize its direct antiviral 324 
effect. Claudin 7 staining of uninfected ALOs revealed a continuous membranous pattern (Fig. 325 
5h, i and Extended Data Fig. 7d). Thirty-six hours following SARS-CoV-2 infection and DMSO 326 
treatment, claudin 7 stained as speckles or short segments that often appeared in the 327 
cytoplasmic region. This finding was accompanied by cell separation and destruction of the 328 
alveolar-like architecture. In contrast, ALOs treated with 10 µM of lapatinib exhibited intact 329 
claudin 7 morphology and subcellular distribution and preserved architecture of the alveolar-like 330 
structure, comparable to uninfected controls (Fig. 5h, i and Extended Data Fig. 7d). 331 
 332 
Together, these findings reveal regulation of SARS-CoV-2 infection, inflammation and epithelial 333 
barrier injury via ErbBs and provide a proof of concept for the utility of pan-ErbB inhibitors in 334 
suppressing these processes in a model that recapitulates COVID-19 pathology. 335 
 336 
Discussion 337 
 338 
Seventeen compounds targeting a diverse repertoire of functions that suppress SARS-CoV-2 339 
infection and protect cells from its lethality, some with a broad-spectrum antiviral activity, 340 
emerged from our HTS. We integrated virology, biochemistry, genetic, immunological, and 341 
pharmacological approaches with a unique human lung organoid model to define the 342 
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therapeutic potential of lapatinib, an approved pan-ErbB inhibitor, as an antiviral agent and 343 
characterize its mechanism of action.  344 
 345 
Our findings point to lapatinib and other pan-ErbB inhibitors as a class of broad-spectrum 346 
antiviral agents with a higher relative barrier to resistance than a classical direct-acting antiviral.  347 
Most antiviral strategies target viral enzymes, thereby typically providing a “one drug, one bug” 348 
approach that is prone to the emergence of viral resistance and is not easily scalable to meet 349 
the large unmet need9,32. While polymerase inhibitors, such as remdesivir and favipiravir, can 350 
suppress replication of unrelated viruses, the reported clinical benefit to date has been mild to 351 
moderate2,9. Lapatinib has recently emerged in an independent screen for anti-SARS-CoV-2 352 
compounds in human lung fibroblasts33 and in an in silico screen34, but otherwise has not been 353 
studied for its antiviral activity or mechanism of antiviral action.  354 
 355 
Using lapatinib as a pharmacological tool, we discovered ErbB4, the least studied ErbB, as a 356 
candidate antiviral target. Unlike other ErbBs, to the best of our knowledge, ErbB4 has not been 357 
previously implicated in the life cycle of a virus. Its precise role in viral entry, via fusion at the 358 
plasma membrane and/or endocytosis, remains to be elucidated. While writing this manuscript, 359 
ErbB4 was identified as a candidate interactor of the SARS-CoV-2 3C-like protease via an in 360 
silico approach35, suggesting that it may also mediate later stages in the SARS-CoV-2 life cycle.  361 
 362 
We provide multiple lines of evidence to support modulation of ErbB4 activity as an important 363 
mechanism of antiviral action of lapatinib. Lapatinib inhibits SARS-CoV-2 entry, analogous to 364 
the phenotype seen with RNAi-mediated ErbB4 suppression. Lapatinib’s antiviral activity 365 
correlates with reduced phospho-ErbB4 levels, and WT, but not a kinase dead ErbB4 mutant, 366 
reverses its antiviral effect against both SARS-CoV-2 entry and VEEV infection. This 367 
mechanism also plays a role ex vivo as evidenced by the correlation of antiviral activity with 368 
reduced ErbB4 phosphorylation in ALOs upon drug treatment. Inhibition of ErbB4 369 
phosphorylation thus mechanistically explains, at least in part, the antiviral effect of lapatinib. 370 
 371 
Independent of the role of ErbB4 in viral entry, we and others provide evidence that ErbBs are 372 
mediators of inflammation and lung injury. Human and animal data in multiple non-infectious 373 
ALI/ARDS models indicate that ErbBs are key regulators of inflammation, loss of epithelial 374 
barrier function, thrombosis, vasoconstriction, and the resulting fibrosis15,19,25-27 - processes also 375 
involved in severe COVID-19 pathogenesis9. Indeed, transcriptomic and phosphoproteomic 376 
studies revealed that activation of ErbBs and/or their downstream pathways are among the 377 
strongest detected upon infection of human cells with SARS-CoV36, SARS-CoV-28,28 and 378 
MERS37, and in mice infected with SARS-CoV38, proposing roles for these pathways in pan-379 
coronaviral infections and/or pathogenesis. However, these signaling pathways have not been 380 
directly linked to SARS-CoV-2-induced inflammation and lung injury. In human lung epithelium 381 
and organoids, we demonstrate SARS-CoV-2-induced activation of p38 MAPK, AKT, and ERK 382 
and inhibition of phosphorylation of both ErbBs and these downstream effectors by lapatinib. 383 
Moreover, in human ALOs, we show that SARS-CoV-2 infection increases production of pro-384 
inflammatory cytokines and disrupts the lung epithelial barrier integrity and that lapatinib 385 
treatment effectively suppresses both processes. These results establish a role for ErbB 386 
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pathways in SARS-CoV-2-induced inflammation and acute lung injury and propose pan-ErbB 387 
inhibition as an effective means to disrupt these processes.  388 
 389 
Based on our and the cumulative published data, we propose a model wherein ErbB4 is 390 
required for SARS-CoV-2 entry, while pan-ErbB activation of downstream signaling pathways by 391 
SARS-CoV-2 mediates inflammation and lung injury. By suppressing both processes, pan-ErbB 392 
inhibitors, not only inhibit viral infection, but independently also reduce inflammation and tissue 393 
injury (Fig. 6).  394 
 395 
We predict that the anti-inflammatory and tissue protective effects of lapatinib are beyond its 396 
ErbB4-mediated antiviral effect. First, these effects correlate with suppression of relevant 397 
signaling pathways. Second, the tissue protective effect was observed when lapatinib was 398 
added 4 hours post-infection, i.e. following the first round of viral entry. Third, lapatinib was 399 
shown to reverse increased epithelium permeability in a non-infectious (IL-1β –induced), in vitro 400 
lung injury model20. Fourth, while lapatinib has not been studied in non-infectious mouse models 401 
of ALI, AG1478, an investigational ErbB1 inhibitor diminished lung alveolar permeability, 402 
vascular leak, and neutrophil accumulation in the BAL in a mouse model of mechanical 403 
ventilation-induced ALI 39.  404 
 405 
Beyond ALI, ErbB1 and 2 are implicated in lung fibrosis22-24. Most relevant, ErbB1 was shown to 406 
mediate SARS-CoV-induced fibrosis independently of viral titers in a STAT1-/- mouse model 38. 407 
Notably, various ErbB1 and 2 inhibitors reduced lung fibrosis, morbidity and/or mortality in 408 
bleomycin- and TGF-α induced lung fibrosis mouse models21,40,41. We thus predict that lapatinib 409 
may also protect from lung fibrosis. 410 
 411 
While it remains to be experimentally proven, since ErbB1 has been shown to be required for 412 
SARS-CoV infection42, and the pathways downstream of ErbBs are similarly upregulated in 413 
SARS-CoV and MERS, we predict that this model applies to other pandemic coronaviral 414 
infections.  415 
 416 
ErbBs mediate the deleterious effects of multiple ligands implicated in ALI and lung fibrosis, 417 
such as NRG-1, TGF-α, HB-EGF, and AREG, some of which have shown to play a role in 418 
coronaviral infections19,23,24,43. Moreover, unopposed Angiotensin (Ang) II effect activates ErbB 419 
pathways44 and was linked to increased pulmonary vascular permeability in animal models of 420 
non-viral lung injury45, whereas Ang (1–7) acts as a pan-ErbB inhibitor46. It is thus intriguing to 421 
speculate that the imbalance in the renin angiotensin system (RAS), thought to play a major role 422 
in the pathogenesis of severe coronaviral infections9,47, contributes to the observed activation of 423 
ErbB pathways. By inhibiting ErbB activation by multiple ligands and Ang II, lapatinib should, at 424 
least in theory, achieve a greater anti-inflammatory and tissue protective effect from approaches 425 
that target individual components of these pathways (e.g. Ang (1-7), antibodies targeting IL-1β, 426 
TGF-β and IL-6, and p38 MAPK inhibitors) (Fig. 6). 427 
 428 
Collectively, these findings provide insight into the mechanisms underlying the antiviral, anti-429 
inflammatory, and tissue protective effects of lapatinib. The approaches being studied for 430 
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COVID-19 to date typically target one of these processes, but not all three. Demonstrating these 431 
effects in the biologically relevant human ALO model illuminates the translatability of this 432 
approach. While lapatinib has not been studied for COVID-19 treatment to date, ibrutinib has 433 
shown protection from progression to severe COVID-19, albeit in a small number of patients48. 434 
This protection was thought to be mediated solely by ibrutinib’s anti-inflammatory effect via its 435 
cancer target, BTK. Nevertheless, beyond its anti-BTK activity, ibrutinib is a potent pan-ErbB 436 
inhibitor12 (Fig. 3m). Indeed, we show that like lapatinib, ibrutinib inhibits SARS-CoV-2 infection. 437 
Our data provide evidence that pan-ErbB inhibition by ibrutinib mediates, at least in part, the 438 
observed protective effect. Our findings thus provide insight into the mechanism of action of 439 
another repurposed candidate for COVID-19 and propose additional investigational pan-ErbB 440 
inhibitor candidates (e.g. sapitinib). 441 
 442 
Repurposing existing drugs requires less capital and time and diminishes the clinical risks, as 443 
such drugs have already been tested (toxicity, pharmacokinetics (PK), dosing, etc.) for their 444 
primary indication9. Lapatinib is an oral drug that is approved globally in combination drug 445 
treatments for metastatic, ErbB2-positive breast cancer. Based on the available PK data, the 446 
plasma and hence lung level achieved with the approved dose of lapatinib (1500 mg once daily) 447 
should be therapeutic as it is 8-10 fold higher than the EC50s we measured for its anti-SARS-448 
CoV-2 effect in ALOs. Even higher lapatinib lung levels may be achieved, as suggested by the 449 
predicted lung to plasma area under the curve ratio of 8.2-1049. Although toxicity is a concern 450 
when targeting host functions, lapatinib has a favorable safety profile, particularly when used as 451 
a monotherapy and for short durations, as those required to treat acute infections. A summary 452 
of safety considerations and drug-drug interactions is provided in Supplementary Discussion. 453 
 454 
Other compounds targeting diverse cellular factors and functions have emerged in the HTS. A 455 
summary of other compounds, their predicted targets and reported antiviral activity is provided 456 
in Supplementary Discussion. One example is sunitinib, a multi-kinase inhibitor that we have 457 
shown to protect mice from DENV and EBOV challenges when given in combination with 458 
erlotinib by inhibiting NAK-mediated intracellular viral trafficking50,51. Sunitinib was recently 459 
shown to suppress pan-corona pseudotyped viral infections52. Compounds targeting ion 460 
transport across cell membranes, HSP90 and others are additional examples. These findings 461 
reveal candidate targets for anti-SARS-CoV-2 approaches.  462 
 463 
In summary, our study validates ErbBs as druggable targets for antiviral, anti-inflammatory and 464 
tissue protective approaches and proposes approved drugs with anti-pan-ErbB activity as an 465 
attractive class of repurposing candidates for COVID-19 that may provide readiness for future 466 
outbreaks of coronaviruses and other emerging viruses. The safety and efficacy of pan-ErbB 467 
inhibition as an anti-coronaviral strategy therefore warrants clinical evaluation particularly in 468 
hospitalized patients with comorbidities and/or low oxygen requirements.  469 
 470 
 471 
 472 
 473 
 474 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 15, 2021. ; https://doi.org/10.1101/2021.05.15.444128doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.15.444128


12 
 

Methods: 475 
 476 
Compound libraries and reagents. The 4 commercial libraries (Microsource Spectrum library 477 
of 2000 compounds, the two Biomol collections of 480 known diverse bioactive compounds with 478 
defined biological activity and 640 FDA-approved drugs, and the LOPAC collection of 1280 479 
pharma-developed tools and approved drugs) were available at the Stanford High-Throughput 480 
Bioscience Center. Small molecule inhibitors were purchased from MedchemExpress or from 481 
Cayman Chemical except for Ac-Leu-Leu-Nle-CHO (BML-P120, Enzo Life Sciences), 482 
tesevatinib (A110575, Adooq Bioscience LLC), and erlotinib (E-4007, LC Laboratories). 483 
Dinaciclib and ribociclib were a gift from Dr. Mardo Koivomaegi (Stanford University).  484 
  485 
High-throughput screening (HTS) of compound libraries. Compounds from the libraries 486 
listed above were plated in a total of 29 assay-ready 384-well plates (Greiner #7810192). 487 
Dispensing of 6 µl of the compound solutions was achieved using an automated Agilent Bravo 488 
pipetting system, allowing for a final test concentration of 10 µM (or 10-20 in the case of the self-489 
assembled kinase inhibitor collection). The HTS was based on an assay previously developed 490 
to discover antiviral agents for SARS-CoV infection53. Briefly, 30 µL Vero-E6-eGFP cells were 491 
added at 8000 cells/well to columns 1-24 24 hours before infection. 30 µL assay medium was 492 
added to columns 23 and 24, which were used as cell controls. Following a 20-hour incubation, 493 
cells in columns 1-22 were infected with 30 µL SARS-CoV-2 (Belgium-GHB-03021) at an MOI of 494 
0.001, using an automated, no-contact liquid handler (EVO 100, Tecan) on the Caps-It robotics 495 
system. Plates were then incubated for 4 days and imaged via a high content imager (Arrayscan 496 
XTI, Thermofisher) using wide-field fluorescence microscopy. eGFP signal was used as a 497 
marker for survival from viral-induced lethality. The cells were excited at 485-20 nm and 498 
emission was captured via a CCD camera and a BGRFRN_BGRFRN dichroic mirror and filter 499 
set. A 5X objective was used so that 1 single image contains approximately 75% of a well 500 
surface. The exposure time was set at 0.023 seconds, as determined by the fluorescent 501 
intensity signal in the control wells. Imaging acquisition speed was optimized using a 2x2 502 
binning on 1104x1104 pixel resolution and reducing the number of autofocus focal planes. The 503 
Cellomics (Thermofisher) software was used for image analysis. A custom-made image analysis 504 
protocol was created using the SpotDetector bioapplication. First, a background reduction was 505 
performed on the raw images to remove non-specific fluorescent signal. Second, a fixed 506 
fluorescent intensity threshold was determined to identify eGFP signal. Lastly, the total surface 507 
area occupied by eGFP signal was calculated from the processed images. The selected output 508 
feature was ‘SpotTotalAreaCh2’ and was used for further data analysis. 509 
 510 
Hit selection. The entire compound collection was screened in two independent experiments. 511 
Data were normalized to the median of each plate. The Z-score was calculated on the basis of 512 
the log2(fold change) (log2FC) with the average and standard deviation of each plate. 40 513 
compounds from the screen were selected according to the cutoff of fluorescence % area 514 
greater than 15 in at least one of the two screens, which is 15 times greater than the values 515 
obtained with untreated or DMSO treated cells.  516 
 517 
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Plasmids.  Plasmids used in the production of SARS-CoV-2 pseudovirus were a gift from Jing 518 
Lin (Vitalant, San Francisco). Plasmid encoding VEEV TC-83 with a nanoluciferase reporter 519 
(VEEV TC-83-Cap-nLuc-Tav) was a gift from Dr. William B. Klimstra (Department of 520 
Immunology, University of Pittsburgh)54. DENV2 (New Guinea C strain) TSV01 Renilla reporter 521 
plasmid (pACYC NGC FL) was a gift from Pei-Yong Shi (University of Texas Medical Branch, 522 
Galveston, Texas, USA)55. pDONR223-ErbB4 was a gift from William Hahn & David Root 523 
(Addgene plasmid # 23875 ; http://n2t.net/addgene:23875 ; RRID:Addgene_23875) 56. The ORF 524 
was recombined into a gateway compatible pGluc destination vector using Gateway technology 525 
(Invitrogen) and the construct was verified using Sanger sequencing. Mutations were introduced 526 
by site-directed mutagenesis using the QuikChange Lightning Site-Directed Mutagenesis Kit 527 
(Agilent).  528 
 529 
Viral stocks preparation and/or passaging. Belgium-GHB-03021 SARS-CoV-2 strain was 530 
recovered from a nasopharyngeal swab taken from an asymptomatic patient returning from 531 
Wuhan, China early February 202057 and passaged 6 times on Huh7 and Vero E6 cells. Viral 532 
titer was quantified by means of endpoint titrations on confluent Vero E6 cell cultures, calculated 533 
using the Spearman-Kärber method, and expressed as 50% tissue culture infectious dose 534 
(TCID50)/ml. All Belgium-GHB-03021 SARS-CoV-2-related work was conducted in the high-535 
containment BSL3+ facilities of the KU Leuven Rega Institute (3CAPS) under licenses AMV 536 
30112018 SBB 219 2018 0892 and AMV 23102017 SBB 219 2017 0589 according to 537 
institutional guidelines. 538 
 539 
The USA-WA1/2020 SARS-CoV-2 strain was received from BEI Resources and passaged 3-6 540 
times in Vero E6 cells in DMEM supplemented with 2% FBS. Viral stock titers were determined 541 
by standard plaque assay on Vero E6 cells, as described58.   542 
  543 
VEEV-TC-83-nLuc RNA was transcribed in vitro from cDNA plasmid templates linearized with 544 
MluI via MEGAscript SP6 kit (Invitrogen #AM1330) and electroporated into BHK-21 cells. 545 
Similarly, DENV RNA was transcribed in vitro from pACYC-DENV2-NGC plasmid by 546 
mMessage/mMachine (Ambion) kits and electroporated into BHK-21 cells. For both viruses, the 547 
supernatants were harvested after 24 hours post electroporation, clarified and stored at -80 °C. 548 
WT Trinidad Donkey (TrD) VEEV strain, EBOV (Kikwit isolate) and MARV (Ci67 strain) were 549 
obtained from BEI Resources. EBOV and MARV were grown in Vero E6 cells. Viral stock titers 550 
were determined via standard plaque assays on BHK-21 for DENV and VEEV or on Vero E6 551 
cells for EBOV and MARV. 552 
 553 
USA-WA1/2020 SARS-CoV-2- and WT VEEV-related work was conducted in the high-554 
containment BSL3 facilities of Stanford University and George Mason University according to 555 
CDC and institutional guidelines. EBOV and MARV work was conducted at the high-556 
containment BSL4 facilities at the United States Army Medical Research Institute of Infectious 557 
Diseases.  558 
 559 
Viral sequencing. All SARS-CoV-2 stocks were deep sequenced on a MiSeq platform 560 
(Illumina).   561 
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For the HTS of compound library, Belgium/GHB-03021/2020 SARS-CoV-2 from passage 6 (P6) 562 
was used. The viral stock was deep sequenced following an established metagenomics pipeline 563 
59. 100% of the viral reads of P6 GHB-03021/2020 SARS-CoV-2 harbored a deletion of the 564 
multi-basic cleavage (MBC) domain, as reported59.  565 
 566 
The rest of the experiments were done using the USA-WA1/2020 strain. SARS-CoV-2 whole-567 
genome amplicon-based sequencing was conducted by adapting an existing whole genome 568 
sequencing pipeline for poliovirus genotyping60. Dose response curves with lapatinib in Calu-3 569 
and Vero cells (Fig. 1e, 2b and Extended data fig. 2b) were performed with a P3 USA-570 
WA1/2020 SARS-CoV-2 virus harboring no deletion or point mutations in the MBC domain. The 571 
remaining experiments were performed using a P6 USA-WA1/2020 SARS-CoV-2 containing 572 
mixed populations, of which the majority (51%-80%) had WT sequence with no MBC deletion. 573 

Cells. The African green monkey kidney cell line (Vero E6) constitutively expressing the 574 
enhanced green fluorescent protein (eGFP) used for antiviral screening purposes was kindly 575 
provided by Dr. Marnix Van Loock (Janssen Pharmaceutica, Beerse, Belgium)53. Cells were 576 
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 10% v/v 577 
fetal calf serum (FCS; Biowest), 0.075% sodium bicarbonate (7.5% solution, Gibco) and 1x Pen-578 
strep (Gibco). The assay medium was DMEM, supplemented with 2% FCS. Vero E6 (ATCC) 579 
were maintained in DMEM (10-013-CV, Corning) supplemented with 10% fetal bovine serum 580 
(FBS, Omega Scientific, Inc), 1% L-glutamine 200mM (Gibco), 1% penicillin-streptomycin 581 
(Gibco), 1% nonessential amino acids (Gibco), 1% HEPES (Gibco), 1% Sodium pyruvate 582 
(Thermofisher scientific). Vero (ATCC), HEK-293T (ATCC), U-87 MG (ATCC), and BHK-21 583 
(ATCC) cells were grown in DMEM (10-013-CV, Corning) supplemented with 10% FBS (Omega 584 
Scinetific, Inc), and 1% penicillin-streptomycin. Huh7 cells (Apath LLC) and Calu-3 cells (ATCC) 585 
were grown in DMEM (10-013-CV, Corning) supplemented with 10% FBS (Omega Scinetific, 586 
Inc), 1% l-glutamine, 1% nonessential amino acids (Corning) and 1% penicillin-streptomycin 587 
(Gibco). All the cells were maintained in a humidified incubator with 5% CO2 at 37°C. All cells 588 
were tested negative for mycoplasma by the MycoAlert mycoplasma detection kit (Lonza, 589 
Morristown, NJ). 590 

Human adult lung organoids and organoid-derived monolayers for SARS-CoV-2 591 
infection. The human adult lung organoid (ALO) model containing proximal and distal features 592 
of airway epithelia was generated from adult stem cells isolated from deep lung biopsy 593 
specimens29. The organoids from these lung tissues were isolated and propagated using an 594 
approved human research protocol (IRB# 190105: PI Ghosh and Das) that covers human 595 
subject research at the UC San Diego HUMANOID Center of Research Excellence (CoRE). The 596 
lung organoid model is complete with all 6 cell types of proximal and distal airways as validated 597 
previously29. Lung-organoid-derived single cells were prepared29 and plated in Pneumacult Ex-598 
Plus Medium (StemCell, Canada). After 2 days, monolayers were infected with SARS-CoV-2 599 
(USA-WA1/2020 strain) at an MOI of 1. 600 
 601 
rVSV-SARS-CoV-2-S production. HEK-293T cells were transfected with 30 µg of Spike (S) 602 
expression plasmid. Twenty-four hours post-transfection, the medium was replaced and cells 603 
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were treated with DMEM containing 3.75 mM valproic acid (VPA) for 4 hours. The medium was 604 
then removed, and cells were infected with VSV-G pseudotyped ΔG-luciferase VSV virus 605 
(MOI=3). Six hours post-infection, cells were washed with PBS and fresh medium containing 606 
anti-VSV-G hybridoma was added to neutralize the residual VSV-G pseudovirus. Culture 607 
supernatant was harvested after 24-hour incubation, clarified by centrifugation, filtered (0.22 608 
µm) and stored at -80°C. The TCID50 of rVSV-SARS-CoV-2-S pseudovirus was determined via 609 
luciferase assay 24 hours after infection of Vero cells. Positive wells were defined as having 610 
luminescence unit (RLU) values at least 10-fold higher than the cell background.  611 
 612 
Western blotting and antibodies. Cells were lysed in M-Per protein extraction reagent 613 
(Thermo Fisher Scientific) or RIPA buffer containing 1% NP40 supplemented with Halt protease 614 
and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Clarified lysates were run on 4%–615 
12% Bis-Tris gels (Invitrogen), transferred onto PVDF membranes (Bio-Rad). Blots were 616 
blocked with 5% BSA/TBST and blotted with anti-ErbB4 (Santa Cruz), ErbB2 (Cell Signaling), 617 
ErbB1, AKT, ERK, p38 (Cell Signaling), P-ErbB4 (Tyr1284), P-ErbB2(Tyr1248), P-AKT(Ser473), 618 
P-ERK(Thr202/Tyr204), P-p38 (Thr180/Tyr182) (Cell Signaling), and β-actin (Sigma-Aldrich, 619 
catalog A3854) antibodies. Signal was detected with HRP-conjugated secondary antibodies. 620 
Band intensity was quantified with ImageJ software (NIH).  621 
 622 
RNA interference.  siRNAs (10 pmol/96-well) were transfected into cells using lipofectamine 623 
RNAiMAX transfection reagent (Invitrogen) 48 hours prior to infection with VEEV-TC-83-nLuc at 624 
MOI of 0.01, rVSV-SARS-CoV-2-S or SARS-CoV-2 (USA-WA1/2020). ON-TARGETPlus siRNA 625 
SMARTpools against 7 genes and non-targeting siRNA (siNT) were purchased  626 
 from Dharmacon/Horizon Discovery with gene IDs as follows: EGFR (1956), ErbB2 (2064), 627 
ErbB4 (2066), RIPK2 (8767), RAF1 (5894), STK10 (6793), MAP2K5 (5607). Single ErbB4 628 
siRNAs were ordered from Millipore Sigma (ErbB#1 GCAAGAAUUGACUCGAAU, ErbB#2 629 
CCUCAAAGAUACCUAGUUA).  630 
  631 
Infection assays. Calu-3 cells, Vero cells or ALOs were infected with SARS-CoV-2 in triplicates 632 
(MOI=0.05 or 1) in DMEM containing 2% FCS at 37°C under biosafety level 3 (BSL3) 633 
conditions. After 1 to 3-hour incubation, the inoculum was removed, cells were washed and 634 
supplemented with new medium. At various time points post-infection, culture supernatants 635 
were harvested for measurement of viral titer by standard plaque assays and cells were lysed in 636 
Trizol for RT-qPCR analysis. Huh7 cells were infected with DENV2 in replicates (n = 3-10) at an 637 
MOI of 0.05. Overall infection was measured at 48 hours using a Renilla luciferase substrate or 638 
a standard plaque assay. Huh7 cells were infected with EBOV (MOI=1) or MARV (MOI=2) 639 
under BSL4 conditions. 48 hours post-infection cells were formalin-fixed for 24 hours prior to 640 
removal from BSL4. Infected cells were detected using an EBOV or MARV glycoprotein-specific 641 
monoclonal antibody (KZ52 and 7E6, respectively) and quantitated by automated fluorescence 642 
microscopy using an Operetta High Content Imaging System and the Harmony software 643 
package (PerkinElmer). U-87 MG cells were infected with VEEV-TC-83-nLuc in 8 replicates at 644 
MOI of 0.01. Overall infection was measured at 24 hours post-infection via a nanoluciferase 645 
assay using a luciferin solution obtained from the hydrolysis of its O-acetylated precursor, 646 
hikarazine-103 (prepared by Dr. Yves Janin, Institut Pasteur, France) as a substrate61 or 647 
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standard plaque assay. U-87 MG cells were infected with WT VEEV TrD in triplicates and at 24 648 
hours post-infection the viral titer was measured via standard plaque assays.  649 
 650 
Pharmacological inhibition. Inhibitors or DMSO were added to the cells 1 hour prior to viral 651 
inoculation and were left for the duration of the experiment. Viral infection was measured via 652 
luciferase (DENV2, VEEV (TC-83)) or plaque (SARS-CoV-2, VEEV-TrD, VEEV (TC-83), 653 
DENV2) assays. Immunofluorescence assay with anti-GP probe was used for EBOV and 654 
MARV.  655 
 656 
Entry assays. Vero cells were infected with virulent SARS-CoV-2 (MOI=1) or a high inoculum 657 
of rVSV-SARS-CoV-2-S. Following 1-hour incubation, the viral inoculum was removed, cells 658 
were washed three times with PBS and replaced with fresh medium. At 3 hours post-infection, 659 
cells were lysed in TRIzol (Invitrogen) or RLT lysis buffer (RNeasy Mini Kit, Qiagen) and viral 660 
RNA levels were measured by RT-qPCR.  661 
 662 
RT-qPCR. RNA was extracted from cell lysates using Direct-zol RNA Miniprep Plus Kit (Zymo 663 
Research) or RNeasy Mini Kit (Qiagen) and reverse transcribed using High-Capacity cDNA RT 664 
kit (Applied Biosystems) according to the manufacturer’s instructions. Primers and PowerUp 665 
SYBR Green Master Mix (Applied Biosystems) were added to the samples, and PCR reactions 666 
were performed with QuantStudio3 (Applied Biosystems). Samples were analyzed in triplicates 667 
and target genes were normalized to the housekeeping gene. The following primers were used: 668 
GAPDH (F-GGAGCGAGATCCCTCCAAAAT;R-GGCTGTTGTCATACTTCTCATGG), ErbB1 (F-669 
ACCACCCTGGTCTGGAAGTACG; R-TCGTTGGACAGCCTTCAAGACC); ErbB2 (F-670 
GGAAGTACACGATGCGGAGACT; R-ACCTTCCTCAGCTCCGTCTCTT); ErbB4 (F-671 
GGAGTATGTCCACGAGCACAAG; R-CGAGTCGTCTTTCTTCCAGGTAC) N-SARS-CoV2 (F-672 
TAATCAGACAAGGAACTGATTA, R-CGAAGGTGTGACTTCCATG).  673 
 674 
Viability assays. Viability was assessed using alamarBlue reagent (Invitrogen) according to the 675 
manufacturer’s protocol. Fluorescence was detected at 560 nm on an InfiniteM1000 plate 676 
reader (Tecan). 677 
 678 
Gain-of-function assays. Plasmids encoding WT ErbB4, ErbB4 mutant (K751R) or empty 679 
control were transfected individually into Vero or U-87 MG cells using Lipofectamine 3000 680 
reagent (Invitrogen) 24 hours prior to drug treatment and infection with rVSV-SARS-CoV-2-S or 681 
VEEV-TC-83-nLuc, respectively. Viral infection and cell viability were measured 24 hours later 682 
via luciferase and alamarBlue assays, respectively.  683 
 684 
Resistance studies. VEEV (TC-83) was used to inoculate U-87 MG cells at MOI of 0.1 and 685 
passaged every 24 hours by transferring an equal volume of viral supernatant to naive cells 686 
under increasing drug selection (2.5-5 μM, passages 1–3; 5-10 μM, passages 4-7; 10-15 μM, 687 
passages 8-10). Upon completion of 10 passages, viral titers were measured in culture 688 
supernatants by plaque assays. ML336 resistant mutation emerging in nsP2 at passage 10 was 689 
confirmed by purification and reverse transcription of viral RNA from cell supernatants using 690 
RNeasy Mini Kit (Qiagen) and SuperScript IV First-Strand Synthesis kit (Invitrogen) respectively. 691 
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The nsP2 region was amplified with Platinum Green Hot Start PCR Master Mix (2x) (Invitrogen) 692 
using the following primers: (forward: AGGAAAATGTTAGAGGAGCACAAG reverse: 693 
GTCAATATACAGGGTCTCTACGGGGTGT (and sequenced (Sequetech Corp.). 694 
 695 
In vitro kinase assays. ErbB2 and ErbB4 in vitro kinase assays were performed on the 696 
LabChip platform (Nanosyn) or radiometric HotSpotTM kinase assay platform (Reaction Biology).  697 
 698 
Signaling pathway analysis. Following a 2-hour starvation under serum-low or -free 699 
conditions, Calu-3 cells or ALOs were treated with lapatinib or DMSO and within an hour 700 
infected with SARS-CoV-2 (MOI=1). Cell lysates were obtained at 1.5 and/or 24 hours post-701 
infection followed by Western blot analysis with antibodies targeting the phosphorylated and 702 
total forms of ErbB1, 2 and 4, p38/MAPK, ERK, and AKT. Phosphorylated to total protein ratios 703 
were quantified with ImageJ software (NIH). 704 
 705 
Cytokine measurements in culture supernatants. A LEGENDplex Human Inflammation 706 
Panel 1 (Biolegend) kit was used following the manufacturer’s instructions to measure the 707 
concentration of cytokines in culture supernatants derived from ALOs. Cytokine concentrations 708 
were measured via Quanteon (Agilent) and data analyzed using LEGENDplex V8.0 software. 709 
 710 
Immunofluorescence and confocal microscopy. ALO cells were plated at a concentration of 711 
2.5x106 cell/well in a -Slide 8 well (ibidi) system. Lapatinib or DMSO were administered either 712 
an hour pre-infection or 4 hours post-infection with SARS-CoV-2 (MOI=1). At 24-, 36- and 48-713 
hours post-infection, cells were washed with PBS and fixed with 4% PFA for 30 minutes at RT. 714 
Cells were blocked for 1h at RT with 3% BSA and 0.1 % Triton X in PBS. Cells were incubated 715 
with mouse mAb SARS-CoV-2 nucleocapsid antibody (SinoBiological, 1:100) and rabbit Claudin 716 
7 polyclonal antibody (ThermoFisher, 1:200) overnight at 4°C, followed by 1 hour incubation at 717 
room temperature with goat anti-mouse AF488 (ThermoFisher, 1:400), goat anti-rabbit AF647 718 
(ThermoFisher, 1:400), and counterstaining with DAPI (4’, 6-diamidino-2-phenylindole, 719 
ThermoFisher, 1:10000) and phalloidin (ThermoFisher, 1:400). Images were taken on an SP8 720 
microscope (Leica). Adjustment for brightness, contrast and color balance were done using Fiji 721 
software.  722 
 723 
Quantification and Statistical Analysis. All data were analyzed with GraphPad Prism 724 
software. Fifty percent effective concentrations (EC50) and 50% cytotoxic concentration (CC50) 725 
were measured by fitting of data to a 3-parameter logistic curve. P values were calculated by 726 
one-way ANOVA with either Dunnett’s or Tukey’s multiple comparisons tests as specified in 727 
each Fig. legend.  728 
 729 
 730 
 731 
 732 
 733 

 734 
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Figures  955 

 956 
 957 
Figure 1. High-throughput screening (HTS) for compounds that counteract SARS-CoV-2-958 
induced lethality and validation by plaque assays.  959 
a, A Schematic of the screening and hit selection pipeline and the composition of the screened 960 
libraries. b, HTS assay schematic. Compounds were pre-spotted in 384-well plates at a final 961 
concentration of 10 μM. Next, Vero E6 cells constitutively expressing eGFP were added to each 962 
well and pre-incubated for 20 hours with the compounds, followed by SARS-CoV-2 infection 963 
(Belgium-GHB-03021, MOI = 0.001). eGFP signal measured at 4 days post-infection was used 964 
as an indicator for survival from viral-induced lethality. c, Boxplots of the percentage of 965 
fluorescence area values combining the entire HTS data set (two independent experiments) 966 
split into the four indicated categories. The box horizontal lines indicate the first, second 967 
(median), and third quartiles. Outliers above a cutoff of 15% were defined as positive hits. Dots 968 
represent individual compounds and colors denote positive controls (purple), new hits (blue), 969 
and ErbB inhibitors (peach). d, Heat map of the EC50 and CC50 values of hits emerging in the 970 
HTS color-coded based on the antiviral activity measured by plaque assays (green) and toxicity 971 
measured by alamarBlue assays (orange) 24 hours post-infection of Vero cells with SARS-CoV-972 
2 (USA-WA1/2020 strain; MOI=0.05). Selectivity indices (SI) greater than 5 are depicted in 973 
yellow. # indicates compounds from the 13-kinase set that also protect from SARS-CoV-2 974 
lethality in the HTS. e, Representative dose-response curves of hits depicting SARS-CoV-2 975 
infection (black) and cell viability (blue). Data are relative to DMSO. f, The 12 most promising hit 976 
compounds emerging in the HTS. 977 
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Data in panels d, e are representative of 2 or more independent experiments. Individual 978 
experiments had 3 biological replicates. Shown are means ± SD. RA, Rheumatoid arthritis; 979 
RTK, receptor tyrosine kinase; NAK, NUMB-associated kinase.  980 
 981 
 982 
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 984 
 985 
 986 
Figure 2. Lapatinib is a potent broad-spectrum antiviral with a high genetic barrier to 987 
resistance. 988 
a, Chemical structure of lapatinib. b, Dose response to lapatinib of SARS-CoV-2 infection 989 
(black, USA-WA1/2020 strain; MOI=0.05) and cell viability (blue) in Calu-3 cells measured via 990 
plaque and alamarBlue assays at 24 hours post-infection, respectively. c, d, Dose-dependent 991 
graph (c) and corresponding florescence images (d) of Vero-eGFP cells rescued from SARS-992 
CoV-2-induced lethality by lapatinib at 96 hours post-infection (Belgium-GHB-03021 strain; 993 
MOI=0.05). e, f, Dose response to lapatinib of infection with vaccine (TC-83) (e) and WT 994 
(Trinidad donkey (TrD)) (f) VEEV strains (MOI=0.1) in U-87 MG cells via plaque and alamarBlue 995 
assays at 24 hours post-infection, respectively. g, Dose response of DENV2 infection (blue) and 996 
cellular viability (black) to lapatinib measured in Huh7 cells via plaque and alamarBlue assays at 997 
24 hours post-infection (MOI=0.1), respectively. h, i Dose response of EBOV (Kikwit isolate, 998 
MOI=1) (h) and MARV (Ci67 strain, MOI=2) (i) infections (blue) and cellular viability (black) to 999 
lapatinib measured in Huh7 cells 48 hours post-infection via microneutralization assay and 1000 
CellTiter-Glo luminescent cell viability assay, respectively. j, VEEV (TC-83) was used to infect 1001 
U-87 MG cells (MOI=0.1) and was then passaged every 24 hours by inoculation of naive U-87 1002 
MG cells with equal volumes of viral supernatants under DMSO treatment or selection with 1003 
lapatinib or ML336 (VEEV nsP2 inhibitor) increasing from 2.5 to 15 μM over 10 passages. Viral 1004 
titers were measured by plaque assays. k, l, Dose response to lapatinib (k) and ML336 (l) of 1005 
VEEV (TC-83) harvested after 10 passages in U-87 MG cells in the presence of lapatinib (k) 1006 
and ML336 (l), via luciferase assays. Data are representative of at least 2 experiments. All 1007 
panels except J had 2 and 3 biological replicates. Means ± SD are shown. Data in b, e-i, k and l 1008 
are relative to DMSO.  1009 
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 1010 

Figure 3. ErbB4, but not other lapatinib’s targets, is essential for SARS-CoV-2 entry.  1011 
a, Schematic of the experiments shown in panels b and c. b, Dose response to lapatinib of 1012 
rVSV-SARS-CoV-2-S infection (black) and cell viability (blue) in Calu-3 cells via luciferase and 1013 
alamarBlue assays at 24 hours post-infection with a standard inoculum, respectively. c, Dose 1014 
response to lapatinib of rVSV-SARS-CoV-2-S entry in Vero cells measured by RT-qPCR at 3 1015 
hours post-infection with a high inoculum (HI). d, Schematic of the experiments shown in panels 1016 
e, g, h, i. e, rVSV-SARS-CoV-2-S infection by luciferase assays (black) and cell viability by 1017 
alamarBlue assays (blue) measured at 24 hours post-infection of Vero cells transfected with the 1018 
indicated siRNA pools. f, Confirmation of gene expression knockdown by RT-qPCR in Vero 1019 
cells at 48 hours post-transfection. g, rVSV-SARS-CoV-2-S infection (MOI=0.1) measured by 1020 
luciferase assays at 24 hours post-infection of Vero cells transfected with the indicated siRNAs, 1021 
respectively. Shown in blue is cell viability by alamarBlue assays. h, SARS-CoV-2 infection at 1022 
24 hours post-infection of ErbB4-depleted Vero cells with SARS-CoV-2 (USA-WA1/2020 strain; 1023 
MOI=0.05) measured by plaque assays. i, SARS-CoV-2 entry at 3 hours post-infection of Vero 1024 
cells (MOI=1) measured by RT-qPCR. j-l, Chemical structures and dose response to tyrphostin 1025 
AG 879 (j), ibrutinib (k) and sapitinib (l) of SARS-CoV-2 infection (black, USA-WA1/2020 strain; 1026 
MOI=0.05) by plaque assays and cell viability (blue) by alamarBlue assays at 24 hours post-1027 
infection of Calu-3 cells. m, Binding affinity (KD), enzymatic activity (IC50) or percent binding of 1028 
control (% control) of the indicated kinase inhibitors on the 3 catalytic ErbBs, the source of 1029 
kinome data, and other targets these compounds bind and/or inhibit.  1030 
Data in all panels are representative of 2 or more independent experiments. Individual 1031 
experiments had 3 biological replicates, means ± SD are shown. **P < 0.01, ***P < 0.001 1032 
relative to DMSO (b, c, j-l) or to siNT (e-i) (one-way ANOVA followed by Dunnett’s multiple 1033 
comparisons test).  1034 
  1035 
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  1036 
Figure 4. Lapatinib’s antiviral activity is associated with functional inhibition of ErbB 1037 
activity and downstream inflammatory and tissue injury signals and is mediated by 1038 
ErbB4.  1039 
a, ErbB1, 2 and 4 phosphorylation in Calu-3 cells that are uninfected (lane 1), infected and 1040 
treated with DMSO (lane 2) or infected and treated with increasing concentrations of lapatinib 1041 
(lanes 3-7) measured by Western blotting 24 hours post-infection with SARS-CoV-2 (USA-1042 
WA1/2020 strain, MOI=1). b, Schematic of experiments shown in a, f.  c, Schematic of the 1043 
experiments shown in d, e. d, Level of ErbB4 and actin expression measured by Western blot 1044 
following transfection of Vero cells with control or ErbB4-expressing plasmids. e, Rescue of 1045 
rVSV-SARS-CoV-2-S infection in the presence of lapatinib upon ectopic expression of the 1046 
indicated plasmids measured by luciferase assays 24 hours after infection in Vero cells. f, AKT, 1047 
ERK, and p38 MAPK phosphorylation in Calu-3 cells that are uninfected (lane 1), infected and 1048 
treated with DMSO (lane 2) or infected and treated with lapatinib (lanes 3 and 4) measured by 1049 
Western blotting 1.5 hours and 24 hours post-infection with SARS-CoV-2 (USA-WA1/2020 1050 
strain, MOI=1). Shown are representative membranes blotted for phospho- and total proteins 1051 
and quantitative phospho- to total protein ratio data relative to infected cells treated with DMSO 1052 
(lane 2) (a, f). In panel e means±SD of results of two combined experiments conducted each 1053 
with three replicates are shown. *P < 0.05 relative to DMSO by one-way ANOVA followed by  1054 
Tukey’s multiple comparisons test at each lapatinib concentration (e). Ns, non-significant.  1055 
 1056 

1057 
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 1058 
 1059 
Fig. 5. Lapatinib inhibits SARS-CoV-2 infection, inflammation, and tissue injury ex vivo in 1060 
human adult lung organoids (ALOs). 1061 
a, Schematic of the ALO model and the experimental procedures. ALOs were infected with 1062 
virulent SARS-CoV-2 (USA-WA1/2020 strain, MOI=1). b, Dose response to lapatinib of SARS-1063 
CoV-2 infection (black) and cell viability (blue) in ALO supernatants measured via plaque and 1064 
alamarBlue assays at 48 hours post-infection, respectively. c, Dose response to lapatinib of 1065 
SARS-CoV-2 nucleocapsid (N) copy number in ALO lysates measured by RT-qPCR assays at 1066 
48 hours post-infection. d, Confocal IF microscopy images of F-actin (red), SARS-CoV-2 1067 
nucleocapsid (green) and DAPI (blue) in naïve and SARS-CoV-2-infected ALOs pre-treated with 1068 
DMSO or 10 µM lapatinib 24 hours post-infection. e, f, Dose-dependent effect of lapatinib 1069 
treatment on ErbB1, 2 and 4 (e) and AKT, ERK and p38 MAPK (f) phosphorylation in ALOs that 1070 
are uninfected (lane 1), SARS-CoV-2-infected and treated with DMSO (lane 2) or infected and 1071 
treated with lapatinib (lanes 3-5) measured by Western blotting 48 hours post-infection. Shown 1072 
are representative membranes blotted for phospho- and total kinases and actin and quantitative 1073 
phospho- to total kinase ratio data relative to infected ALOs treated with DMSO (lane 2). g, Heat 1074 
map showing the concentration of cytokines (pg/mL) in the supernatants of ALOs under the 1075 
indicated conditions at 48 hours post-infection with SARS-CoV-2 measured by LEGENDplex 1076 
(Biolegend) kit. h, Schematic of the experiment shown in i. i, Confocal IF microscopy images of 1077 
Claudin 7 (grey) and DAPI (blue) in naïve or SARS-CoV-2- infected ALOs treated at 4 hours 1078 
post-infection either with DMSO or 10 µM lapatinib and imaged at 36 hours post-infection. Data 1079 
in all panels are representative of 2 or more independent experiments. Individual experiments 1080 
had 3 biological replicates, means ± SD are shown in panels b and c. Representative merged 1081 
images at 40x magnification are shown in panels d and i. Scale bars are 50 m. *P < 0.05, 1082 
**P < 0.01, ***P < 0.001 relative to DMSO (c) (one-way ANOVA followed by Dunnett’s multiple 1083 
comparisons test).  1084 
 1085 
 1086 
 1087 
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 1088 

 1089 
 1090 
 1091 
Fig. 6: Proposed model for the roles of ErbBs in the regulation of SARS-CoV-2 infection 1092 
and pathogenesis and the mechanism of action of pan-ErbB inhibitors. 1093 
By inhibiting ErbB4, lapatinib suppresses SARS-CoV-2 entry. By inhibiting pan-ErbB activation 1094 
by various ligands and unopposed Ang II effect, lapatinib inhibits activation of signaling 1095 
pathways known to be activated and deleterious in severe pandemic coronaviral infections, 1096 
thereby protecting from inflammation and tissue injury.  1097 
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Extended data figures 1154 

 1155 
 1156 
Extended data fig. 1: Characteristics and of the HTS. 1157 
a, The kinase inhibitors included in the self-assembled set. b, Quality control of each individual 1158 
plate of the 29 screened by determination of the signal-to-background (S/B), and the Z’ and RZ’ 1159 
values. All three parameters were measured for each 384-well screening plate using the virus 1160 
control (infected, DMSO treated) and cell control (uninfected, untreated) wells. S/B values 1161 
ranged from 124 – 333. Z’ and RZ’ values were > 0.78. Generally, S/B values >10 and (R)Z’ 1162 
values >0,5 are accepted as qualitative assays. All parameters were calculated using Genedata 1163 
Screener. c, Scatter plot of the two replicate screens with a Pearson’s correlation coefficient (r) 1164 
of 0.76. d, Dose-dependent rescue of Vero-eGFP cells from SARS-CoV-2-induced lethality by 1165 
remdesivir and its major metabolite, GS-441524, used as positive controls, 4 days post-infection 1166 
with SARS-CoV-2 (Belgium-GHB-03021, MOI=0.001)  1167 
  1168 
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 1169 
 1170 
Extended data fig. 2: Hits emerging from the HTS.  1171 
a, Percentage of fluorescence area values from all wells including the virus controls (infected, 1172 
DMSO treated) and the cell controls (uninfected, untreated) from the 29 384-well plates. The red 1173 
dots depict hits emerging in the screening. Grey dots represent reference compounds such as 1174 
nelfinavir, GS-441524 and compounds not prioritized for further analysis. b, Dose response 1175 
curves to the indicated hits emerging from the HTS of SARS-CoV-2 infection (black, USA-1176 
WA1/2020 strain, MOI=0.05) and cell viability (blue) in Vero cells measured via plaque and 1177 
alamarBlue assays at 24 hours post-infection, respectively. 1178 
 1179 
  1180 
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 1181 
 1182 
Extended data fig. 3: Broad-spectrum potential of hits and kinase inhibitor set. 1183 
a, b, The 18 compounds emerging from the HTS were tested for their effect on VEEV (TC-83) 1184 
(a) and DENV2 (b) infections in U-87 MG  and Huh7 cells, respectively, measured via luciferase 1185 
assays, and for their effect on cell viability measured via alamarBlue assays. Left panels: Heat 1186 
maps of the EC50 and CC50 values of the indicated compounds color-coded based on the 1187 
antiviral activity (green) and toxicity (orange). Selectivity indices (SI) greater than 5 are depicted 1188 
in yellow. Right panels: Dose response curves to the indicated compounds of VEEV (TC-83) 1189 
(MOI=0.1) or DENV2 (MOI=0.05) infections (black) in U-87 MG and Huh7 cells, respectively, 1190 
measured via luciferase assays and cell viability (blue) measured by alamarBlue assays at 24 1191 
hours post-infection. 1192 
  1193 
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 1194 
Extended data fig. 4: Validation of ErbB4 as an antiviral target. 1195 
a, Dose response to lapatinib of rVSV-SARS-CoV-2-S infection (black) and cell viability (blue) in 1196 
Vero cells measured via luciferase and alamarBlue assays at 24 hours post-infection with a 1197 
standard inoculum, respectively. b, Confirmation of siRNA-mediated gene expression 1198 
knockdown by Western blot in Vero cells at 48 hours after transfection. Notably, two anti-ErbB4 1199 
antibodies detected no signal of endogenous protein in Vero cells in two independent 1200 
experiments. c, Confirmation of siRNA-mediated (ON-TARGETplus SMARTpool siRNAs 1201 
(Dharmacon)) gene expression knockdown by RT-qPCR in Vero cells. Shown is gene 1202 
expression normalized to GAPDH and expressed relative to the respective gene level in the 1203 
non-target (siNT) control at 48 hours post-transfection. d, Schematic of the experiments shown 1204 
in panels e-g. e, VEEV (T-83) infection by luciferase assays and cell viability by alamarBlue 1205 
assays (blue) measured at 24 hours post-infection of U-87 MG cells transfected with the 1206 
indicated siRNA pools (MOI=0.1). f, Confirmation of gene expression knockdown by RT-qPCR 1207 
in U-87 MG cells at 48 hours post-transfection. g, VEEV (T-83) infection (MOI=0.1) measured 1208 
by luciferase assays at 24 hours post-infection of U-87 MG cells transfected with the indicated 1209 
siRNAs. Shown in blue is cell viability by alamarBlue assays. h, Dose response to lapatinib, 1210 
tyrphostin AG 879 and sapitinib of ErbB2 and/or ErbB4 kinase activity in vitro (Nanosyn). i, 1211 
Dose response to tyrphostin AG 879 and ibrutinib of rVSV-SARS-CoV-2-S infection (black) by 1212 
luciferase assays and cell viability (blue) by alamarBlue assays at 24 hours post-infection of 1213 
Calu-3 cells. j, Dose response to sapitinib of SARS-CoV-2 infection (black) by plaque assay and 1214 
cell viability (blue) by alamarBlue assay 24 hours post-infection of Vero cells.  1215 
Data in panels a-g, i, j are representative of 2 or more independent experiments. Individual 1216 
experiments had 3 biological replicates, means ± SD are shown. * **P < 0.01, ***P < 0.001 1217 
relative to siNT by one-way ANOVA followed by Dunnett’s multiple comparisons test. 1218 
 1219 

 1220 
 1221 
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 1222 
 1223 
Extended data fig. 5: Lapatinib treatment modulates ErbBs.   1224 
a, b, ErbB2 and ErbB4 phosphorylation in Calu-3 cells that are uninfected (lane 1), infected and 1225 
treated with DMSO (lane 2) or infected and treated with lapatinib (lanes 3 and 4) measured by 1226 
Western blotting 1.5 hours (a) and 24 hours (b) post-infection with SARS-CoV-2 (USA-1227 
WA1/2020 strain, MOI=1). Shown are representative membranes blotted for phospho- and total 1228 
ErbB2, ErbB4, and actin and quantitative phospho- to total ErbB ratio data relative to infected 1229 
cells treated with DMSO (lane 2).  1230 
  1231 
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 1232 
 1233 
Extended data fig. 6: ErbB4 is a molecular target mediating lapatinib’s antiviral effect.  1234 
a, Vero cell viability measured by alamarBlue assays 48 hours post-transfection of the indicated 1235 
plasmids. Data relative to the respective DMSO controls are shown. b, Schematics of the 1236 
experiments shown in c-e.  c, Level of ErbB4 and actin expression measured by Western blot 1237 
following transfection of U-87 MG cells with control or ErbB4-expressing plasmids.  d, Rescue of 1238 
VEEV (TC-83) infection in the presence of lapatinib upon ectopic expression of the indicated 1239 
plasmids measured by luciferase assays 24 hours after infection. e, U-87 MG cell viability 1240 
measured by alamarBlue assays 48 hours post-transfection of the indicated plasmids. Data 1241 
relative to the respective DMSO controls are shown. Shown in panels a, d, e are means±SD of 1242 
results of two combined experiments conducted each with three (a) or five (d, e) replicates. *P < 1243 
0.05, **P < 0.01 , ***P < 0.001 relative to DMSO by 1-way ANOVA with Tukey’s multiple 1244 
comparisons test at each lapatinib concentration. Ns, non-significant.  1245 
  1246 
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 1247 
 1248 
Extended data fig. 7: Human ALOs for studying the antiviral and tissue protective effects 1249 
of lapatinib. 1250 
a, b, Viral titer by plaque assays in culture supernatants (a) and viral nucleocapsid (N) copy 1251 
number analyzed by RT-qPCR in lysates (b) from human lung organoids at 24, 48 and 72 hours 1252 
post-infection. c, Confocal IF microscopy images of F-actin (red), SARS-CoV-2 nucleocapsid 1253 
(green) and DAPI (blue) in naïve and SARS-CoV-2-infected ALOs pre-treated with DMSO or 10 1254 
µM lapatinib 24 hours post-infection. d, Confocal IF microscopy images of Claudin 7 (grey) and 1255 
DAPI (blue) in naïve or SARS-CoV-2- infected ALOs treated at 4 hours post-infection either with 1256 
DMSO or 10 µM lapatinib and imaged at 36 hours post-infection. Representative merged 1257 
images at 20x magnification are shown in panels c and d. Scale bars are 100 m.  1258 
 1259 
 1260 
 1261 
 1262 
 1263 
 1264 
 1265 
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Supplementary discussion 

Safety considerations and drug-drug interactions of lapatinib 
 
Although toxicity is a concern when targeting host functions, lapatinib has a favorable safety 
profile, particularly when used as a monotherapy and for short durations, as those required to 
treat acute infections.  
 

Notably, lapatinib’s safety profile in the package insert was based on data from over 12,000 

patients with advanced cancer who received lapatinib in combination with capecitabine or 

trastuzumab plus an aromatase inhibitor and for long durations1-3. As monotherapy, lapatinib 

was tested in several open-label studies with a median duration of 7-28 weeks in patients with 

advanced cancer4-11. The most common adverse events attributed to lapatinib were diarrhea, 

rash, nausea, pruritus, and fatigue, with diarrhea being the most common adverse event 

resulting in drug discontinuation. The most common laboratory abnormalities with combination 

therapy were increased liver function tests, which were infrequently severe1-3,12. More severe 

adverse events including transient, reversible decreases in left ventricular ejection fraction, 

prolongation of QT interval, and hepatotoxicity, were also documented, yet infrequently, and 

with the exception of cardiac toxicity, primarily in patients receiving lapatinib in combination 

treatment1,10,13,14. 

 

Notably, unlike erlotinib and gefitinib, lapatinib monotherapy has not been associated with 

pneumonitis, interstitial lung disease or lung fibrosis4-11. The estimated incidence of 0.2% for 

these adverse effects is based on patients receiving lapatinib in combination with other drugs15-

20  known to cause pneumonitis and/or lung fibrosis21-23, and sometimes also with radiation, for a 

median duration of 24-45 weeks. We predict that lapatinib’s distinct off-target profile accounts 

for this difference in the occurrence of these adverse events. Indeed, cyclin G-associated kinase 

(GAK), an off-target of erlotinib (KD=3.1 nM, IC50=0.88 µM) and gefitinib (KD=6.5 nM, IC50=0.41 

µM), but not of lapatinib (KD=980 nM, IC50>5 µM)24, has been implicated in pulmonary alveolar 

function and stem cell regeneration, and its inhibition is thought to be the mechanism underlying 

gefinitib- and erlotinib- induced lung toxicity25,26.  

 

An important consideration with lapatinib is, however, its potential for drug-drug interactions. 

Since metabolized by CYP3A4, concurrent use of suppressors of CYP3A4 should be avoided to 

reduce risk of QT prolongation. Concurrent treatment with CYP3A4 inducers should also be 

avoided, as this can reduce lapatinib’s levels to sub-therapeutic. Of particular relevance is the 

CYP3A4 inducer dexamethasone used as standard of care for moderate COVID-19 patients. 

Since other steroids do not induce CYP3A4, lapatinib could be studied in combination with 

hydrocortisone or prednisone, which have been shown to comparably protect COVID-19 

patients27-29.  
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Other hits emerging in the screen 

 

Another approved anticancer drug that emerged in the HTS was sunitinib, a multi-kinase 

inhibitor that we have shown to protect mice from DENV and EBOV challenges when given in 

combination with erlotinib by inhibiting NAK-mediated intracellular viral trafficking30-32. Sunitinib 

was recently shown to suppress pan-corona pseudotyped viral infections33. AG 879, another 

kinase inhibitor demonstrating anti-SARS-CoV-2 activity, was reported to suppress replication of 

multiple viruses including a mouse hepatitis virus (Coronaviridae) in cultured cells and to protect 

mice from influenza A virus (IAV) challenge34-36. Nevertheless, since we could not confirm its 

anti-ErbB activity, the precise target(s) mediating the antiviral effect remain to be elucidated.  

 

Ion transport across cell membranes is another function that emerged in our HTS as a 

candidate target for anti-SARS-CoV-2 approaches. Among the hits was tetrandine, a calcium 

channel blocker with anti-inflammatory and anti-fibrogenic properties used as a medicinal herb 

for the treatment of lung silicosis, liver cirrhosis, and rheumatoid arthritis37. Tetrandine was 

previously shown to inhibit EBOV entry in cultured cells and protect EBOV-infected mice by 

inhibiting endosomal calcium channels38. Monensin, an antiprotozoal agent, and calcimycin, 

shown to inhibit VSV and IAV infections39,40, are both ionophores that facilitate the transport of 

sodium/potassium and calcium across the membrane, respectively. Spiperone, an activator of 

chloride channels licensed in Japan for the treatment of schizophrenia, was another hit.  

 

The emergence of gedunin, a natural product that inhibits HSP90 and has anti-inflammatory 

properties, suggests a potential role for HSP90 in SARS-CoV-2 infection, as in other viral 

infections41,42. Lycorine, a protein synthesis inhibitor43 was also shown to suppress replication of 

multiple viruses including SARS-CoV in cultured cells44-47 and mortality of mice infected with 

human enterovirus 7148. The underlying mechanism of action in influenza was thought to be 

inhibition of export of viral ribonucleoprotein complexes from the nucleus44, yet lycorine also 

exhibits anti-inflammatory effects49. Azaserine is a natural serine derivative that irreversibly 

inhibits γ-glutamyltransferase in the metabolic hexosamine pathway. Independently of this 

target, it was shown to protect from endothelial cell inflammation and injury50.  

 

Aurothioglucose has been used for the treatment of rheumatoid arthritis and is thought to inhibit 

the activity of adenylyl cyclase in inflammatory pathways51. Ac-Leu-Leu-Nle-CHO is used as a 

research tool to inhibit calpain 1 and 2 (CAPN1 and 2)52, cysteine proteases required for SARS-

CoV53, echovirus 154 and herpes simplex virus55 infections. Targeting calpain proteases was 

shown to inhibit SARS-CoV-256, SARS-CoV57 and IAV replication58 and to exert anti-

inflammatory and tissue protective effects59,60 including in a reovirus-induced myocarditis mouse 

model61. Beyond their host-targeted effects, Ac-Leu-Leu-Nle-CHO and aurothioglucose may 

have direct antiviral effects against the SARS-CoV-2 Mpro or 3C-like proteases, respectively56,62. 

Lastly, josamycin is a natural macrolide antibiotic with an anti-inflammatory activity used in 

humans in Europe and Japan. Other macrolides have shown anti-IAV and anti-inflammatory 

activities63. These findings reveal candidate targets for anti-SARS-CoV-2 approaches. 

Moreover, they underscore the potential utility of natural products as broad-spectrum antivirals, 

yet limited scalability typically challenges the use of these products. 
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