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Abstract

Background and Objectives Chloroquine/hydroxychloroquine has recently been the subject of intense debate regarding its
potential antiviral activity against SARS-Cov-2, the etiologic agent of COVID-19. Some report possible curative effects;
others do not. Therefore, the objective of this study was to simulate possible scenarios of response to hydroxychloroquine
in COVID-19 patients using mathematical modeling.

Methods To shed some light on this controversial topic, we simulated hydroxychloroquine-based interventions on virus/host
cell dynamics using a basic system of previously published differential equations. Mathematical modeling was implemented
using Python programming language v 3.7.

Results According to mathematical modeling, hydroxychloroquine may have an impact on the amplitude of the viral load
peak and viral clearance if the drug is administered early enough (i.e., when the virus is still confined within the pharyngeal
cavity). The effects of chloroquine/hydroxychloroquine may be fully explained only when also considering the capacity of this
drug to increase the death rate of SARS-CoV-2-infected cells, in this case by enhancing the cell-mediated immune response.
Conclusions These considerations may not only be applied to chloroquine/hydroxychloroquine but may have more general
implications for development of anti-COVID-19 combination therapies and prevention strategies through an increased death
rate of the infected cells.

1 Introduction

Chloroquine is a quinoline molecule first synthesized by
Italian-Austrian chemist Hans Andersag in Germany in
1934 [1]. It became popular for the treatment of malaria and
antimalarial prophylaxis. Hydroxychloroquine is its hydroxy
analog: originally synthesized as an antimalarial as well,
it was found to be less toxic than its parent compound and
soon found an application in the treatment of lupus erythe-
matosus and rheumatoid arthritis because its toxicity pro-
file allowed long-term administration [2]. Chloroquine and
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hydroxychloroquine are weak bases that become readily the-
saurized in intracellular acidic organelles [3]. This property
confers both antimalarial and antirheumatic effects to them,
the former being due to inhibition of hemozoin polymeriza-
tion in the Plasmodium falciparum food vacuole and the sec-
ond being derived from inhibition of the endosomal process-
ing of molecules such as transferrin, which requires an acidic
environment. As proliferating peripheral blood mononuclear
cells require iron for their optimal activation and prolifera-
tion, this property confers an immunomodulatory effect [4].

However, after many decades of clinical use of hydroxy-
chloroquine, part of its pharmacokinetics is still unknown
(e.g., the effective drug concentrations in tissues such as
the lung are only deduced [5]). Because of this, some stud-
ies rely on the drug plasma concentrations [6]. Studies con-
ducted in P. falciparum and human erythrocytes have shown
that the unprotonated portion of chloroquine/hydroxychloro-
quine diffuses passively through the plasma membrane and
enters the cytosol where it becomes protonated according
to the Henderson-Hasselbalch law. Protonation impedes the
drug from exiting through the plasma membrane and the
drug becomes thesaurized within cells. In these, the drug is
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Hydroxychloroquine might impact the amplitude of the
viral load peak and might also affect viral clearance if
the drug is administered early enough when the virus is
still confined to the pharyngeal cavity

Hydroxychloroquine’s effects against SARS-CoV-2
might be exerted more through its capacity to enhance
cell-mediated immunity than through its direct antiviral
effects

The effects of hydroxychloroquine on SARS-CoV-2 viral
load may thus be missed in clinical trials if measure-
ments are not done at the peak of viral replication and
are evident only at dosages able to guarantee a certain
plasma drug concentration, i.e., > 400 mg/day

accumulated within acidic organelles through active trans-
port by members of the ATP-binding cassette. In whole
blood, the drug displays a concentration that is approxi-
mately fourfold higher than in plasma [7]. The endosomal
accumulation constitutes the basis for chloroquine/hydrox-
ychloroquine long duration of action, its long elimination
time and large apparent volume of distribution [8, 9]. As
shown in acute treatment of malaria, the achievement of the
desired steady-state levels of the drug can be facilitated by
administration of a loading dose [10, 11].

Chloroquine/hydroxychloroquine was later found to
display broad-spectrum antiviral properties [3]. As many
viruses require an internalization step to infect cells, the lys-
osomotropic properties of the drug(s) were found to inhibit
a large number of viruses (reviewed in: [3]). In the context
of HIV, which does not require an internalization step, chlo-
roquine/hydroxychloroquine was considered because of its
antiinflammatory properties [12], as the disease is character-
ized by malignant immune hyperactivation [13]. It was also
found that chloroquine/hydroxychloroquine inhibits matu-
ration of the HIV envelope glycoproteins by counteracting
the acidic environment in the trans-Golgi network [12], an
effect that was also exerted on other enveloped viruses [3].
Given these properties, chloroquine/hydroxychloroquine was
proposed in 2003 for treatment of severe acute respiratory
syndrome (SARS) [3].

In that period, another interesting aspect of inhibition of
lysosomal acidification by chloroquine was shown. The drug
induces endosomal escape of viral peptides into the cyto-
plasm, thus facilitating their processing through the proteo-
somal pathway and presentation through HLA class I [14].
This in turn enhances CD8+ T cell responses against the
infected cells and their subsequent elimination.
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Recently, due to its promising in vitro antiviral effects
[16], chloroquine was then repurposed as a drug for the
treatment of COVID-19. Hydroxychloroquine immediately
followed as a potential therapeutic candidate [17]. As clini-
cal trials for COVID-19 patients have so far produced mixed
results, further study of the interaction of this drug with the
virus/host dynamics in vivo is necessary to provide insight
into the optimal timing of the administration, dosing and
association with other interventions.

More light on how drugs intervene in the virus/host inter-
play could be shed by mathematical modeling taking into
account clinical observations [18—21]. Such models have
already been proved able to simulate the response to drugs
in HIV/AIDS [22, 23].

In the present article, we use a mathematical model (derived
from Ref. [19]) to simulate possible scenarios of response to
hydroxychloroquine in COVID-19 patients. Differently from
previously presented modeling simulations [18], this model
shows that the drug may have a significant impact on virus/
host dynamics. This different conclusion has been reached by
considering an immune-modulating effect of the drug so far
left unexplored in mathematical modeling, i.e., the increased
death rate of the infected cells through cell-mediated immunity
[14]. This result has implications for the future design of clini-
cal trials for COVID-19 treatment and prevention.

2 Methods

2.1 A Mathematical Model for Viral Dynamics
in the Target Cell Population

To simulate hydroxychloroquine-based interventions on
virus/host cell dynamics, we used the basic system of differ-
ential equations (Eqs. 1a—1d) as published by Best et al. [19],
applicable to infection by non-integrating RNA viruses. The
system used by Best et al. [19] is as follows:

‘% = —(1—)pVT (1a)
% =(1—e)pVT — kil (1b)
% ) (1c)
‘2_‘; = pl2—cV (1d)

Equations 1a—1d: These are ordinary differential equa-
tions describing the viral dynamics in a model of the target
cell population with an eclipse phase.
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T represents the target cells, assumed to be 4 x 108 [24,
25] based on an assumption of 30 ml nasopharyngeal vol-
ume [20]. This volume maintains a cellular concentration
of 1.33x 107 cells/ml [18], which becomes infected with a
constant parameter f, which changes depending on another
parameter (1 — e) where € reflects the antiviral effectiveness
of the drug. /1 represents the infected cells in the eclipse
phase, i.e., those cells “incubating” viral replication but not
yet productively infected. I2 represents the productively
infected cells, which start the productivity phase after an
average time 1/k, wherein the k values considered were 1/
day in order to allow prediction of intervention timing on
viral propagation. In this system, the release of virions (V)
is controlled by a parameter p, which is assumed under base-
line conditions to be 20,000/day. Virions (V) are later cleared
with a constant parameter rate ¢, which was assumed to be
12/day in light of previous clinical data [15], while infected
cells 12 are lost at a death rate §, by default considered to
be 0.55/day, according to Gongalves et al. [18]. V, as stated
above, reflects the viral population that was modeled by
changing V; at {17, 10%, 10%} copies/ml. The model neglects
the proliferation and death rates of target cells with respect
to the concise time scale of infection; instead, the model
focuses on the viral effect on target cells. Finally, the  value
represents the possibility of the encounter between the virus
(V) and a target cell (7). The choice of the different § values
is discussed in the figures when using different values of
this parameter.

2.2 Calculation of Antiviral Efficacy

The antiviral effectiveness of the drug (¢) was herein simu-
lated at (0, 33, 62, 70, 78%, adopted in the system as 0,
0.33, 0.62, 0.7, 0.78, assuming a 100% drug efficacy of 1
and 0% drug efficacy of 0), on the basis of clinical phar-
macokinetic results [7, 18, 26] (Figs. 1, 2). The percentage
values are the percent inhibition of virus replication in the
presence of a given concentration of the drug, as specified
in the Results section (see below). This percentage of inhi-
bition was derived from our previous in vitro experiments,
using a standard curve relating the drug concentration to the
virus yields at the end of incubation of an infected cell cul-
ture with the drug and comparing the effects with the virus
yield in control untreated cultures. Previously, Gongalves
et al. [18], using the plasma drug concentrations derived
from patients treated with 400 mg of hydroxychloroquine/
day, concluded that hydroxychloroquine had no sufficient
effect on the viral load dynamics because the pharmacoki-
netic parameter that they used to conduct the simulations
was the plasma drug concentration. We also considered the
whole blood concentration from individuals treated with
400 mg/day of hydroxychloroquine (including the drug
compartment entrapped in lysosomes) [7], as derived from

the ratios provided in the same publication used by these
authors to derive the plasma concentration [7]. When con-
sidering the whole blood concentrations, we implemented
(Eq. 2) from the ¢ calculation provided by Gongalves et al.
[18] to calculate a drug efficacy of approximately 0.7, based
on the concentration-response curves previously published
by our group (Fig. 3), using cells infected with the canine
coronavirus (CCoV) after pre-incubation with the hydroxy-
chloroquine analog chloroquine [27]:

Cx dr
Cx+ EC50

__ 1]
=3 @

Equation 2 calculates the efficacy &; Cx represents the
molar concentration of the drug of interest.

Gautret et al. [6] recently published the trough serum
concentrations of hydroxychloroquine obtained from
patients with COVID-19 and treated with a higher dosage
(i.e., 600 mg/day) of hydroxychloroquine. Unfortunately,
no blood concentrations were reported by Gautret et al.,
but these could be proportionally derived from the stand-
ard curve in (Fig. 3) and the standard curves for conversion
of serum to whole blood and serum to plasma provided in
[26]. This calculation led to a prediction of drug efficacy
using Eq. 2 from plasma and whole blood of 62 and 78%,
respectively.

2.3 Adjusting the System for Modeling Efficacy
of a Drug with a Double Mechanism of Action

The system of differential equations that we adopted was
set up for drugs with a single mechanism of action, espe-
cially in the early phases of the infection. However, an aspect
that needs attention is the double mechanism of the antivi-
ral effects of hydroxychloroquine. As derived from studies
on a huge number of viruses, lysosomal accumulation of
hydroxychloroquine is highly likely to affect both the viral
entry (simulated by Best et al. [19] and Gongalves et al. [18])
and post-entry stages in cellular organelles such as viral bud-
ding and viral particle glycosylation [3, 16] (not considered
in the aforementioned studies). According to the data of
Wang et al. [16], the hydroxychloroquine analog chloroquine
displayed approximately half of its antiviral activity when
it was added after virus adsorption onto cells, confirming
that part of its activity occurs at a post-entry level. As we
also wanted to estimate the impact of hydroxychloroquine-
induced impairment of viral production, we thus adjusted
the system by optimizing (Eq. 1d) into (Eq. 3), as follows:

dv

E=(1—§>p[2—cv 3)
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Fig.1 Simulation plots under k=1/day, T=4e8 (initial value
[24]), =1.65/day, p="2e4 [46], f=8.24x 10e—3 [21] and V, at {1}
103, 10°} copies/ml (initial values) describing the dynamics of reduc-

Equation 3: p-adjusted ordinary differential equation
describing the viral dynamics in a model of target cell popu-
lation with an eclipse phase.

2.4 Modeling the Death Rate of Infected Cells

The death rate value adopted in the present study was taken
from Gongalves et al. [18]. Among the immune-modulating
effects of chloroquine/hydroxychloroquine is its capacity to
induce antigen cross-presentation and increase the immune
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tion in viral load under six drug efficacy (¢) conditions. Baseline con-
ditions with e=0, e=33%, e=62.3%, e=70% and e=78%

cytotoxic response [14, 15]. In this case, the effect of cell-
mediated immune responses could be modeled with the
system of differential equations adopted by increasing the
death rate 6. Indeed, enhanced cytotoxic responses result in
increased death of the infected cells. To model the effect of
chloroquine/hydroxychloroquine on CD8+ T-cell-mediated
killing of the infected cells, we increased the 6 factor by
approximately threefold (data derived from Accapezzato
et al. [14]).
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Fig.2 Simulation plots under k=1/day, T=4e8 (initial value
[24]), =1.65/day, p=2e4 [46], f=8.24x 10e—3 [21] and V/, at initial
{1', 10%, 10°} copies/ml describing the dynamics of reduction in viral
load under six drug efficacy (¢) conditions. Baseline conditions with
e=0, e=33%, €=62.3%, e=70% and £¢=78%. The results obtained

2.5 Computational Simulations

Mathematical modeling was implemented using Python
programming language v 3.7 (http://www.python.org). The
ODEINT function of the SciPy package was used for solv-
ing ordinary differential equations [28], numerical solutions
were applied through NumPy package [29], and simulations
were plotted within a 12-day time frame using Matplotlib
package [30]. To adapt our data to the maximum number of
cases and quantitative viral load assays, the viral load was
kept dimensionless [31].

0 12 2

6
Time (days) Time (days)

should be compared with the first row of graphs in Fig. 1, simulating
a condition in the absence of chloroquine/hydroxychloroquine. The
first row of the present figure instead aims at simulating the effect of
a drug or intervention able to increase the death of infected cells but
having no antiviral effect per se

3 Results

In the absence of any treatment, the model [18] shows
that there is an early peak in viral replication followed by
a gradual and slow abatement of viral load accompanying
consumption of target cells (Fig. 1, first row). Some of the
parameters such as the initial viral inoculum (V), the viral
production rate (p) and the rate of virus/cell encounter f did
not alter the virus/host dynamics substantially (Fig. 1, Sup-
plemental Figures S1, S2).
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Fig.3 Effect of chloroquine on replication of canine coronavirus
(CCoV) in canine fibrosarcoma A72 cells. Cells were preloaded
with chloroquine for 1 h and infected with CCoV; the infectious titer
(TCID50/ml) in supernatants was assessed in A72 cells. Data were
analyzed by non-linear regression (95% confidence limits of the curve
are shown). Adapted from [27]. TCID50 median tissue culture infec-
tious dose, EC50 half maximal effective concentration, EC90 90%
effective concentration

The parameters that most influenced the virus/host
dynamics were the drug efficacy (¢; Figs. 1, 2), the infected
cell death rate (; Figs. 1, 2) and viral clearance (c; data not
shown). The first was the principal determinant of the viral
load at peak, while the second two were the principal deter-
minant of the timing to return to the initial viral inoculum.
We focused our attention on ¢ and § because they are the
parameters influenced by chloroquine/hydroxychloroquine
at an early stage, i.e., in a scenario mimicked by our simu-
lations, in which the infection is still confined within the
pharyngeal cavity.

Our simulations show that the initial viral load peak is
inversely dependent on the drug efficacy &, but that even the
highest ¢ values do not influence the return to the initial viral
inoculum (Fig. 1). We estimated drug efficacy based on both
a more conservative approach (using ¢ values based on the
plasma drug concentrations) and an explorative approach
(using € values based on the whole blood concentrations)
mimicking administration of the two most widely used
dosing schedules of hydroxychloroquine for treatment of
COVID-19 [200 mg BID, second (plasma concentration)
and third (whole blood concentration) row of Fig. 1; 200 mg
three times a day, fourth (plasma) and fifth (whole blood)
row of Fig. 1]. These data show that drug efficacy alone can-
not explain the results of the clinical studies administering
hydroxychloroquine at the higher dosages and in which the
drug was shown to induce faster negativization of the assays
for detection of the virus in pharyngeal swabs.
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We then attempted to mimic an early immunologic effect
of chloroquine/hydroxychloroquine, i.e., the increase in cell-
mediated immunity increasing the death rate of the infected
cells (0). Based on biologic data (Accapezzato et al. [14]),
we increased the d parameter by threefold and found that the
time of return to the initial viral inoculum was remarkably
decreased (Fig. 2).

Interestingly, from the simulations above, it appeared that
the plasma drug concentrations are sufficient for explaining
the data of Gautret et al. [6] [fourth row of Fig. 2 (plasma
concentration), fifth row of Fig. 2 (whole blood concen-
tration)], in line with a recent report concluding that the
unbound plasma concentration of the drug is an accurate
marker of its in vivo activity [32]. The 6 value could in fact
compensate for the partial lack of direct antiviral activity.
The study of Gautret et al. may serve as a credible valida-
tion of our in silico simulations, as day 6 of treatment was
used as a turning point (Fig. 2), since, at that time point,
a significantly higher proportion of COVID-19 patients
receiving hydroxychloroquine displayed negative pharyn-
geal swabs compared to the patients who had not received it
(Gautret et al. [6]). Interestingly, in our simulations, day 6 of
hydroxychloroquine treatment with the dosage adopted by
Gautret et al. was the day at which the viral load reverted to
the level of the initial viral inoculum (Fig. 2). As the study
of Gautret et al. [6] also included patients at an initial stage
of the infection (i.e., presenting only pharyngeal symptoms),
our simulations of hydroxychloroquine treatment when viral
loads are still very low may account for nasopharyngeal
swab negativization.

Finally, we further validated our in silico simulations
against those of an independent study recently rendered
available and being one of the first reports of early treat-
ment with hydroxychloroquine in non-hospitalized COVID-
19 patients [33]. In that report, Guerin et al. showed, in the
group of patients treated with hydroxychloroquine and
azithromycin, a time to recovery that was 0.71 fold that
of patients treated with azithromycin alone. This time is
comparable with that from our calculations of reversal to
the original viral inoculum, which was 0.61-fold under our
conditions simulating treatment with hydroxychloroquine
(Figs. 1, 2).

4 Discussion

Our results agree in part with the simulations conducted
by Arnold and Buckner [5], showing that the 600 mg/day
regimen is likelier to have a significant impact on viral
replication compared to a 400 mg/day dosage and with
those of Garcia-Cremades et al. [34], showing that a dos-
age >400 mg/day would be necessary to obtain viral sup-
pression. The approach that we have followed is more
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conservative than that adopted by Arnold and Buckner [5],
in that we also considered the plasma and whole-blood con-
centrations as a measure of prediction of tissue accumu-
lation rather than the predicted accumulation in the lung.
According to the model adopted by Arnold and Buckner [5],
the drug lung concentrations are hundreds of times higher
than those in plasma and are predicted to reach a concentra-
tion able to inhibit 100% of SARS-CoV-2 replication. We
decided not to follow the lung distribution prediction in
light of two orders of considerations. (1) Tissue accumula-
tion of hydroxychloroquine may result in dishomogeneous
accumulation in sub-compartments, being mainly driven by
tissue macrophages [35], which are not a main target for the
virus-induced tissue damage, and (2) according to the data
previously published [27], 100% inhibition of coronavirus
replication is not reachable experimentally using a quinoline
antimalarial, not even at supra-physiologic concentrations.
Our data however showed in the end that the drug plasma
concentration is sufficient for estimating the in vivo effect of
chloroquine/hydroxychloroquine if the early immunomodu-
latory effect of the drug is considered (see below).

This accumulating evidence shows that the virologic
response to hydroxychloroquine in COVID-19 patients has
a pharmacokinetic basis and that the higher drug dosage
has the highest chances of being effective on the viral load
peak, whether because of the plasma or the whole-blood
concentration.

Our calculations can also explain the clinical data
reported so far on COVID-19. A small trial in France sug-
gested that hydroxychloroquine helps treat COVID-19 [6],
and a small study from China [36] reported the opposite
results. Both studies have their own limitations and very
limited statistical power due to the fact that they were pre-
pared during an emergency. The discrepancy of these results
may reside, according to the results of the present study, in
the dosage of hydroxychloroquine adopted, with the French
study reporting positive results using 600 mg/day of hydrox-
ychloroquine and the Chinese study being unable to show
any efficacy following adoption of a lower dosage (400 mg/
day). These considerations are corroborated by the results
obtained in randomized clinical trials, reporting varying
degrees of success using chloroquine and hydroxychloro-
quine at an equivalent dosage superior to that reported in the
two aforementioned studies [38—40]. These considerations
are also in line with a retrospective study, reporting positive
effects of chloroquine at a high dosage (500 mg bid) [37].

As the safety margin of chloroquine/hydroxychloroquine
is narrow [35], administration of higher dosages is unfortu-
nately hampered by toxicity, as shown by Borba et al. [39],
and pharmacokinetic modeling [34], although recent data
show that the toxicity observed by Borba et al. could in fact
be ascribed to the concomitant administration of azithro-
mycin [41].

In the discussions so far undertaken on the effects of
chloroquine/hydroxychloroquine on COVID-19, immune-
mediated mechanisms have not been taken into account
[3]. A late impact on immune hyperactivation, occurring
in the advanced phases of the disease, cannot in this case
be inferred, also because the present model is limited to an
early phase of the disease in which the virus is still confined
within the pharyngeal cavity. Modeling of late virologic and
immune effects would go beyond the capacity of the system
of differential equations adopted and involve a number of
other as yet poorly known parameters, resulting in the risk
of becoming extremely artificial. Confinement to the early
events in any case represents a major limitation of the pre-
sent study.

As anticipated above, an immune-mediated mechanism
that we considered is the effect of chloroquine/hydroxychlo-
roquine on antigen cross-presentation. Cross-presentation
is a phenomenon in which a dendritic cell presents the anti-
gen to CD8+ T-cells, improving their priming. Activation
of CD8+ T-cells after priming through antigen recognition
can induce the selective killing of the infected cells [14].
By increasing the death rate ¢ factor by only threefold, we
could observe a further decrease in the peak amplitude and a
shorter time to viral load exhaustion compared to conditions
under normal death rates. If our simulations are correct, not
only will strategies enhancing immunity be able to contrib-
ute to the decreased ¢ factor, but also drugs aimed at the
direct killing of infected cells. Interestingly, one drug taken
into consideration for COVID-19 treatment is auranofin [47],
an agent able to modulate oxidative stress and favoring death
of cells infected by a virus such as HIV-1 [48]. In line with
this theory, auranofin has recently been proven to limit virus
outgrowth in infected cell cultures [49]. Its capacity to kill
coronavirus-infected cells will thus need to be tested.

5 Conclusions

To sum up, our simulations suggest that chloroquine/hydrox-
ychloroquine might display some beneficial effects in vivo
more through its capacity of enhancing cell-mediated immu-
nity than through its direct antiviral effects, although the
latter may undoubtedly play a role due to viral load curve
flattening. One limitation of the present study is that we kept
the drug concentration constant, without taking into account
its accumulation. These simulations may however refer to
steady-state conditions considering a good deal of COVID-
19 patients’ time of exposure to the drug, as loading doses
are foreseen in a number of clinical protocols to shorten the
time to optimal drug accumulation [17, 42]. In this case, the
simulations with a starting viral load (V) of 1 copy/ml are
unlikely to occur in a clinical setting following a COVID-19
diagnosis, but might be a possible scenario of the virus/host
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dynamics during interventions of post-exposure prophylaxis.
Hydroxychloroquine is currently also being investigated as
a prophylactic agent [43]. In case chloroquine/hydroxychlo-
roquine should prove ineffective in protecting from SARS-
CoV-2 acquisition, it is plausible that it may mitigate disease
severity by attenuating viral replication.

Finally, this research may lead to new promising direc-
tions. For example, given the great interest that this strategy
has so far evoked in the context of COVID-19 [44, 45], and
the aforementioned effects of chloroquine/hydroxychloro-
quine on viral antigen presentation, future vaccines against
this disease should be considered in co-administration with
chloroquine/hydroxychloroquine. Another promising future
direction of this research could be the research on new drugs
able to directly kill coronavirus-infected cells as a novel
possible avenue to mitigate/shorten the clinical course of
COVID-19.
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