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 29 

HIGHLIGHTS 30 

 31 

• 2-DG inhibits replication of minor- and major-group rhinoviruses in epithelial 32 

cells including human nasal epithelial cell. 33 

• 2-DG disrupts rhinovirus infection cycle and reduces rhinovirus-mediated cell 34 

death in vitro.  35 

• 2-DG treatment attenuates viral load of endemic coronaviruses in vitro. 36 

 37 

ABSTRACT 38 

 39 

Rhinoviruses (RVs) and coronaviruses (CoVs) upregulate host cell metabolic 40 

pathways such as glycolysis to meet their bioenergetic demands for rapid 41 

multiplication. Using the glycolysis inhibitor 2-deoxy-D-glucose (2-DG), we assessed 42 

the dose-dependent inhibition of viral replication of minor- and major-receptor group 43 

RVs in epithelial cells. 2-DG disrupted RV infection cycle by inhibiting template 44 

negative-strand as well as genomic positive-strand RNA synthesis, resulting in less 45 

progeny virus and RV-mediated cell death. Assessment of 2-DG´s intracellular 46 

kinetics revealed that after a short-exposure to 2-DG, the active intermediate, 2-47 

DG6P, is stored intracellularly for several hours. Finally, we confirmed the antiviral 48 

effect of 2-DG on pandemic SARS-CoV-2 and showed for the first time that 2-DG 49 

also reduces replication of endemic human coronaviruses (HCoVs). These results 50 

provide further evidence that 2-DG could be utilized as a broad-spectrum antiviral.  51 

 52 

INTRODUCTION 53 

 54 

Rhinoviruses (RVs) and endemic human coronaviruses (HCoVs) are the major cause 55 

of acute respiratory tract (RT) infections in humans [1], [2]. These are largely self-56 

limiting in healthy adults, where they usually remain confined to the upper respiratory 57 

tract. However, as the viruses spread rapidly and circulate seasonally, they lead to 58 

high incidence rates on an annual basis. These can cause severe morbidity in 59 
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elderly, children, and immune-compromised patients [3]–[6]. Along with human 60 

suffering, these viral infections lead to high economic losses and healthcare costs [7], 61 

[8]. While global efforts are underway to develop an effective therapy, the current lack 62 

of FDA-approved antivirals has limited the treatment of RT infections to supportive 63 

and symptomatic care. 64 

 65 

As Picornaviridae, RVs are non-enveloped and contain a positive-sense single-66 

stranded RNA genome ((+)ssRNA) [9]. They are divided into three species, RV-A, 67 

RV-B and RV-C. RV-A and RV-B are further classified as minor- and major-group 68 

based on the cognate host cell receptors they use for cell entry [10]–[12]. 69 

Coronaviruses (CoVs) are enveloped viruses, belong to the Coronaviridae family and 70 

also contain a (+)ssRNA genome [13]. They are classified into four major genera: 71 

alpha, beta, gamma, and delta, targeting a variety of host species. In humans, strains 72 

from the alpha [14]–[16] and beta genera [17] are known to induce common colds 73 

similar to the ones caused by RVs [18], [19]. However, three strains from the beta 74 

genus, including Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 75 

were found to be more pathogenic with high fatality rates [20].  76 

 77 

Viruses are dependent on the host cell metabolism and host cell machinery to ensure 78 

their replication. RVs and CoVs in particular are known to hijack and reprogram the 79 

host cell metabolic pathways for rapid multiplication, causing an increase in 80 

bioenergetic demand [21], [22]. This leads to an elevated anabolic state, forcing the 81 

host cell to synthesize more lipids and nucleotides using glucose and glutamine as 82 

substrates [23]. In addition, there is an increased demand for energy in the form of 83 

adenosine triphosphate (ATP) for viral replication and assembly, which is 84 

predominantly provided by glycolysis [23]–[25]. As an essential metabolic pathway, 85 

this involves breakdown of hexoses like glucose into pyruvate for ATP production. 86 

This dependency of RVs and CoVs, and presumably other viruses on host glucose 87 

metabolism for replication presents a promising target for the development of 88 

effective antiviral therapies.  89 

 90 

2-Deoxy-D-glucose (2-DG), a stable analogue of glucose, is taken up by cells via 91 

glucose transporters and subsequently phosphorylated to 2-deoxy-D-glucose-6-92 

phosphate (2-DG6P) by hexokinase [26], [27]. Unlike in glucose metabolism, 2-DG6P 93 
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cannot be further metabolized by phosphoglucose isomerase [28]. This leads to 94 

intracellular accumulation of 2-DG6P and arrest of glycolysis at the initial stage, 95 

causing depletion of glucose derivatives and substrates crucial for viral replication 96 

[29]. Previously, it has been demonstrated that 2-DG affects viral replication by 97 

reverting virus-induced metabolic reprogramming of host cells [24], [25], [30], [31].  98 

 99 

The present study explores the broad-spectrum antiviral activity of 2-DG. In this 100 

process, we investigated the antiviral activity of 2-DG against minor- and major-group 101 

RVs in epithelial cells including primary human nasal epithelial cells (HNECs), the 102 

main site of RV replication. In concurrent experiments, we characterized 2-DG´s 103 

intracellular kinetics. Finally, to better understand the inhibitory activity of 2-DG on the 104 

RV infection cycle, we quantified the template (-)ssRNA as well as the genomic 105 

(+)ssRNA and analyzed 2-DG’s effect on RV-mediated cell death. Finally, we 106 

assessed the antiviral activity of 2-DG against endemic HCoVs as well as the 107 

pandemic SARS-CoV-2 strain. In summary, our study provides further evidence that 108 

reverting virus-induced metabolic reprogramming by 2-DG treatment critically affects 109 

viral RNA replication and thus holds great potential in combating respiratory viral 110 

infections. 111 

  112 
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METHODS 113 

 114 

Details including supplier and catalogue number of all materials used are listed in 115 

Supplement table 1.  116 

 117 

Cell culture. Cells were seeded in either 24-well tissue culture plates or T25 flasks 118 

and incubated at 37 °C in media and densities (cells per well or cells per flask) for the 119 

given times as indicated below; human nasal epithelial cells (HNECs) in HNEC 120 

medium (Pneumacult-ex plus basal medium supplemented with 1x Pneumacult-ex 121 

plus supplement, 0.1 % Hydrocortisone stock solution and 1 % 122 

Penicillin/Streptomycin (100 Units/mL) at 4.5x104 cells/well (72 h) and HeLa Ohio 123 

cells in HeLa Ohio medium (RPMI 1640 medium supplemented with 10 % fetal 124 

bovine serum (FBS), 1 % Penicillin/Streptomycin (100 Units/mL) and 2 mM L-125 

glutamine) at 2x105 cells/well (16-20 h). LLC-MK2 and MRC-5 cells were cultured in 126 

T25 cell culture flasks in LLC-MK2 medium (Eagle-MEM supplemented with 10 % 127 

FBS, 1x non-essential amino acids solution (NEAS), 100 mg/mL Gentamycin sulfate 128 

and 25 mM HEPES) and MRC-5 medium (Eagle-MEM supplemented with 10 % FBS, 129 

2 mM L-Glutamine, 1x NEAS, 1 mM sodium pyruvate, 100 mg/mL gentamycin 130 

sulfate, 0.15 % sodium bicarbonate) at densities of 8x105 and 9x105 cells/flask, 131 

respectively. Vero cells were cultivated in TC Vero medium (supplemented with 5 % 132 

FBS, 2 mM L-Glutamine, 1x NEAS, 100 mg/mL gentamycin sulfate, and 0.075 % 133 

sodium bicarbonate).  134 

 135 

Viral infection and 2-DG treatment. HeLa Ohio cells and HNECs were infected for 136 

1 h at 37 °C or 34 °C with RV at 0.005 to 0.5 TCID50/cell and 4.5x104 TCID50/well, 137 

followed by treatment with 2-DG for 6 h, 24 h or 48 h. The supernatant from the cells 138 

was then subjected to virus titer analysis or the cells were treated with cell lysis buffer 139 

for RNA extraction. LLC-MK2 cells and MRC-5 cells were infected with SARS-CoV-2 140 

(Beta-CoV/Germany/BavPat1/2020) (MOI of 0.001) at 36 °C and HCoV-229E (MOI of 141 

0.01) at 36 °C or HCoV-NL63 (MOI of 0.01) at 33 °C, respectively. Cells were treated 142 

with 2-DG 1 h post-infection and samples were collected at the indicated times for 143 

virus titer analysis.  144 

 145 
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RNA isolation and cDNA synthesis. Intra- and extra-cellular RNA was isolated 146 

according to the ExtractMe Total RNA Kit instructions. To avoid bias in extracellular 147 

RNA isolation, an internal spike-in RNA control was added to each sample. RNA 148 

concentration and purity was assessed using a nanophotometer. cDNA was 149 

synthesized according to the First strand cDNA synthesis kit using the program: 37 150 

°C for 60 min and 70 °C for 5 min. Measurement of viral negative-sense single-strand 151 

RNA ((-)ssRNA) was performed as previously described [32] except that the 152 

synthesized cDNA wasn’t RNase treated and purified. The cDNA from (-)ssRNA was 153 

synthesized using a mix of strand-specific, chimeric sequence-containing primer 154 

chimHRV-b14_RT and control primer HPRT_R (Supplement table 1) instead of 155 

oligo(dT). 156 

 157 

qPCR. qPCR was performed using SYBR green mix and primers as specified in 158 

Supplement table 1. For measuring intracellular viral RNA, gene expression was 159 

normalized to HPRT using the Livak method [33] and expressed as fold change to 160 

control (infected, but untreated). Primers HRV-B14_R and chimHRV-b14_R1 were 161 

used for measurement of viral (-)ssRNA. For extracellular viral RNA, synthetic oligo 162 

standard (HRV-B14_F, HRV-B14_R and HRV-B14 primer amplicon, Supplement 163 

table 1) was used to generate a standard curve for the calculation of viral copy 164 

number by interpolation. Based on the qPCR data, the IC50 was calculated using 165 

least square regression on Prism 9.0.2.  166 

 167 

Virus titration. Samples from SARS-CoV-2, HCoV-229E and HCoV-NL63 were 168 

titrated on Vero cells, MRC-5 cells, and LLC-MK2 cells, respectively. Samples from 169 

RV-B14 were titrated on HeLa Ohio cells. Titration was performed using eightfold 170 

replicates of serial half-log10 (for SARS-CoV-2, HCoV-229E and HCoV-NL63) or log10 171 

(for RV-B14) dilutions of virus-containing samples followed by incubation at 36 °C 172 

(SARS-CoV-2, HCoV-229E), 33 °C (HCoV-NL63) and 34 °C (RV-B14) for 5-7 days 173 

(SARS-CoV-2, HCoV-229E, RV-B14) or 9-11 days (HCoV-NL63). Wells were 174 

inspected under a microscope for cytopathic effect (CPE). For RV-B14, CPE was 175 

visualized by crystal violet staining. Recognizable CPE at each tested dilution was 176 

used to determine the dose according to Reed and Muench [34] and reported as 177 

log10-transformed median tissue culture infectious dose per milliliter 178 

(log10[TCID50/mL]). 179 
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 180 

Virus-induced cytopathic effect. HeLa Ohio cells were infected for 1 h at 37 °C 181 

with RV-B14 (0.5 TCID50/cell) followed by 2-DG treatment for 24 h or 48 h at 37 °C. 182 

CPE was visualized by crystal violet staining. The effect of 2-DG on virus-induced cell 183 

death was assessed by calculating the ratio of the average of treated, uninfected to 184 

each treated, infected sample value. 185 

 186 

Cell viability. HNECs were treated with 2-DG for 7 h at 37 °C. Cell viability was 187 

assessed by crystal violet staining. The effect of 2-DG on cell viability was calculated 188 

relative to untreated cells. 189 

 190 

Crystal violet staining. Cells were incubated with crystal violet solution (0.05 % 191 

crystal violet in 20 % methanol) for 30-60 min, washed with ddH2O, air-dried, followed 192 

by 25 % glacial acetic acid. The absorbance was recorded at 450 nm.  193 

 194 

Glucose-uptake assay. Cells were treated with 2-DG in the absence of glucose for 195 

10 min at 37 °C, followed by washing with PBS and incubation for up to 270 min in 196 

glucose-free medium. 2-DG uptake was assessed using the Glucose-Uptake GloTM 197 

Assay kit. Luminescence was recorded on a microplate reader. 2-DG6P levels were 198 

calculated as percentage of signal upon exposure to 2-DG after subtracting the 199 

background value obtained from control samples (not treated with 2-DG). 200 

 201 

Statistical analysis. The graphs show pooled results of independent experiments 202 

with each experiment containing two to four cell culture wells per condition with the 203 

standard error of the mean (SEM). Analysis of statistical significance was performed 204 

using Student´s t-test (unpaired analysis) or ordinary one-way ANOVA with Dunnett´s 205 

correction or 2-way ANOVA with Bonferroni´s correction and considered significant 206 

when p < 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).  207 
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RESULTS 208 

 209 

2-DG inhibits RV replication in HeLa Ohio cells and HNECs 210 

 211 

2-Deoxyglucose (2-DG) treatment has been shown to inhibit rhinovirus (RV) infection 212 

by reverting RV-induced anabolic reprogramming of host cell metabolism [25]. While 213 

the effect of 2-DG on RV-B14 [25] and RV-C15 [35] was shown before, its effect on 214 

additional serotypes belonging to minor- and major-group RVs [10]–[12] remains to 215 

be investigated. For this, HeLa Ohio cells were infected with minor-group (RV-A1B, 216 

RV-A2) and major-group (RV-A89, RV-A16, RV-A54) RVs. 2-DG treatment led to a 217 

dose-dependent reduction in intracellular viral RNA levels of all major- and minor-218 

group RVs tested (Supplement Figure 1). As 2-DG is transported into cells utilizing 219 

the same transporters as glucose, this results in a competition for the uptake of 2-DG 220 

[26], [27]. The glucose concentration in conventional cell culture media ranges from 2 221 

g/L to 4.5 g/L and is much higher compared to in vivo glucose levels (e.g., in the 222 

blood it ranges from 3.9 to 5.6 mmol/L i.e., 0.7 to 1 g/L). Therefore, we tested the 223 

antiviral effect of 2-DG under physiological glucose levels (Figure 1). We reduced the 224 

glucose concentration in the cell culture medium to 1 g/L to mimic a setting 225 

corresponding to human plasma. 2-DG treatment at physiological glucose levels 226 

showed an even stronger inhibitory effect on intracellular viral RNA levels of all 227 

major- and minor-group RVs (Figure 1A). With the highest tested concentration of 2-228 

DG (30 mM) we observed a complete abolishment of viral RNA replication (Figure 229 

1A). In line with these results, the absolute half-maximal inhibitory concentration 230 

(IC50) of 2-DG was lower under the physiological glucose setting: The IC50 ranged 231 

from 1.92 mM to 2.67 mM as compared to 3.44 mM to 9.22 mM for cells infected and 232 

treated under conventional culture conditions (Figure 1B, Supplement table 2).  233 

Further, we evaluated the effect of 2-DG on RV-B14 and RV-A16 replication in 234 

human nasal epithelial cells (HNECs), the natural replication site for RVs. In line with 235 

the previous findings, 10 mM and 30 mM 2-DG treatment strongly inhibited RV-B14 236 

and RV-A16 replication (Figure 1C). To be noted, unlike in HeLa Ohio cell culture 237 

medium, where the glucose level is known, glucose levels in HNECs culture medium 238 

(STEMCELL Technologies) are not disclosed.  239 

As 2-DG inhibits glycolysis, a major energy generating pathway, we assessed 240 

whether it has an impact on cell viability in our setting. We did not measure a 241 
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significant reduction in cell viability after 7 h 2-DG treatment (Figure 1D). Taken 242 

together, the data suggests that 2-DG inhibits RV replication in a dose-dependent 243 

manner, independent of the RV strain and cell type used. No toxic effects on the cells 244 

were recorded at concentrations those employed in the virus inhibition experiments. 245 

Furthermore, we observed better uptake and enhanced antiviral activity of 2-DG at 246 

physiological glucose levels. 247 

 248 

A short exposure to 2-DG leads to extended intracellular storage of 2-DG6P  249 

 250 

Once 2-DG is taken up by the cell, it is phosphorylated to 2-deoxy-D-glucose-6-251 

phosphate (2-DG6P), which leads to the arrest of glycolysis and altering of viral 252 

replication [25]. Thus, the kinetics of cellular uptake and intracellular storage are 253 

crucial for the antiviral activity of 2-DG. Therefore, we investigated the intracellular 254 

concentration kinetics of 2-DG6P in HeLa Ohio cells and HNECs. The experimental 255 

setup was designed to mimic treatment setting of 2-DG in vivo, e.g., a local 256 

application to the nasal cavity. Cells were treated with 1 mM and 10 mM 2-DG for 10 257 

min, followed by washing to remove extracellular 2-DG and subsequent incubation up 258 

to 270 min and quantification of 2-DG6P levels (Figure 2A). At time zero (immediately 259 

after the 10 min 2-DG treatment), higher 2-DG6P levels were observed in 10 mM 2-260 

DG treatment compared to 1 mM 2-DG treatment, in both HeLa Ohio cells and 261 

HNECs (Figure 2B, 2C, left graph). The intracellular 2-DG6P level measured at time 262 

zero was then set to 100 %, and the percentage decay of 2-DG6P over time was 263 

calculated. In HeLa Ohio cells 3.5 % ± 0.6 % (mean±SEM) and 18.5 % ± 3.4 % 2-264 

DG6P were measured in 1 mM and 10 mM 2-DG treated cells after 270 min (Figure 265 

2B). In the case of HNECs, higher levels of 2-DG6P retention were observed after 266 

270 min; 10.1 % ± 1.5 % and 42.6 % ± 7.2 % 2-DG6P being detected in cells pre-267 

treated with 1 mM and 10 mM 2-DG (Figure 2C), respectively. Collectively, the data 268 

suggest that short exposure of the cells to 2-DG leads to an intracellular 269 

accumulation of the active intermediate 2-DG6P for several hours. 270 

 271 

2-DG disrupts RNA template strand synthesis and inhibits RV-mediated cell 272 

death 273 

 274 
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In our initial investigation of 2-DG mediated inhibition of RV replication, we measured 275 

the (+)ssRNA copies because of its abundance (10,000-fold higher than (-)ssRNA) 276 

[36] and the ease of quantification. However, the RV replication cycle involves 277 

generation of (-)ssRNA which is used as template for the replication of positive strand 278 

genomes [37]. Thus, the determination of (-)ssRNA serves as a means to quantify 279 

double stranded RNA (dsRNA), which is an intermediate of viral replication [36], [38].  280 

Therefore, we analyzed the influence of 2-DG on synthesis of (-)ssRNA and of 281 

(+)ssRNA at 24 h post-infection. 10 mM 2-DG treatment led to a significant decrease 282 

in template (-)ssRNA levels of RV-B14 at 24 h post-infection (Figure 3A). This result 283 

was closely mirrored by decrease in the (+)ssRNA strand upon 2-DG treatment 284 

(Figure 3A). Simultaneously, we found that 2-DG treatment led to a significant 285 

decrease in the number of viral RNA copies in the supernatant (Figure 3B), implying 286 

an impairment of the amount of released virus. Next, we assessed 2-DG´s impact on 287 

viral load by means of median tissue culture infectious dose (TCID50) assays. RV-288 

B14 infected HeLa Ohio cells were treated with 2-DG at 3.57 mM, corresponding to 289 

IC90, up to 48 h and the supernatants containing progeny virus were collected every 290 

24 h and analyzed by virus infectivity assay. The above IC90 concentration of 2-DG 291 

was calculated from the previously derived dose-response curve in HeLa Ohio cells 292 

(Figure 1A, RV-B14). In comparison to the untreated cells, 2-DG treated cells showed 293 

a significant reduction in viral load 48 h post-infection (Figure 3C). 294 

A characteristic of RV infection of tissue culture cells is the cytopathic effect (CPE) 295 

[39]. The impact of increasing concentrations of 2-DG on RV-induced cell death was 296 

assessed in HeLa Ohio cells at 24 h and 48 h post-infection. A significant reduction in 297 

CPE was seen in cells treated with 2-DG at 0.33 mM and higher after 24 h (Figure 298 

3D). At 48 h post-infection, a stronger CPE could be observed in infected but 299 

untreated cells (‘Virus only’) and cell death was significantly reduced upon treatment 300 

with 2-DG at 0.33 mM or higher (Figure 3D). Together, these results suggest that 2-301 

DG affects the RV life cycle by suppressing viral RNA replication and viral load and 302 

reduces RV-mediated cell death. 303 

 304 

2-DG decreases CoV viral load  305 

 306 

Similar to RVs, SARS-CoV-2 was recently shown to exploit the host glucose 307 

metabolism for replication and can potentially be targeted by 2-DG [24], [35]. 308 
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However, 2-DG´s effect on endemic HCoVs hasn’t been investigated so far. With this 309 

rationale we investigated the effect of 2-DG on the viral load of the pandemic strain, 310 

SARS-CoV-2 as well as the two endemic human CoV stains, HCoV-229E and HCoV-311 

NL63. Cells with known susceptibility to these coronaviruses were treated with 312 

increasing concentrations of 2-DG for 24 h to 48 h. The supernatant containing 313 

released virus was sampled every 24 h and viral load was assessed as TCID50. We 314 

observed a significant reduction in SARS-CoV-2 at 24 h post-infection at the highest 315 

tested 2-DG concentration (10 mM), and further, lower 2-DG concentrations led to 316 

significant effects 48h post-infection (Figure 4A). A similar behavior was observed for 317 

HCoV-229E, where 24 h and 48 h post-infection, a significant reduction in viral load 318 

was observed in cells treated with 0.32 mM and 1 mM 2-DG (Figure 4B). The use of 319 

lower 2-DG concentrations was based on decreased viability of MRC5 cells at 2-DG 320 

concentrations above 1 mM (data not shown). In the case of HCoV-NL63, there was 321 

no significant decrease in viral load at 24 h, however, at 48 h post-infection 2-DG 322 

concentrations above 1 mM suppressed viral load significantly (Figure 4C). These 323 

results suggest that 2-DG exerts a dose-dependent reduction in viral load of 324 

pandemic as well as endemic CoV strains. 325 

  326 
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DISCUSSION 327 

 328 

In this study we investigated a host-directed approach to combat rhinovirus (RV) and 329 

coronavirus (CoV) infection by using 2-Deoxy-D-glucose (2-DG). This approach is 330 

based on the understanding that virus-induced metabolic reprogramming of the host 331 

cell plays a crucial role in viral replication [21], [22], [25]. Previously, Gualdoni et al. 332 

[25] demonstrated that 2-DG reverts RV-induced metabolic reprogramming of host 333 

cells and inhibits RV-B14 replication. Consequently, in the present study, we 334 

investigated the antiviral activity of 2-DG against additional minor- and major-group 335 

RVs, where 2-DG showed a dose-dependent inhibition of RV replication in epithelial 336 

cells including primary human nasal epithelial cells (HNECs). Simultaneously, we 337 

showed that treatment with 2-DG does not induce cytotoxic effects in this setting. 338 

Further, we sought to elucidate the implications of 2-DG on the RV replication cycle, 339 

intracellular kinetics of 2-DG and its impact on RV viral load. We found that 2-DG 340 

treatment led to a marked inhibition of template negative strand as well as genomic 341 

positive strand RNA replication. 2-DG treatment caused a significant reduction in the 342 

extracellular viral RNA level, RV viral load and in the RV-mediated cytopathic effect. 343 

At a physiological glucose concentration, 2-DG treatment led to enhanced inhibition 344 

of RV replication as compared to conventional high-glucose culture conditions. 345 

Assessment of 2-DG´s intracellular kinetics showed accumulation of the active 346 

intermediate, 2-DG6P, for several hours. Our concurrent study of 2-DG´s impact on 347 

CoVs also showed a significant reduction in viral load. Taken together, the results 348 

suggest 2-DG to be a potential broad-spectrum antiviral.  349 

 350 

In our study, treatment with 2-DG inhibited replication of all tested minor- and major-351 

receptor group strains of RV in HeLa Ohio cells under conventional culture condition 352 

(i.e., 2 g/L glucose) (Supplement Figure 1) and in primary human nasal epithelial 353 

cells (HNECs) (Figure 1C). As 2-DG competes with glucose for cellular uptake [26], 354 

[27], we lowered the glucose concentration to 1 g/L glucose – mimicking the human 355 

plasma glucose concentration – to assess the efficacy of 2-DG in a physiological 356 

context. We found that lower glucose concentrations potentiated 2-DG-mediated 357 

inhibition of RV replication, pointing to a higher efficacy of 2-DG in physiological 358 

settings (Figure 1A, Supplement table 2). It should be noted that the glucose 359 

concentration in fluid lining the nose and lung epithelium in humans is around 12.5 360 
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times lower than in plasma [40]. Therefore, it can be anticipated that 2-DG exhibits 361 

even higher antiviral efficacy in therapeutic target tissues. However, additional 362 

studies in models closer to the physiologic conditions are warranted to test this 363 

hypothesis. Further, as exposure to 2-DG has been shown to induce cytotoxic effects 364 

[41]–[43] we specifically tested the effect of 2-DG on HNECs and found no significant 365 

reduction in cell viability after 7 h 2-DG treatment (Figure 1D). Based on the 366 

experimental evidence and toxicology studies, the safety and pharmacokinetics of 367 

local (intranasal) 2-DG administration is currently being investigated in a Phase I 368 

clinical trial in Austria (NCT05314933) [44]. 369 

 370 

In the next step, we characterized the intracellular kinetics of 2-DG6P after a short 371 

exposure to 2-DG (Figure 2A). In the cell, 2-DG is phosphorylated to 2-DG6P, 372 

leading to its intracellular accumulation. Cytochalasin B, an inhibitor of the glucose 373 

transporter, was used as a control to ensure 2-DG6P specificity in our set-up (data 374 

not shown). Overall, we found that 2-DG6P was detectable up to several hours in 375 

HeLa Ohio cells and HNEC after a short incubation of the cells with 2-DG. The setup 376 

in this experiment mimics the in vivo setting where local treatment, e.g., in the nose, 377 

would only lead to a short exposure of epithelial cells to 2-DG. Our results suggest 378 

that even a brief exposure time is sufficient for extended inhibition of glycolysis via 2-379 

DG6P and thereby to exhibit an antiviral effect. 380 

 381 

During the RV replication cycle, the viral polyprotein is first generated via translation 382 

from the (+)ssRNA genome, which is then processed by viral proteases to generate 383 

viral proteins including the viral RNA polymerase [45]. Next, RNA polymerase 384 

generates (-)ssRNA strand copies, which in turn serve as a template for the multifold 385 

replication of the positive stand viral genome to be packaged in viral capsids, finally 386 

leading to release of the mature virions [46]. As conventional qPCR holds limitations 387 

to detect the negative strand in excess of positive strand copies, we employed a 388 

recently published strategy by Wiehler and Proud [32] to analyze the negative strand 389 

level. We observed that 2-DG significantly reduced the template (-)ssRNA as well as 390 

the genomic (+)ssRNA, a likely cause for the measured significant reduction in 391 

detectable extracellular viral RNA (Figure 4A&B). These findings point at a 2-DG-392 

mediated impairment in viral RNA replication, resulting in a reduced amount of 393 

released virus. In line with this, TCID50 titration of the released virus on HeLa Ohio 394 
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cells showed a reduction in viral load (Figure 4C). To be noted, HeLa Ohio cells used 395 

in this experimental setup, due to their cancerous origin, have a high glucose 396 

demand and are especially sensitive to glucose starvation and 2-DG treatment. 397 

Therefore, low amounts of 2-DG were used, and the cells were treated only once 398 

after the start of the RV infection. This could explain the relatively small difference in 399 

viral load (Figure 3C) in contrast to the significant difference in released extracellular 400 

viral RNA (Figure 3B). 401 

In our subsequent analysis, we found that 2-DG exerted a protective effect by 402 

significantly reducing virus-induced cell death in HeLa Ohio cells (Figure 4D). In 403 

contrast, RV infection does not cause cell lysis in cultures of healthy bronchial 404 

epithelial cells [47]. Interestingly, the same study reported increased viral replication 405 

and cell lysis after RV infection in asthmatic bronchial epithelial cells [47]. Based on 406 

these findings, we could envision protection of RV-infected bronchial epithelial cells 407 

of asthma patients by 2-DG.  408 

 409 

The host metabolic dependency of CoVs is similar to that of RVs and studies suggest 410 

that 2-DG alters SARS-CoV-2 replication [24], [26], [48]. These results prompted us 411 

to further investigate the effect of 2-DG on CoVs infection. In our study, 2-DG 412 

treatment of pandemic SARS-CoV-2 resulted in a dose-dependent reduction of viral 413 

load. In line, 2-DG has been approved for use in patients with moderate to severe 414 

SARS-CoV-2 infection in India by Drug Controller General India (DCGI) after 415 

performance of Phase II and Phase III clinical trials conducted by the Defense 416 

Research and Development Organization (DRDO), India in collaboration with Dr 417 

Reddy’s Laboratories, India [49]. However, the peer reviewed data of the trials are 418 

still unpublished. Further, in our study, we show for the first time the antiviral effect of 419 

2-DG on endemic HCoVs 229E and NL63. As in the case of SARS-CoV-2, 2-DG 420 

caused a dose-dependent reduction in viral load in both endemic HCoV strains.  421 

Comparing our data from RV viral load, lower concentrations of 2-DG are sufficient to 422 

cause a long-term significant reduction in viral load in both endemic and pandemic 423 

CoVs. The difference between RV and CoV with respect to the required 2-DG 424 

concentrations can be attributed to differences in cell culture models. Another 425 

possible explanation is that CoVs are enveloped [13] and contain glycosylated 426 

envelope proteins responsible for host cell interaction and infection. Along with CoVs 427 

dependence on host glucose metabolism for replication [24], they are also dependent 428 
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on the host cell machinery for glycosylation of viral proteins [50]. Thus, the reduction 429 

in CoV viral load could originate from 2-DG not only inhibiting glycolysis but also 430 

affecting protein and lipid glycosylation [51]. However, further studies are required to 431 

decipher a possible role of 2-DG in the production of defective virions in enveloped 432 

viruses. 433 

 434 

In conclusion, we present further in vitro data that support a host-directed approach 435 

to tackle RV and CoV infections. The dependency of these viruses on the host cell 436 

metabolism and cell machinery reveals a therapeutic opportunity to target them with 437 

host-directed antivirals such as 2-DG. The low cytotoxicity of 2-DG and the long half-438 

life of the active metabolite 2-DG6P advocates its short-time topic application at 439 

comparably high concentrations, e.g., as a spray to be employed early in infection, 440 

which might safely block viral spreading.  441 
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FIGURE LEGENDS 473 

 474 

Figure 1: Inhibition of RV replication by 2-DG in HeLa Ohio cells and HNECs. 475 

Intracellular viral RNA was assessed by qPCR 7 h post-infection at 0.005 TCID50/cell 476 

for the indicated RV strains in HeLa Ohio cells in medium containing 1g/L glucose 477 

(A). Comparison of IC50 of 2-DG on the indicated RV strains under physiological 478 

versus conventional culture conditions (B). Intracellular viral RNA was assessed by 479 

qPCR 7 h post-infection at 4.5x104 TCID50/well for the indicated RV strains in HNECs 480 

(C). In (A) and (C) cells were treated with the indicated concentrations of 2-DG 481 

(represented on a log10 scale) 1 h post-infection until samples were collected. The 482 

viability of HNECs was assessed at 7 h post-treatment with indicated concentrations 483 

of 2-DG (D). Graphs show pooled result ± SEM of 3-4 independent experiments. 484 

HNEC: human nasal epithelial cells, RV: rhinovirus. 485 

 486 

Figure 2: Intracellular storage of 2-DG6P after short-term exposure to 2-DG.  487 

2-DG uptake experimental setup (A). Luminescence-based measurements of 488 

intracellular 2-DG6P at the indicated times after HeLa Ohio cells (B) or HNECs (C) 489 

were exposed to 2-DG for 10 min. In (B) and (C), the left graphs show the 2-DG6P 490 

levels (in RLU) at time 0 min (i.e., immediately after 10 min 2-DG treatment), and the 491 

right graphs show percentage decay of 2-DG6P over time in HeLa Ohio and HNECs, 492 

respectively. Data show pooled result ± SEM of 2-3 independent experiments. RLU: 493 

relative luminescence units, HNEC: human nasal epithelial cells.  494 

 495 

Figure 3: 2-DG disrupts RNA template strand synthesis and inhibits RV-496 

mediated cell death. HeLa Ohio cells were infected with RV-B14 (0.5 TCID50/cell) 497 

and treated with 10 mM 2-DG for 24 h to measure intracellular negative and positive 498 

viral RNA strand (A) or released extracellular viral RNA (B). Cells infected with RV-499 

B14 (0.005 TCID50/cell) were treated with 3.57 mM 2-DG (IC90 for RV-B14) for up to 500 

48 h at 34°C to measure viral load (C). Cells infected with RV-B14 (0.5 TCID50/cell) 501 

and treated with the indicated concentrations of 2-DG for 24 h or 48 h at 37 °C for 502 

measurement of virus-induced cytopathic effect (D). Graphs show pooled results ± 503 

SEM of 2-4 independent experiments (A,B,D) or one experiment (C). ns: non-504 

(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 August 22, 2022. ; https://doi.org/10.1101/2022.05.24.493068doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.24.493068


significant; p < 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). RV: 505 

rhinovirus. AU: Arbitrary units 506 

 507 

Figure 4: 2-DG shows a dose-dependent antiviral effect on human 508 

coronaviruses. Viral load was measured from cell culture supernatants 24 h to 48 h 509 

post-infection. 2-DG treatment with the indicated concentrations was started 1 h post-510 

infection. Viral load of SARS-CoV-2 (MOI 0.001) released from LLC-MK2 cells (A), 511 

HCoV-229E (MOI 0.01) released from MRC5 cells (B) and HCoV-NL-63 (MOI 0.01) 512 

released from LLC-MK2 cells (C). Graphs show pooled results ± SEM of 3 513 

independent experiments. ns: non-significant; p < 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 514 

0.001, ****p ≤ 0.0001). SARS-CoV-2: severe acute respiratory syndrome coronavirus 515 

2, HCoV: human coronavirus.  516 

 517 

SUPPLEMENTARY MATERIALS 518 

 519 

Supplement figure 1: Inhibition of RV replication by 2-DG in HeLa Ohio cells. 520 

Cells were cultivated in medium containing 2 g/L glucose. Intracellular viral RNA was 521 

assessed by qPCR 7 h post-infection at 0.005 TCID50/cell for the indicated RV strains 522 

in HeLa Ohio cells. Cells were treated with the indicated concentrations of 2-DG 523 

(represented on a log10 scale) 1 h post-infection until the samples were collected. 524 

Graphs show pooled results ± SEM of 3 independent experiments. RV: rhinovirus.  525 

Supplement table 1: Materials used in the study.  526 

Supplement table 2: IC50 values of tested RV strains in HeLa Ohio and HNECs. 527 

  528 
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Figure 2
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Figure 3
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C Viral load of RV-B14

Positive strandNegative strand

D Reduction of cytopathic effect by 2-DG

0

20

40

60

80

100

120

In
tra

ce
llu

la
r v

ira
l R

N
A

(-
)s

sR
N

A 
[%

]

**

0

20

40

60

80

100

120
In

tra
ce

llu
la

r v
ira

l R
N

A
(+

)s
sR

N
A 

[%
]

RV-B14+10 mM 2-DG

Virus only

**

0

1×106

2×106

3×106

E
xt

ra
ce

llu
la

r v
ira

l R
N

A 
co

pi
es

[p
er

 c
D

N
A 

re
ac

tio
n]

RV-B14

RV-B14+10 mM 2-DG

*

24 48
4

5

6

7

Time post infection [h]

V
ira

l l
oa

d 
[L

og
10

(T
C

ID
50

/m
L)

]

RV-B14

RV-B14+3.57 mM 2-DG

*

ns

Viru
s o

nly 0.1
0

0.3
3

1.0
0

3.0
0

6.0
0

10
.00

1.0

1.5

2.0

2.5

3.0

3.5

C
yt

op
at

hi
c 

ef
fe

ct
 

[A
U

]

2-DG [mM]

24 h treatment

48 h treatment

ns
** ** ***

**** ****

ns

****

**** ****
****

****

(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 August 22, 2022. ; https://doi.org/10.1101/2022.05.24.493068doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.24.493068


Figure 4
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