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Abstract 29 

Sangivamycin is a nucleoside analog that is well-tolerated by humans and broadly active against 30 

phylogenetically distinct viruses, including arenaviruses, filoviruses, and orthopoxviruses. Here, 31 

we show that sangivamycin is a potent antiviral against multiple variants of replicative severe 32 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with half-maximal inhibitory 33 

concentration (IC50) in the nanomolar range in several cell types. Sangivamycin suppressed 34 

SARS-CoV-2 replication with greater efficacy than remdesivir (another broad-spectrum 35 

nucleoside analog). When we investigated sangivamycin’s potential for clinical administration, 36 

pharmacokinetic, ADME (absorption, distribution, metabolism, and excretion), and toxicity 37 

properties were found to be favorable. When tested in combination with remdesivir, efficacy was 38 

additive rather than competitive against SARS-CoV-2. The proven safety in humans, long half-39 

life, potent antiviral activity (compared to remdesivir), and combinatorial potential suggest that 40 

sangivamycin is likely to be efficacious alone or in combination therapy to suppress viremia in 41 

patients. Sangivamycin may also have the ability to help combat drug-resistant or vaccine-42 

escaping SARS-CoV-2 variants since it is antivirally active against several tested variants. Our 43 

results support the pursuit of sangivamycin for further preclinical and clinical development as a 44 

potential coronavirus disease 2019 (COVID-19) therapeutic. 45 
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Introduction 46 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a sarbecovirus in the genus 47 

Betacoronavirus (Nidovirales: Coronaviridae), is the etiologic agent of coronavirus disease 19 48 

(COVID-19) (1-3). COVID-19 was first documented in Wǔhàn, Húběi Province, China in late 49 

2019 (4-6) and has since spread rapidly across the globe, leading WHO to declare a pandemic on 50 

March 11, 2020 (7). Typically, SARS-CoV-2 infection is asymptomatic/subclinical or presents 51 

as a mild upper-respiratory disease (self-limiting fever, cough, nonspecific fatigue, and myalgia) 52 

but, in a substantial number of cases (typically elderly and/or co-morbid), it involves the lower 53 

respiratory tract, leading to pneumonia that may progress to acute respiratory distress syndrome 54 

(ARDS) and death (8-14). Thus far, 241 million cases of SARS-CoV-2 have been reported 55 

worldwide, including close to 5 million attributable deaths (15). Several vaccines are now widely 56 

available, and numerous others are in development, for the prevention of COVID-19 (16). 57 

However, treatment options for COVID-19 cases remain mainly limited to supportive care, 58 

which has had to be aggressive in severe cases. Antiviral options approved for treatment by the 59 

United States (US) FDA include the small molecule remdesivir along with two anti-SARS-CoV-60 

2 monoclonal antibody combinations (bamlanivimab/etesevimab and casirivimab/imdevimab) 61 

under emergency use authorization (EUA) (17). Because large populations may not have the 62 

opportunity or access, may decline, or may not be sufficiently healthy to receive vaccinations, 63 

there is an urgent need for the development of new highly efficacious drugs to improve the 64 

prognosis and long-term outcomes of hospitalized COVID-19 patients and to be able to counter 65 

possible vaccine-escaping and/or drug-resistant SARS-CoV-2 variants. 66 

We recently reported that the adenosine nucleoside analog sangivamycin, an unsuccessful anti-67 

cancer drug candidate that nevertheless was proven to be safe in 88 human subjects tested in 68 
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clinical trials by the US National Cancer Institute (NCI) in the 1960s (18), is a potent, dose-69 

dependent inhibitor of arenaviruses (Lassa virus), filoviruses (Ebola virus and Marburg virus), 70 

and orthomyxovirusues (cowpox virus and vaccinia virus) with an IC50 in the nanomolar range in 71 

grivet (Chlorocebus aethiops) kidney epithelial Vero E6 and human hepatocellular carcinoma 72 

Huh-7 cells (19). Because of this broad-spectrum activity and its long half-life in tissues (20), we 73 

hypothesized that sangivamycin may be active against SARS-CoV-2. Using replicative SARS-74 

CoV-2, we show that sangivamycin is indeed highly active against multiple variants (including 75 

Delta) of the virus with an IC50 in the nanomolar range in several cell types. Sangivamycin 76 

suppressed SARS-CoV-2 replication with greater potency than remdesivir and had an additive 77 

effect on virus infection rate when combined with remdesivir. We further demonstrate that 78 

sangivamycin’s properties are favorable for further preclinical and clinical development. 79 
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Results 80 

Sangivamycin inhibits SARS-CoV-2 infection in multiple cell types. We previously demonstrated 81 

low nanomolar efficacy of sangivamycin against distinct viruses, including Ebola virus and 82 

Marburg virus (Filoviridae), Lassa virus (Arenaviridae), cowpox virus and vaccinia virus 83 

(Poxviridae), in grivet Vero E6 and human Huh-7 cells (19). Based on this broad spectrum, we 84 

hypothesized that sangivamycin would also inhibit SARS-CoV-2. Vero E6, human colorectal 85 

adenocarcinoma Caco-2, and human lung Calu-3 cells were pretreated with sangivamycin for 1 h 86 

at various doses and then exposed to SARS-CoV-2 at MOIs optimized for maximum infectivity 87 

for each cell type. Cells were fixed and SARS-CoV-2 infection rate was quantified using high-88 

content imaging following immunostaining with a primary antibody reactive with the SARS-89 

CoV-2 nucleoprotein and a fluorescently-labeled secondary antibody with percent infectivity 90 

measured as the number of SARS-CoV-2-positive cells relative to total cells measured by 91 

Hoechst 33342 nuclear staining (Supplemental Figure 1A). As a baseline, cytotoxicity was 92 

measured with a CellTiter-Glo assay examining ATP levels to determine cell viability in mock-93 

exposed cells grown in parallel to virus-exposed cells. 94 

Vero E6 cells are commonly used in virus drug screens and hence were used for initial 95 

experiments. Sangivamycin’s antiviral activity in Vero E6 cells, including the half-maximal 96 

inhibitory concentration (IC50), 90% inhibitory concentration (IC90), half-maximal cytotoxic 97 

concentration (CC50), and selectivity index (SI=CC50/IC50) are shown in Table 1 (WA1) and 98 

graphed in Figure 1A. As expected, SARS-CoV-2 infection rate was high, even at a low MOI of 99 

0.012 (77 ± 4% standard error of the mean [SEM] SARS-CoV-2-positive cells in untreated 100 

control cells across three plates). Sangivamycin’s antiviral activity was equally effective at 101 

higher MOIs, ranging from 0.2 to 1.3, with an average IC50 of 52 ± 13 nM (SEM) (Supplemental 102 
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Table 1). Of immediate interest was the finding that at MOIs of 0.2 and 0.4, GS-441524 103 

(remdesivir’s parent nucleoside) had an IC50 of 1,420 ± 20 nM (SEM), which was 27-fold higher 104 

than the IC50 of sangivamycin at the same MOIs (Supplemental Table 1). 105 

In vivo, both lung and intestinal cells grow with directionality, depending on which surface is 106 

exposed to air in lungs or lumen in the gut. Therefore, Caco-2 and Calu-3 cells required assay 107 

optimization prior to compound testing to achieve optimal SARS-CoV-2 infection rate at the 108 

assay endpoint. Following optimization of assay conditions, we observed 25 ± 6% (SEM) SARS-109 

CoV-2-positive cells in Caco-2 cells (optimized to: MOI = 0.5, 96 h incubation) and 76 ± 10% 110 

(SEM) SARS-CoV-2-positive cells in Calu-3 cells (optimized to: MOI = 2, 72 h incubation) 111 

(Supplemental Figures 1B and 1C). Most importantly, sangivamycin proved very potent against 112 

SARS-CoV-2 in both cell types (Figure 1B and 1C).  113 

 114 

Sangivamycin is more efficacious against SARS-CoV-2 than remdesivir in multiple cell types. 115 

Remdesivir is currently the only small molecule approved by the FDA for treatment of COVID-116 

19. We therefore compared the potencies of sangivamycin and remdesivir against SARS-CoV-2 117 

in three different cell types. In Vero E6 cells, sangivamycin’s IC50 and IC90 values were 66- and 118 

55-fold lower than those of remdesivir (Figure 2A and Table 2). We measured a similar 119 

differential when we compared sangivamycin to remdesivir’s parent nucleoside, GS-441524 120 

(Supplemental Table 1). In Caco-2 cells, which were not highly susceptible to SARS-CoV-2 121 

infection (25%, compared to 77% in Vero E6 and 76% in Calu-3 cells), remdesivir robustly 122 

inhibited the virus, with IC50 and IC90 values in a similar low nanomolar range as sangivamycin 123 

(Figure 2B). In contrast, Calu-3 cell results mirrored those of Vero E6 in that sangivamycin’s 124 

IC50 and IC90 values were 74- and 43-fold lower than those of remdesivir (Figure 2C and Table 125 
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2). In fact, sangivamycin’s effective concentration was also lower than that of remdesivir against 126 

all SARS-CoV-2 variants tested in Vero E6 and Calu-3 cells (Table 2 and Supplemental Figure 127 

2).  128 

 129 

Sangivamycin is efficacious against multiple variants of SARS-CoV-2. Multiple variants of 130 

SARS-CoV-2 have spread globally since the COVID-19 outbreak began. Each new variant has 131 

the potential to evade vaccines and therapies. Therefore, we tested whether sangivamycin would 132 

maintain robust antiviral efficacy against multiple variants. Currently, the Delta variant has been 133 

the predominant variant in the US since July 2021 according to the US Centers for Disease 134 

Control and Prevention (CDC). Unfortunately, Vero E6 were not susceptible to Delta variant 135 

infection. Therefore, we used Vero E6 cells expressing the transmembrane serine protease, 136 

TMPRSS2, which can be infected by SARS-CoV-2 (21). Vero E6/TMPRSS2 cells and Calu-3 137 

cells were highly infected by the Delta variant and sangivamycin had robust antiviral activity 138 

against the Delta variant with IC50 values of 80 nM (Vero E6/TMPRSS2) and 79 nM (Calu-3) 139 

compared to remdesivir, which had much higher IC50 values of 5,461 nM (Vero E6/TMPRSS2) 140 

and 2,912 nM (Calu-3) (Table 2 and Figures 3A and B). Six other viral variants were tested in 141 

both Vero E6 and Calu-3 cells. All variants were optimized for MOI and peak infection profile in 142 

each cell type. Sangivamycin was efficacious in the low nanomolar range against all variants 143 

(Table 1) in both cell types and continued to be several-fold more potent than remdesivir (Table 144 

2 and Supplemental Figure 2A–L).  145 

 146 

Combining sangivamycin and remdesivir results in an additive effect against SARS-CoV-2 in 147 

multiple cell types. Remdesivir and sangivamycin are both nucleoside analogs that, when 148 
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combined, result in additive effect in vitro in an Ebola virus minigenome cell-based assay that 149 

measures RNA-directed RNA polymerase (RdRp) activity (19). The Loewe additivity model is 150 

typically used as a reference model when the combined effect of two drugs is additive and 151 

isobologram and combination index (CI) analyses are widely used to evaluate drug interactions. 152 

Therefore, we tested the combination of remdesivir and sangivamycin at several fixed ratios 153 

relative to their respective IC50 values to determine whether they act antagonistically, additively, 154 

or synergistically against SARS-CoV-2. Increasing concentrations of remdesivir relative to 155 

sangivamycin (Figure 4A) and increasing amounts of sangivamycin relative to remdesivir 156 

(Figure 4B) both lowered the IC50 values of each of the respective treatments. These values were 157 

plotted for each constant ratio of sangivamycin to remdesivir in an isobologram (22, 23). A 158 

straight line between the IC50 for sangivamycin alone (34 nM) on the y axis to the IC50 for 159 

remdesivir alone (2,317 nM) on the x axis determined the additive line as assessed by the Loewe 160 

additivity model (Figure 4C). The results suggested that both compounds are acting on the same 161 

target in a non-competitive manner. 162 

The combination index (CI) is a quantitative measurement for assessing drug efficacy in 163 

combination studies as defined by Chou et al., who originally proposed the CI metric and its 164 

utility in predicting drug combination outcomes (23). The CI values for each ratio of 165 

sangivamycin and remdesivir are listed next to isobolograms using a color-coded heat map 166 

indicating relative synergy, additivity, and antagonism. The average CI for SARS-CoV-2-167 

infected Vero E6 cells was 1.03, which is well within the additive range (Figure 4C). Similarly, 168 

isobolograms and CI values for Caco-2 (Figure 4D) and Calu-3 cells (Figure 4E) supported that a 169 

combination of sangivamycin and remdesivir results in additive effects, lowering the amount of 170 
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each compound necessary to achieve an IC50 in both Caco-2 and Calu-3 cells (Supplemental 171 

Figure 3). 172 

 173 

Sangivamycin is not cytotoxic in vitro at antiviral doses. Sangivamycin inhibits cellular kinases 174 

that are overexpressed in some cancer cells—most notably protein kinase C (PKC) and histone 175 

H3 associated protein kinase (HASPIN) leading to apoptosis in pancreatic cancer cells, breast 176 

cancer MCF-AR cells, and primary effusion lymphoma (PEL) cells. However, sangivamycin is 177 

well-tolerated in normal pancreatic cells, Ramos cells, Burkitt lymphoma DG75 cells, and breast 178 

cancer MCF-WT cells, with cytostatic effects only becoming apparent at the high-nanomolar to 179 

low-micromolar dose range in MCF-WT cells (24-26). To further understand sangivamycin’s 180 

antiviral mechanism, we evaluated cell viability. Both the CellTiter-Glo luminescence-based 181 

assay (a measure of cellular ATP levels) and the CellTiter 96 AQueous One Solution cell 182 

proliferation (MTS) assay (a measure of the reduction of the tetrazolium salt by enzymes in 183 

metabolically active cells) were used to assess cell viability at 24 h, 48 h, and 72 h in Vero E6 184 

and Calu-3 cells. Both methods resulted in similar slow decreases in cell viability over time, but 185 

the decrease was more substantial in Vero E6 cells likely because Vero E6’s doubling rate is 186 

around 24 h vs Calu-3, which double around 72 hours (Supplemental Figure 4) (27, 28). This 187 

growth rate-dependent effect is consistent with cytostaticity in the high nanomolar range reported 188 

in the literature for normal cell types than the resulting cytotoxicity in kinase-overexpressing 189 

cancer cell types (24-26). However, it is notable that the antiviral activity is well below the 190 

cytostatic effect range and the use of both Vero E6 and Calu-3 cells resulted in similar ranges for 191 

antiviral efficacy, suggesting that the antiviral mechanism is independent of the effects on cell 192 

growth. 193 
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Both CellTiter-Glo and the MTS assays measure overall cell viability compared to untreated 194 

control cells but are unable to determine whether the lower cell density is due to cytostatic or 195 

cytotoxic effects. In contrast, the CellTox Green cytotoxicity assay determines cell viability 196 

based on membrane integrity as revealed by amount of a fluorescent DNA-binding dye capable 197 

of entering cells as a function of leaky membranes due to overtly cytotoxic outcomes (i.e., cell 198 

death). To confirm a cytostatic effect of sangivamycin, CellTiter-Glo and CellTox Green were 199 

used side-by-side using multiple cell types including kidney (Vero E6 and HEK 293T), liver 200 

(Huh-7, HepG2, and primary hepatocytes), intestine (Caco-2), and lung (Calu-3 and A549) cells 201 

that had been dosed with sangivamycin. The ratio of CellTox Green to CellTiter-Glo CC50 values 202 

can indicate cytotoxic versus cytostatic effects: A ratio >1 indicates a cytostatic effect and a ratio 203 

≤1 indicates a cytotoxic effect. The average ratio for all cell lines tested with both assays (n = 6) 204 

was >12.2 ± 3.78, revealing a cytostatic effect in all cell types tested (Table 3 and Supplemental 205 

Figure 5). CellTiter-Glo evaluation resulted in an average CC50 of 617 ± 181 nM (SEM; n = 8) 206 

compared to a much higher average of >5,000 nM determined by CellTox Green (Table 3). The 207 

average IC50 for all viral testing in all cell lines and MOIs was 47 ± 5 (n = 22, from Figure 1, 208 

Table 1, and Supplemental Table 1). Calculating the SI with the average CellTiter-Glo values 209 

gave a value of 13, whereas calculating SI with the average CellTox Green revealed a much 210 

higher SI (>106). 211 

Other important measures of cell viability are mitochondrial integrity, function, cardiotoxicity, 212 

and genotoxicity, since other nucleoside analogs may vary in their effect on these endpoints (29, 213 

30). Commonly used dyes utilized to assess mitochondrial integrity are MitoTracker Green 214 

(MTG), a mitochondrial stain mostly localized to mitochondria based on hydrophobicity, and N-215 

alkyl acridine orange (NAO), which binds to mitochondrial cardiolipin. Untreated Huh-7 cells 216 
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and Huh-7 cells treated for 5 d with 100 nM sangivamycin were stained with MTG and NAO 217 

and imaged by fluorescence microscopy. Visual comparison of the fluorescent images suggested 218 

that sangivamycin did not significantly affect mitochondrial structural integrity (Table 4 and 219 

Supplemental Figure 6). To more quantitatively assess the impact of sangivamycin on 220 

mitochondrial integrity, we evaluated the effect of sangivamycin on mitochondrial metabolic 221 

function as well as cytoplasmic glycolytic function. The XF96 Seahorse instrument was used to 222 

quantify the oxygen consumption rate (OCR) over time in untreated control and sangivamycin-223 

treated Huh-7 cells. Treatment with up to 5 µM of sangivamycin did not significantly change the 224 

OCR relative to the OCR measured in untreated control cells run in parallel. Standard metabolic 225 

endpoints quantified with or without sangivamycin included sequential treatment and washout of 226 

cell cultures with oligomycin (ATP synthase inhibitor), carbonyl cyanide 4-227 

(trifluoromethoxy)phenylhydrazone (FCCP; a proton gradient uncoupler), and antimycin A + 228 

rotenone (complex I and III blockers) (Supplemental Figure 7). The data indicated that there was 229 

little to no significant acute inhibition of mitochondrial or glycolytic functions by sangivamycin 230 

(Table 4).  231 

The human potassium voltage-gated channel subfamily H member 2 (KCNH2; synonym: ether-232 

à-go-go-related gene [hERG]) functions as the alpha subunit of a cardiac potassium channel. Its 233 

inhibition by drugs has been implicated in fatal ventricular tachyarrhythmia (31). As a predictor 234 

of cardiotoxicity and genotoxicity, we therefore evaluated KCNH2 (hERG) inhibition and 235 

genotoxicity in the AMES (Salmonella typhimurium reverse mutation assay) mutagenicity assay. 236 

Table 4 shows that 10 µM of sangivamycin had no effect on the KCNH2 (hERG) in 237 

cardiomyocytes and that there was no evidence of enhanced bacterial mutagenicity at up to 3.2 238 

mM of sangivamycin. 239 
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 240 

Sangivamycin does not induce phospholipidosis. Certain cationic amphiphilic drugs cause 241 

phospholipidosis that results in an ani-SARS-CoV-2 effect in vitro that does not recapitulate in 242 

vivo (32). Although sangivamycin is not a cationic amphiphilic molecule and is not suspected to 243 

affect phospholipid storage, we tested whether sangivamycin could induce phospholipidosis. N-244 

(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, 245 

triethylammonium salt (NBD-PE) is a phospholipid that fluoresces in protonic environments and 246 

is a reporter for phospholipidosis (32). Amiodarone served as a positive control for inducing 247 

phospholipidosis and induced NBD-PE fluorescence in treated A549 cells. In contrast, no 248 

significant NBD-PE fluorescence above the DMSO control baseline was evident when A549 249 

cells were treated with up to 5 µM sangivamycin or the negative control compound, 10 µM 250 

melperone (Supplementary Figure 8).  251 

 252 

Sangivamycin has favorable drug properties. In vitro absorption, distribution, metabolism, and 253 

excretion (ADME) studies were used to assess sangivamycin’s solubility, cytochrome P450 254 

(CYP) inhibition, plasma protein binding, and liver microsome stability. Sangivamycin was 255 

soluble up to the high test concentration of 500 µM in phosphate-buffered saline (PBS) (Table 256 

5). As expected, control CYP active compounds inhibited their respective CYP isoforms, but 257 

sangivamycin did not significantly affect CYP isoforms in the tested concentration range (1–100 258 

μM), and any observed inhibition was insufficient to determine an IC50 (Table 5). 259 

A decrease of test compound concentration over time during incubation with active microsomes 260 

indicates metabolization of the compound. A dose of 5 μM of sangivamycin was not metabolized 261 

by either human or mouse liver microsomes during 120 min of incubation (Table 5). 262 
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Binding to plasma proteins influences the plasma concentration of free drug reservoir and 263 

kinetics determining drug availability for distribution into tissues in the body. Only a low 264 

fraction of sangivamycin bound to plasma proteins (Table 5). 265 

We next evaluated the 24-hour pharmacokinetics (PK) of sangivamycin in CD-1 laboratory 266 

mouse plasma. Sangivamycin’s plasma concentrations increased following i.p. injection of 60 267 

mg/kg to a peak at 2 h, then decreased over 6 or 8 h, and remained virtually unchanged up to 24 268 

h after dosing. The Cmax of the plasma was 97.3 ± 31.0 ng/mL (males) and 285 ± 35.9 ng/mL 269 

(females), observed at the maximum time of 2 h. Graphing plasma concentration versus time 270 

produced an area under the curve to the last time point (AUClast) with values of 632 ± 66.6 271 

h•ng/mL for males and 833 ± 53.9 h•ng for females. The apparent volume of distribution (V/F) 272 

was 369,000 mL/kg (males) and 167,000 mL/kg (females), and total clearance (Cl/F) was 85,400 273 

mL/h/kg (males) and 68,500 mL/h/kg (females) (Supplemental Figure 9A). Our data corroborate 274 

historical PK studies in mice with 3H-labeled sangivamycin performed at the NCI in 1974 (20). 275 

In these studies, free nucleoside, mono-, di-, and triphosphate forms of sangivamycin were 276 

detected in blood, urine, and multiple tissues (e.g., heart, liver, brain, spleen, and kidneys) 277 

following i.p. injection of 8 mg/kg. The studies established that sangivamycin was 278 

phosphorylated after transportation into cells. In liver, heart, and brain, the predominant form of 279 

sangivamycin was sangivamycin 5'-monophosphate (SMP). In these tissues, as well as in kidney 280 

and spleen, small amounts of RNA and DNA were found to contain drug-derived radioactivity 281 

that peaked after 24 h and steadily decreased out to Day 12, indicative of the di- an triphosphates 282 

being formed as well (20). Therefore, we determined the level of SMP in blood in our PK study 283 

using a published liquid chromatography–mass spectrometry (LC–MS) method with a lower 284 

limit of quantification (LLOQ) of 1 ng/mL (33). Using this method, we detected SMP in the 285 
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plasma of dosed mice but not control mice (Supplemental Figure 9B). The apparent levels of 286 

SMP increased in blood during the 24 h of this study. There also was possible presence of a 287 

diphosphate metabolite of sangivamycin, but it was only detected in the plasma samples taken 24 288 

h after dosing. 289 
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Discussion 290 

Remdesivir remains the only FDA-approved small-molecule drug for COVID-19 treatment, and 291 

assessments of its clinical effectiveness through January 2021 continue to suggest that it 292 

increases the odds of clinical improvement (34). There is an urgent need for other immune 293 

system-independent treatment modalities. Molnupiravir is a candidate as a treatment of higher 294 

risk individuals that can result in 50% less hospitalization based on an interim analysis of a phase 295 

3 clinical trial with 775 patients (35). 296 

In our study, sangivamycin proved active against SARS-CoV-2 with IC50 values in the low 297 

nanomolar range (14–82 nM) against all viral variants and in all examined cell types (Figure 1 298 

and Table 1). Importantly, sangivamycin’s activity was significantly lower than that of 299 

remdesivir in those experiments (Table 2, Figure 2, Figure 3, and Supplemental Figure 2). In 300 

addition, sangivamycin’s activity added to that of remdesivir in combinatorial experiments 301 

(Figure 4). Because combination therapies may be far more effective in suppressing viremia 302 

compared to single treatments and thereby also may hinder the emergence of drug-resistant virus 303 

variants, sangivamycin could be developed as a component of combinatorial drugs products 304 

following efficacy vetting in an animal model.  305 

The additive results indicate that sangivamycin does not antagonize the antiviral mechanism or 306 

metabolism of remdesivir, which requires metabolic processing to the triphosphate form to act as 307 

a delayed chain terminator for the SARS-CoV-2 RNA-directed RNA polymerase (RdRp) (36). 308 

Sangivamycin also added to the antiviral effect of remdesivir in the Ebola virus minigenome 309 

assay (our previous study (19)). Those results suggested that sangivamycin is a nucleoside 310 

analog that may target RdRp function. Whether this effect is due to metabolic processing of 311 

sangivamycin to the triphosphate remains to be determined with on-going in vitro mechanistic 312 
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studies. Interestingly, sangivamycin also affected Ebola virus particle formation and release 313 

through interference with the Ebola virus matrix protein (VP40) in the absence of RdRp (19). 314 

This observation leaves open the possibility that sangivamycin may counteract SARS-CoV-2 in 315 

an RdRp-independent manner. Interestingly, there are nucleotide binding sites on non-structural 316 

protein 12 (nsp12) within the SARS-CoV-2 RdRp holoenzyme and the auxiliary protein nsp13, 317 

which has helicase activity. Consequently, one may hypothesize that sangivamycin or its 318 

phosphorylated metabolites could bind to and effect their function. Moreover, sangivamycin 319 

incorporated in viral progeny RNAs could potentially disrupt nsp13 helicase activity, which is 320 

crucial for viral replication and template switching during transcription of viral genes (37). We 321 

cannot rule out that sangivamycin, if incorporated in viral RNA, may affect RNA secondary 322 

structure, RNA stability or RNA function in protein binding or translation.  323 

The favorable ADME (Table 5) and PK, shown here and in the historical reports, indicate that 324 

sangivamycin may be superior to remdesivir because the metabolism of sangivamycin is slower 325 

and more uniform in maintaining phosphorylated forms in tissues. Remdesivir and its 326 

monophosphate are rapidly lost within 10 min in laboratory mouse liver, lung, and kidney 327 

microsomes (38), whereas 100% of sangivamycin remained after 120 min in our laboratory 328 

mouse and human liver microsome tests (Table 5). Furthermore, we showed that the level of 329 

sangivamycin remained high in plasma throughout the 24-hour study and the increasing levels of 330 

SMP aligns with the previous NCI PK study (20). Hardesty, et al. reported that the persistence of 331 

sangivamycin-derived radioactivity in tissues over a period of 12 d was a reflection on both (a) 332 

its conversion to SMP, which is trapped inside the cell; and (b) that sangivamycin is not 333 

susceptible to degradation by adenosine deaminase. The levels of sangivamycin and SMP were 334 

maintained at high levels in all tissues up to 6 d without a significant drop in levels with a half-335 
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life in blood of 50 h (20). The main route of excretion appeared to be the kidneys; 40% of the 336 

drug-derived radioactivity was accounted for in the urine over a period of 12 d (20). In fact, the 337 

Cmax of 97.3 and 285 ng/mL in our laboratory mouse PK study is equivalent to 314 nM and 922 338 

nM sangivamycin, which is 3- to 9-fold above the average IC90 in the three cell lines tested 339 

(Figure 1). Notably, these were only plasma levels, but based on the Hardesty, et al. report, 340 

cellular and tissue levels will be significantly higher than plasma levels (20). In contrast, 341 

remdesivir metabolism varies among cells and among tissues. In mice, as both the free 342 

nucleoside and monophosphate forms, remdesivir half-lives are only about 5 h (38, 39). In fact, a 343 

recent PK analysis based on allometric scaling predicted that antiviral levels of remdesivir are 344 

not maintained in the current dosing regimen for COVID-19 patients (40). 345 

In the early 1960s, sangivamycin was being evaluated in phase I clinical trial by Pfizer in 346 

collaboration with the NCI as a potential cancer therapy. In several different animal models, 15 347 

in vivo preclinical studies supported the safety results of the original clinical trial, including 348 

toxicology, histopathology, topical application of the intended clinical formulation, 349 

sphygmometry, and cardiotoxicity studies. Maximum tolerated doses (MTDs) were determined 350 

in mice, rats, dogs, and nonhuman primates. Preclinical work archived at the NCI revealed that 351 

sangivamycin was tested in grivets and was tolerated for 10 d at 1.6 mg/kg/d (total dose 16 352 

mg/kg) and 28 d at 0.4 mg/kg/d (total dose 11.2 mg/kg) (41). In 40 human cancer patients, the 353 

compound proved inactive against the disease but was well-tolerated with daily, thrice-weekly, 354 

or weekly dosing (0.1–2.83 mg/kg total dose), and the MTD was not reached (18).  355 

Extrapolating from in vitro antiviral testing (Figure 1 and Table 1), we anticipate sangivamycin 356 

doses necessary to achieve anti-SARS-CoV-2 IC50 and IC90 in human patients to be well within 357 

the safe dosing range based on these previous animal and human studies (18, 41). Indeed, we 358 



 

19 

estimated the amount of sangivamycin in a two-compartment model for a 70-kg adult 359 

(extracellular and cellular water volumes 42 L), indicating that the highest single dose safely 360 

tested in humans (0.3 mg/kg) would be 30-fold above the average in vitro IC50 from all cell types 361 

tested (47 nM or 0.01 mg/kg). Our experimental results support this safety profile (Tables 3 and 362 

4), showing that sangivamycin would not display toxic effects at and above antiviral 363 

concentrations. Our data also suggest that the antiviral activity of sangivamycin is unlikely an 364 

artifact of phospholipidosis, mitochondrial toxicity or cytotoxicity.  365 

In summary, we suggest that sangivamycin has appropriate properties for treating SARS-CoV-2 366 

infections based on data showing low nanomolar IC50 and IC90 antiviral activity against multiple 367 

cell types and viral variants, along with favorable PK and safety profiles. The extensive historical 368 

safety data in animals and human clinical trials, along with and long tissue half-life strengthen 369 

the case for further development. Furthermore, the additive effect of sangivamycin with 370 

remdesivir suggests that treatment for COVID-19 with a combination of the two drugs could 371 

have therapeutic advantages, including lower doses of both drugs to achieve viral replication 372 

suppression and consequently reduced potential for side effects. Further investigational new drug 373 

(IND)-enabling preclinical studies are ongoing in preparation for regulatory approval for 374 

sangivamycin’s clinical development.  375 
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Methods 376 

Cells. Grivet (Chlorocebus aethiops) kidney epithelial Vero (American Type Culture Collection 377 

[ATCC], Manassas, VA, USA; #CCL-81) and Vero E6 cells (BEI Resources, Manassas, VA, 378 

USA; #NR596), Vero E6/TMPRSS2 cells (JCRB Cell Bank, Japan; #JCRB1819), human 379 

colorectal adenocarcinoma Caco-2 (ATCC, Manassas, VA, USA; #HTB-37), human embryonic 380 

kidney (HEK) 293T (ATCC; #CRL-3216), human hepatocarcinoma HepG2 cells (ATCC; #HB-381 

8065), human hepatocarcinoma Huh-7 (a gift from NIH/National Institute of Allergy and 382 

Infectious Diseases [NIAID]/Rocky Mountain Laboratories, Hamilton, MT, USA), human lung 383 

adenocarcinoma Calu-3 (ATCC; #HTB-55), and human lung carcinoma A549 cells (a gift from 384 

HC Smith’s laboratory at University of Rochester Medical Center, Rochester, NY, USA) were 385 

maintained at 37°C and 5% carbon dioxide (CO2) in DMEM (Life Technologies, Carlsbad, CA, 386 

USA) containing 10% heat-inactivated FBS. Primary human hepatocytes from an anonymous 387 

41-year-old female with colorectal cancer metastasized to the liver were obtained from Liver 388 

Center Resources, Pittsburg Liver Research Center, Pittsburg, PA, USA, and maintained at 37°C 389 

and 5% CO2 in Eagle’s Modified Essential Medium (EMEM; Gibco, Grand Island, NY, USA). 390 

 391 

Virus. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; Coronaviridae: 392 

Sarbecovirus) isolate SARS-CoV-2/human/USA-WA1/2020 (GenBank #MN985325) was 393 

obtained from the Centers for Disease Control and Prevention (CDC; Atlanta, GA, USA) at 394 

passage 3 from sample collection. Virus was inoculated onto Vero cells and incubated for 72 h in 395 

MEM (Gibco) containing 2% heat-inactivated FBS at 37°C and 5% CO2. The resulting virus 396 

stock (GenBank #MW161259; internal reference #IRF0394) was titrated by plaque assay as 397 

previously described using Vero E6 cells and a 2.5% Avicel overlay (FMC BioPolymer), 398 
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followed by staining at 48 h using 0.2% aqueous Gentian Violet (Ricca Chemicals, Arlington, 399 

TX, USA) (42). The subsequent working stock (GenBank #MT952134, internal reference 400 

#IRF0399) was generated by infecting Vero cells with #IRF0394 at an MOI of 0.01 for 48 h. 401 

Media were collected after three freeze-thaw cycles. The stock was clarified via centrifugation at 402 

7,500 xg for 10 min. Both stocks tested negative for bacterial, endotoxic, and fungal 403 

contamination. Bacterial testing consisted of a 14-d incubation period in Tryptic Soy Broth 404 

(Corning, Corning, NY, USA) in a humidified incubator at 25°C and 37°C. Endotoxin and 405 

mycoplasma testing used an Endosafe cartridge system (Charles River, Wilmington, MA, USA) 406 

and the Universal Mycoplasma Detection Kit (ATCC), respectively. SARS-CoV-2 variants were 407 

produced in the same manner as described above and specific information about their linage, 408 

WHO name, IRF Lot number, source isolate, production cell line and GenBank# are listed in 409 

Supplemental Table 2. 410 

 411 

Single-compound dose-response studies. Sangivamycin nucleoside was obtained from Berry & 412 

Associates, Dexter, MI, USA. Remdesivir was obtained from Biosynth-Carbosynth, Itasca, IL, 413 

USA. GS-441524 was obtained from Target Molecule, Wellesley Hills, MA, USA. Black opaque 414 

(for cytotoxicity assays) or clear-bottom 96-well (for efficacy assays) Operetta plates (Greiner 415 

Bio-One, Monroe, NC, USA) were seeded with 30,000 Vero E6 cells per well, 20,000 Caco-2 416 

cells per well, or 50,000 Calu-3 cells per well 1 d prior to compound treatment. Compounds were 417 

first dissolved in DMSO (Sigma, St. Louis, MO, USA) and then stock solutions in media were 418 

diluted to 0.05% DMSO before adding to cells. For each assay, six-point to 14-point dose-419 

response with two-fold step dilution was prepared. Each dose was evaluated in triplicate on three 420 

(Vero E6 and Calu-3 cells) or in sextuplicate for sangivamycin and triplicate for remdesivir on 421 
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four (Caco-2 cells) separate plates. For each plate, 4 and 10 µM chloroquine (Sigma-Aldrich) in 422 

duplicate served as the reference control for assay performance. The remaining wells on each 423 

plate were distributed among untreated and mock-infected negative controls (normalized to 0% 424 

infection rate) and untreated virus-exposed positive controls (normalized to 100% infection rate). 425 

Cells were pre-treated with each dose of the compounds 1 h prior to SARS-CoV-2 exposure. 426 

Exposures were performed at the following MOIs: 0.012, 0.2, 0.4, 0.6, and 1.3 (Vero E6 cells), 427 

0.5 (Caco-2 cells), and 2 (Calu-3 cells). After 48 h (Vero E6 cells), 96 h (Caco-2 cells), and 72 h 428 

(Calu-3 cells), cells were fixed with 10% neutral-buffered formalin (NBF; WVR, Radnor, PA, 429 

USA), washed with PBS (Fisher Bioreagents, Fair Lawn, NJ, USA), and blocked with PBS 430 

containing 3% w/v of BSA (Sigma-Aldrich). Cells were then stained with a SARS-CoV-2-cross-431 

reactive primary rabbit monoclonal antibody targeting the severe acute respiratory coronavirus 432 

(SARS-CoV) nucleoprotein (Sino Biological # 40143-R001, Wayne, PA, USA) diluted 1:8,000. 433 

Following PBS washes, cells were stained with fluorescently-labeled goat anti-rabbit IgG 434 

secondary antibody (Thermo Fisher Scientific, Waltham, MA, USA) and Hoechst 33342 435 

(Thermo Fisher, Eugene, OR, USA), both diluted at 1:2,500. Fluorescence was measured using 436 

an Operetta High-Content Imaging System (PerkinElmer, Waltham, MA, USA) with subsequent 437 

analysis using Harmony v4.9 software (PerkinElmer). Signal-to-noise ratios and Z'-factor scores 438 

were determined for all plates/wells for quality-control purposes. Half-maximal inhibitory 439 

concentrations (IC50s), 90% inhibitory concentration (IC90s), half-maximal cytotoxic 440 

concentration (CC50s), and selectivity indexes (SIs=CC50/IC50) were calculated with Prism v9.2.0 441 

(GraphPad Software, San Diego, CA, USA). SARS-CoV-2 variants were tested with the same 442 

method, but in 384-well format and at the MOI and timepoints shown in Table 1.  443 

 444 
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Combinatorial compound efficacy testing. Optimal sangivamycin to remdesivir (S:R) constant 445 

ratios were established based on the single-compound IC50 ranges determined for each cell line 446 

(Vero E6, Caco-2, Calu-3). Two combination assays were performed with different compound 447 

dose ratios for Vero E6 cells. One experiment resulted in S:R constant dose ratios of 1:5, 1:10, 448 

1:20, 1:30, and 1:40, with a sangivamycin concentration range of 1.5–300 nM and remdesivir 449 

concentrations of 46–6,000 nM; the second experiment resulted in S:R constant ratios of 1:100, 450 

1:133, and 1:200, with sangivamycin concentrations of 1.5–100 nM and remdesivir 451 

concentrations of 313–10,000 nM. Curves of 1:0 and 0:1 were derived from the single-452 

compound tests. The constant ratios and concentrations evaluated for sangivamycin and 453 

remdesivir for Caco-2 cells were 10:1, 5:1, 2.5:1, 1.25:1, and 0.625:1, with sangivamycin 454 

concentrations of 3.13–100 nM and remdesivir concentrations of 0.625–20 nM, and ranges for 455 

Calu-3 cells were 1:50, 1:75, 1:100, 1:133, and 1:200, with sangivamycin concentrations of 1.5–456 

100 nM and remdesivir concentrations of 313–10,000 nM. Constant S:R were set up in triplicate 457 

for each concentration over six-point dose-response curves with two-fold compound dilutions 458 

evaluated as for each combination assay. CIs were calculated as CI = D1/(Dx)1 + D2/(Dx)2 in 459 

which D1 and D2 are the respective combination doses of sangivamycin and remdesivir that yield 460 

50% virus inhibition (IC50 values), and (Dx)1 and (Dx)2 are the respective IC50 values of 461 

sangivamycin and remdesivir alone (23). 462 

 463 

Cytotoxicity testing. Sangivamycin cytotoxicity across the tested dose ranges was determined in 464 

parallel to antiviral efficacy using compound-treated mock-exposed cells (compound and media 465 

only) via the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI, USA) at 466 

48 h (Vero E6), 96 h (Caco-2 cells), and 72 h (Calu-3 cells) after treatment, according to the 467 
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manufacturer’s instructions in triplicate. CellTiter-Glo testing for A549, HEK 293T, human 468 

hepatocytes, Huh-7, and HepG2 cells was performed at 72 h after treatment in triplicate. The 469 

MTS (CellTiter 96 AQueous One Solution Cell Proliferation 3-(4,5-dimethylthiazol-2-yl)-5-(3-470 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) Assay (Promega) was 471 

performed according to the manufacturer’s instructions at 24, 48, and 72 h after treatment of 472 

Vero E6 and Calu-3 cells in triplicate. Cell Lysis Buffer (Cell Signaling Technology # 9803S, 473 

Danvers, MA, USA) treatment was used as the control for 100% cell death. The CellTox Green 474 

Cytotoxicity Assay (Promega) was performed according to the manufacturer’s instructions at 72 475 

h after treatment for all cell types in triplicate. Lysis Solution (Promega) treatment was used as 476 

the control for 100% cell death. 477 

 478 

Mutagenicity testing. The standard Ames (Salmonella typhimurium reverse mutation assay (43)) 479 

was performed by Cyprotex (Watertown, MA, USA) to evaluate the mutagenic potentials of 480 

sangivamycin. Approximately ten million bacteria were exposed in triplicate to sangivamycin 481 

(six concentrations, 1 mg/mL high test concentration), a negative control (vehicle), and a positive 482 

control for 90 min in medium containing a low concentration of histidine (sufficient for about 483 

two doublings). The cultures were then diluted into indicator medium lacking histidine and 484 

dispensed into 48 wells of 384-well plates (micro-plate format [MPF]). Plates were incubated for 485 

48 h at 37°C. In the micro-suspension assay, cells that undergo a mutagenic reversion grow, 486 

resulting in a color change that is scored as positive wells. Wells with bacterial growth were 487 

counted and compared to those with vehicle control. A dose-dependent increase in the number of 488 

colonies of at least two-fold over baseline (mean + SD of the vehicle control) indicated a positive 489 
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response. An unpaired, one-sided Student’s t-test was used to identify the conditions that were 490 

significantly different from that of the vehicle control. 491 

 492 

Potassium channel inhibition testing. Ruling out inhibition of KCNH2 (hERG) by a novel 493 

compound is a mandatory step in establishing drug safety. The effect of sangivamycin on 494 

KCNH2-derived cardiac potassium channels was assessed using HEK 293T cells and the QPatch 495 

HTX electrophysiology platform (Evotech, Verona, Italy), following the manufacturer’s 496 

instructions. Sangivamycin was tested at six concentrations (cumulative concentration-response, 497 

high test concentration of 10 µM). The percent change in potassium channel tail-current was 498 

used to calculate channel inhibition. 499 

 500 

Metabolic stability testing. To evaluate metabolic stability sangivamycin was incubated by 501 

Cyprotex (Watertown, MA, USA) in duplicate with active and heat‐inactivated human and CD‐1 502 

laboratory mouse liver microsomes (0.5 mg/mL) and cofactors (2.5 mM NADPH and 3.3 mM 503 

MgCl2) in 0.1 M phosphate buffer (pH 7.4) at 37°C. Aliquots were removed at 0, 15, 30, 60, 90, 504 

and 120 min, and the amount of drug remaining at each time point was determined by liquid 505 

chromatography with tandem mass spectrometry (LC‐MS/MS). 506 

 507 

Cytochrome P450 inhibition testing. Sangivamycin was incubated by Cyprotex with a cocktail of 508 

model cytochrome P450 (CYP) substrates for CYP1A2, CYP2B6, CYP2C8, CYP2C9, 509 

CYP2C19, CYP2D6, CYP3A4, CYP3A4, along with human liver microsomes (0.5 mg/mL) and 510 

cofactors (2.5 mM NADPH and 3.3 mM MgCl2) in 0.1 M phosphate buffer (pH 7.4) for 20 min 511 

at 37oC. Known CYP inhibitors were used in lieu of sangivamycin as positive controls: furafylin 512 
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(1A2), thioTEPA (2B6), montelukast (2C8), sulfaphenazole (2C9), nootkatone (2C19), quinidine 513 

(2D6), and ketoconazole (3A4). Formation of substrate breakdown metabolites was measured by 514 

LC‐MS/MS and compared to control incubation (incubation of substrates with microsomes and 515 

cofactors but in absence of sangivamycin or in presence of known inhibitors). CYP inhibition 516 

was measured as a decrease in the formation of expected metabolites in the presence of 517 

sangivamycin or control inhibitor (defined as a % of control). 518 

 519 

Turbidimetric aqueous solubility screening. Aqueous solubility of sangivamycin was measured 520 

using a high throughput turbidimetric assay performed by Cyprotex. Initially, sangivamycin 521 

stock DMSO solution was diluted in DMSO to produce a range of concentrations. These 522 

dilutions were added to PBS at pH 7.4 (high test concentration 500 μM) and incubated for 2 h at 523 

37°C. At the end of the incubation period, the absorbance at 620 nm was measured for each 524 

concentration for two replicates to determine turbidity from precipitate formation. 525 

 526 

Plasma protein binding assessment. The Plasma Protein Binding Assay was performed by 527 

Cyprotex to assess sangivamycin plasma protein binding. Equilibrium dialysis was used to 528 

determine the extent of binding of a compound to plasma proteins. A semi-permeable membrane 529 

separated a protein-containing compartment (PC) from a protein-free compartment (PF). The 530 

system was set to equilibrate at 37°C. The test compound present in each compartment was then 531 

quantified by LC-MS/MS. The extent of binding is reported as a fraction unbound (fu) value 532 

which is calculated as fu = 1 - ((PC - PF) / PC). 533 

 534 
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Mitochondrial dye cell imaging. Huh-7 cells were untreated or treated with 100 nM 535 

sangivamycin for 5 d. Cells were then washed with PBS and incubated in serum-free media with 536 

fluorescent mitochondrial tracking dyes (2 µM 10 N-alkyl acridine orange [NAO] and 0.4 µM 537 

MitoTracker Green [MTG]) for 30 min. Cells were washed with PBS and imaged at 10x 538 

magnification using an IX81 inverted microscope (Olympus Life Science, Waltham, MA, USA), 539 

a fluorescein isothiocyanate (FITC) filter cube, and an ORCA-05G digital camera with a 540 

charged-coupled device (CCD) (Hamamatsu Photonics, Hamamatsu City, Shizuoka, Japan).  541 

 542 

Acute mitochondrial or glycolytic stress assay. Drug stocks were diluted in assay media—543 

unbuffered DMEM (Sigma D5030-1L) with 1 mM D-glucose (Sigma G8270), 1 mM glutamine 544 

(Sigma G7513), 0.1 mM pyruvate (Sigma P2256), and 5 mM HEPES (Sigma H3375) pH 7.4 at 545 

37°C. Huh-7 cells were washed once in warm filtered 1x PBS and then incubated in 0.1 mL 546 

assay media/well at 37°C for <1 h. Drug injections made up in assay media were as follows: 547 

• Port A (5x working stock): sangivamycin (0.05–5 µM final or DMSO); 548 

• Port B (6x working stock): oligomycin (Sigma 75351) (1 µg/mL final); 549 

• Port C (7x working stock): carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 550 

Sigma C2920) (2 µM final); and 551 

• Port D (8x working stock): rotenone (Sigma R8875)/antimycin A (Sigma A8674) (1 µM 552 

final) and 2-deoxyglucose (Sigma D8375) (15 mM final). 553 

Seahorse assay cartridges were loaded in a Seahorse XF96e analyzer (Agilent, Santa Clara, CA, 554 

USA; S7804-90001_REV A). Cells were counted using a Celligo Imaging Cytometer (Nexcelom 555 

Bioscience, Waltham, MA, USA; 200-BFFL-S) using brightfield imaging and counting the inner 556 

50% of each well area (to avoid misidentification of “high molded stops” as cells). XF96 cell 557 
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culture microplates (Agilent, Santa Clara, CA, USA; V3-PS TC-Treated) were loaded into the 558 

Seahorse XF96e analyzer and, following equilibration, the assay was run with the following 559 

cycles: 560 

• Baseline: Mix 0.5 min, Wait 0.5 min, Measure 2 min (3 repeats); 561 

• Inject Port A: Mix 0.5 min, Wait 0.5 min, Measure 2 min (10 repeats); 562 

• Inject Port B: Mix 0.5 min, Wait 0.5 min, Measure 2 min (3 repeats); 563 

• Inject Port C: Mix 0.5 min, Wait 0.5 min, Measure 2 min (3 repeats); and 564 

• Inject Port D: Mix 0.5 min, Wait 0.5 min, Measure 2 min (3 repeats). 565 

Data were collected using Seahorse Wave 2.0 software (Agilent) and processed using Microsoft 566 

Excel (Microsoft, Seattle, WA, USA). 567 

 568 

Phospholipidosis imaging. Phospholipidosis was assessed as previously described (32). Briefly, 569 

A549 cells were cultivated in Ham’s F12-K Medium (ThermoFisher 21127-022) containing 10% 570 

FBS and seeded in a clear bottom 96-well plate at a density of 15,000 cells per well. The day 571 

after seeding, the cells were treated for 24 h with a range of different drugs at various doses 572 

(sangivamycin 5 to 0.04 µM, amiodarone 10 to 0.16 µM as a positive control, melperone 10 µM 573 

as a negative control) in the presence of 7.5 µM NBD-PE (ThermoFisher N360). The final 574 

DMSO concentration was 0.1%. Cells were stained for 20 min at 37°C, 5% CO2 with media 575 

containing Hoechst 33342 (AnaSpec, Inc. Fremont, CA, USA) (10 µg/ml) and Ethidium 576 

homodimer-2 (EthD-2; ThermoFisher E3599) (2 µM), washed with DPBS (Hyclone, Logan, UT, 577 

USA), and imaged by measuring NBD-PE fluorescence (Excitation 463/Emission 536) using a 578 

Synergy 4 plate reader with a GFP filter cube. The average fluorescence for DMSO treated 579 

controls (n=18) was set as the baseline fluorescence. 10 µM of amiodarone was used as the 580 
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positive control for phospholipidosis (n=3), set as 100% fluorescence. Curves were generated 581 

comparing relative fluorescence for amiodarone and sangivamycin concentrations with Prism 582 

v9.2.0 (GraphPad Software, San Diego, CA, USA). Cells were imaged at 10x magnification 583 

using an IX81 inverted microscope (Olympus Life Science, Waltham, MA, USA), DAPI, FITC 584 

and Texas Red filter cubes, and an ORCA-05G digital camera with a charged-coupled device 585 

(CCD) (Hamamatsu Photonics, Hamamatsu City, Shizuoka, Japan). After imaging, cells were 586 

treated with CellTiter-Glo (Promega) for cell viability assessment. 587 

 588 

Statistics. In Tables 2 and 3, two-tailed Mann-Whitney U tests were used to compare 589 

independent groups. In Supplementary Table 1, a two-tailed Welch’s t test was used to compare 590 

groups. In all figures, error bars represent standard deviations. All dose response curves were fit 591 

to an asymmetric sigmoidal 5PL nonlinear regression curve with top and bottom constraints of 592 

100 and 0, respectively, to calculate IC50, IC90, and CC50 values. GraphPad Prism v9.2.0 software 593 

(GraphPad Software, San Diego, CA, USA) was used for statistical analyses and nonlinear 594 

regression curve fitting. 595 
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Figures and figure legends 741 

 742 

Figure 1. Sangivamycin inhibits SARS-CoV-2 replication in multiple cell types. (A–C) 743 

High-content imaging assays were performed to determine compound potency (blue line) and 744 

CellTiter-Glo assays were performed to determine cell viability (red line) of sangivamycin-745 

pretreated cells exposed to SARS-CoV-2. Results are reported as percent inhibition (blue values) 746 

and cytotoxicity (red values) relative to untreated controls. Error bars represent standard 747 

deviations (SDs) from tests run for each concentration in triplicate on three plates for Vero E6 748 

and Calu-3 (n=9) and sextuplet on four plates for Caco-2 (n=24). IC50, half-maximal inhibitory 749 

concentration (lower dotted line); IC90, 90% inhibitory concentration (upper dotted line); CC50, 750 

half-maximal cytotoxic concentration (lower dotted line); SI (bottom right), selectivity index 751 

(CC50/IC50). ±, standard error of the mean (SEM) across plates (n=3 for Vero E6 and Calu-3, n=4 752 

for Caco-2).  753 
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 754 

Figure 2. Sangivamycin is a more potent antiviral against SARS-CoV-2 than remdesivir in 755 

multiple cell types in vitro. (A–C) Sangivamycin’s antiviral activity (Figure 1) compared to 756 

remdesivir using identical SARS-CoV-2 MOIs and sampling timepoints. Results are reported as 757 

percent inhibition relative to untreated controls (blue values for sangivamycin, yellow values for 758 

remdesivir). Error bars represent standard deviations (SDs) for sangivamycin as described in 759 

Figure 1 and for remdesivir each concentration was run in triplicate on three plates for Vero E6 760 

and Calu-3 (n=9) and triplicate on four plates for Caco-2 (n=12). IC50, half-maximal inhibitory 761 

concentration (lower dotted line); IC90, 90% inhibitory concentration (upper dotted line).  762 
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 763 

Figure 3. Sangivamycin is more potent against the Delta variant of SARS-CoV-2 than 764 

remdesivir. Sangivamycin’s antiviral activity compared to remdesivir using SARS-CoV-2 MOIs 765 

and sampling timepoints as detailed in Table 1 for SARS-CoV-2 variant B.1.617.2 (Delta) in 766 

Vero E6/TMPRSS2 (A) and Calu-3 (B) cells. Results are reported as percent inhibition relative 767 

to untreated controls (blue values for sangivamycin, yellow values for remdesivir). Each dose 768 

was run in triplicate with error bars representing standard deviations (SDs).  IC50, half-maximal 769 

inhibitory concentration (lower dotted line); IC90, 90% inhibitory concentration (upper dotted 770 

line).  771 
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 772 

Figure 4. Combining sangivamycin and remdesivir results in additive effect against SARS-773 

CoV-2 in multiple cell types. Constant ratios of sangivamycin to remdesivir (S:R) were used to 774 

evaluate combination effect against SARS-CoV-2 infection in Vero E6 cells and plotted relative 775 

to (A) sangivamycin concentration and (B) remdesivir concentration. Each dose combination 776 

was run in triplicate with error bars representing standard deviations (SDs). (C) Effects of 777 

different combinations of sangivamycin to remdesivir ratios on viral infection rate, fit to the 778 

Loewe interaction model. Isobologram showing ratio pairs that resulted in 50% virus inhibition 779 

calculated from the curves in (A) and (B) plotted on the y axis (values from (A)) and x axis 780 

(values from (B)) relative to the additive (dotted) line drawn between the IC50 values for 781 

sangivamycin (S:R=1:0) and remdesivir (S:R=0:1) alone. The results of experiments similar to 782 

those shown in (A) and (B) performed on Caco-2 and Calu-3 cells are shown in in Supplemental 783 

Figure 1. (D) and (E): isobolograms as in (C) calculated based on results in Supplemental Figure 784 

1. CI, combination Index. The CI heat map legend indicates color coding for S:R antagonism 785 

(red), additive efficacy (black), or synergy (green) based on (23). 786 
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 787 

Supplemental Figure 1. High content imaging to detect SARS-CoV-2 infectivity. 788 

Representative immunofluorescence images of fluorescently-labeled SARS-CoV Nucleoprotein 789 

(cross reactive with SARS-CoV-2) for Vero E6 (A), Calu-3 (B), and Caco-2 (C) cells. Top panel: 790 

Fluorescent signal; bottom panels: overlay of Fluorescence and Hoechst 33342 nuclear stains. (A 791 

and B) DMSO controls are in the left column and a triplicate dose series of sangivamycin (600 792 

nM to 5 nM) in the right three columns. (C) A triplicate dose series of sangivamycin (300 nM to 793 

9 nM) in the first six rows and the bottom two rows are DMSO controls. The percent infectivity 794 

was determined by calculating fluorescence-positive cells relative to Hoechst 33342-positive 795 

cells as a measure of total cell count in the well.  796 
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 797 

Supplemental Figure 2. Sangivamycin outperforms remdesivir against SARS-CoV-2 798 

variants. (A–L) Sangivamycin’s antiviral activity compared to remdesivir using identical SARS-799 

CoV-2 MOIs and sampling timepoints as detailed in Table 1 for each variant indicated above 800 

each graph. Results are reported as percent inhibition relative to untreated controls (blue values 801 

for sangivamycin, yellow values for remdesivir). Error bars represent standard deviations (SDs). 802 

IC50, half-maximal inhibitory concentration (lower dotted line); IC90, 90% inhibitory 803 

concentration (upper dotted line) are also listed in Table 2.  804 
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 805 

Supplemental Figure 3. Combining sangivamycin and remdesivir results in an additive 806 

effect against SARS-CoV-2 in multiple cell types. Using results from Figures 2B and 2C, 807 

constant ratios of sangivamycin to remdesivir (S:R) were used to evaluate combination effect 808 

against SARS-CoV-2 infection in Caco-2 (A and B) and Calu-3 (C and D) cells and plotted 809 

relative to (A and C) sangivamycin concentration and (B and D) remdesivir concentration. Each 810 

dose combination was run in triplicate with error bars representing standard deviations (SDs). 811 

IC50, half-maximal inhibitory concentration.  812 
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 813 

Supplemental Figure 4. Cell viability assay comparisons at different timepoints in Vero E6  814 

and Calu-3 cells. Cell viability dose responses curves were plotted using data from 24-h, 48-h, 815 

and 72-h measurements using MTS and CellTiter-Glo (CTG) assays in Vero E6 (A–C) and Calu-816 

3 (D–F) cells treated with 600 nM to 5 nM sangivamycin run in triplicate with error bars 817 

representing standard deviations (SDs).  818 
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 819 

Supplemental Figure 5. Cell viability assay comparisons in multiple cell types. Cell viability 820 

dose-responses curves were plotted using 72-h CellTiter-Glo (A) and CellTox Green (B) assay 821 

measurements of cells treated with 5,000 nM to 78 nM sangivamycin run in triplicate with error 822 

bars representing standard deviations (SDs). IC50 (half-maximal inhibitory concentrations) in 823 

Table 3 were generated from these curves.  824 
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 825 

Supplemental Figure 6. Mitochondrial structural integrity after five days of sangivamycin 826 

treatment. Fluorescent images of Huh-7 cells were untreated or treated with 100 nM 827 

sangivamycin for 5 d and exposed to fluorescent mitochondrial tracking dyes: 10 N-alkyl 828 

acridine orange (NAO) and MitoTracker Green (MTG).  829 
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 830 

Supplemental Figure 7. Sangivamycin does not induce acute mitochondrial or glycolytic 831 

stress. The graph shows the oxygen consumption rate (OCR) measured over time in minutes 832 

with the XF96 Seahorse instrument with varying sangivamycin concentrations and inhibitors 833 

relative to untreated control Huh-7 cells with error bars representing standard deviations (SDs) 834 

from an n=10 for sangivamycin treatments and n=6 for the control.  835 
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 836 

Supplemental Figure 8. Sangivamycin does not induce phospholididosis. (A) Dose-837 

dependent increase in NBD-PE intracellular fluorescence in A549 cells using positive-control 838 

compound amiodarone over a dose range of 10 µM to 0.16 µM along with sangivamycin over a 839 

dose range of 5 µM to 0.04 µM (not resulting in an increase in fluorescence) run in triplicate 840 

with error bars representing standard deviations (SDs). (B–E) Fluorescence images of NBD-PE 841 

fluorescence with Hoechst 33342 overlayed for the positive control compound, 5 µM 842 

amiodarone (B), 5 µM sangivamycin (C), the negative control compound, 10 µM melperone (D), 843 

and the DMSO control (E).  844 
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 845 

Supplemental Figure 9. Sangivamycin 24-hour PK in laboratory mice. A) Pharmacokinetic 846 

study at SRI Biosciences. Three male and three female CD-1 laboratory mice received 847 

sangivamycin as a single i.p. dose at 60 mg/kg. Blood was collected at 5, 15, and 30 min and 1, 848 

2, 3, 4, 6, 8, and 24 h after doing and processed to plasma. Clinical observations were performed 849 

immediately after doing and prior to the last blood collection. An LC-MS/MS bioanalytical 850 

method was developed and used to analyze plasma concentrations of sangivamycin in triplicate 851 

with error bars representing standard deviations (SDs). The lower limit of quantitation for the 852 

assay was 1 ng/mL. B) Monophosphate detection. Increase in peak area of sangivamycin 853 

monophosphate (SMP) with time after dosing. There is a peak in the SMP signal (m/z 388) at 854 

retention time ≈1.00–1.05 min (not present in control animal) that increased in intensity with 855 

time after dosing. The chromatographic peaks for SMP were integrated and then plotted as a 856 

function of time after dosing.  857 



Table 1. Sangivamycin is efficacious against SARS-CoV-2 variants 858 

Variant 

Vero E6 cells Calu-3 cells 

Incubation 
time, MOI* 

% 
infection

** 

IC50 
(nM) 

IC90 
(nM) SI Incubation 

time, MOI* 

% 
infection

** 

IC50 
(nM) 

IC90 
(nM) SI 

WA1ˆ 48 h, 0.012 77% 34.3 63.9 14.4 72 h, 2.0 76% 60.6 190.3 5.3 

B.1.1.7 
(Alpha)† 

24 h, 0.5 31% 15.4 163.7 >39.0 24 h, 1.0 51% 59.1 521.5 >10.1 

B.1.351 
(Beta)† 

18 h, 1.0 42% 57.4 224.4 >10.5 48 h, 0.5 72% 59.4 135.0 >10.1 

P.1 
(Gamma)† 

24 h, 0.5 22% 27.1 245.4 >22.2 24 h, 0.5 56% 63.3 203.6 >9.5 

B.1.617.2 
(Delta)‡ 

18 h, 0.2 62% 80.4 263.2 >7.5 24 h, 0.1 56% 79.0 289.8 >7.6 

P.2  
(Zeta) † 

24 h, 0.75 42% 29.8 125.2 >20.1 24 h, 1.0 41% 39.6 122.4 >15.2 

B.1.427 
(Epsilon) † 24 h, 0.75 26% 18.6 211.9 >32.3 24 h, 1.0 45% 82.2 340.8 >7.3 

B.1.429 

(Epsilon) † 
48 h, 0.5 86% 72.8 464.9 >8.2 24 h, 1.0 59% 71.1 233.7 >8.4 

Average 49 ± 8% 
42.0 ± 

8.8 
220.3 ± 

42.1 
>19.3 
± 4.1 Average 57 ± 4% 64.3 ± 

4.7 
254.6 ± 

46.1 
>9.2 ± 

1.0 
ˆIC50 and IC90 values calculated from curves in Figures 1A and 1C 859 
†IC50 and IC90 values calculated from curves in Supplemental Figures 2A–L 860 
‡ IC50 and IC90 values calculated from curves in Figure 3; Vero E6/TMPRSS2 cells were used instead of Vero E6 cells 861 
*Incubation times and MOIs were optimized for peak infection levels for each variant for each cell type 862 
**Average of % SARS-CoV-2-positive cells in untreated cells relative to total cells in a well as shown in Supplemental Figure 1 863 
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 Table 2. Sangivamycin is more efficacious than remdesivir against SARS-CoV-2 variants 864 

Variant 

Vero E6 cells Calu-3 cells 

IC50 (nM)  IC90 (nM)  IC50 (nM)  IC90 (nM)  

sangivamycin remdesivir R:S* sangivamycin remdesivir R:S* sangivamycin remdesivir R:S* sangivamycin remdesivir R:S* 

WA1ˆ 34.3 2,267 66 63.9 3,531 55 60.6 4,492 74 190.3 8,193 43 

B.1.1.7 
(Alpha)† 

15.4 1,419 92 163.7 3,681 22 59.1 3,175 54 521.5 >10,000 19 

B.1.351 
(Beta)† 

57.4 2,368 41 224.4 4,031 18 59.4 951 16 135.0 2,290 17 

P.1 
(Gamma)† 

27.1 702 26 245.4 3,677 15 63.3 1,705 27 203.6 6,267 31 

B.1.617.2 
(Delta)‡ 

80.4 5,461 68 263.2 >10,000 38 79.0 2,912 37 289.8 >10,000 35 

P.2  
(Zeta) † 

29.8 1,560 52 125.2 4,912 39 39.6 791 20 122.4 4,798 39 

B.1.427 
(Epsilon) † 18.6 1,270 68 211.9 3,280 15 82.2 1,503 18 340.8 6,092 18 

B.1.429 

(Epsilon) † 
72.8 1,772 24 464.9 2,468 5 71.1 2,800 39 233.7 >10,000 43 

Average 42.0 ± 8.8 2,102 ± 
516 

55 ± 
8 

220.3 ± 
42.1 

4,448 ± 
829 

26 ± 
6 

64.3 ± 4.7 
2,291 ± 

449 
36 ± 

7 
254.6 ± 

46.1 
7,205 ± 

1004 
31 ± 

4 

P-value** 0.0002 0.0002 0.0002 0.0002 

ˆIC50 and IC90 values calculated from curves in Figures 2A and 2C 865 
†IC50 and IC90 values calculated from curves in Supplemental Figures 2A–L 866 
‡ IC50 and IC90 values calculated from curves in Figure 3; Vero E6/TMPRSS2 cells were used instead of Vero E6 cells 867 
*Differential between remdesivir and sangivamycin 868 
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**P-value of the significance between IC50 and IC90 values of sangivamycin (n=8) and remdesivir (n=8) were calculated by two-tailed Mann-869 
Whitney U test in GraphPad Prism 9.2.0 870 
± was calculated as the standard error of the mean (SEM) for all values from each column.  871 



Table 3. In vitro Cell Viability Screens with Sangivamycin in Multiple Cell Types 872 

 CC50 (nM) Ratio 

Cell Type CellTiter-

Glo 

CellTox 

Green 

CellTox Green/ 

CellTiter-Glo 

HEK 293T (human embryonic kidney) 885 >5,000 >5.65 

A549 (human lung) 173 >5,000 >28.9 

Caco-2 (human colorectal adenocarcinoma) 285* / / 

Calu-3 (human lung adenocarcinoma) 322* >5,000 >15.5 

HepG2 (human hepatocarcinoma) 1,770 >5,000 >2.82 

Huh-7 (human hepatocarcinoma) 487 >5,000 >10.3 

Primary human hepatocytes 439 / / 

Vero E6 (grivet kidney epithelial) 491* >5,000 >10.2 

Average 607 ± 182 >5,000 >12.2 ± 3.78 

P-value** 0.0007 

CC50 = half-maximal cytotoxic concentration 873 
*CC50 values calculated from curves in Figures 1A–C, all other CC50 values were calculated from curves 874 
in Supplemental Figure 5 875 
± was calculated as the standard error of the mean (SEM) for all values from each column. 876 
**P-value of the significance between CellTiter-Glo (n=8) and CellTox Green(n=6) were calculated by a 877 
two-tailed Mann-Whitney U test in GraphPad Prism 9.2.0  878 
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Table 4. Sangivamycin In vitro Toxicity Screening 879 

Assay Sangivamycin 

Effect of 100 nM for 5 d on mitochondrial integrity 

A(imaging with mitochondrial dyes) 

Negative 

Acute effects on mitochondrial and glycolytic stress 

B(seahorse measurements) 

>5 µM 

KCNH2 (hERG2) cardiotoxicity test IC50 

C(10 µM high test concentration) 

>10 µM 

AMES genotoxicity test 

C(1 mg/mL [3.2 mM] high test concentration) 

>1 mg/mL 

AImages and details in Supplemental Figure 6 880 
BDetails in Supplemental Figure 7 881 
CAssay protocols described in Methods 882 
KCNH2 = human potassium voltage-gated channel subfamily H member 2 (outdated synonym: hERG = 883 
human ether-à-go-go-related gene) 884 
IC50 = half-maximal inhibitory concentration 885 
AMES = Salmonella typhimurium reverse mutation assay  886 
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Table 5. In Vitro Absorption, Distribution, Metabolism, and Excretion (ADME) for 887 

Sangivamycin 888 

AssayA Sangivamycin 

Solubility >500 µM 

CYP, 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4 inhibition >100 µM 

Human plasma protein binding 17% 

Mouse plasma protein binding 12.1% 

Mouse liver microsome stability (% remaining at 120 min) 100% 

Human liver microsome stability (% remaining at 120 min) 100% 
AAssay protocols described in Methods  889 
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Supplemental Table 1. Sangivamycin inhibits SARS-CoV-2 replication in Vero E6 cells 890 

Drug IC50 (nM) 

MOI 0.2 

IC50 (nM) 

MOI 0.4 

IC50 (nM) 

MOI 0.6 

IC50 (nM) 

MOI 1.3 

IC50 (nM) 

Average 

Sangivamycin 44 ± 6 89 ± 15 32 ± 4 43 ± 6 52 ± 13 

GS-441524A 1,400 ± 60 1,440 ± 110 / / 1,420 ± 20 

Differential GS-441524/sangivamycin 32 16 / / 27 

P-value* 0.0005 

MOI = multiplicity of infection (SARS-CoV-2) 891 
AGS-441524 is the parent nucleoside of remdesivir. 892 
± was calculated as the standard error of the mean (SEM) for duplicate plates for each MOI. 893 
*P-value determined by a two-tailed Welch’s t test in GraphPad Prism 9.2.0  894 
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Supplemental Table 2. SARS-CoV-2 Variant Information. 895 

 896 

Lineage WHO 
Name 

IRF Lot 
Number Source Isolate Prod. Cell 

Line GenBank # 

WA1   IRF0394 USA_WA1/2020 Vero CCL-81 MW161259 

WA1   IRF0399 USA_WA1/2020 Vero CCL-81 MT952134 

B.1.117 Alpha IRF0427 CA-0271 B1 Vero CCL-81 MW981411 

B.1.351 Beta IRF0434 hCoV-19/South Africa/KRISP-
K005325/2020 Vero E6  MZ376663 

P.1 Gamma IRF0451 hCoV-19/Japan/TY7-503/2021 CALU-3 OK091603 

B.1.617.2 Delta IRF0455 SARS-CoV-2, hCoV-
19/USA/PHC658/2021 CALU-3 Pending 

P.2 Zeta IRF0445 hCoV-19/USA/CA-
VRLC012/2021 Brazil P.2 Vero CCL-81 MZ375761 

B.1.429 Epsilon IRF0438 hCoV-19/USA/CA-CDC-
50070/2020 Vero CCL-81 MZ376658 

B.1.427 Epsilon IRF0442 hCoV-19/USA/CA-CDC-
48018/2020 CCL-81 MZ376661 
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