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Abstract

Tenofovir has shown promising evidence of improving COVID-19 clinical outcomes in observational studies, still to be confirmed

in clinical trials. Disease severity might be reduced under prophylaxis with the prodrug tenofovir disoproxil fumarate (TDF),

while the protection seems to decrease, or even to lack, when using the alternative prodrug tenofovir alafenamide fumarate

(TAF). Aiming to understand why TDF-prophylaxis might reduce COVID-19 severity upon infection we developed a multi-scale

analysis framework combining in vitro susceptibility data, molecular docking, and within-host dynamics modeling, and using

remdesivir–the only antiviral approved to date against COVID-19– as a point of reference.First, our docking model predicted

that intracellularly active tenofovir diphosphate binds into the SARS-CoV-2 RNA polymerase in the same site as the antiviral

remdesivir triphosphate, but presents lower binding energy, likely reducing the overall inhibition of viral replication and making

the antiviral efficacy more susceptible to the drug intracellular concentration. Second, using data from in vitro viral cultures

with plausible TDF therapeutic concentrations, we estimated that the drug can inhibit SARS-COV-2 replication at an efficacy

ranging between 54-99% conditional to the viral cycle length. Third, assuming values approximating this range of inhibition

for in vivo viral replication during human SARS-COV-2 infection, we found that prophylaxis with TDF with high penetration

into viral target cells is capable of delaying viral replication, mitigating direct cell damage and allowing time for the host

to mount the adaptive immunity. Last, we found that the potential antiviral effect can be substantially reduced when TDF

is given after infection begins. Our work provides a potential mechanistic explanation of the observed clinical effect of TDF

against SARS-CoV-2 infection. The proposed inference framework can help to optimize the evaluation of antiviral therapies for

COVID-19, in particular those targeting the RNA dependent RNA polymerase.

Introduction

Definitive therapies for treating COVID-19, the disease caused by SARS-CoV-2, are still lacking [1]. World-
wide deployment of potential effective vaccines might still take several months if not years [2] and it remains
unknown how they will impact transmission, including SARS-CoV-2 variants of concern. There is still an
important need for therapeutic alternatives that help reduce mortality and protect the most vulnerable
against infection.

To date, the only antiviral drug recommended for treating COVID-19 is remdesivir [3], although other an-
tivirals are still under research [4]. In addition to remdesivir, tenofovir (as its prodrug tenofovir disoproxil

1
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fumarate, TDF) has shown clinical evidence in preventing COVID-19 morbidity in a retrospective observa-
tional study following HIV individuals under antivirals [5], and was associated with reduced mortality in
a population cohort in South Africa [6]. Further an association with reduction in infection has been also
reported [7]. Remdesivir and tenofovir were originally designed to inhibit the ATP polymerization into the
growing nucleic acids chain respectively in a) the Ebola virus polymerase [8]and b) the HIV reverse tran-
scriptase [9]. Remdesivir has been approved for treating COVID-19, based on its efficacy to prevent severe
disease and reduce mortality [10]. On the other hand, evidence of the pre-exposure prophylactic efficacy
of the nucleotide analogous tenofovir, in particular of TDF in combination with emtricitabine (FTC), has
been suggested in an observational study evaluating SARS-CoV-2 infection outcomes among HIV patients
under antiretroviral therapy in Spain [5]. Individuals taking TDF/FTC for their HIV infection showed sig-
nificantly lower risk of SARS-CoV-2 infection and hospitalization compared with individuals taking other
antivirals or taking the tenofovir-based prodrug tenofovir alafenamide fumarate (TAF) with FTC. A similar
protective trend for TDF/FTC on COVID-19 mortality was observed in South Africa when compared to
zidovudine or abacavir-based regimes [11]. Nevertheless, the findings on TDF still need to be confirmed
by randomized clinical trials [12], and tenofovir-based therapies are not currently recommended for treating
COVID-19. Worth noting, in vitro studies have shown contradictory evidence of the potential of TDF to
inhibit SARS-CoV-2 replication at plausible therapeutic doses [13,14].

The discrepancy between the different tenofovir prodrugs leading to mixed effectiveness is unexplained yet
deserves further analysis. Given the limited resources to screen potential antivirals, and the challenges
for implementing clinical trials which are the definitive source of evidence, theoretical modeling can help
accelerate drug discovery especially, particularly when coupled with experimental data.

Here, we combined SARS-CoV-2 in vitro susceptibility data, molecular docking and within host compart-
mental modeling, aiming to understand why only prophylaxis with TDF from all tenofovir-based compounds
might reduce COVID-19 clinical severity.

Results

Molecular docking

Computed relative binding energies (ΔGbinding) showed that remdesivir presented the strongest binding
(precision range -8.7 to -8.5 kcal/mol), followed by dATP ( -8.6 to -8.4 kcal/mol) and tenofovir ( -7.7 to -7.5
kcal/mol). The three ligands shared the same binding site and were forced to adopt a different conformation
in order to allow the insertion of the incoming nucleotide into the nascent RNA. Docking structures of dATP,
remdesivir, and tenofovir ensembles are displayed in Figure 1. Including the RNA chains/magnesium ions in
the analysis reduced the computedΔGbinding for all three ligands while maintaining a similar affinity gradient
(see supplementary material, S2). We further observed that the lowest binding energy conformations did not
always show the expected interactions between the template-nascent RNA strands and the analyzed ligand.
Thus, we searched for the poses with maximum interaction with the template RNA strand and computed
the ΔGbinding. In the case of ATP and remdesivir, we found that those poses remain close to the lowest
computed ΔGbinding (ca. 0.1 kcal/mol), while the tenofovir ensemble showed a greater difference between
the pose with RNA interactions and the lowest ΔGbinding poses (ca. 0.5 kcal/mol). The most probable
driver for the lower ΔGbinding of remdesivir compared to ATP is the extra H-bond between the cyano group
and the U927 nucleotide of the nascent RNA strand, which is lacking within the tenofovir structure.

In summary, our docking model provides evidence that tenofovir interacts in the same pocket as remde-
sivir/dATP but presents significantly weaker binding affinity and pose stability, and a relatively stable
non-functional binding with the RdRp-CoV2 close to the active pocket.

Estimated inhibition of SARS-CoV-2 replication by TDF

We used data from in vitro SARS-CoV-2/Vero-CCL81 cultures in the presence and absence of TDF (3-10
μM to infer the range of inhibition produced by the antiviral to an average single infected cell. Figure
2 shows computed ITDF for viral cycles of length 9.6-48h, which ranged between 0.54 to 0.99 (using the

2
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2-ΔΔCt approximation) and between 0.50 and 0.98 (using the alternative simple approximation) for the lowest
concentration of 3 μM. Experimental Ct and computed VR values using the 2-ΔΔ῝τ approximation are shown
in supplementary material Table S2. Given this range of estimates, for the next step we approximated the in
vivo plausible range of SARS-CoV-2 replication inhibition per cycle due to TDF between 90% (namely high
inhibition) and 60% (namely moderate inhibition) approximating the inhibition resulting from a plausible
range of 12-36h for the viral cycle [21] .

Within-host model of infection under antiviral treatment

Our simple compartmental model is capable of reproducing the viral dynamics observed during COVID-
19 infections, as seen in Figure 3. First, treatment is modeled as prophylaxis: the drug concentrations
are at clinical levels when infection begins. Both viral RNA (A) and newly infected cells (B) follow an
upward-peak-downward trend. Panel C shows the cumulative number of infected cells. Figure 3 A-C shows
that, under full drug penetration (100%), drug inhibition of viral replication mainly leads to a delay in
the viral dynamics with almost no impact on the infected cells. For example, moderate efficacy 60% leads
to similar viral RNA and infected cells with a ˜ 1 day delay, while high efficacy (90%) leads to a longer
delay of ˜ 5 days since infection compared to infection under no treatment; nevertheless, higher efficacy
also determines a flatter curve (i.e., widening the distribution of infected cell over time). Also, as seen in
panels D-F, dynamics are driven by both penetration and efficacy: very similar patterns are observed under
high penetration and moderate efficacy vs. moderate efficacy and high penetration, which is expected given
the assumption of homogeneous mixing in the modeled target cell population. Including immune response
(panels G-I) shows that a synergistic effect results from an amplified reduction of infected cells due to both
treatment and immune control. Interestingly, under innate immunity the cumulative number of infected cells
is substantially reduced under prophylaxis and correlated with the efficacy.

Last, we evaluate how time-to-treatment impacts host dynamics. In contrast to the previous assumptions,
where drug concentrations are at full efficacious level when viral replication begins, Figure 4 shows how
delaying treatment up to 48h (A-C) and 24 h (D-F) before peak viral load reduces the observed delay (to 3
and 0 days respectively, compared to 5 in the main analysis), while the increased distribution of cell infection
over times remains similar to earlier treatment.

Discussion

In this work, we show that prophylaxis with tenofovir-based compounds, particularly TDF, might be capable
of reducing viral replication during SARS-CoV-2 infection, which in turn might reduce disease severity (and
potential mortality). Our findings suggest that this suboptimal clinical effect (i.e. limiting viral growth
and subsequent disease severity but not fully blocking viral replication) could arise from suboptimal binding
of active tenofovir into the SARS-CoV-2 RNA dependent RNA polymerase. In particular we found in the
molecular model that suboptimal tenofovir-RdRp-CoV2 interaction compared to remdesivir, predicting that
the ensemble is more sensitive to the phosphate-form intracellular concentration. Thus, matching sufficient
intracellular availability of tenofovir-diphostate with SARS-CoV2 tropism [21,26](such as in the respiratory
tract [27]) is likely essential in drug-driven containment of viral replication, mirroring what happens during
HIV prophylaxis [28]. However, other factors than limited inhibition, including drug-penetration into viral
targeted tissues and time-to-treatment relative to exposure are key determinants of infection outcomes.

We used remdesivir as point of reference, which allowed us to validate the predictions of our multi-scale
assessment, but also allowed us to explore the underlying process that might lead to limited clinical effect of
remdesivir itself against COVID-19. Our findings show that similar intracellular concentrations of remdesivir
relative to dATP can effectively inhibit SARS-CoV2 replication, aligned with previous studies [29,30] and
experimental evidence [31]. Further, our findings suggest that the limited clinical effectiveness observed for
remdesivir [32] might rely on unstudied pharmacokinetic properties and/or time to treatment relative to
viral replication rather than drug limited inhibition capacity.

Our docking approach is the first to include template-nascent RNA in the ensemble and further improves
previous work [33] by using cryo-EM structures instead of homology and by more extensive sampling of the

3
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ligand poses using volunteer distributed computations. Consistent with our findings, tenofovir-diphosphate
has been shown to permanently terminate polymerase extension of nascent RNA when using recombinant
RdRp-CoV2 [34]. However, infusion of tenofovir in Vero cell cultures did not inhibit replication of SARS-
CoV-2 [13,35], while the use of 3-90 μM of its prodrug TDF yielded a 15-fold reduction of viral genome
release as explained before [35] . Further, the use of TDF/FTC for treating SARS-CoV-2 infected ferrets led
to better clinical scores and lower virus titers in nasal washes compared to a placebo [36]. Worth noting, the
prodrug TDF, formulated to increase tenofovir limited bioavailability [37], is known to diffuse passively across
cellular membranes [38,39] and further activate intracellularly, as opposed to tenofovir which requires active
transportation for intake before activation [40,41]. Indeed, higher levels of active metabolite after exposure to
TDF versus tenofovir has been consistently reported in several cell types [28,42,43]. In contrast, the prodrug
TAF was formulated to reduce drug-adverse events observed for TDF (which distributes body-wide) by being
highly HIV-target-cell specific. TAF is well known to selectively activate and present preferential distribution
in lymphatic tissues [26].

Our overall inference framework is limited by several assumptions at each of the modeling levels. Regarding
the molecular docking, while the output is constrained by the common caveats of the approach itself such
as the ability of the scoring functions to forecast accurate binding energies, findings from both experimental
and previous docking studies are aligned with our findings. As for the in vitro estimates, we assumed that
the viral dynamics in the experimental environment approximated those in vivo; this important caveat can
likely only be tested further in clinical studies. However, we used ranged efficacy estimates aiming to produce
more flexible scenarios. Further, Zandi et al. [14] reported that TDF did not inhibit SARS-CoV-2 was not
inhibited by TDF when using concentrations under 20 microM. Interestingly, in this study Vero cells were not
preincubated with TDF in contrast with the procedure from Clososki et al. where cells were preincubated
with the drug 24h before virus inoculation, which might explain the discrepancy and aligns with our model
predictions.

Our simple within-host modeling approach might not capture important disease mechanisms, such as
immune-driven pathogenesis [44]. Further, viral replication can occur in different tissues heterogeneously
and at different clinical stages [45], which would lead to more complex dynamics than those represented
by our model. Nevertheless, even in the presence of partial immune response, our model shows that the
overall antiviral efficacy will ultimately depend on when and where it is available relative to the within-host
SARS-CoV-2 distribution.

Together with the existing knowledge on TDF pharmacokinetic/pharmacodynamics, our findings support
that TDF, among tenofovir-based compounds, might maximize efficacy at safe clinical dosage especially when
taken before or very close after exposure, because of their high cellular permeation, effective metabolite acti-
vation, and low-selective distribution at viral targeted tissues, laying out a plausible molecular interpretation
of the apparent inconsistency of tenofovir-based compounds against SARS-CoV-2 [46]. Finally, our findings
underscore the need for understanding the intracellular availability of the drugs in SARS-CoV2 targeted
tissues to further evaluate remdesivir, TDF and other antivirals [12].

In summary, our multi-scale modeling approach provides evidence that the prodrug tenofovir-disoproxil
fumarate is a potential candidate to limit disease severity due to SARS-CoV-2 and might maximize its
impact when given as prophylaxis; when evaluated in clinical trials, it is expected that its efficacy might
depend on the relative time from infection to drug administration as well as for individual PK/PD factors
conditioning distribution in SARS-CoV-2 targeted cells. Our work provides a mechanistic explanation of the
observed clinical effect of TDF against COVID-19 and can help optimize the evaluation of antiviral therapies
for COVID-19, in particular those targeting the RNA dependent RNA polymerase.

Methods

Molecular docking

First, we designed an novel ensemble docking approach derived from crystal structures and implemented
with extensive sampling using volunteer distributed computation, 1) to compare the binding location, affin-

4
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ity and stability of the active forms tenofovir-diphosphate (which is comparable to a triphosphate, as teno-
fovir prodrug already contains one phosphate residue), remdesivir-triphosphate, and deoxyadenosine triphos-
phate (dATP) with the RdRp-CoV-2- RNA chain complex, 2) to determine the capability of active tenofovir
to bind to the RdRp-CoV-2 in order to terminate RNA polymerization, to 3) compare the binding energy
and site with that of remdesivir, and 4) to determine potential limitations arising from their molecular
structures.

We used the three-dimensional structures of the SARS-CoV-2 RNA-dependent RNA polymerase, solved with
RNA nascent and template chains (RdRp-CoV2-RNA, Protein Database Bank entry 7BV1[15] ) and the 3
ligands evaluated (dATP, and the biologically active forms of the drugs remdesivir triphosphate [8,16] and
tenofovir diphosphate[16]). Ligand structures, along with the type of atoms and the rotatable bonds consid-
ered in the docking calculations, are shown in the supplementary material, Section S1 (Figure S1).

Extensive searching in the space of protein-ligand docking conformations was supported by the citizen vol-
unteer computing project COVID-PHYM [17] implemented using the BOINC (Berkeley Open Infrastructure
for Network Computing) platform [18]. Around 3.2 million poses were collected for each protein-ligand
pair. Further details concerning the analysis of the docked positions are given as supplementary material,
Section S2. For comparison with previous approaches, we also performed ensemble docking using the RdRp-
CoV2 solved without RNA using the experimental structure deposited in the PDB entry 7BTF [19] (see
supplementary material, Section S3).

Estimation of TDF inhibition activity using experimental data from in vitro cultures

Previously, Clososki et al [13] have shown that viral load after 48h in vitro Vero CCL81-SARS-CoV2 culture
in the presence of TDF leads to a ˜15-fold decrease compared to control culture (i.e. with no antiviral). We
aimed to estimate the reduction in viral replication that could be attributed to TDF. Viral load, measured
as Cycle threshold (Ct) values obtained from quantitative PCR, were available from monolayers treated with
TDF at 3,10,30 and 90 μM (each in triplicate) and monolayers without TDF. We defined the TDF per-cell
viral yield inhibition [20] as the average reduction of infected cells arising from one infected cell in the
previous cycle, and was computed as the viral replication under 3-10 μM of TDF–assumed to approximate
the expected therapeutic range–, relative to the replication in the absence of the antiviral. However, this
computation is not straightforward as the exact length of the SARS-CoV-2 viral cycle is not known and
might substantially vary [21]. Thus, we aimed to estimate a credible range of the TDF inhibition under the
assumption that on average, a complete viral cycle remains between 12h and 36h [20] . First we computed
the experimental Viral-load Relative ratio (VR) as the ratio between the 2-ΔΔCt values obtained from each
of the TDF-SARS-CoV2 cultures at either 3 or 10 μM divided by the average 2-ΔΔ῝τ of the control cultures
(i.e., without antiviral, n=3). Alternatively, the estimation of VR can be roughly computed by assuming
that every increase of 3.3 units in the Ct value corresponds with a 10-fold decrease in the viral load [22].

Further, the TDF per-cell viral yield inhibition, ITDF can be computed as proportion 1-VirTDF /Virnull for
each pair of case-control experiment where Virnull is the average number of virions produced per infectious
viral particle without the presence of antiviral, and VerTDF the average number of new virions produced per
infectious viral particle in the presence of TDF. The relation between ITDF and VR can be computed for
m discrete time steps using the correspondence VirTDF /Virnull [?]

m√
V R . Thus, we estimated the range of

ITDF using the experimental VR values (n=12), and m ranging 5 to 1, which simplifies the model approx-
imating a continuous length of the SARS-CoV-2 viral cycle ranging from 9.6 to 48 hours. Details on the
derived calculation and experimental data can be found in Supplementary material Section S4.

Within-host model of SARS-CoV-2 infection under antiviral treatment

Last, we implemented a within-host computational model based on ordinary differential equations aiming to
evaluate different scenarios regarding treatment efficacy during the first days of the acute infection before
adaptive immunity is developed. We formulated a basic frequency-dependent model which allows evaluation
of antivirals and has been shown to mimic viral dynamics in the human host for a wide range of viruses [23]. In
this model, the viral population is controlled by depletion of target (susceptible) cells. For simplicity the main

5
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model does not assume a significant effect of multiplicity of infection on the viral dynamics [24], nor includes
proliferation and death of target cells given the time scale of the analysis. We focus on evaluating the viral
population until an efficacious adaptive response is developed, which we assumed to happen around 10 days
after infection [25]. Using this model, we evaluated the impact of SARS-CoV-2 infection by estimating the
proportion of “tissue” directly damaged by viral infection (as proportion of infected cells from total targeted)
while assuming a correlation with disease severity, in the following scenarios: a) infection under preexposure
prophylaxis with an antiviral with high inhibition and optimal tissue penetration b) a) infection under
preexposure prophylaxis with an antiviral with high inhibition and moderate penetration versus moderate
inhibition and high penetration, c) infection under preexposure prophylaxis with an antiviral with high
inhibition and existing innate immunity, and d) natural infection and consequent treatment with moderate
and high antiviral inhibition and full tissue penetration beginning 24h and 48h before viral load peak. Details
on the model formulation and inclusion of immune response can be found in the Supplementary Material
Section S5.
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Figures

Figure 1 Analysis of the interactions between the ATP, remdesivir, and tenofovir ligands with the RdRp
receptor containing template-nascent RNA and Mg ions.
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Figure 1: This is a caption

Figure 1: Ligands are displayed as ball-and-stick; RNA and amino acid residues interacting with the ligands
are shown as sticks; and magnesium ions are shown as a blue Van der Waals sphere. The square represents
the approximate grid box used to perform the docking studies. The analysis of the interactions was carried
out using the Protein-Ligand interaction profiler (PLIP)[47] and Discovery Studio. Images were prepared
using Pymol 2.4.0.

Figure 2. Range estimates of in vitro SARS-CoV-2 replication inhibition by TDF (at 3 and 10 microM)
relative to plausible viral cycle lengths
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Figure 2: This is a caption

Figure 2. Showing per cell TDF inhibition viral yield for m =1 to 5 (viral cycle length ranging 48h to
9.6h) at 3 microM (top panel) and 10 microM (bottom panel). Solid and dashed lines represent mean values
computed using the two different models (the 2-ΔΔCt ,namely Model A in red, and the simplest model
assuming each Ct˜ 3.3, namely model B, in blue), and ribbon represents the uncertainty around the mean
based on standard errors.

Figure 3. Modeled estimates (normalized) of viral population and infected cells dynamics over time (as newly
infected cells and as cumulative proportion of cells per time step) under TDF-prophylaxis with different drug
efficacy, drug penetration and innate immunity scenarios.

Figure 3: This is a caption

Figure 3 Showing viral dynamics (A,D, G) and infected cells,(B,E,H representing newly infected cells;
and C,F,I represent the cumulative infected proportions as a proxy of tissue damage over time). In A-

11



P
os

te
d

on
A

u
th

or
ea

6
J
u
l

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

13
37

26
.6

31
84

05
5/

v
2

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

C penetration of the target cells is assumed to be optimal. Grey represents infection without antivirals,
purple represents infection under moderately effective antiviral (60% inhibition) and green represents highly
effective antiviral (90% inhibition). In D-F, penetration and/or inhibition are suboptimal: light orange
represents 50% penetrance coupled with 90% inhibition and light brown represents 100% penetration with
60% inhibition. In G-I, the model includes basic innate immunity activated by infected cells density. Again,
grey represents infection without antivirals, purple represents infection under moderately effective antiviral
(60% inhibition) and green represents highly effective antiviral (90% inhibition).

Figure 4. Estimates of viral population and infected cells dynamics under RT-type antiviral treatment with
time-of-treatment closer to viral peak and without innate immunity.

Figure 4: This is a caption

Figure 4 Viral dynamics and infected cells (tissue damage) under TDF-like antiviral treatment without
innate immunity. A-C treatment with TDF-like antiviral starting 48h before expected peak viral load and D-
F starting 24h before expected peak viral load. Grey represents infection without antivirals, purple infection
under moderately effective antiviral (60% inhibition) and green highly effective antiviral (90% inhibition).
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