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Modeling explains prolonged SARS-CoV-2 nasal
shedding relative to lung shedding in remdesivir-
treated rhesus macaques
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A mathematical model to explain why remdesevir has a greater antiviral effect on SARS-CoV-2 in lung versus
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METHODOLOGY

Steps

1. Remdesevir PK model was developed and fitted to
the data.

2. A PKPD model integrating viral dynamics model and
PK model was developed.

3. More than 10 hypotheses in PKPD model were
explored.
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OUTCOME

1. Remdesevir PK model recapitulated parent and its
metabollites concentration following single and
multiple IV bolus administration.
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2. PKPD model also recapitulated data very well.
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3. Data best supported two models shown in
METHODOLOGY for two different regions and
the presence of refractory cells in lung but not in
nasal passages.

4, Antivitral efficacy in lung and nasal passages is
similar but activity is slightly delayed in latter.

5. Fitting yields that viral loads continue to decrease
in lung due to infection-dependent generation of
refractory cells.

8. Increases in nasal viral load may occur due to a
slight blunting of peak viral load which decreases
the intensity of the innate immune responses.

7. Even slight reduction in lung viral load may result in
a substantial decrease in lung damage.
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Modeling explains prolonged SARS-CoV-2 nasal

shedding relative to lung shedding in
remdesivir-treated rhesus macaques

SUMMARY

In clinical trials, remdesivir decreased recovery time in hospitalized patients with
SARS- CoV-2 and prevented hospitalization when given early during infection,
despite not reducing nasal viral loads. In rhesus macaques, early remdesivir pre-
vented pneumonia and lowered lung viral loads, but viral loads increased in nasal
passages after five days. We developed mathematical models to explain these re-
sults. Our model raises the following hypotheses: 1) in contrast to nasal passages,
viral load monotonically decreases in lungs during therapy because of infection-
dependent generation of refractory cells, 2) slight reduction in lung viral loads
with an imperfect agent may result in a substantial decrease in lung damage,
and 3) increases in nasal viral load may occur because of a blunting of peak viral
load that decreases the intensity of the innate immune response. We demonstrate
that a higher potency drug could lower viral loads in nasal passages and lungs.

INTRODUCTION

There is a desperate need for treatments for SARS-CoV-2, the virus which causes COVID-19 disease
(Schiffer et al., 2020). One unmet need of antiviral therapy development is identification of virologic surro-
gates for clinically meaningful endpoints such as death or need for hospitalization. Viral load surrogate
endpoints allow for much smaller and efficient clinical trials (Block et al., 2017; Chen et al., 2013; Duke
et al., 2021; Murray et al., 1999; Natori et al., 2018). In the case of SARS-CoV-2- infected people, viral
load can be routinely measured in nasal samples or saliva (Wélfel et al., 2020). However, the primary site
of disease is lung tissue. Therefore, bronchoalveolar lavage (BAL) of lungs would be an ideal sample. How-
ever, BAL is usually not necessary for diagnosis, represents an infection risk to medical personnel and is
rarely performed in the care of COVID-19 patients. When BAL does occur, it is often late during disease
in critically ill patients rather than at early clinical presentation. In addition, BAL only samples select lobes
of the lung and is not spatially comprehensive. Thus, the natural kinetics of SARS-CoV-2 in lungs is likely to
remain unknown in humans.

In humans, a double-blind, randomized, placebo-controlled trial showed that the nucleoside analog remde-
sivir limited the duration of illness and approached statistical significance for reduction in mortality when given
later in disease (Beigel et al., 2020). In a separate study with an overall later time of treatment initiation, remde-
sivir had no effect on viral load or clinical outcome (Wang et al., 2020b). A more recent trial showed that re-
mdesivir given early during infection in the outpatient setting dramatically decreased the likelihood of
hospitalization and/or death (https://www.gilead.com/news-and-press/press-room/press-releases/2021/9/
veklury-remdesivir-significantly-reduced-risk-of-hospitalization-in-highrisk-patients-with-covid19). Surpris-
ingly, nasal viral loads did not differ between the treatment and placebo arms in this study, raising the ques-
tion of whether nasal viral loads could serve as a valid surrogate endpoint for remdesivir or other antiviral
agents of interest. In contrast, molnupiravir, an agent which induces viral RNA copying errors, showed a reduc-
tion in viral loads in a similar study and has clinical benefit (Fischer et al., 2021), as did PF-07321332, a boosted
protease inhibitor (https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-
additional-phase-23-study-results). Monoclonal antibody cocktails dosed early during infection also lower
nasal viral loads and reduce hospitalization rates dramatically (Dougan et al., 2021, Weinreich et al., 2021).

Remdesivir was highly effective when initiated 12 h after infection in rhesus macaques (Williamson et al.,

Waccine and Infectious
Diseases Division, Fred
Hutchinson Cancer Research
Center, Seattle, WA, USA

?Department of Medicine,
University of Washington,
Seattle, WA, USA

3Clinical Research Division,
Fred Hutchinson Cancer
Research Center, Seattle,
WA, USA

4Present address: Medicine
Design, Pharmacokinetics,
Dynamics, & Metabolism,
Pfizer Worldwide R&D,
Cambridge, MA, USA

5These authors contributed
equally

éLead contact

*Correspondence:
jschiffe@fredhutch.org

https://doi.org/10.1016/j.isci.

2020b). In this context, remdesivir prevented pneumonia and limited extent of clinical illness. Although 2022.104448
m o
ekt iScience 25, 104448, June 17, 2022 © 2022 The Authors. 1

updates.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://www.gilead.com/news-and-press/press-room/press-releases/2021/9/veklury-remdesivir-significantly-reduced-risk-of-hospitalization-in-highrisk-patients-with-covid19
https://www.gilead.com/news-and-press/press-room/press-releases/2021/9/veklury-remdesivir-significantly-reduced-risk-of-hospitalization-in-highrisk-patients-with-covid19
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-additional-phase-23-study-results
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-additional-phase-23-study-results
mailto:jschiffe@fredhutch.org
https://doi.org/10.1016/j.isci.2022.104448
https://doi.org/10.1016/j.isci.2022.104448
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104448&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

there was an effect on viral shedding in serial BAL specimens, viral load in the nasal passage was unchanged
relative to animals treated with a vehicle during the first several days of infection and was significantly
higher starting at day 5.

Several mathematical models have been developed detailing SARS-CoV-2 viral kinetics in humans (Cao
etal., 2021; Goyal et al., 2020; Ke et al., 2021a, 2021b; Kim et al., 2021a; Néant et al., 2021), nonhuman pri-
mates (Dobrovolny, 2020; Gongalves et al., 2021; Kim et al., 2021b; Rodriguez and Dobrovolny, 2021), and
ferrets (Vaidya et al., 2021). The general structure follows a target cell-limited model with or without innate
and adaptive immune responses. In particular to modeling in nonhuman primates, Dobrovolny (2020) and
Kim et al. (2021b) explained the observed prolonged viral shedding in nasal passages with early treatment
with remdesivir. However, these studies did not provide an explanation for viral kinetics in the lung under
treatment along with observed improved pathogenesis in treated animals. Here, we develop a mathemat-
ical model that recapitulates viral load trajectories in both anatomic compartments of the infected rhesus
macaques and qualitatively describes the pulmonary pathology. The model explains these differences ac-
cording to underlying distinct viral kinetics off-therapy in both compartments as well as differential drug
potency in the nasal passage versus the lung compartment.

RESULTS

Discrepant SARS-CoV-2 viral loads in lungs and nasal passages in response to remdesivir
treatment in rhesus macaques

12 rhesus macaques were infected with 2.6 x 10° TCID50 of SARS-CoV-2 strain nCoV-WA1-2020 via intra-
nasal, oral, ocular, and intratracheal routes and then treated with either placebo or IV remdesivir (10 mg/kg
loading dose followed by 5 days of 5 mg/kg) starting at 12 h post infection (Williamson et al., 2020b). Overall
treatment resulted in reduced severity of clinical illness, less pronounced infiltrates on chest radiograph,
lower viral load by nucleic acid, and viral titer measurement in bronchoalveolar lavage (BAL) fluid on
days 1, 3, and 7 and decreased volume of lung lesions, lung weight, and inflammation on histologic post-
mortem exam (Williamson et al., 2020b).

We reexamined viral loads in BAL and nasal specimens, and noted that at days 1, 3, and 7 postinfection BAL
viral loads were lower in the remdesivir arm relative to the vehicle arm by approximately a single order
of magnitude (Figure 1A). Similar results were observed when viral load was measured using viral culture
(Williamson et al., 2020b). In nasal specimens, there was no observed difference in viral loads at days 1,
2, 3, and 4; on day 6, there was a trend toward higher viral loads in the remdesivir-treated arm; on day 5
and 7, nasal viral loads were statistically higher in the remdesivir-treated arm relative to vehicle (Figure 1B).

When nasal viral loads were compared longitudinally to BAL viral loads in vehicle treated animals, viral
loads were generally higher in BAL than in the nasal passages at days 1, 3, and 7 (Figure 1C); in the remde-
sivir-treated animals, viral loads were equivalent on days 1 and 3 but higher in nasal passages than BAL at
day 7 (Figure 1D). Overall, these results suggest that remdesivir lowered viral load in the lung but had the
opposite effect in nasal passages of rhesus macaques at late time points.

Dual compartment PK/PD model of remdesivir

To explain the differential observations in lung and nasal passages of remdesivir-treated animals, we devel-
oped a mathematical model to capture drug pharmacokinetic (PK) and pharmacodynamics (PD), as well as
viral and immune dynamics. The PKk model is represented in Figure 2 with equations listed in the Methods. It
captures the steps following intravenous injection of remdesivir (GS-5734), including conversion to an
alanine metabolite (GS-704277) and then to the parent nucleoside GS-441524 (Nuc), the necessary phos-
phorylation of this molecule to achieve its active triphosphate form (NTP) as well as the distribution of these
metabolites from plasma to tissue.

For single-dose PK, we fit the model to averaged data from three healthy rhesus macaques in which various
intermediate metabolites were measured over time following a single injection of 10 mg/kg, including the
levels of NTP is PBMCs (Figure 3A) (WHO, 2018; Warren et al., 2016). We also simultaneously fit the model
to multidose drug and metabolite trough levels from the infected rhesus macaques (10 mg/kg at day 0.5
and thereafter, 5 mg/kg daily at days 2 till 6 postinfection), including a day 7 level of the Nuc in tissue at
the time of necropsy on day 7 in Figure 3B (Williamson et al., 2020b). RDV PK parameters are listed in
Tables S1and S2. The model is able to recapitulate the averaged levels of remdesivir and its metabolites
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Figure 1. Viral load kinetics following remdesivir treatment in 6 rhesus macaques

(A) Decreased bronchoalveolar lavage (BAL) viral loads in 6 remdesivir-treated animals versus 6 vehicle controls at all
measured time points.

(B) Increased nasal viral loads in remdesivir-treated animals versus controls at day 5 and 7.

(C) BAL versus nasal viral loads in vehicle treated animals.

(D) BAL versus nasal viral loads in remdesivir-treated animals. The Wilcoxon rank sum test was employed to determine the
differences in the median viral loads in treated and vehicle controls at different time points. p < 0.05 denotes statistical
significance (*); p < 0.01 is denoted **. The boxs represent the area of the interquartile range (IQR). Whiskers are the
wdgsw of the box + 1.5 IQR. Dots are outliers.

in healthy (Figure 3A) and infected rhesus macaques (Figure 3B); however, it is to be noted that all param-
eters in the model are not identifiable as discussed in the Methods and shown in Table S2.

The commonly used Emax PD model, evaluating the reduction in viral production as a function of the con-
centration of drug, should ideally use the concentration of active metabolite in tissue (NTP) to estimate
ECsg (the concentration of the drug in infected cells, at which viral replication is inhibited by 50%). However,
such experimental data is unavailable because of rapid decay of the active metabolite in the lungs. To over-
come this limitation, we followed the same strategy as in the experimental article and used the concentra-
tion of nucleoside GS-441524 (A7) in tissue as a surrogate for the concentration of active metabolite in tis-
sue toward the calculation of ECso. We also assumed equivalent levels of the metabolite in nasal passages

and the lung. Overall, the viral production m; is assumed to be reduced by a factor (1 - %), where
37 + ECs0i

ECso; is the in vivo ECsg of the nucleoside GS-441524 in the respective compartment |.

Mathematical model of SARS-CoV-2 in lungs and nasal passages in rhesus macaques

We developed a model of viral replication in the nasal passage and lungs that include multiple mechanisms
that may occur following infection in lungs and nasal passages (Figure 4A). This model is an adaptation of
our previous model of human COVID-19 infection (Goyal et al., 2020) and includes density-dependent
death of infected cells as a proxy for an intensifying innate response to a higher burden of infection, de-
layed proliferation of susceptible epithelial cells, the possible conversion of susceptible and/or infected
cells to an infection refractory state, the possible movement of the virus between nasal passages and
the lung, and the possible delay in the antiviral activity of remdesivir in lungs and the nasal passages.
We fit different versions of this model to the viral loads in nasal passages and lung from 6 infected, remde-
sivir-treated animals, 14 infected and untreated animals, including the é vehicle animals in the remdesivir
protocol (RM7-12) (Williamson et al., 2020b), and 8 other animals infected using the same protocol (4 of that
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Figure 2. Schematic of the remdesivir pharmacokinetic (PK) model

The model includes plasma and tissue levels of remdesivir GS-5734 (A, Aq1), the alanine metabolite GS-507277 (A, Az,
and the parent nucleoside GS-441524 (A3, Ast) that is phosphorylated in tissue to the active nucleoside triphosphate form
of the drug (A47). For remdesivir and the first two metabolites, we modeled the drug distribution from plasma to tissues.

had extended nasal viral load measures through 21 days after infection) (Munster et al., 2020). Each model
explored was a version of the full model in Figure 4A with individual components removed (Methods). An
extended model proposed by Ke et al. (2021a) was also fit to the observed data in rhesus macaques. This
model incorporated features such as refractory cells and immune-effector cells in nasal passages and in
saliva to explain viral shedding in 60 individuals.

Using model selection theory, we found that the model with minimal complexity necessary to explain the
observed data in its entirety was the one in Figure 4B. In this model, infected cell death and viral production
have different rates in the lung compared to the nasal passage (Tables S3 and S4). Furthermore, susceptible
lung cells proliferate and become refractory to infection, but cells in the nasal passages do not (Table S5).
This model also lacked viral interchange between lung and nasal passages (i.e., .y =0and y. = 0).

Ke et al.’s model (Ke et al., 20271a) performed statistically better than our best model (AIC = 565.4, i.e.,
lower AIC by ~100 points) most likely by virtue of fewer unknown parameters. Overall fit to data was
similar (Figure STA) but this model did not produce the higher levels of late viral shedding in nasal pas-
sages in treated animals compared to untreated animals. This is because the depletion of target cells in
nasal passages within a couple of days of infection does not allow prolonged viral shedding in the
absence of active new cycles of infection (Figure S1B). Moreover, the same model did not capture faster
recovery/lower lung damage in treated animals (Figure S1B). We believe that this is because this model
does not allow regeneration of susceptible cells or the presence of refractory cells in the lung. Thus, the
total epithelial cell population in the lung dies, presumably leading to profound tissue damage in sim-
ulations (Figure S1B).

Model fit to viral load data from untreated rhesus macaques

The best model recapitulated the observed trend of higher viral loads in BAL at late time points relative
to the nasal passage in untreated macaques (Figure 5A). The model also closely captured the viral dy-
namics in BAL from untreated animals and mostly captured nasal viral loads as well, though outlier
data points, mostly representing transient viral rebound compromised models fit somewhat in several
animals.
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(A) RDV PK model fits to data in rhesus macaques from a single dose of 10 mg/kg remdesevir at day 0.
(B) Fits of drug and intermediate levels from the rhesus macaques from the current COVID-19 study. Animals received 10 mg/kg remdesevir at day 0.5 and

5 mg/kg remdesevir at days 1, 2, 3,4, 5, and 6.
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Infected cell death rates (6) and viral replication rates () were generally higher in the nasal passages rela-
tive to lungs in the untreated animals (Table S4). The density-dependent exponent had a similar value in
both compartments (k = 0.09), consistent with predicted value in humans (Goyal et al., 2020), and led to a

2-2.5-fold increase in the overall death rate of infected cells at peak viral load.
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Figure 4. Mathematical models of nasal and lung SARS-CoV-2 dynamics and remdesivir therapy

(A) Schematic of a comprehensive viral dynamics model inclusive of all possible compartments and assumptions.

(B) A reduced model that recapitulates the complete viral load data. Exclusions relative to the complete model include no
refractory cell compartment in the nasal passage and no proliferation of susceptible cells in the nasal compartment.

Model fit to viral load data from remdesivir-treated rhesus macaques

The PK/PD model (the combination of the PK model in Figure 2 and the viral dynamics model shown in
Figure 4B) recapitulated the observed trend of lower viral loads in BAL at late time points relative to the
nasal passages (Figure 5B). The model also captured BAL viral loads on treatment accurately while repro-
ducing nasal viral loads as well, though outlier data points again compromised the model fit somewhat in
several animals. In particular, our model failed to capture the day ‘1’ viral load in the nasal compartment
under a population-based fitting procedure (Figure 5B), which could be improved upon by performing
data fitting for each animal separately assuming a constant efficacy of remdesivir (Figure S2). We also
were not able to fit to the dramatically observed biphasic viral expansion in one animal (RM2). The model
recapitulated the fact that BAL viral load was lower in treated animals at all-time points but that nasal
viral loads was higher in treated animals at late time points (Figure 5C) closely approximating summary
results in Figures 1A and 1B.

Remdesivir's antiviral potency in nasal and lung cells

The estimated degree to which remdesivir suppressed viral replication varied somewhat across animals.
Over the course of the treatment (from day 0.5 to day 7), the mean efficacy of the RDV treatment in nasal
mucosa and lung cells was estimated to be ~75%, ~73%, 72%, 66%, 70, and 65% in RM1, RM2, RM3, RM4,
RMS5, and RMé, respectively (Figure 6). Brief reductions in RDV drug concentrations between doses related
to lower active metabolite levels in cells and were associated with viral re-expansion after each dose (Fig-
ure 5B). Finally, we found that a model that ignores fluctuations in RDV PK and assumes that the drug
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Figure 5. Mathematical model fits to viral load data

(A) Fits to untreated animals. RM 7-12 received a placebo vehicle in direct comparison to the remdesivir-treated animals.
RM 13-20 are from different studies.

(B) Fits to 6 treated animals who received 10 mg/kg at day 0.5 and 5 mg/kg at days 1, 2, 3, 4, 5, and 6. Dots (pink = nasal
swabs, purple = BAL) are datapoints and lines are model projections. Dots overlying the dotted line are below the limit of
detection.

(C) Model simulated viral kinetics has similar statistical results as the raw data in Figures 1A and 1B. Time is in days from
infection.

efficacy is constant between 0.5 to 7 days does not fit observed data at the population level as well as the
model that includes RDV PK (A AIC~21).

The antiviral potency of remdesivir was estimated using "in vivo"” ECsq. Although "in vitro” 1Csq estimates
the antiviral concentration needed to inhibit 50% of viral replication based on in vitro experiments, we es-
timate ECso based on viral loads measured in vivo in animal or human experiments (Goyal et al., 2020). Es-
timates for in vivo ECsg were the same in the lung and the nasal passages (Table Sé). Variability in nasal viral
load peak and contemporaneous viral loads between treated animals is generally related to difference in
death rate of infected cells in nasal passages rather than ECsg. RM2 had complex kinetics with low peak viral
load followed by viral rebound (which was not captured by the model and may represent a drug resistant
variant) (Goyal et al., 2020) and was found to have the highest death rate of infected cells in nasal passages.
One animal with accelerated viral elimination in the lung (RM5) was found to have a higher infected cell
death rate in lung but ECsg the same as the other 5 treated animals (Table S6).

Of note is that we estimate the drug potency (i.e., ECsp) to be the same in nasal passages and lungs
assuming the same levels of the nucleoside GS-441524 in nasal passages and lungs. Differences in drug
concentration in the two tissue compartments might yield differences in potency. This is because we
require the same antiviral efficacy in two compartments to reproduce the observed data (Figure 4). The
preservation of this relationship requires that the ECsg increases (or decreases) if the drug concentration
is higher (or lower) in nasal passages compared to lung because antiviral efficacy is inversely proportional
to the ratio of drug concentration and ECso. Our model also suggests that despite similar antiviral potency
in the two compartments, the antiviral effects are delayed by ~0.3 days from the time of first administration
in nasal passages whereas it is relatively quicker in lungs with a shorter delay of ~0.1 day.

Lack of viral rebound in the lung may be explained by infection-dependent generation of
refractory cells

We next performed counterfactual simulations assuming the six treated animals did not receive treatment
(ev =0 and g = 0). The viral load trajectories in these simulations (Figure 7) appear similar to those in un-
treated animals with BAL viral loads exceeding nasal viral loads at later time points (Figure 5A). Compar-
isons of the counterfactual viral load tracings to the treated animals suggests that a majority of viral load
decrease in lungs is achieved following the first dose and is then carried forward throughout the duration
of therapy with unchanged decay slopes. On the other hand, in nasal passages, viral load is decreased
initially during therapy but then stabilizes or even increases, leading to higher viral loads than counterfac-
tual projections (Figure 7).

In the nasal cavity, somewhere between day 2 and 6 of therapy, the tracing cross and viral loads of the
treated animals are predicted to exceed the counterfactual simulations of the same animals off therapy
(Figure 7). The model projects that early treatment reduces viral load, thereby decreasing new early infec-
tion and preventing depletion of susceptible cells in the nasal passages (Figure S3). Even without assuming
susceptible cell proliferation, there is an adequate population of these cells to establish a steady state of
viral replication (Figure S3). In the lung, even with remdesivir moderate potency, initially susceptible cells
rapidly become refractory to infection and treatment leads to a slower depletion of susceptible cells. These
cells are nevertheless depleted in a nonlinear fashion as they convert to a refractory state (Figure S3). Inclu-
sion of a refractory cell compartment is therefore necessary in our model to allow the elimination of virus
from serial BAL samples.

Decreased cell death in the lungs of remdesivir-treated animals

We longitudinally assessed cell death over time in our counterfactual simulations as an approximation of
total lung damage. In each case, therapy decreased the degree of peak cell death by 15-67% (Figure S4)
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Figure 6. Projected direct antiviral efficacy of RDV treatment (ey and ¢.) in nasal passages (pink line) and the lung
(blue line)

Over the course of the treatment (from day 0.5 to day 7), the projected efficacy of remdesivir in nasal cell (pink, which is
superimposed by the purple line) is same as in lung cells (purple). Projections are based on data from RM 1-6. Time is in
days from infection.

and significantly decreased the cumulative number of dead cells over 7 days (p = 0.03, Wilcoxon rank-sum
test). Although lung damage is multifactorial during COVID-19 and may involve immune-mediated
destruction, this finding is qualitatively compatible with the observation that early remdesivir spared these
6 animals from severe clinical disease and abnormal lung histopathology.

Projected nasal and lung viral load trajectories at higher drug potency

Next, we performed sensitivity analyses in which we assumed a more potent antiviral effect, which could
arise either from different dosing of remdesivir or a drug with a lower ECs. In nasal passages (Figure S5A)
and in lungs (Figure S5B), the impact of the first dose is more profound with higher potency leading to a
more abrupt decline in viral load in both compartments.

We estimate that minimum drug efficacies of 99.0 and 99.9% would be required to drive the viral load below
the detection limit (i.e., 100 copies/mL) in the nasal passages and lungs within 5 days of treatment initiation,
when treatment is initiated 12 h postinfection. The need for such high potency reflects the lack of a concur-
rent immune response at this early stage of infection.

Projected impact of later therapy in nasal and lung viral load kinetics

We previously predicted in modeling of human infection that antiviral treatment with moderate po-
tency would not clear viral infection in the nasal passage (or sputum) if dosed before the peak viral
load but would clear infection if dose several days later (Goyal et al., 2020). Our simulations of the rhe-
sus macaque data arrive at a similar conclusion in the nasal passage; paradoxically, later treatment with
a moderate potency drug results in lower viral loads, whereas treatment started before peak results in
increased late viral loads (Figure S6A). In contrast, in the lungs, later treatment at days 2 or 4 leads to a
subsequent viral load trajectory similar to that of the earlier treated animals during the later stages of
infection (Figure S6B).

We estimate that minimum drug efficacies of 70 and 99% would be required to drive the viral load below the
detection limit (i.e., 100 copies/mL) in the nasal passages and lungs within 5 days of treatment initiation,
when treatment is initiated 4 days postinfection. This result is because of the higher remaining viral load
in the lungs of animals during the first untreated 4 days of infection.
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Figure 7. Projected impact of RDV treatment on viral dynamics in the nasal passages and lungs

Solid lines refer to the simulated viral loads under treatment and dotted lines are counterfactual simulations assuming no
treatment. In the case of the lung (BAL specimens), therapy is projected to lead to consistently lower viral loads. In the
case of nasal viral load, therapy temporarily lowers viral load, but viral load is predicted to ultimately persist at higher
levels than in the absence of treatment. Simulations are based on data from RM 1-6. Time is in days from infection.

DISCUSSION

Viral load is a valid surrogate endpoint for treatment efficacy of several viruses including HIV, hepatitis B,
hepatitis C, and cytomegalovirus (Block et al., 2017; Chen et al., 2013; Duke et al., 2021; Murray et al., 1999;
Natori et al., 2018). It is plausible that SARS-CoV-2 lung viral load is also predictive of disease severity in
humans. Viral loads from swabs of infected tissue provide an approximation of the number of infected cells
at a given point in time, and therefore the surface area of infected tissue (Schiffer et al., 2010, 2013a). Un-
fortunately, it is less certain whether viral load measurements can be leveraged for SARS-CoV-2 treatment
response in humans because BAL is required to measure lung viral load but these are never performed
longitudinally in infected people as part of routine clinical care. Experience from other respiratory viruses
suggests that viral load measures in the upper airway by nasal swab or saliva may or may not be represen-
tative of those in the lung (Seo et al., 2014).

Here, we apply mathematical models to remdesivir treatment data in rhesus macaques in which both lung
and nasal viral load were measured. We believe that our model explains the observed data in its entirety
and allows several testable hypotheses not generated by existing models (Goncalves et al., 2027; Kim et al.,
2021b; Rodriguez and Dobrovolny, 2021). Specifically, our model provides a plausible explanation for pro-
longed viral shedding in nasal passages in treated animals while also capturing lower lung viral load ki-
netics and limited pulmonary pathology in treated animals. We identify that the relationship between
lung and nasal viral load in the context of antiviral treatment is complex and dependent on the potency
and timing of therapy. With an assumed potency of ~70% for remdesivir (consistent with estimates from
(Kim et al., 2021b)), our model projects lower viral loads in the lung over the 7 days following infection,
but viral loads in the nasal mucosa are only transiently lowered. Several days into treatment viral loads
increased slightly and surpassed what might have occurred without treatment.

This result suggests that nasal viral load may not be an optimal surrogate for lung disease in the context of a
partially effective antiviral therapy such as remdesivir at the doses used in this study. On the other hand,
when we assume a more potent therapy with a lower in vivo ECsg, then nasal viral loads are predicted to
decrease in an exponential manner, in lock step with lung viral loads, immediately after starting treatment.
Therefore, nasal viral loads in humans — measured either by duration of shedding or viral decay slope —
could be a viable surrogate endpoint for lung viral load and downstream lung damage but only in the
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context of a highly potent agent. This observation may explain the observed reduction in viral loads in trials
for two other oral agents as well as monoclonal antibodies, which were given early during therapy and
shown to also lower hospitalization rates (https://www.pfizer.com/news/press-release/press-release-
detail/pfizer-announces-additional-phase-23-study-results; Dougan et al., 2021; Fischer et al., 2021; Wein-
reich et al., 2021).

The experimental results highlight inherent strengths and limitations of the rhesus macaque model. Nasal
passage viral kinetics and histologic lung damage appear similar between humans and rhesus macaques
(Goyal et al., 2020; Zhang et al., 2020). We are also encouraged by the fact that a nearly equivalent math-
ematical model with a similar parameter set explains nasal viral loads in humans and rhesus macaques
during the first week of infection (Goyal et al., 2020), (though the acquired immune response is not modeled
in the macaques because we do not observe complete viral elimination within the experimental time
frame). Similarly, our modeling of human data led to the prediction that a semi-potent treatment given
extremely early during infection might allow higher late nasal viral loads (Goyal et al., 2020), which was
observed in the rhesus macaque experiments described herein.

On the other hand, in rhesus macaques, peak viral load, extensive lung damage, and clinic illness are
observed within two days of infection, which is not in keeping with severe illness in humans which usually
emerges at least a week after the initial phase of illness (Munster et al., 2020; Wang et al., 2020a; Williamson
etal., 2020b). We hypothesize that direct intratracheal inoculation of macaques with a high viral titer results
in more immediate infection of the lung and early peaking of viral load. In humans, respiratory viruses may
start replicating in the upper airway and then transmit to the lungs in a second stage of infection (Chemaly
et al., 2014). An alternative and not mutually exclusive explanation is that the degree of viral replication in
the lung can also be established extremely early in humans, but that the more extensive immune-mediated
damage which may be correlated with the extent of early viral replication occurs 1-2 weeks later. Had the
rhesus macaques with the highest lung viral loads been followed for a longer time, it is possible that a more
severe pneumonia would have developed at later time points. The observed differences in the pathology
and viral kinetics between humans and rhesus macaques might also be one of the reasons for why our best
model that is designed to explain data in rhesus macaques is structurally different to the model that de-
scribes human data (Ke et al., 20273a).

A counterintuitive result predicted by our model is that the activity of remdesivir is slightly more delayed in
the nasal cavity than in the lung (assuming that drug levels are indeed equivalent in the two compartments).
This could perhaps be because the distribution of the drug to one compartment takes less time than the
other among other reasons. For example, highly perfused organs (including lung) will receive the drugs
sooner than the slowly perfused organs in the body. Nevertheless, SARS-CoV-2 is not cleared in nasal pas-
sages as effectively as in the lungs while on treatment, because the effectiveness of antiviral therapies is
never independent of the concurrent intensity of the immune response to infection (Schiffer et al,
2013b, 2016). We previously predicted that a more potent therapy is needed after 2 days of SARS-CoV-2
infection relative to >5 days after infection because there is little innate immune pressure against the virus
duringits early expansion phase (Goyal et al., 2020). As a result, despite a slight blunting of initial viral loads,
the virus will rebound or stabilize and end up at a higher viral level in the nose than in the absence of
treatment.

Here, we recapitulate this finding in the nasal passages, but also predict why this does not occurin the lungs
of macaques. In the lung as in the nasal cavity, we assume density-dependent killing as a proxy for an inten-
sifying innate response to a higher burden of infection. However, our model also suggests that ongoing
infection drives a percentage of lung cells to become temporarily refractory to infection. Inclusion of this
assumption is required to recapitulate lung viral load data and to explain the observation that lung damage
is severely blunted in animals receiving treatment. This assumption is supported by modeling of influenza
infection (Pawelek et al., 2012) but requires further experimental validation in human and nonhuman pri-
mate SARS-CoV-2 infection. Because rapid infection of all available lung cells is likely not compatible
with survival, itis a priority to identify why much of the lung is spared from infection in most people infected
with SARS-CoV-2.

In conclusion, we demonstrate that in rhesus macaques, the nonlinear forces governing SARS-CoV-2 viral
load trajectories in the lung and nasal passages differ substantially in the presence of a partially effective
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antiviral therapy. To the extent that the rhesus macaque model approximates human infection, nasal viral
load remains a promising surrogate endpoint marker but perhaps only in the context of a highly potent
antiviral therapy.

Limitations of the study

There are several limitations of our approach. First, our approximation of lung damage is relatively
coarse based on the complexity of this post-viral inflammatory process which may be mediated by fac-
tors other than number of infected cells. This is therefore a qualitative target of our modeling. Second,
our fits to nasal viral load are imperfect which may be because of imprecision in viral load measure-
ments or to missed components within the model. In the case of RM2, there is substantial viral rebound
that may be because of incomplete innate responses to the first pulse of infection or to de novo drug
resistance. Third, we only model early infection and therefore neglect the critical impact of the late ac-
quired immune response (Braun et al., 2020; Suthar et al., 2020; Weiskopf et al., 2020). This may repre-
sent a fundamental shortcoming of the nonhuman primate model in which virus is cleared extremely
rapidly. Fourth, although in vitro evidence supports the possibility of interferon mediated refractory
target cells (Blanco-Melo et al., 2020; Sa Ribero et al., 2020), this model prediction is not yet experimen-
tally verified. We support experiments assessing for upregulation of interferon-simulated genes in un-
infected cells during natural SARS-CoV-2 infection. Fifth, although we can confidently conclude that
compartmental drug potency is the same in nasal and lung sites, we cannot discriminate differences
in active drug levels or intracellular drug potency in the upper versus lower airway. We start with the
unverified assumption that nucleoside GS-441524 is at the same levels in nasal passages and lung
and then solve for ECsg which also ends up nearly the same in both locations. However, only the com-
bination of these values is truly identifiable. Sixth, our PK model has parameters that are not fully iden-
tifiable. However, the goal of our modeling exercise in this case was just to reproduce drug and
metabolite levels rather than identify a fully mechanistic PK model. Seventh, the viral inoculum in the
animals is extremely high which may explain the peak in viral load at day 1 or 2 after infection, which
is earlier than in humans. However, the upslope of viral expansion appears similar in humans and ma-
caques. We surmise that lower inoculum in humans may prolong time to viral detection. Finally, the
number of studied animals is small. Our results suggest that partially efficacious therapies may have
differential effects on viral load in the upper versus the lungs. This result needs to be replicated in other
animals to strengthen the veracity of our claims.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Other

All code and original data is available here: https://github.com/ashish2goyal/Simulating-remdesevir-effect-in-RMs

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources including data and codes should be directed to and will be
fulfilled by the lead contact, Joshua T Schiffer (jschiffe@fredhutch.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This paper analyzes existing, publicly available data. All data reported in this paper will be shared by the
lead contact upon request. All original code has been deposited at https://github.com/ashish2goyal/
Simulating-remdesevir-effect-in-RMs and is publicly available as of the date of publication. Any additional
information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

METHOD DETAILS

Experimental data

We analyzed viral load observations from nasal passages and BAL from 12 SARS-CoV-2-infected
rhesus macaques in which 6 were treated with remdesivir and 6 received a vehicle control
(Williamson et al., 2020b). Remdesivir was infused 12 h after infection at a dose 10 mg/kg with subse-
quent daily doses of 5 mg/kg until day 6, and remdesivir and its metabolites plasma concentra-
tions were measured. We also added viral loads from nasal passages and BAL from 8 additional
untreated animals (Munster et al., 2020). In both studies, rhesus macaques were infected with 2.6 x 10°
TCID50 of SARS-CoV-2 strain. Details about the infection and treatment protocol can be found in these
two articles.

We also analyzed more frequently sampled observations of remdesivir and its metabolites averaged from
three healthy animals after a single IV infusion of 10 mg/kg of remdesivir.

Remdesivir pharmacokinetics model

We used a compartmental and metabolism pharmacokinetics (PK) model for remdesivir. The goal of this
model was to recapitulate the sparse data from remdesivir and its metabolites after several doses to
the SARS-CoV-2-infected animals (Williamson et al.,, 2020b), along with the very frequently sampled
data after a single dose in healthy animals (Warren et al., 2016). The PK model (depicted in Fig-
ure 2) describes the metabolism of remdesivir Prodrug GS-5734 (A;), to the alanine metabolite
GS-704277 (A;) and subsequent parent Nucleoside GS-441524 (A3) in serum and their distribution
to other tissue (A1, Aot, and Azt in the same order). Metabolism rates from GS-5734 to GS-704277
and to GS-441524 are described by parameters ki» and kp3. Drug distribution to other tissues
and back to plasma are described by parameters ki1, kie, ko1, ke, kst and kze. We assumed that in
other tissues the active triphosphate metabolite (As1) is metabolized from the parent nucleoside
at rate kyq and ignored the drug distribution of the active triphosphate metabolite between
plasma and tissue compartments (Sun, 2020). We finally assumed all metabolites have clearance with

16 iScience 25, 104448, June 17, 2022


mailto:jschiffe@fredhutch.org
https://github.com/ashish2goyal/Simulating-remdesevir-effect-in-RMs
https://github.com/ashish2goyal/Simulating-remdesevir-effect-in-RMs
https://github.com/ashish2goyal/Simulating-remdesevir-effect-in-RMs

iScience ¢? CellPress
OPEN ACCESS

rates ke1, kep, kez in serum and kerq in tissue. These assumptions are captured by the differential equations
below:

Plasma compartments:

A
% = — ke Ar — kigAr — kitAq + kieArr (Prodrug GS — 5734)
% = — koAs +kizAr — kasAz — korAg + koeAzr (Alanine metabolite GS — 704277)
% = — ka3As+kpzAy — kstAsz + kseAst (Nucleoside GS — 441524)

Other tissue Compartments:

dAsr
dt

= k2TA2 +k12A1T — l(23A27' - kZeAZT (Alanine metabolite GS — 704277)

dAsr
dt

= ijA1 - k12A1T — I(1eA‘|T (Prodrug GS — 5734)

dAsr
dt

= I(3TA3 + I(23A2T — I(34A3T — k3eA3T (Nucleoside GS - 441524)
dAsr
dt

We further assumed that the volume of distribution of GS-5734 in plasma, GS-704277 in plasma, GS-441524
in plasma, GS-441524 in other tissue and NTP in PBMCs to be V4, V,, V3, Va1 and Var, respectively.

= kasAsr — keraAur (Active triphosphate metabolite)

Pharmacokinetics model fitting

We used a mixed effects model to fit the PK model to the data from two data sources, namely, (i) averaged
data from three healthy rhesus macaques in which various intermediate metabolites were measured over
time following a single injection of 10 mg/kg, including the levels of NTP is PBMCs (Warren et al., 2016), and
(ii) multi-dose drug and metabolite trough levels from the infected rhesus macaques (10 mg/kg at day 0.5
and thereafter, 5 mg/kg daily at days 2 till 6 post-infection), including a day 7 level of the Nuc in tissue at the
time of necropsy on day 7 (Williamson et al., 2020a). The frequently sampled data in the ref (Warren et al.,
2016) allowed us to estimate several key parameters such as kit, k12 and kje.

As the data was limited, we first fixed the half-life of prodrug GS-5734 in blood (In 2/k.1) to 1/24 days (or 1 h)
(https://sidp.org/resources/Documents/COVID19/Matt%20Remdesivir%20Handouts%204.7.2020.pdf)[46]
[46], the half-life of alanine metabolite (GS-704277) in blood (In 2/k) to 1 day (https://sidp.org/resources/
Documents/COVID19/Matt%20Remdesivir%20Handouts%204.7.2020.pdf)[46][46], and the half-life of the
active triphosphate metabolite in tissue (In 2/keq) to 1 day (WHO, 2018; Sheahan et al., 2017; Warren
etal., 2016). To avoid parameter identifiability issues in the absence of rich data, we further only estimated
fixed effects of all parameters except kp3, ksat, Vi, V2, V3, Va1 and Vyr. Itis to be noted that some parameters
such as the rate at which active triphosphate metabolite is metabolized from the parent nucleoside (ks4)
cannot be identified because there is very little to no data available of the amount of Nuc and NTP in other
tissues.

Viral dynamics model

We extended our previous model of SARS-CoV-2 dynamics (Goyal et al., 2020) to include both the lung
and nasal passages. In both compartments (ie [L, U], L for lung and U for NASAL), we assume that sus-
ceptible cells (S)) are infected at rate 8;V;S; by SARS-CoV-2 (V;). SARS-CoV-2-infected cells (/;) die with
density dependent rate 6,>I,'If-<’, where k; describes by how much the first death rate depends on the in-
fected cell density (Holte et al., 2006; Smith et al., 2018). This density dependent term represents a
combined death of infected cells due to cytopathic effects of the virus and the killing of infected cells
due to early immune responses. SARS-CoV-2 is produced at a rate m; and cleared with rate vy; (Pawelek
et al., 2012). Free virus is allowed to be exchanged between the lungs and nasal passages and back at
rates @y and 6y, respectively.

We also considered the possibility of the emergence of refractory cells. Due to antiviral actions of cytokines

such as interferon responses (F), it has been experimentally demonstrated that uninfected lung airway cells
may become refractory (R)) at rate p/S;F (Pawelek et al., 2012), and that infected cells may convert directly to
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refractory cells (R) at rate ¢;l;. Typically, the rate of change of interferon responses (F) in compartment ‘i is
given by % = s1ili — spF; (Ke et al., 20271a), where s1;'s are the production rates of interferon in response to
infection and s, is the clearance of interferon responses. However, to limit the number of unknown param-
eters (such as s1;'s and s7) in the model in the absence of relevant information, the interferon dynamics is
assumed to be much faster than the dynamics of infected cells. This allows for the model simplification
by replace F; = S;—'Z" and assuming p; = %“. Refractory cells may lose their refractory state and become sus-
ceptible at rate ¢; (Pawelek et al., 2012). Since we are interested in the viral dynamics in a short span of
~7 days (with or without treatment), we ignored the death rate of uninfected and refractory cells in the

lung, that are usually long-lived.

We also included the possibility of regeneration of susceptible cells during infection. Innate immune cells
eliminate virus but can also induce pulmonary tissue damage or endothelium damage as part of this pro-
cess (Gorski et al.,, 2012; Newton et al., 2016). The restoration of the respiratory epithelial barrier after an
injury happens within days after viral clearance (Fujino et al., 2019; Vaughan and Chapman, 2013;
Yoo et al., 2013), depending on the severity of the infection and the extent of lung involvement. Indeed,
the proliferation of epithetical cells and progenitor stem cells (or distal airway stem cells or DASCs) is crit-
ical for barrier repair following an inflammatory insult. Following lung injury, the tissue repair process is
promoted by immune cells including macrophages (Hung et al., 2019). Epithelial restoration is initiated
locally by proliferating alveolar type Il (AT2) cells (Olajuyin et al., 2019). We modeled this restoration by
adding a logistic proliferation of susceptible and refractory but not infected epithelial cells with maximum
rate r; (Gibbs et al., 2009). We included the possibility that proliferation might be a delayed process and
could happen after 7 days post-infection (Yoo et al., 2013). All the previous mechanisms are modeled by
the following differential equation system:

Nasal compartment:

dS Su+lu+R
d—tu = fusu(1 - %UU) — BuVuSu — pySulu+EuRuy
dl
?: = BuWuSu — 5u’ultu — ouly
dV,
Ttu = myly — yyVu — OuVu+0uwVe
dR Su+ly+R
Ttu = )0usulu+<ﬂu’u+ruF\’u(1 - %UU) - LuRy
Lung compartment (measured with BAL):
ds S+ +R
?tL = I’LSL(1 - %) - BVSL — p S+ R
dl
d_i"_ = BLVLSL - 5L’L”[L - <PL/L
aVv,
7; = mly — vy Vi = 0uVi+0uVy
dR Si+IL+R
7: = PLSLIL+¢LIL+rLRL<1 — %LL) — :LRL

Here, Ny and N; are the maximum carrying capacity of cells in respective compartments (assumed to be the
total number of susceptible cells at the time of infection or t=0).

Model assumptions about lung lesion formation

Although the formation of lung lesions during viral respiratory infections is multi-factorial and complex, we
assumed it is mainly related to the number of dying SARS-CoV-2-infected cells and the lungs ability
regenerate the epithelium damaged to avoid pulmonary edema (Myers et al., 2019; Yoo et al., 2013).
Thus, we modeled an informal surrogate for lesion damage (G,) with expansion kinetics equal to the total
number of dying infected cells and shrinkage kinetics defined by the proliferation of susceptible and refrac-
tory cells reprsenting the recovery of the lung tissue damage (or the reduction of the area covered by virus-
induced lesions). These dynamics can be represented by the following equation:
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ﬂ = 6LILI‘ZL — rL(SL + RL) (1

- SL+/L+RL
dt

N.

Notice that this definition of G, is equivalentto G, = N — S, — I. — R.. Under this assumption, the frac-

tion of the lung covered with dead cells would be: %

Modeling remdesivir therapy
Here we assumed that RDV inhibits viral production (Cao et al., 2020; Tchesnokov et al., 2019). Thus,

because of treatment, the viral production ; is reduced by a factor <1 - Awﬁ%cm)' where ECsg; is the in vivo

ECso of the nucleoside GS-441524 in the respective compartment i. To investigate whether the viral inhibi-
tion is independent of the drug concentration, we assumed a constant efficacy of the treatment during 0.5—
7 days (&) or in other words, we simply assume that the viral production m; is reduced by a factor &;.

Viral dynamics model fitting and selection

To fit different versions of the virus dynamics model to the data we used a non-linear mixed effects
approach (Chan et al., 2011; Karlsson et al., 2015). Briefly, in this approach observed viral load for animal
k attime jis modeled as log 10y = fv(ty;, k) + v being fy the solution of model for the virus given the in-
dividual parameter vector 6, and ey the measurement error. Here, the individual-parameter vector 6 is
drawn from a population probability distribution. We estimated population parameters using the Stochas-
tic Approximation Expectation Maximization (SAEM) algorithm and the individual parameters using a
Markov Chain Monte-Carlo (MCMC) algorithm based on the estimated population distributions. Both
algorithms, SAEM and MCMC, were performed using the software Monolix.

We first fit models to nasal and BAL viral loads from untreated animals assuming absent of cell proliferation
and refractory cells. Given the lack of observations for the viral load upslope in BAL, we assumed 8, = By
(the heterogeneity in early viral dynamics in two regions can still be captured as it depends on the
ratio f;—’;N,). We excluded treated animals in this fitting procedure as 8, m; and ECsp; cannot be estimated

wili(0)
i
3.7x108 cells (based on 3.7 x 107 cells in humans from (Crapo et al., 1982) and assumed ~10-fold lower num-

together. We assumed t = 0 as the time of infection with initial values V;(0) = cps/swab, S.(0) =

ber of cells in rhesus macaques based on differences in weight), Sy(0) = 2.6x10° cells (Crapo et al., 1982;
Zheng et al., 2000). We used the concept of multiplicity of infection (MOI) to that dictates that ~1— ™™
fraction of susceptible cells becomes infected following an inoculation with an MOI of m to obtain initial
values of infected cells. For small values of MOI, this fraction is simply equal to m and thus Iy(0) =

mSuy(0) cells and IL(0) = 4mS.(0) cells (because intratracheally, approximately dose of the virus was 4 times
compared to intranasal challenge). We systematically search for the value of m to calculate [;(0) and sub-
sequently V;(0) while also estimating the other parameters in the model (Table S3). Our best estimate of
m = 10~° suggests that upon inoculation, there are ~26 infected cells in the nasal and ~13,000 infected
cells in the lung. This seems reasonable given that although animals are inoculated with high TCID50, their
baseline nasal viral loads are below the detection limit (Munster et al., 2020). It is to be further noted that
m > 10~ % achieves peak viral loads almost instantly due to large number of initially infected cell population
(Table S3) which seems biologically unreasonable for any infection.

We also assumed a virus clearance rate to be the same in both compartments v, = v, = 15/day along with
N = 3.7%108 cells and Ny = 2.6x10° cells. We estimated the remaining parameters depending on each
model assumptions. The explored competing models on this stage are listed in Table S3.

We next fit models to viral load and lung lesion observations from treated and untreated animals. Here, we
explored different competing models listed in Table S5 and described below. We explored models that
included cell proliferation and refractory cells in the lungs, fixing py =0 (Baccam et al., 2006), ¢, = 0
and {y = 0. We explored the possibility that AT2 cells proliferate with maximum rate r, after some delay
(Yoo etal., 2013), i.e. i = 0if t <7.. Since we ignore the proliferation of cells in nasal passages, we also as-
sume 7y = 0. During the estimation procedure, we also assumed that the maximum possible value of r; to
be 2/day, in between previous estimates 0.75/day (Quirouette et al., 2020) and 3.4/day for liver whose
regeneration capability is no less than extraordinary for an organ (Goyal et al., 2017).
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We also included models assuming that the antiviral activity of remdesivir in nasal passages and lungs oc-

cursbyadelayv(or, e, = 0ift<0.5+ v, and otherwise, ¢, = (1 —ﬁ) butey = 0ift<0.5+vyandey =

1 — A )) For comprehensiveness, we checked two models where refractory cells emerged from
Azt +ECsou

susceptible cells in a linear fashion independent on the concentration of infected cells, i.e, with rate p;S;.
We finally checked if refractory cells could lose their refractory state and become susceptible cells. In all
models, we fixed parameters to the estimated value of the best model when fitting untreated animals

and assumed remdesivir reduces viral production m; by a factor <1 —AL) in i th compartment.
a7 + ECooi

Here, we also assumed t = 0 as the time of infection with same initial values and fixed parameters v,
vu, NLand Ny as before. We estimated the remaining parameters depending on each model assumptions
(Table S5).

To determine the best and most parsimonious model among the instances above, we computed the log
likelihood (log L) and the Akaike Information Criteria (AIC = —2log L+2m, where m is the number of param-
eters estimated). We assumed a model has similar support from the data if the difference between its AIC
and the best model (lowest) AIC is less than two (Burnham and Anderson, 2002).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Wilcoxon rank-sum test with multiple comparison (n = 6 for
treatment group and n = 14 for untreated/vehicle group). For all tests, p values <0.05 were considered
as statistically significant.
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