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Abstract 31 

The scientific community is focused on developing antiviral therapies to mitigate 32 

the impacts of the ongoing novel coronavirus disease (COVID-19) outbreak. This will 33 

be facilitated by improved understanding of viral dynamics within infected hosts. Here, 34 

using a mathematical model in combination with published viral load data, we compare 35 

within-host viral dynamics of SARS-CoV-2 with analogous dynamics of MERS-CoV 36 

and SARS-CoV. Our quantitative analyses using a mathematical model revealed that 37 

the within-host reproduction number at symptom onset of SARS-CoV-2 was 38 

statistically significantly larger than that of MERS-CoV and similar to that of SARS-39 

CoV. In addition, the time from symptom onset to the viral load peak for SARS-CoV-2 40 

infection was shorter than those of MERS-CoV and SARS-CoV. These findings 41 

suggest difficulty of controlling SARS-CoV-2 infection by antivirals. We further used 42 

the viral dynamics model to predict the efficacy of potential antiviral drugs that have 43 

different modes of action. The efficacy was measured by the reduction in the area 44 

under the viral load curve (AUC). Our results indicated that therapies that block de 45 

novo infection or virus production are likely to be effective if and only if initiated before 46 

the viral load peak (which appears 2-3 days after symptom onset), but therapies that 47 

promote cytotoxicity of infected cells are likely to have effects with less sensitivity to 48 

the timing of treatment initiation. Furthermore, combining a therapy that promotes 49 

cytotoxicity and one that blocks de novo infection or virus production synergistically 50 

reduces the AUC with early treatment. Our unique modelling approach provides 51 

insights into the pathogenesis of SARS-CoV-2 and may be useful for development of 52 

antiviral therapies. 53 

 54 
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Introduction 57 

The ongoing coronavirus disease 2019 (COVID-19) outbreak was first reported 58 

in Wuhan, China in late December 2019 [1, 2]. Since then, the causative agent (severe 59 

acute respiratory syndrome coronavirus 2, SARS-CoV-2) has been transmitted 60 

elsewhere in China and to most other countries and territories around the world. The 61 

number of global confirmed cases currently stands at more than 63 million (as of 30 62 

November 2020). Given that 40-45% of patients are asymptomatic [3], and even 63 

symptomatic infections are underreported [4], the true number of cases is most likely 64 

much higher than this. 65 

Antiviral drugs and vaccines are currently under development to counter this 66 

outbreak. The efficacy of these drugs can be evaluated in vitro using a cell culture 67 

system supporting SARS-CoV-2 infection [5, 6] and in various animal models [7-10].  68 

To aid the development process, characterization of the viral dynamics of 69 

SARS-CoV-2 is crucial. Several studies have reported longitudinal viral load data from 70 

symptomatic patients collected for over 20 days after symptom onset [8, 11-16]. 71 

Mathematical models describing viral dynamics have been used to analyze such data 72 

[17-20]. In a recent paper [9], the pathogeneses of SARS-CoV-2, MERS-CoV and 73 

SARS-CoV infections were compared in a nonhuman primate model. Here, we 74 

analyze and compare longitudinal viral load data of SARS-CoV-2, SARS-CoV, and 75 

MERS-CoV in humans. Further, we fit a mathematical model to the viral load data and 76 

then use the model with best-fit parameters to predict the effect of potential antiviral 77 

treatments on viral dynamics. We do not consider treatments, such as dexamethasone, 78 

aimed at reducing the inflammatory response or other downstream events that can 79 

lead to the generation of symptoms. The results of our antiviral treatment simulations 80 

provide information useful for the development of antiviral agents and treatment 81 
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strategies for SARS-CoV-2, specifically addressing questions such as the best time to 82 

a initiate a therapy given its mode of action. Interestingly, we find that the timing varies 83 

depending on the viral-host process targeted by the antiviral drug. 84 

85 
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Results and Discussion 86 

Characterizing SARS-CoV-2, MERS-CoV, and SARS-CoV infections by analyzing 87 

viral load measurements 88 

We analyzed longitudinal SARS-CoV-2 viral load data reported in [11-14], 89 

MERS-CoV viral load data reported in [21, 22] and SARS-CoV viral load data reported 90 

in [23] using a viral dynamic model (see Methods). Further details about the data 91 

sources are described in the Supplemental Information and summarized in Table 92 

S1. A nonlinear mixed-effect modeling approach was employed in which we fit the 93 

model to all of the patient data simultaneously to estimate parameters (see Methods). 94 

The estimated population parameters are listed in Table 1, and estimated individual 95 

parameters for each patient are listed in Table S2. Comparing population parameters 96 

between SARS-CoV-2 and the other two coronaviruses, the maximum rate constant 97 

for viral replication (𝛾) of SARS-CoV-2 was significantly larger than that of MERS-CoV 98 

(𝑝 < 2.2 × 10−16 ) but similar to that of SARS-CoV. The rate constant for virus infection 99 

(𝛽) of SARS-CoV-2 was significantly larger than that of both MERS-CoV and SARS-100 

CoV (𝑝 = 1.0 × 10−8 and  𝑝 = 1.3 × 10−12, respectively). Moreover, the viral load at 101 

symptom onset (𝑉(0)) of SARS-CoV-2 was similar to that of SARS-CoV, but less than 102 

that of MERS-CoV (𝑝 < 2.2 × 10−16, respectively). Based on the individual parameters, 103 

the best-fit viral load curves for each subject are plotted along with the observed data 104 

in Fig S1 for SARS-CoV-2, MERS-CoV, and SARS-CoV. We further calculated and 105 

compared the following quantities, which are derived from the estimated parameters 106 

or available by running the model (Table 1); the mean duration of virus production 107 

from an infected cell (𝐿 = 1/𝛿), the within-host reproductive number at symptom onset 108 

(𝑅𝑆0 = 𝛾/𝛿), which is the average number of newly infected cells produced by a single 109 

infected cell at symptom onset (c.f.[24]), the time from symptom onset to the viral load 110 
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peak (𝑇𝑝), and the critical inhibition level (𝐶∗ = 1 − 1/𝑅𝑆0) that needs to be reached by 111 

antivirals or vaccines to ensure that the viral infection is driven to extinction [25-27]. 112 

𝑅𝑆0 of SARS-CoV-2 was statistically significantly larger than that of MERS-CoV 113 

( 𝑝 < 2.2 × 10−16 ) and no different from that of SARS-CoV (Table 1). Further, 114 

according to our model,  SARS-CoV-2 hit its viral load peak 2.0 days after symptom 115 

onset (i.e., 𝑇𝑝), which is earlier than that of MERS-CoV and SARS-CoV, which peaked 116 

at 12.2 days and 7.2 days after symptom onset, respectively, however the difference 117 

was statistically significant only between that of SARS-CoV-2 and SARS-CoV (𝑝 =118 

2.24 × 10−6, Fig 1 and Table 1).  119 

Both the larger 𝑅𝑆0  value of SARS-CoV-2 than that of MERS-CoV and the 120 

earlier peak in viral load for SARS-CoV-2 than the other coronaviruses suggests that 121 

the virus more effectively replicates and spreads within-host than MERS-CoV and 122 

SARS-CoV. In other words, treating SARS-CoV-2 infection may require more potent 123 

therapies and therapies given earlier than for the other coronaviruses. Further, the 124 

shorter 𝑇𝑝  of SARS-CoV-2 suggests that treating SARS-CoV-2 infection following 125 

symptom onset is more challenging because effective antiviral treatment should be 126 

initiated before the viral peak, as we demonstrate in the next section. Given that the 127 

mean time from symptom onset to hospitalization observed in China was 4.6 days [28], 128 

symptom-based diagnosis combined with antiviral treatment might not be an effective 129 

treatment strategy if treatment needs to be given in a hospital setting. In the next 130 

section, we provide a detailed analysis of anti-SARS-CoV-2 therapy varying the drug 131 

efficacy and timing of treatment initiation. 132 

 133 

Evaluation of anti-SARS-CoV-2 therapies 134 
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 Based on our mathematical model and estimated parameter values (Table 1), 135 

we conducted in silico experiments of possible anti-SARS-CoV-2 therapies to 136 

investigate the expected outcome under hypothetical drug therapies (or vaccine use) 137 

possessing different antiviral mechanisms of action (Fig 2). Specifically, drug efficacy 138 

(10% to 100%, i.e., 0.1 ≤ 𝜀, 𝜂, 𝜃 ≤ 1) and timing of therapy initiation after symptom 139 

onset (i.e., 0 ≤ 𝑡∗ ≤ 4  days) were varied and their influence on outcomes was 140 

investigated (see Methods) (Fig 2). We used reduction in the area under the viral load 141 

curve (AUC) and the fraction of target cells that remain uninfected 4 weeks after 142 

symptom onset as outcome measures. Without treatment, the AUC was 8.2 × 105 143 

copies∙day/mL and almost no target cells remained after the course of infection (e.g., 144 

Fig 2 and Fig 3). 145 

 146 

(i) Blocking de novo infection 147 

One of the major mechanisms of action for antivirals is blocking de novo 148 

infection. This can be induced by drugs including human neutralizing antibodies either 149 

in convalescent plasma or given as monoclonal antibodies, viral entry-inhibitors and/or 150 

antibodies raised by vaccination [5, 29]. For example, a SARS-CoV-specific human 151 

monoclonal antibody bamlanivimab has received emergency use authorization by the 152 

US FDA for the treatment of  SARS-CoV-2 [30]. 153 

Higher drug efficacy and earlier treatment initiation is associated with better 154 

outcomes: according to our model the AUC was reduced by 73% and 74% of target 155 

cells remained uninfected after the course of infection when treatment was initiated 1 156 

day after symptom onset and the antiviral effectiveness was 90% (Fig. 2). Very early 157 

treatment initiation is the key for better outcomes when using antiviral therapies. 158 
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According to our model, using a drug that blocks infection with 95% efficacy 159 

initiated 4 days after symptom onset, the AUC was reduced by only 14%, and only 2% 160 

of uninfected cells remain (Fig 2AD). This occurs because only a very small fraction 161 

of target cells remains uninfected after the viral load peak. After infection abates target 162 

cells will replenish but here we ignore this as are evaluating the potential effects of 163 

therapy in preserving them. Note that viral shedding may last longer with treatment 164 

than without treatment if the antiviral efficacy is below 100% and initiated early. This 165 

is because substantial numbers of uninfected target cells remain at the time of 166 

treatment initiation and the infection is driven by those uninfected cells but at a slower 167 

rate than without treatment. 168 

We observed the same trends for MERS-CoV and SARS-CoV (see Fig S2AD 169 

and S3AD), except that treatment initiated a few days after symptom onset may be 170 

efficacious. As we observed in Fig 1, the viral load peak comes later for MERS-CoV 171 

and SARS-CoV than for SARS-CoV-2. Thus, even if treatment is initiated at 4 days 172 

after symptom onset (which is before viral load peak for those two viruses), 173 

improvement in the outcomes can be expected. 174 

 175 

(ii) Blocking virus production 176 

 Most antiviral drugs inhibit intracellular virus replication. Lopinavir/ritonavir (HIV 177 

protease inhibitors), remdesivir (anti-Ebola virus disease candidate), and other 178 

nucleoside analogues as well as interferon have the potential to suppress SARS-CoV-179 

2 replication [31, 32]. Similar to the findings for drugs blocking de novo infection, higher 180 

efficacy and earlier treatment is associated with better outcomes. According to our 181 

model the AUC was reduced by 76% and 36% of the target cells remained uninfected 182 
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after the course of infection when treatment initiated at 1 day after symptom onset and 183 

the antiviral effectiveness was 90% (Fig 2BE). 184 

In contrast, if treatment was started after the viral load peak, improvement in 185 

the outcomes cannot be expected even with 100% inhibition rate. Similar trends were 186 

observed for MERS-CoV and SARS-CoV (Fig S2BE and S3BE). However, as 4 days 187 

after symptom onset is still before the viral load peak for these two viruses, substantial 188 

improvement in the outcomes are expected with treatment initiated 4 days after 189 

symptom onset for these two viruses (Fig S2BE and S3BE). 190 

 191 

(iii) Promoting cytotoxicity 192 

 Another possible antiviral mechanism is to promote cytotoxic effects. This could 193 

be done by stimulating adaptive immunity including responses mediated by cytotoxic 194 

T lymphocytes and NK cells by immunotherapy or vaccination, but the effect would not 195 

be immediate. To be consistent with the other modes of drug action discussed above 196 

in which we assume the drug takes effect immediately after administration, we 197 

envision a drug such as a viral-specific monoclonal antibody conjugated to a toxin as 198 

used in cancer therapy [33] or a non-neutralizing viral specific monoclonal antibody 199 

that could induce infected cell death by complement-mediated lysis or antibody-200 

dependent cellular cytotoxicity. A neutralizing antibody with these effector functions 201 

could be considered the equivalent of combination therapy which is discussed below.  202 

Compared with the other two therapeutic mechanisms of action (blocking de novo 203 

infection and virus production), the induction of cytotoxicity directly removes infected 204 

cells which produce viruses, and therefore it enhances the rate of viral load decay. 205 

After the viral peak, target cells are depleted and cytotoxicity inducing therapy leads 206 

to noticeably more rapid declines in viral load (Fig 2C).  207 
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Thus, with a 50% effective cytotoxicity promoting antiviral, which by our 208 

definition (see Methods) causes the death rate of infected cells to double, initiated at 209 

day 1 results in an only slightly slower viral growth rate and an only slightly delayed 210 

time of the viral load peak, but more rapid decay in viral load than other two therapeutic 211 

modes of action (blocking de novo infection & virus production)  (Fig 2, yellow curves). 212 

Moreover, cytotoxicity induction initiated after the viral load peak can still reduce the 213 

AUC. A 95% effective cytotoxicity promoting antiviral initiated at 4 days after symptom 214 

onset reduces the AUC by 13%, however, only 2% of target cells remain uninfected 215 

because the most of the target cells were already infected by the viral load peak (Fig 216 

2CF, blue curves). We confirmed much later treatment initiation (13 days after 217 

symptom onset) with this type of antiviral still increases the rate of viral load decay 218 

(Fig S4A). 219 

Overall, compared with the effects of the other two types of antivirals, the effect 220 

of promoting cytotoxicity on the AUC is less dependent on the magnitude of the 221 

antiviral effect and the timing of treatment initiation, although earlier treatment and 222 

more efficacy is positively associated with an increased reduction in the AUC.  223 

We confirmed a similar trend in the treatment effect on MERS-CoV and SARS-224 

CoV infection (Fig S2CF and S3CF). Given that their viral load peak comes later than 225 

that of SARS-CoV-2, treatment initiated at 4 days after symptom onset is predicted to 226 

still reduce the AUC and save uninfected target cells (see below). 227 

To evaluate the effect of promoting cytotoxicity initiated long after the viral load 228 

peak, we compared the effect of a 50% effective treatment initiated at 1 day and 13 229 

days after symptom onset on all three coronaviruses (Fig S4). The therapy initiated at 230 

1 day delayed the time of the viral load peak particularly for MERS-CoV and SARS-231 

CoV. When the treatment was initiated at 13 days, which is after the viral load peak, 232 
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the viral load declined rapidly compared with treatment initiated at 1 day, because few 233 

target cells remain and thus new infection is limited. 234 

The analysis of the treatment effect of drugs with three different modes of action 235 

revealed that the treatment strategy should be different for each type of drug. For 236 

example, using drugs that block de novo infection or virus production can avoid 237 

substantial target cell reduction if initiated before the viral load peak. Using a drug that 238 

promotes cytotoxicity is less time sensitive and treatment initiated after the viral peak 239 

still can reduce the AUC. These findings suggest the possibility of a synergistic effect 240 

of combining drugs with different modes of action. 241 

 242 

(iv) Combination therapy 243 

 In this section, we describe the effect of combining two different drugs among 244 

the three described in the section above. In general, combinations of antiviral therapies 245 

are considered preferable when it synergistically enhances the antiviral effects, 246 

reduces the needed individual drug dose, and reduces the side effects compared with 247 

the cases of monotherapy [6, 27, 34-36]. Here, we focus on the synergistic antiviral 248 

effect on the model outcomes (i.e., reduction in the AUC and saving target cells from 249 

infection). 250 

The three possible two drug combination therapies (i.e., blocking de novo 251 

infection & virus production, blocking de novo infection & promoting cytotoxicity, 252 

blocking virus production & promoting cytotoxicity in Fig 3AD, BE and CF, 253 

respectively) were simulated using the same assumptions as for the single drug 254 

therapies. All three combination therapies improved the antiviral effects when 255 

compared to the corresponding monotherapies. As we expected, combining the drugs 256 

with distinct modes of action, especially with a drug promoting cytotoxicity being one 257 
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of them, more effectively reduced the AUC and saved target cells from infection. With 258 

monotherapy, the AUC was reduced by 13%, 44%, and 54% with the drugs blocking 259 

de novo infection, blocking virus production, and promoting cytotoxicity with a 50% 260 

antiviral effect initiated at 1 day after symptom onset (Fig 2DEF), whereas it was 261 

reduced by 58% or greater under combination therapy (Fig 3DEF). Notably, combining 262 

a drug promoting cytotoxicity with one of the other two types of drugs compensated 263 

the “weakness” of each treatment: no clear effect is expected from the drugs blocking 264 

de novo infection or virus production if initiated after the viral load peak. 265 

From a biological point of view, promoting cytotoxicity is distinct from the other 266 

two mechanisms. Both blocking de novo infection and virus production limit ongoing 267 

de novo infection, whereas promoting cytotoxicity enhances virus and infected cell 268 

removal independent of target cell availability. A broadly neutralizing antibody with 269 

potent effector functions that induced infected cell death would be a good therapeutic 270 

option as it induces two modes of action in one molecule. Antibodies of this type are 271 

being explored for HIV [37, 38]. SARS-CoV-2 neutralizing antibodies are also in clinical 272 

development, and the role of their effector functions in providing protective activity are 273 

being examined [39]. Our analysis also implies that, if antiviral drugs induce 274 

immunomodulation as a bystander effect, even if the treatment is initiated after the 275 

viral load peak, they might be able to reduce viral load. We confirmed the same trends 276 

for MERS-CoV and SARS-CoV (Fig S5BE and S6BE, respectively). 277 

278 
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Conclusions 279 

 To aid the development of antiviral drugs and treatment strategies for SARS-280 

CoV-2 infection, we characterized the viral dynamics of SARS-CoV-2 and the related 281 

viruses, SARS-CoV and MERS-CoV, using a mathematical model. We further 282 

introduced the effect of antivirals with different modes of action in the model and 283 

explored the influence of the drug efficacy and timing of treatment initiation on the 284 

outcomes (viral load AUC and the fraction of target cells that remain uninfected). We 285 

found that 𝑅𝑆0  is larger for SARS-CoV-2 compared with MERS-CoV, and the 286 

difference in viral load peak timing was significantly different  between SARS-CoV-2 287 

and SARS-CoV. Some studies suggested that viral load peaks occur before the onset 288 

of symptoms [40, 41], while other studies suggest that the viral load peaks occur within 289 

the first week of symptom onset [14, 42-44]. Although it is difficult to accurately 290 

determine whether the peak is before or after symptom onset since there is little viral 291 

load data available before the onset of symptoms, an earlier viral peak for SARS-CoV-292 

2 is consistent with recent findings [14, 40-44]. The larger 𝑅𝑆0 and earlier viral peak 293 

suggest it may be more difficult to treat SARS-CoV-2 infection than SARS-CoV and 294 

MERS with drug therapy that blocks viral production or de novo infection, because for 295 

these types of drugs, treatment initiation before the viral load peak is important to 296 

reduce viral load and save target cells from infection. The variations in parameter 297 

estimates among the individuals studied do not change our results on the importance 298 

of initiating antiviral therapy before the viral load peak (Fig S7). The modelling of 299 

antivirals with different drug efficacies highlighted the importance of early initiation of 300 

treatments blocking de novo infection and virus production. In contrast, a treatment 301 

promoting cytotoxicity reduces AUC even when treatment is initiated after the viral 302 

load peak. Due to the uniqueness of the drugs promoting cytotoxicity compared with 303 
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the other two types of drugs, combination therapy promoting cytotoxicity and one of 304 

the two other drugs more effectively reduced the AUC and saved target cells from 305 

infection because the combination compensated for the weakness of each drug. 306 

 We used the area under the viral load curve and the fraction of target cells 307 

remaining uninfected as outcomes rather than the length of hospital stays, clinical 308 

improvement, severity, and mortality, which have been more commonly used as 309 

primary outcomes in clinical studies [45-52]. However, the outcomes should be 310 

determined case-by-case basis. For example, if the objective is to find or assess the 311 

effectiveness of a lifesaving treatment, then mortality should be used as a primary 312 

outcome. However, if the objective is to assess the effectiveness of antiviral treatment, 313 

the degree of viral load reduction might be a primary outcome. Indeed, viral load 314 

related outcomes have been used in multiple clinical studies for antivirals [15, 46, 53-315 

57]. Further, viral load outcomes are particularly important for SARS-CoV-2 because 316 

many patients experience mild or no symptoms (i.e., asymptomatic cases) and yet are 317 

still isolated. To determine ending isolation, it is frequently necessary to have a 318 

negative PCR test as well as disappearance of symptoms [14]. This is sensible as a 319 

strong association between viral load and infectiousness has been suggested [19].  320 

 Drug repurposing – reusing drugs already approved for specific purposes for 321 

other (new) purposes – is currently the major approach for rapidly deploying antiviral 322 

drugs for SARS-CoV-2. A number of drugs such as lopinavir and ritonavir [47, 55], 323 

chloroquine [48], favipiravir [46], interferon beta-1b, lopinavir-ritonavir and ribavirin [58], 324 

a nebulized form of interferon beta-1a [59] and remdesivir [49, 50] have been tested 325 

in clinical studies. However, the findings from such trials are not consistent: some 326 

claim a significant effect but the others do not for the same drug. One of the major 327 

issues is that of poor study design [60]. Beyond that, we suspect the treatment was 328 
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not initiated early enough and may have yielded null findings even though the drug is 329 

effective as we demonstrated in silico in this study for drugs blocking de novo infection 330 

and virus production. Indeed, the mean interval between symptom onset and 331 

hospitalization was 4.6 days during the COVID-19 epidemic in Shenzhen, China [28], 332 

which is longer than the interval between symptom onset and viral load peak for SARS-333 

CoV-2 (2.9 days), suggesting that therapy is commonly started well after the viral load 334 

peak in hospitalized patients.  335 

A limitation of our analysis is the simplicity of our mathematical model. However, 336 

this model is flexible and extendable. For example, we did not consider heterogeneity 337 

of target cells and we assumed the death rate of infected cell, 𝛿, is constant. However, 338 

models with multiple types of target cells could be developed and 𝛿 can be made time-339 

dependent as was done in the case of HIV  where there was extensive viral load data 340 

[61, 62]. Alternatively, equations can be introduced to explicitly model effector cell 341 

responses [63, 64]. These approaches could be reflected in extended versions of our 342 

model if relevant data and supporting evidence becomes available. Indeed, several 343 

more complex models have been proposed to describe SARS-CoV-2 viral dynamics 344 

[17, 18]. However, these complex mathematical models yielded similar conclusions 345 

about the need to initiate therapy with a typical antiviral that blocks viral production 346 

early as the simple model we employed. 347 

 Development or identification of effective antiviral drugs is urgently needed. We 348 

believe our theoretical framework can at least partially explain why such drugs have 349 

not been identified (late treatment initiation) and could help design clinical studies and 350 

treatment strategies by assessing their potential effect on viral load related outcomes. 351 
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Methods 352 

Study data 353 

The longitudinal viral load data were extracted from clinical studies of SARS-354 

CoV-2 [11-14], MERS-CoV [21, 22] and SARS-CoV [23]. Only the data from 355 

individuals with more than three data points above the detection limit were included in 356 

the analysis. The data from patients who received antiviral treatment during infection 357 

were excluded. We confirmed that ethics approval was obtained from the ethics 358 

committee at each institution, and that written informed consent was obtained from the 359 

patients or their next of kin in the original studies. The data were extracted from images 360 

in those publications using the program datathief III (version 1.5, Bas Tummers, 361 

www.datathief.org). We converted cycle threshold (Ct) values reported in the above 362 

papers to viral RNA copies number values (copies/mL), where these quantities are 363 

inversely proportional to each other [65]. The following formula was used to convert 364 

Ct values (𝑦) to viral RNA copies (𝑥 in copies/mL): log10(𝑥) = 𝑎𝑦 + 𝑏 with 𝑎 = −0.32 365 

and 𝑏 = 14.11 [23]. Table S1 summarized the data. The likelihood function accounted 366 

for censored data (i.e., data points under the detection limits) [66]. 367 

 368 

Mathematical model 369 

 We used a simple target cell limited model to describe SARS-CoV-2, SARS-370 

CoV and MERS viral dynamics [20, 24, 67]. Target cell limited models have proved 371 

very valuable in understanding infection dynamics and therapy for chronic viral 372 

infections such as HIV [61, 68], HCV [69], and HBV [70] and for acute infections such 373 

as influenza [71], West Nile virus [72]  Zika virus [73] and SARS-CoV-2 [17, 74, 75]. 374 

Although the model does not explicitly describe immune responses the effects of 375 

immune responses are implicitly included in model parameters such as the infection 376 
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rate, which can be influenced by innate responses and the death rate of infected cells, 377 

which can be influenced by adaptive immune responses. Because of the simplicity of 378 

the model these parameters can be estimated and compared among the three 379 

different coronaviruses. The form of the model that we use was first introduced to 380 

model influenza infection [71] and is given by 381 

𝑑𝑇(𝑡)

𝑑𝑡
= −𝛽𝑇(𝑡)𝑉(𝑡),                            (1) 382 

𝑑𝐼(𝑡)

𝑑𝑡
= 𝛽𝑇(𝑡)𝑉(𝑡) − 𝛿𝐼(𝑡),                  (2) 383 

𝑑𝑉(𝑡)

𝑑𝑡
= 𝑝𝐼(𝑡) − 𝑐𝑉(𝑡),                          (3) 384 

where the variables  𝑇(𝑡), 𝐼(𝑡), and 𝑉(𝑡)  are the numbers of uninfected target cells, 385 

infected target cells, and the amount of virus at time 𝑡  (note; we used time after 386 

symptom onset as the time-scale), respectively. Symptom onset is defined slightly 387 

differently between papers, but it essentially means when any coronavirus related 388 

symptoms (fever, cough, and shortness of breath) appear [76]. The parameters 𝛽, 𝛿, 389 

𝑝, and 𝑐 represent the rate constant for virus infection, the death rate of infected cells, 390 

the per cell viral production rate, and the per capita clearance rate of the virus, 391 

respectively. Since the clearance rate of the virus is typically much larger than the 392 

death rate of the infected cells in vivo [27, 67, 77], we made a quasi-steady state (QSS) 393 

assumption, 𝑑𝑉(𝑡) 𝑑𝑡⁄ = 0, and replaced Eq.(3) with 𝑉(𝑡) = 𝑝𝐼(𝑡) 𝑐⁄ . Because data on 394 

the numbers of coronavirus RNA copies, 𝑉(𝑡), rather than the number of infected cells, 395 

𝐼(𝑡), were available, 𝐼(𝑡) = 𝑐𝑉(𝑡) 𝑝⁄  was substituted into Eq.(2) to obtain 396 

𝑑𝑉(𝑡)

𝑑𝑡
=

𝑝𝛽

𝑐
𝑇(𝑡)𝑉(𝑡) − 𝛿𝑉(𝑡).           (4) 397 



20 
 

Furthermore, we replaced 𝑇(𝑡) by the fraction of target cells remaining at time 𝑡 , that 398 

is, 𝑓(𝑡) = 𝑇(𝑡) 𝑇(0)⁄ , where 𝑇(0) is the initial number of uninfected target cells. Note 399 

𝑓(0) = 1. Accordingly, we obtained the following simplified mathematical model, which 400 

we employed to analyze the viral load data in this study: 401 

𝑑𝑓(𝑡)

𝑑𝑡
= −𝛽𝑓(𝑡)𝑉(𝑡),                            (5) 402 

𝑑𝑉(𝑡)

𝑑𝑡
= 𝛾𝑓(𝑡)𝑉(𝑡) − 𝛿𝑉(𝑡),              (6) 403 

where 𝛾 = 𝑝𝛽𝑇(0)/𝑐  corresponds to the maximum viral replication rate under the 404 

assumption that target cells are continuously depleted during the course of infection. 405 

Thus, 𝑓(𝑡) is equal or less than 1 and continuously declines. 406 

 In our analyses, the variable 𝑉(𝑡) corresponds to the viral load for SARS-CoV-407 

2, MERS-CoV, and SARS-CoV (copies/mL). Because all of them cause acute infection, 408 

loss of target cells by physiological turnover can be ignored, considering long lifespan 409 

of the target cells.  410 

 411 

The nonlinear mixed effect model 412 

The nonlinear mixed effect modeling was used to fit the model to the 413 

longitudinal viral load data. The model includes both fixed effects (i.e., population 414 

parameters) and random effects. The random effects represent the difference among 415 

patients. The parameter values for patient 𝑘 is 𝜗𝑘 (= 𝜗 × 𝑒𝜋𝑘), which is a product of a 416 

fixed effect, 𝜗 , and a random effect, 𝑒𝜋𝑘 . 𝜋𝑘  is assumed to follow the normal 417 

distribution: 𝑁(0,Ω). This approach allows us to estimate the parameters for patients 418 

with limited time point data, because the population parameters are estimated from 419 

not only his/her data, but all the patients’ data. We used the viral type as a categorical 420 

covariate in estimating the parameters 𝛾, 𝛽 and 𝑉(0) which provide the lowest BICc. 421 
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Fixed effects and random effects were estimated using the stochastic approximation 422 

expectation-maximization algorithm and the empirical Bayes’ method, respectively. 423 

The statistical differences of covariate for  𝛾, 𝛽 and 𝑉(0) were tested by the Wald test. 424 

Fitting was implemented using MONOLIX 2019R2 (www.lixoft.com) [78]. The 425 

estimated (fixed and individual) parameters and the initial values are listed in Table 1 426 

and Table S2. The viral load curve using the best fit parameter estimates for each 427 

individual patient is shown with the data in Fig S1. Note that the mixed model approach 428 

has been used elsewhere in longitudinal viral load data analysis [17, 73].  429 

 430 

In silico experiments for antiviral therapies 431 

Based on the parameterized model for each virus, we investigated the antiviral 432 

effects of drugs with the following different mechanisms of action: (i) blocking de novo 433 

infection; (ii) blocking virus production; and (iii) promoting cytotoxicity on two 434 

outcomes: the reduction in the area under the viral load curve (AUC) (i.e., ∫ 𝑉(𝑠)𝑑𝑠
28

0
) 435 

and the remaining fraction of target cells after the course of infection (i.e., 𝑓(28)). Note 436 

that we used 28 days after symptom onset as the upper bound for observation, 437 

because most of viral load is below the detection limit by this time and some previous 438 

clinical studies used health conditions (e.g., mortality) at 28 days (4 weeks) as a 439 

primary outcome [79]. In the simulation, the best fit population parameters estimated 440 

by fitting the model to the data were used. We varied the time of treatment initiation 441 

after symptom onset, 𝑡∗ , and the antiviral efficacy, , 𝜂 , and 𝜃  to assess the 442 

dependency of them on the outcomes. Note that 𝑡∗ = 0  corresponds to therapy 443 

initiated immediately after symptom onset. 444 

We modeled viral load dynamics under antiviral treatment with the three 445 

different mechanisms of action as follows: 446 

http://www.lixoft.com/
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(i) Blocking de novo infection. The viral dynamics under antiviral treatment 447 

for blocking de novo infection is modeled as follows: 448 

𝑑𝑓(𝑡)

𝑑𝑡
= −(1 − 𝜀𝐻(𝑡))𝛽𝑓(𝑡)𝑉(𝑡),                            (7) 449 

𝑑𝑉(𝑡)

𝑑𝑡
= (1 − 𝜀𝐻(𝑡))𝛾𝑓(𝑡)𝑉(𝑡) − 𝛿𝑉(𝑡),              (8) 450 

where 𝐻(𝑡) is the Heaviside step function defined as 𝐻(𝑡) = 0 if 𝑡 < 𝑡∗ : otherwise 451 

𝐻(𝑡) = 1. 𝑡∗ is the time of treatment initiation and 𝜀 is the treatment efficacy: 0 < 𝜀 ≤452 

1. 𝜀 = 1 implies de novo infection is 100% inhibited. 453 

(ii) Blocking virus production. The virus dynamics under treatment for 454 

blocking virus production is modeled as follows: 455 

𝑑𝑉(𝑡)

𝑑𝑡
= (1 − 𝜂𝐻(𝑡))𝛾𝑓(𝑡)𝑉(𝑡) − 𝛿𝑉(𝑡),              (9) 456 

where 𝜂 is the treatment efficacy: 0 < 𝜂 ≤ 1. 𝜂 = 1 indicates that virus production from 457 

infected cells is fully inhibited. Note that the difference between blocking de novo 458 

infection and virus production is that the drugs in the former model reduce 𝛽, whereas 459 

the drugs in this model reduce 𝑝 in the full model, that is, Eqs. (1-3). 460 

(iii) Promoting cytotoxicity. The virus dynamics under the antiviral treatment 461 

of promoting cytotoxicity (or increasing the death rate of infected cells) is modeled as 462 

follows: 463 

𝑑𝑉(𝑡)

𝑑𝑡
= 𝛾𝑓(𝑡)𝑉(𝑡) − (

1

1 − 𝜃𝐻(𝑡)
) 𝛿𝑉(𝑡),              (10) 464 

where 𝜃 is the treatment efficacy: 0 < 𝜃 ≤ 1. 𝜃 = 1 indicates that the drug is 100% 465 

effective and causes the immediate death of an infected cell. No drug is expected to 466 

be 100% effective. A 50% effective drug would cause a 2-fold increase in the death 467 

rate and a 90% effective drug would cause a 10-fold increase. 468 
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(iv) Combination therapy. The virus dynamics under therapies combining all 469 

the three types of drugs is modeled as follows: 470 

𝑑𝑓(𝑡)

𝑑𝑡
= −(1 − 𝜀𝐻(𝑡))𝛽𝑓(𝑡)𝑉(𝑡),                                                                          (11) 471 

𝑑𝑉(𝑡)

𝑑𝑡
= (1 − 𝜀𝐻(𝑡))(1 − 𝜂𝐻(𝑡))𝛾𝑓(𝑡)𝑉(𝑡) − (

1

1 − 𝜃𝐻(𝑡)
) 𝛿𝑉(𝑡).              (12) 472 

In the simulation, we assumed any of two therapies are combined (thus one of the 473 

three parameters is set as zero). 474 

 475 

Computation of 𝑳, 𝑹𝑺𝟎, 𝑪∗, and 𝑻𝒑 and statistical test for the difference between 476 

viruses 477 

 Based on the estimated parameters, we calculated several quantities for each 478 

virus: the duration of virus production (𝐿 = 1/𝛿), the reproduction number (𝑅𝑆0 = 𝛾/𝛿) 479 

at symptom onset and the critical inhibition level (𝐶∗ = 1 − 1/𝑅𝑆0). Further, the time 480 

from symptom onset to the viral load peak (𝑇𝑝) was calculated by running the model 481 

using estimated (fixed and individual) parameters and the initial values. The difference 482 

in 𝑇𝑝 was tested by the Jackknife test [80, 81]. To evaluate statistical differences for 483 

𝑅𝑆0 and 𝐶∗ we applied the Wald test as well.  484 

485 
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Figure legends 826 
 827 

Figure 1. Comparison of SARS-CoV-2, MERS-CoV, and SARS-CoV dynamics. 828 

Expected viral load trajectories for SARS-CoV-2, MERS-CoV and SARS-CoV infection 829 

are shown. The solid curves give the solution of Eqs. (5-6) using estimated parameters 830 

(the best fit population parameters) and the shaded regions correspond to 95% 831 

predictive intervals using the estimated parameters for each patient. The data 832 

underlying this Figure is given in S1 Data. 833 

 834 

Figure 2. Predicted outcomes under anti-SARS-CoV-2 monotherapies. (A-C) 835 

Expected viral load and uninfected target cell proportion trajectories with and without 836 

treatment for the three different treatments. The black curves are without treatment. 837 

The blue curves are with treatment (efficacy is 95%) initiated at 4 days since symptom 838 

onset. Both red, green and orange curves are with treatment initiated at 1 day since 839 

symptom onset, but with different efficacy (95%, 90% and 50%, respectively). The 840 

dotted vertical lines correspond to the timing of treatment initiation. (D-F) The heatmap 841 

shows the reduction in the viral load AUC with treatment compared to without 842 

treatment. The timing of treatment initiation and treatment efficacy was varied. Darker 843 

colors indicate a larger reduction in the viral load AUC. The parameter setting used for 844 

the simulation in Panels (A-C) is indicated by the same colored squares in Panels (D-845 

F). The data underlying this Figure is given in S2 Data. 846 

 847 

Figure 3. Predicted outcomes under anti-SARS-CoV-2 combination therapies. 848 

(A-C) Expected viral load and uninfected target cell proportion trajectories with and 849 

without treatment for the three combination therapies. We assumed the same 850 

efficacies and timing of treatment initiation for the two combined treatments. The black 851 
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curves are without treatment. The blue curves are with treatment (efficacy is 95%) 852 

initiated at 4 days after symptom onset. Both red and green curves are with treatment 853 

initiated at 1 day after symptom onset, but with different efficacy (95% and 90%, 854 

respectively). The dotted vertical lines correspond to the time of treatment initiation. 855 

(D-F) The heatmap shows the reduction in the viral load AUC with treatment compared 856 

to without treatment. The time of treatment initiation and the treatment efficacy was 857 

varied. Darker colors indicate a larger reduction in the viral load AUC. The parameter 858 

setting used for the simulation in Panels (A-C) is indicated by the same colored 859 

squares in Panels (D-F). The data underlying this Figure is given in S3 Data.860 
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Table 1. Estimated parameters (fixed effect) for SARS-CoV-2, MERS-CoV, and SARS-CoV infection 
 

 

 

 

 

 

 

 

 

 

 

 

# Statistically different from SARS-CoV-2 (the Wald test). $ 𝑇𝑝 was computed from simulation, and the difference from SARS-CoV-2 was tested by the Jack-knife test. & the 
death rate of infected cells was assumed to be the same between the viruses in the process of model selection. 
 
 

Parameter Name Symbol (Unit) SARS-CoV-2 MERS-CoV SARS-CoV 
Parameters in the model 
Maximum rate constant for viral replication 𝛾 (day-1) 4 1.46# 4.13 
Rate constant for virus infection 𝛽 ((copies/ml)-1 day-1) 5.2 × 10−6 1.4 × 10−8# 4.9 × 10−8# 
Death rate of infected cells 𝛿 (day-1)& 0.93 0.93 0.93 
Viral load at symptom onset 𝑉(0) (copies/ml) 6.5 × 103 6.6 × 104 3.3 × 10−2# 
Quantities derived from the parameters 
Mean duration of virus production              𝐿 (days) 1.08 1.08 1.08 
Within-host reproduction number at symptom onset 𝑅𝑆0 4.30 1.57# 4.44 
Critical inhibition level 𝐶∗ 0.77 0.38# 0.75 
Time from symptom onset to viral load peak 𝑇𝑝 (days)$ 2.0 12.2 7.2$ 


