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37

38  Abstract (word count: 100/100)

39 We modeled the viral dynamics of 13 untreated patients infected with SARS-CoV-2 to infer
40 viral growth parameters and predict the effects of antiviral treatments. In order to reduce peak
41 viral load by more than 2 logs, drug efficacy needs to be greater than 80% if treatment is
42  administered after symptom onset; an efficacy of 50% could be sufficient if treatment is
43 initiated before symptom onset. Given their pharmacokinetic/pharmacodynamic properties,
44 current investigated drugs may be in arange of 20-70% efficacy. They may help control virus

45 if administered very early, but may not have a major effect in severe patients.
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52 Main text (word count: 1,991/2,000)
53 Background
54 The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which

55 originated in Wuhan, China, has become a global pandemic. By March 29, 2020, this virus
56 had infected more than 700,000 people worldwide and caused more than 30,000 deaths.
57 Despite the unprecedented mobilization of the clinica and scientific community, the
58 development and large scale implementation of new antiviral drugs or vaccines will take
59  months or more. To readily propose afirst line of defense and combat the virus in hospitalized
60 patients, the World Health Organization relies on aready existing drugs (“repurposed”) that
61 are immediately available in large quantities and have a good safety profile. In coordination
62 with other European institutions, France is implementing a randomized clinical trial in
63 hospitalized patients (“DisCoVery’, NCT04315948) comparing the efficacy of
64 lopinavir/ritonavir £ IFN-B-1a, remdesivir and hydroxychloroquine. Given the very limited
65 knowledge of the host/pathogen interaction the clinical efficacy of treatment strategies using

66 thesedrugsislargely unknown and could be limited [1].

67 Fitting mathematical models of viral dynamics to in vivo data can provide estimates of
68 parameters driving viral replication. Such models can then be used to predict the needed
69 efficacy of treatments and to optimize their use [2]. By combining these predictions with the
70  expected drug concentrations and ECsp of drug candidates, one can anticipate the effects of

71  various dosing regimens (doses, timing of treatment initiation) on viral load dynamics.

72  Methods
73  Dataused for fitting

74  We used published data from 13 untreated patients infected with SARS-CoV-2 that were
75 followed in 4 Singapore hospitals [3]. Patients were hospitalized in median a day 3 after

76  onset of symptoms (range: 1-10) and had a median symptomatic period of 12 days (range: 5-

4
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77  24). Vira loads in nasopharyngeal swabs were measured by real time reverse transcriptase
78  polymerase chain reaction (RT PCR, lower limit of quantification: 38 cycles, CT) at multiple
79 time points with an observed peak of viral load at day 5 post onset of symptoms (range: 2-27
80 days). Data presented in CT were transformed to loglO copiessmL using a published
81 reationship in Zou et a. [4] and the model was fit to the logl0 viral load. Of note, the
82 transformation from CT to log 10 copies/mL does not affect the estimates of parameters of
83 interest, in particular Ry and the death rate of productively infected cells. Time since infection
84  was assumed to be 5 days before the onset of symptoms [5]. In a sensitivity analysis, we also

85  examined values of 2 and 10 days.

86 Mode
87 Viral dynamics was fitted using atarget cell limited model with an eclipse phase
ar _ -
ac - P
al, Equation 1
P BVT — kI,
dl,
E = kll - 612
av ol — oV
ac  PITe
88 The model considers three populations of cells: target cells, T, infected cells in the

89 eclipse phase, |1, and productively infected cells, 1, Given the timescale of the infection, we
90 neglect target cell proliferation and natural death, and we focused on the process of cell
91 depletion by virus infection. We assumed target cells become infected with rate constant 3.
92  After an average time of 1/k, these cells start producing virus and are cleared with per capita
93 rated. Virions are released from productively infected cells |, at rate p per cell and are cleared

94  from the circulation at per capita rate c. Based on this model, the basic reproduction number,
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95 Ry, the average number of cells infected by a single infected cell at the beginning of the

96 infection, is[6]

97 R, = 2T, Equation 2

98 We assumed that the target cell concentration is 1.33 x 107 cells/mL. Assuming a 30 mL
99 volume for the nasopharynx [7] this gives a total number of target cells of 4 x 10°
100 nasopharyngeal cells [8]. Following what was found in other viral infections, including acute
101 infection [6], the clearance rate of virus was assumed to be fast and equal to 10 d*. We aso
102  performed a sensitivity analysis assuming c= 5 and 20 d* and found that the estimate of

103 & remained unchanged and the estimate of R, varied from 12.4 to 15.5.

104 Modé building strategy

105 Because not all parameters can be identified when only viral load data are available,
106  the model was successively fitted with different values of k={1, 3 ,5}d™* and V¢={103, 107?,
107 10} copiesmL [6]. Parameters were estimated in a non-linear mixed-effect modeling
108 framework using the SAEM algorithm implemented in Monolix (www.lixoft.com). The
109 model providing the best description of the data was used for the predictions and the
110 individua data fitting, and model averaging was used to correct for the model uncertainty

111  when calculating confidence intervals of estimated parameters [9].

112  Predicting the effects of treatment according to the antiviral efficacy and the timing

113 treatment of initiation

114 We assumed that antivirals with a constant effectiveness € could reduce Ry by a factor
115  (1-¢), with ¢ taking values from 50% to 99% in Equation 2. We considered different timing of
116 treatment initiation, from the time of infection to 3 days after the symptom onset. For each

117  treatment strategy, we calculated the reduction in viral load at the peak of infection in the
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118 absence of treatment, i.e., 5 days after symptom onset. The model providing the best
119 description of the data was used for the simulations, and sensitivity analyses were conducted
120 to evaluate the results obtained with different assumptions regarding the delay between time
121  of infection and time of symptom onset either 2 or 10 days (Supplemental information, Fig S1

122 and ).

123  PK/PD drug properties of lopinavir/ritonavir, hydroxychloroquine and I FN-g-1a

124 We relied on the literature to find PK population parameters of lopinavir/ritonavir
125 [10], hydroxychloroquine [11], and IFN-B-1a[12] as well as reported ECsy values in vitro
126 (see Table 1). For lopinavir, ECso Vero E6 cells were infected by SARS-CoV-2 (strain
127 BetaCoV/France/IDF0571/2020) at a MOI of 0.01 and treated with several concentrations of
128 lopinavir one hour after infection. Supernatant samples were collected at 48 and 72 hour post
129 infection. Relative quantification of viral genome was performed by RT-gPCR from RNA
130 extracted using QIAamp viral RNA Mini Kit (Qiagen). IC50 values of lopinavir (5.246 uM
131 and 4.941 uM at 48 and 72 hours post infection, respectively) were calculated from dose-
132  response curve using a four-parameter logistic regression model. CC50 were determined
133 using a MTS viability assay in Vero E6 cells treated by a large range of lopinavir
134  concentrations. No published results on remdesivir pharmacokinetics was available at the time
135  of this publication. We then simulated 100 PK profiles according to the estimated distribution
136 and we calculated for each simulated individual the mean inhibitory coefficient during the
137  first week of treatment, to anticipate their effect on peak viral load. For comparison purposes,
138  we based the analysis on blood concentrations and did not adjust for plasma protein binding

139  when computing efficacy.

140
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141 Table 1. PK/PD properties of candidate antiviral drugs. We assume that the total blood concentrations were the driver of

142  efficacy, and we did not consider intracellular metabolites or free drug concentrations

PK . ) €=
ECso Dosing regimen
Drug 7
parameter 1 C(w)
(uM) DO-D7 —_ f ——_du
77 ), C(W) +ECs
Wang et al. 5.2
Lopinavir/ritonavir 400/100BID 66%
[10] (unpublished)
Moritaet a 400 mg BID at
Hydroxychloroquine [11] 0.72[13] DO, followed by 33%
400 mg QD
Huetal. 175 IU/mL 12 MIU at DO,
IFN-B-1a 18%
[12] [14] D2, D5
143
144 Results
145 Here we used a “target-cell limited” model with an eclipse phase [8] given by Eq. (1) to

146  characterize the vira load dynamics of 13 hospitalized patients in Singapore for which data
147  obtained from frequent nasopharyngeal swabs were available [3] (Fig S3). Because this model
148 needsto incorporate a date of infection, an incubation period of 5 days was used to project the
149 most plausible date of infection in each patient [5] (see Supplemental Information for a
150 sensitivity analysis). The model fit the data well (Fig S3); using a model averaging approach
151 to take into account model uncertainty [9], the within-host basic reproductive number, Ry,
152  was found equal to 12.9 (Clgsy=[2.3-46.7]), and the death rate of productively infected cells
153  was estimated as 0.54 d™* (Clgsy,=[0.21-0.87]), corresponding to a median half-life of 1.3 days
154  (See Supplemental information Fig S4 and Table S1). In influenza A, another respiratory
155 infectious disease, estimates of the within host Ry varied greatly, but the half-life of infected
156 cells was shorter than 10 hours (see more details in [15]), suggesting a faster clearance of

157 influenzainfected cellsthan SARS-CoV-2.
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158 These numbers aso inform us both on the time to initiate antiviral treatment, and the
159 level of efficacy that needs to be achieved to reduce viral load [6]. As limited information is
160 available on the mechanisms leading to viral clearance, and how they may be modulated by
161 treatment, we used our model to predict the effects of treatment at day 5 post symptoms,
162  which corresponds to the time the viral load tends to peak in the absence of treatment [3]. We
163 considered a simple case where the drug effectiveness is assumed to be constant after therapy
164 initiation (see methods) and we calculated the minimal efficacy that would be needed to
165 generate more than 2 logs of viral decline at peak viral load in the 13 studied patients (Fig. 1).
166 As predicted by viral kinetic modeling theory [2], we found that the impact of treatment on
167 peak vira load is inversely correlated with the time of treatment initiation. For a putative
168 treatment initiated at the time of infection, symptom onset, or 3 days post symptom onset, a
169 median efficacy of at least 60, 90 and 99% in reducing viral replication would be needed,

170  respectively, to generate more than 2 log of declinein the peak viral load (Fig. 1).

A [ftreatment is initiated at day of infection (DI) B [ftreatment is initiated at day of symptoms (DS)
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172 Figure 1: Reduction in viral load at day 5 post symptom onset according to the level of antiviral effectiveness and the timing
173 of treatment initiation (A: at time of infection; B: at time of symptom onset; C: 3days after symptom onset). We assumed an

174  incubation period of 5 days
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175 How do these levels of effectiveness compare with the antiviral drugs that are currently
176 being investigated? To study this question, we assumed that the treatment antiviral
177  effectiveness a time t after treatment initiation, (t), was related to the plasma total drug

40)

178  concentration, C(t): £(t) = C(D+EC
50

and the mean antiviral effectiveness during the first 7

7 Cc(w)

o du. Given their pharmacokinetic and
C(W+ECs,

179 days of treatment is given by € = % X

180 pharmacodynamic properties (Table 1), we calculated a mean antiviral efficacy of up to 66%
181 for lopinavir/ritonavir, 18% for IFN-B-1a, and 33% for hydroxychloroquine. Given these
182  edtimates, these compounds are unlikely to have a dramatic effect on peak vira load if
183 administered after the onset of symptoms. In fact, the effective concentrations will
184  presumably be lower in patients, as relevant drug may be further limited by protein binding
185 (in particular for lopinavir, which has a protein binding rate > 98%) or capability to penetrate
186 respiratory compartments, which is not well characterized. Importantly, levels of antiviral
187  efficacy of ~50% could nonetheless be relevant in a prophylactic setting, before symptom
188  onset, to reduce viral replication in the upper respiratory tract and reduce the risk of large
189 infiltration to the lung before an effective immune response is mounted to clear virus [2]
190 Note, above we calculated the effectiveness of drugs administered in monotherapy for their
191  usua dosing regimen. We aso did not consider drugs that could directly target infected cells

192 and lead to their elimination, such as some monoclonal antibodies.
193 Discussion

194 Overall our results emphasize that the PK/PD properties of lopinavir/ritonavir, IFN-3-1a
195  and hydroxychloroquine make them unlikely to have a dramatic impact on viral load kinetics
196 inthe nasopharynx if they are administered after symptom onset. Given this, it is possible that
197  continued viral replication in the presence of drug will select for drug resistant mutations as

198 has been seen with other RNA viruses [7], athough coronaviruses are unusua in that they

10
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199  appear to have low mutation rates due to RNA proofreading capability. Drug combination
200 therapy and more aggressive dosing, including consideration of loading doses to rapidly
201  achieve therapeutic exposures, may be beneficial to maximize efficacy of these repurposed
202 antiviral agents. However, they may be relevant in pre- or post-exposure prophylaxis

203  administration to reduce viral replication and hence the risk of disease progression.

204
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Table 1 PK/PD properties of candidate antiviral drugs. We assume that the total blood concentrations were the driver of
efficacy, and we did not consider intracellular metabolites or free drug concentrations

PK . . ()=
ECs Dosing regimen
Drug ameter 1 (7 cC
bar (M) DO-D7 Zx f __tm
7 Jy C(u) +ECs
Wang et 52
Lopinavir/ritonavir 400/100 BID 66%

aI 11 .
. (unpublished)

Moritaet 400 mg BID at
Hydroxychloroquine a® 0.72" DO, followed by 33%
400 mg QD
Hueta.® 12 MIU at DO,
IFN-B-1a 175 IU/mL* 18%

D2, D5
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