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Abstract

The COVID-19 pandemic caused by SARS-CoV-2 has resulted in an urgent need for identi-

fying potential therapeutic drugs. In the first half of 2020 tropic antimalarial drugs, such as

chloroquine (CQ) or hydroxochloroquine (HCQ) were the focus of tremendous public atten-

tion. In the initial periods of the pandemic, many scientific results pointed out that CQ/HCQ

could be very effective for patients with severe COVID. While CQ and HCQ have success-

fully been used against several diseases (such as malaria, autoimmune disease and rheu-

matic illnesses); long term use of these agents are associated with serious adverse effects

(i.e. inducing acute kidney injury, among many others) due to their role in blocking autop-

hagy-dependent self-degradation. Recent experimental and clinical trial data also confirmed

that there is no sufficient evidence about the efficient usage of CQ/HCQ against COVID-19.

By using systems biology techniques, here we show that the cellular effect of CQ/HCQ on

autophagy during endoplasmic reticulum (ER) stress or following SARS-CoV-2 infection

results in upregulation of ER stress. By presenting a simple mathematical model, we claim

that although CQ/HCQ might be able to ameliorate virus infection, the permanent inhibition

of autophagy by CQ/HCQ has serious negative effects on the cell. Since CQ/HCQ promotes

apoptotic cell death, here we confirm that addition of CQ/HCQ cannot be really effective

even in severe cases. Only a transient treatment seemed to be able to avoid apoptotic cell

death, but this type of therapy could not limit virus replication in the infected host. The pre-

sented theoretical analysis clearly points out the utility and applicability of systems biology

modelling to test the cellular effect of a drug targeting key major processes, such as autop-

hagy and apoptosis. Applying these approaches could decrease the cost of pre-clinical stud-

ies and facilitate the selection of promising clinical trials in a timely fashion.
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Introduction

The recent coronavirus infection related disease (COVID-19) has rapidly became a global pan-

demic by March 2020 [1, 2]. Due to the severity of the pandemic, there was an urgent need for

finding effective treatments using medicines already on the market [3, 4]. Alongside the devel-

opment of vaccines against COVID-19, there have been intensive attempts to discover effective

drugs that slow down the spread of disease or decrease its severity [5, 6].

COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) [7]. The illness might be mild or severe, often depending on the consequence of age associ-

ated diseases or other chronic diseases (i.e. cardiovascular pulmonary, diabetes or immune

compromised conditions) [8, 9]. COVID-19 patients with more severe disease have also been

found to experience a so-called cytokine storm leading to severe lung damage with fatal conse-

quences [10, 11].

The molecular mechanism of coronavirus infection has also been studied on the cellular

level [12, 13]. It has already shown that replication of SARS-CoV-2 induces endoplasmic retic-

ulum (ER) stress by severely restructuring the ER membrane [14, 15]. The ER is used to form

double membrane vesicles for viral genome replication during SARS-CoV-2 infection, which

results in activation of an ER stress response mechanism, called the unfolded protein response

(UPR) [16, 17]. UPR always induces autophagy-dependent survival, but severe ER stress

results in apoptotic cell death [18, 19]. It has been reported that autophagy fights successfully

against “mild” coronavirus infection by digesting viral components [16, 20, 21].

Cellular autophagy occurs at baseline level of activity during physiological conditions, where

it plays crucial role in removing and recycling effete organelles and proteins by sequestering

them into a vesicle, called autophagosome and later degraded by the enzymes within lysosomes

[22, 23]. Autophagy can also be included in times of cellular starvation or stress (e.g. secondary

to genotoxic or biochemical stress or infection) as a cellular survival mechanism [22, 24]. Thus,

the activity of autophagy in cells is tightly regulated. It is well-known that the key activator of

autophagy is ULK1/2 (unc51-like autophagy activating kinase 1/2), the mammalian homolog of

yeast Atg1 [25, 26]. ULK1/2 controls the early stage of autophagy forming a so-called autophagy

induction complex [27–30]. ULK1/2 can phosphorylate Beclin1 (the mammalian homolog of

yeast Atg6), thereby promoting to activate the class III phosphatidyl inositol-3-kinase [31]. Nei-

ther Beclin1 nor ULK1 depleted cells can induce the autophagy [23, 27, 32–34].

It is well-established that intolerable levels of SARS-CoV-2 viruses in the cell disrupts this

cellular survival process by usurping the components of the autophagy pathway, leading to

apoptotic cell death of the host cell [35].

Antimalarial drugs such as chloroquine, and its less toxic derivative, hydroxychloroquine

(CQ/HCQ) were quickly suggested as a possible therapeutic option for COVID-19 during the

initial stages of the pandemic [6, 36–38]. Previously, CQ/HCQ treatment has been an impor-

tant therapeutic option for several autoimmune diseases, and this treatment is one of the safest

immunomodulatory agent for rheumatic illness [39, 40]. Both drugs have a long half-life and a

well-characterised mechanism of action, and they are well-known inhibitors of autophagy [41,

42]. CQ/HCQ gets accumulated in the lysosomes and inhibits the lysosome-mediated cellular

proteolysis and the formation of autolysosomes by increasing the endosomal/lysosomal pH

[43].

Although CQ/HCQ seemed to be safe for the treatment of COVID-19 initially, sometimes

serious adverse effects have been reported, mostly with long term use [37, 44]. It was also

observed that CQ/HCQ treatment was not suitable for patients with conditions such as diabe-

tes, hypertension and cardiac issues [45, 46]. At present, an abundance of research articles has

focused on the controversial role of CQ/HCQ in COVID-19 treatment with regards to their
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clinical safety and efficacy [6], but many scientific questions about their effects have not yet

been answered.

To address systems-level questions on drug effectiveness, biologists often apply mathematical

models to understand the precise molecular mechanisms that control important aspects of cell

physiology [47, 48]. These models also help us to understand the dynamic characteristics of cer-

tain treatments and drugs in human cells [49, 50]. Although the complexity of cellular systems

makes this analysis highly challenging, a reductionist approach using a simple wiring diagram

can be created containing the key components of the control network to address fundamental

questions [47, 49]. Accordingly, we have focused our research on the systems biology analysis of

autophagy and its crosstalk with apoptosis with respect to ER stress [51–53]. Recently, we have

shown by using both molecular and systems biology methods that autophagy always generates

an evidently distinguishable threshold for apoptosis activation upon ER stress [51, 53]. Our

four-component model (i.e. two ER stress sensors, autophagy and apoptosis inducers) con-

firmed the importance of autophagy-dependent survival [18]. Here, we introduce a mathemati-

cal model adapting our previously published results about cellular life-and-death decision with

respect to ER stress. In this report, we claim that mild COVID-19 induced cellular stress, similar

to ER stress, can be readily surmounted by the host cell via autophagy However, severe SARS--

CoV-2 infection completely disrupts autophagy and promotes apoptotic cell death. We also

show that long-term CQ/HCQ treatment has adverse effects at the cellular level by inducing

apoptotic cell death. In this report we demonstrate that a systems biology approach to the theo-

retical analysis of the dynamic characteristics of a drug of interest (i.e. CQ/HCQ here) could be

very important in biomedical and clinical research and support pharmacological developments.

Materials and methods

A systems-level view can be developed by bringing together the components and interactions

reported in the literature. The schematic description about building up our mathematical

model is seen on Fig 1. Our wiring diagrams are independent of identity of molecular players

including only the relevant systems-level feedback loops.

Such a network can be translated into a set of mathematical equations that describe how each

component concentration/activity in the network changes with the time. The rate of change of a

component is described by ordinary differential equation (ODE) based on biochemical reaction

kinetics. Each biochemical reaction is represented as a term on the right hand side of the ODE

for a component participating in the reaction [54, 55]. Each reaction in the network can be

described either by using law of mass action or Michaelis-Menten kinetics [56–58].

With this mathematical modelling the qualitative features of a dynamic system can be easily

explored by using both computational simulations and signal-response curves (for more

description about the modelling see S1 Text in S1 File).

In this work, the temporal profiles and signal response curves were computed numerically

using XPP-AUT. All the simulations presented in the text are based on XPP codes found in S2

Text in S1 File. The starting parameter set was able to refer to physiological conditions. The

parameters values were perturbed to capture all the possible qualitative behaviours that the

given network can exhibit.

Results and discussion

A control network models the CQ/HCQ treatment related inhibition of

autophagy regulation with respect to ER stress

We created mathematical models to understand the dynamic characteristic of the regulatory

network of the ER cellular stress response mechanism. Although we know that there are three
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sensors of the ER stress induced signal transduction pathway, for simplicity, in this analysis,

according to our previous model [18, 51], we claim that ER stress is induced via two ER stress

sensors (see Fig 1A). The two ER stress sensors help each other through a positive feedback

loop. While one sensor more powerfully activates autophagy-dependent survival, the other is

more supportive of apoptosis. However, to better understand the dynamic behaviour of the

autophagy-dependent survival mechanism following CQ/HCQ treatment, here we also consid-

ered the steps of autophagosome formation. In our reductionist model we state that ER stress

sensors promote a so-called autophagy controller (this includes all the cellular elements which

can induce the stress response mechanism, such as Beclin1, Atg14, Vps34). This autophagy

controller is able to form an active autophagosome by making a complex with an autophagy

inducer. This autophagy inducer includes all the components that are essential for the autop-

hagosome formation but not directly activated by the stress response mechanism, i.e. ATG12

and LC3. The active autophagosome can induce the survival process in our model via a so-

Fig 1. The schematic picture of our workflow. The modelling approach we present here is based on existing

experimental data, either from the published papers or from databases containing referenced information. We use this

data to create a static wiring diagram and differential equitations to capture the dynamics of the system. The models

are then used to simulate the effect of the different elements ("El" for short).

https://doi.org/10.1371/journal.pone.0266337.g001
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called autophagy effector (see Fig 2A). For simplicity we assume that this apoptosis effector

includes all the components which are crucial for a fatal decision (for details about the refer-

ences of the regulatory connections and codes and software used for simulations see the Mate-

rials and Methods and S1-S2 Text, S1 Table in S1 File).

To test the accuracy of our model, first the signal-response curves of both autophagy and

apoptosis effectors are plotted (Fig 2B and 2C). The signal-response curve shows how autop-

hagy and apoptosis become active with respect to ER stress. Corresponding with our previous

data, we confirm here that autophagy gets activated even at low levels of ER stress to promote

the survival process. However, apoptosis remains inactive due to the double negative feedback

loop between them. If the stress level reaches a critical threshold, cell death gets rapidly acti-

vated and down-regulates the transient autophagy-dependent survival due to the toggle switch

between the two processes (see the grey dashed arrows on Fig 2B and 2C). It is well-known

that apoptosis induction is irreversible, namely apoptosis cannot be switched on later, even if

the cellular stress is removed.

To explore the effect of CQ/HCQ treatment, corresponding to already published data we

first had to decide that exactly at which step does CQ/HCQ exert its effect on autophagy in our

Fig 2. The simple network of autophagy-dependent survival upon chloroquine treatment during cellular stress.

(A) The wiring diagram of the response mechanism. The active form of the ER stress sensor 1 and 2, autophagy

inducer, autophagy controller, active autophagosome, ATG and APOA are grouped together in isolated coloured

boxes. ATG represents the active form of autophagy activator complex, while APOA represents the active form of

apoptosis. Dashed lines show how the molecules can influence each other. Blocked end lines denote inhibition. Red

arrows labelled with “chloroquine” show where the drug treatment affects the control network, while yellow

“thunders” symbolize the cellular stress. The signal-response curves of (B) survival process and (C) cell death

process are shown with respect to increasing stress level. On the “x” axis the stress level, while on the “y” axis the

relative activity of (B) ATG or (C) APOA are plotted. Solid lines denote stable state, while dashed line denotes the

unstable state of the control network at a given stress level. Grey dashed arrows depict the threshold for autophagy

inactivation / cell death activation. Red arrows labelled with “chloroquine” show how the signal-response curves are

changing according to increasing level of chloroquine (for the code, see S1 File).

https://doi.org/10.1371/journal.pone.0266337.g002
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model. Based on experimental data we claim that CQ/HCQ disrupts the autophagosome for-

mation [59]. Therefore, a functional complex formation between the autophagy controller and

autophagy inducer were diminished following addition of CQ/HCQ by reducing the total

amount of autophagy inducer in the model. Besides, CQ/HCQ can induce apoptotic cell death

in the model referring to the autophagy-independent biological effects of the drug [60]. In this

case, drastic changes could be observed on the signal-response curves (see the red arrows

labelled with “CQ/HCQ” on Fig 2B and 2C). Namely, the thresholds on both curves move to

the left which results in autophagy turnings off at a much lower threshold, meanwhile cell

death gets activated. These results correspond with those results which claim that CQ/HCQ

have a drastic negative effect on autophagy, and it was also previously shown experimentally

that the drug induces apoptosis [59, 61].

Our results clearly confirm that CQ/HCQ have a negative effect on autophagy-dependent

survival with respect to ER stress.

SARS-CoV-2 influences autophagy-dependent survival depending on the

level of the infection

Following this, we aimed to address the question of whether CQ/HCQ treatment has an

effect on cellular survival during SARS-CoV-2 infection. To answer this question, first we

tried to analyse the dynamical characteristic of both mild and severe COVID-19 in the host

cell. Based on experimental data, first we estimated how virus infection can be built into our

mathematical model. Bonam et al. has shown that SARS-CoV-2 replication starts at the

ER-Golgi intermediate component, which is linked to autophagosome biogenesis. They

claim that the ER stress response mechanism induced autophagy is significantly affected dur-

ing virus infection [20]. Previous scientific reports have also shown that SARS-CoV-2

usurped the components of the autophagy pathway [16]. However, the active virus is able to

promote autophagy to help the synthesis of the other viruses [62]. According to these experi-

mental data we assume here a so-called SARS-CoV-2 controller which can form a complex

with the autophagy inducer resulting in the formation of an active virus in our model.

Besides active SARS-CoV-2 promotes the activation of autophagy controller (see Fig 3A). In

mild or severe coronavirus infections we supposed that various initial levels of SARS-CoV-2

viruses (i.e. low or high levels) attack the host cell. We assume that the total amount of the

autophagy inducer is fixed, and both autophagy and SARS-CoV-2 controllers are needed for

their function. Therefore, the severity of the infection seriously determines the competition

between autophagy and SARS-CoV-2 controllers and the outcome of SARS-CoV-2

infection.

In the case of low levels of SARS-CoV-2 infection, although some viruses get formed in the

host cell, there is an enough amount of free autophagy inducer which can be titrated by the

autophagy controller (Fig 3B). Autophagosomes can quickly destroy the active viruses and

therefore overcome the infection before the viruses are able to leave the host cell. However, in

the case of severe COVID-19 infection, the high amount of SARS-CoV-2 in the host cell do

not let work autophagy properly. All the autophagy inducers will form a complex with SARS-

CoV-2 controller, and no effective autophagy is observed. The large number of viruses can

then leave the host cell and infect the surrounding cells meanwhile the host cell commits apo-

ptotic suicide (Fig 3C).

Thus, our results suggest that mild coronavirus infection can be easily defeated in the host

cell by autophagy-dependent survival. However, severe SARS-CoV-2 infection results in apo-

ptotic cell death, enabling high levels of active viruses to escape the host cell and rapidly infect

surrounding cells.
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The effect of CQ/HCQ-dependent autophagy inhibition in SARS-CoV-2

infection

Our next goal was to determine the dynamical characteristic of CQ/HCQ treatment during

coronavirus infection. Since we assume here that CQ/HCQ disrupts the autophagosome for-

mation via down-regulation of the autophagy controller, both autophagosome and active virus

formations are blocked (Fig 4A).

While CQ/HCQ was generally used against severe COVID [20], we first assumed high

SARS-CoV-2 infection with high levels of viral agents in the host cell. Since the patients should

be treated with extreme caution with CQ/HCQ, high levels of SARS-CoV-2 infection was

induced in the cell, then CQ/HCQ was added for a short period (see the red arrows on Fig 4B)

and the relative activity of the key elements were followed by computer simulations. Although

CQ/HCQ tried to reduce the level of viruses, as the treatment was short-lived, levels of the

virus quickly increased. Furthermore, CQ/HCQ not only blocked autophagy, but also induced

ER stress, therefore apoptotic cell death killed the host cell.

Since transient CQ/HCQ treatment could not ovecome severe SARS-CoV-2 infection, then

“permanent” (or chronic) CQ/HCQ treatment was induced, and the relative activity of the key

components of our model were detected by computer simulations (Fig 4C). CQ/HCQ treat-

ment successfully stopped coronavirus infection and decreased the amount of viruses in the

host cell. However, not only the formation of SARS-CoV-2 was blocked in CQ/HCQ treat-

ment, but autophagy-dependent survival was also inhibited. Therefore, the ER stress generated

Fig 3. The simple network of autophagy-dependent survival in the presence of SARS-CoV-2. (A) The wiring

diagram of the response mechanism. The active form of the ER stress sensor 1 and 2, autophagy inducer, autophagy

controller, active autophagosome, SARS-CoV-2 controllers, active SARS-CoV2, ATG and APOA are grouped together

in isolated coloured boxes. ATG represents the active form of autophagy activator complex, while APOA represents

the active form of apoptosis. Dashed lines show how the molecules can influence each other. Blocked end lines denote

inhibition. The temporary profile of computational simulation of (B) mild and (C) severe coronavirus infection.

In case of mild infection CVCT (the initial conditions of SARS-CoV-2 controller) is set to 5 and in case of severe

infection CVCT is set to 25 (for the code see S1 File). The relative activity of ER stress sensor 1 (ERS1), ER stress sensor

2 (ERS2), SARS-CoV-2 controller, form of active virus, ATG and APOA is plotted.

https://doi.org/10.1371/journal.pone.0266337.g003
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apoptosis easily overwhelmed autophagy dependent survival resulting in apoptotic death of

the host cell. Thus, our results show that although the spread of SARS-CoV-2 can be blocked

by CQ/HCQ treatment, the long-term usage of these agents could have fatal effects at cellular

level.

Here we claim that long-term CQ/HCQ treatment might avoid severe COVID-19, but this

treatment always results in apoptotic cell death of host cells.

Pre- treatment with CQ/HCQ is not effective against COVID-19

To further evaluate the negative effects of CQ/HCQ treatment during coronavirus infection,

pre-treatment with CQ/HCQ was also modelled with our theoretical analysis. Namely, pre-

treatment with CQ/HCQ was also managed followed by intensive COVID-19 infection (Fig

4D). Since high dose of CQ/HCQ itself could induce apoptotic cell death, therefore for CQ/

HCQ treatment pre-treatment a half-dose regime of CQ/HCQ was used. In this case no autop-

hagy activation was observed, while it quickly turned on apoptosis assuming that the fatal con-

sequences of CQ/HCQ treatment could not be avoided.

Our result indicates that pre-treatment with CQ/HCQ cannot be used for prevention of

SARS-CoV-2 due to its negative effects on the host cell.

Fig 4. The effect of CQ/HCQ treatment upon severe coronavirus infection. (A) The wiring diagram of the

response mechanism with CQ/HCQ treatment in the presence of SARS-CoV2. The active form of the ER stress

sensor 1 and 2, autophagy inducer, autophagy controller, active autophagosome, SARS-CoV-2 controllers, active

SARS-CoV2, ATG and APOA are grouped together in isolated coloured boxes. ATG represents the active form of

autophagy activator complex, while APOA represents the active form of apoptosis. Dashed lines show how the

molecules can influence each other. Blocked end lines denote inhibition. Red arrows labelled with “chloroquine” show

where the drug treatment affects the control network, while yellow “thunders” symbolize the cellular stress. The

temporary profile of computational simulation of delayed (B) permanent or (C) transient treatment with CQ/

HCQ or (D) pre-treatment with permanent CQ/HCQ upon severe coronavirus infection. In case severe infection

CVCT (the initial conditions of SARS-CoV-2 controller) is set to 25, while chloroquine treatment was induced by

setting CHL = 0.0001 (for the code, see S1 File). The relative activity of ER stress sensor 1 (ERS1), ER stress sensor 2

(ERS2), SARS-CoV-2 controller, form of active virus, ATG and APOA is plotted.

https://doi.org/10.1371/journal.pone.0266337.g004

PLOS ONE Chloroquine and COVID-19—A systems biology model

PLOS ONE | https://doi.org/10.1371/journal.pone.0266337 April 7, 2022 8 / 14

https://doi.org/10.1371/journal.pone.0266337.g004
https://doi.org/10.1371/journal.pone.0266337


Conclusions

The COVID-19 pandemic caused by SARS-CoV-2 has turned into a worldwide public health

priority. In the last year, hundreds of papers have been published focusing on the develop-

ment of effective treatments against COVID-19 [63]. In addition, many experimental studies

have tried to identify both novel or existing drugs to slow down the pandemic. However, the-

oretical analyses have been largely overlooked. An excellent example of this scientific prob-

lem is the case of CQ and HCQ, two well-known antimalarial drugs [20, 38]. They were

quickly started to be used in the clinics as an effective drug for treating SARS-CoV-2 in early

2020. Although CQ/HCQ seems to be an important therapeutical option for several autoim-

mune diseases, recently it has revealed that these drugs had too many negative side effects to

use against COVID-19 [6, 38]. Corresponding to various diseases (such as rheumatism and

malaria) the slow pharmacokinetics of CQ/HCQ suggest a long-treatment during SARS--

CoV-2 infection, too [64]. While novel scientific results show the importance of CQ/HCQ

treatment at an early stage of infection [36], the dynamical characteristic of this treatment

has not been studied.

Prompted by the lack of such dynamical analysis, in this theoretical study using a mathe-

matical modelling approach, we demonstrate that a cellular level why CQ/HCQ are not effec-

tive therapeutic agents for COVID-19 treatment. Since SARS-CoV-2 induces ER stress, we

modified our previous ER stress based model to understand the effect of CQ/HCQ during

SARS-CoV-2 infection. In this adapted model, we assume a double negative feedback loop

between autophagy and apoptosis by taking into account the crucial steps of effective autopha-

gosome formation (see Fig 2A). First low (i.e. tolerable) and high (i.e. non-tolerable) ER stress

levels were induced in the host cell (Fig 2B and 2C). Corresponding to our already published

data [51, 53], we further revealed here that cells survived with the help of autophagy-dependent

self-degradation at low levels of ER stress, however, severe ER stress resulted in apoptotic cell

death, meanwhile autophagy was switched off. According to previous experimental data [59],

we confirm here that CQ/HCQ blocks the formation of autophagosomes, thereby disrupting

autophagy-dependent survival even at low levels of ER stress. This results in apoptotic cell

death of the host cell (Fig 2B and 2C).

With the help of already published scientific results (listed in S1 File) our mathematical

model revealed that SARS-CoV-2 influences autophagy-induced survival depending on the

seriousness of the viral infection in the host cell. Besides ER stress induction, SARS-CoV-2 has

been shown to the biogenesis of autophagosomes [20], therefore we assumed here that the rep-

licated viruses and the autophagy activatory complex compete with each other on the free

components of autophagosome resulting that autophagy gets down-regulated due to the high

amounts of viruses during COVID-19 (Fig 3A).

Here, for the first time, we suggest that the outcome of SARS-CoV-2 infection directly

depends on the activity of autophagy during the infection. If the virus level is not too high, suf-

ficient quantities of properly functioning autophagosomes remain to eliminate the active

viruses from the host cell (Fig 3B). Therefore, the host cell can easily survive, and stop the

spread of the virus in the body. However, high levels of SARS-CoV-2 completely inhibits

autophagy in the host cell resulting that the virus level remains high and can infect the sur-

rounding cells, too (Fig 3C). In this case autophagosomes cannot eliminate the viral compo-

nents but indirectly helps the replication of SARS-CoV-2 suggesting that autophagy acts like a

double-edged sword in SARS-CoV-2 infection.

Following this we addressed how CQ/HCQ treatment can affect autophagy induction dur-

ing SARS-CoV-2 infection in the host cell. At mild coronavirus infection autophagy had a cru-

cial role in digesting and removing the viral components from the cell. Therefore, CQ/HCQ
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treatment was not found to be advantageous since its negative effect on autophagy disturbed

the auto-healing mechanism of the host cell.

CQ/HCQ was quickly introduced to treat people suffering from severe COVID-19 [6, 65],

however its exact effects have not yet been published. Our computer simulations have revealed

that permanent and transient treatment with CQ/HCQ could affect the level of SARS-CoV-2

in the host cell (Fig 4). Both types of CQ/HCQ addition is able to block autophagosome forma-

tion resulting in the down-regulation of virus replication in the host cell. However, the tran-

sient addition of CQ/HCQ could not overcome SARS-CoV-2 infection and the levels of the

newly formed viruses increased. Meanwhile “permanent” CQ/HCQ treatment completely

blocked the virus formation in the host cell suggesting that this type of treatment might have

therapeutical value. However, we demonstrate that even the use of “permanent” CQ/HCQ is

not beneficial for the host cell, since both CQ/HCQ treatment resulted in the death of host cell

via apoptosis induction (Fig 4). We claim that although long-term CQ/HCQ treatment might

be effective against SARS-CoV-2, but it can also have a serious negative effect on cellular sys-

tems, including killing host cells.

Although our computational analysis is adequately grounded on experimental results, it

may have several limitations that would be important to consider. For example, scientific data

are being generated from various cellular systems, using several human cell lines with slightly

different experimental conditions following SARS-CoV-2 infection etc. Therefore, our predic-

tions need further experimental clarification in the near future.

Theoretical systems biology approaches have been largely neglected in studying SARS-

CoV-2 infection. Despite, these systems biology methods are very useful for combining both

the molecular and theoretical biological techniques to understand the dynamic characteristics

of cellular response mechanisms upon various external or internal signals. We suggest that this

type of analysis when theoretical methods precede the experimental study, may allow to

decrease the cost of studies. It could also speed up the identification of effective drugs when

there is an urgent need for understanding the characteristics of COVID-19 caused by SARS-

CoV-2.
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References
1. Gates B. Responding to Covid-19-A Once-in-a-Century Pandemic? New Engl J Med. 2020; 382

(18):1677–9. https://doi.org/10.1056/NEJMp2003762 PMID: 32109012

PLOS ONE Chloroquine and COVID-19—A systems biology model

PLOS ONE | https://doi.org/10.1371/journal.pone.0266337 April 7, 2022 10 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266337.s001
https://doi.org/10.1056/NEJMp2003762
http://www.ncbi.nlm.nih.gov/pubmed/32109012
https://doi.org/10.1371/journal.pone.0266337


2. Zhu N, Zhang DY, Wang WL, Li XW, Yang B, Song JD, et al. A Novel Coronavirus from Patients with

Pneumonia in China, 2019. New Engl J Med. 2020; 382(8):727–33. https://doi.org/10.1056/

NEJMoa2001017 PMID: 31978945

3. Chen Y, Liu Q, Guo D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. J

Med Virol. 2020; 92(10):2249. Epub 2020/09/04. https://doi.org/10.1002/jmv.26234 PMID:

32881013.

4. Legido-Quigley H, Asgari N, Teo YY, Leung GM, Oshitani H, Fukuda K, et al. Are high-performing

health systems resilient against the COVID-19 epidemic? Lancet. 2020; 395(10227):848–50. https://

doi.org/10.1016/S0140-6736(20)30551-1 PMID: 32151326

5. Tarighi P, Eftekhari S, Chizari M, Sabernavaei M, Jafari D, Mirzabeigi P. A review of potential suggested

drugs for coronavirus disease (COVID-19) treatment. Eur J Pharmacol. 2021; 895:173890. Epub 2021/

01/23. https://doi.org/10.1016/j.ejphar.2021.173890 PMID: 33482181.

6. Khuroo MS. Chloroquine and hydroxychloroquine in coronavirus disease 2019 (COVID-19). Facts, fic-

tion and the hype: a critical appraisal. Int J Antimicrob Agents. 2020; 56(3):106101. Epub 2020/07/21.

https://doi.org/10.1016/j.ijantimicag.2020.106101 PMID: 32687949.

7. Lai YJ, Chang CM, Lin CK, Yang YP, Chien CS, Wang PH, et al. Severe acute respiratory syndrome

coronavirus-2 and the deduction effect of angiotensin-converting enzyme 2 in pregnancy. J Chin Med

Assoc. 2020; 83(9):812–6. Epub 2020/09/10. https://doi.org/10.1097/JCMA.0000000000000362 PMID:

32902940.

8. Guzik TJ, Mohiddin SA, Dimarco A, Patel V, Savvatis K, Marelli-Berg FM, et al. COVID-19 and the car-

diovascular system: implications for risk assessment, diagnosis, and treatment options. Cardiovasc

Res. 2020; 116(10):1666–87. https://doi.org/10.1093/cvr/cvaa106 PMID: 32352535

9. Ceriello A, Stoian AP, Rizzo M. COVID-19 and diabetes management: What should be considered?

Diabetes Res Clin Pr. 2020; 163. ARTN 108151 https://doi.org/10.1016/j.diabres.2020.108151 PMID:

32305399

10. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ, et al. COVID-19: consider cyto-

kine storm syndromes and immunosuppression. Lancet. 2020; 395(10229):1033–4. https://doi.org/10.

1016/S0140-6736(20)30628-0 PMID: 32192578

11. Calabrese LH. Cytokine storm and the prospects for immunotherapy with COVID-19. Clev Clin J Med.

2020; 87(7):389–93. https://doi.org/10.3949/ccjm.87a.ccc008 PMID: 32393592

12. Ratre YK, Kahar N, Bhaskar LVKS, Bhattacharya A, Verma HK. Molecular mechanism, diagnosis, and

potential treatment for novel coronavirus (COVID-19): a current literature review and perspective. 3 Bio-

tech. 2021; 11(2). ARTN 94 https://doi.org/10.1007/s13205-021-02657-3 PMID: 33520580

13. Fung TS, Liu DX. Coronavirus infection, ER stress, apoptosis and innate immunity. Front Microbiol.

2014; 5:296. Epub 2014/07/06. https://doi.org/10.3389/fmicb.2014.00296 PMID: 24987391.

14. Banerjee A, Czinn SJ, Reiter RJ, Blanchard TG. Crosstalk between endoplasmic reticulum stress and

anti -viral activities: A novel therapeutic target for COVID-19. Life Sci. 2020; 255. ARTN 117842 https://

doi.org/10.1016/j.lfs.2020.117842 PMID: 32454157

15. Aoe T. Pathological Aspects of COVID-19 as a Conformational Disease and the Use of Pharmacologi-

cal Chaperones as a Potential Therapeutic Strategy. Front Pharmacol. 2020; 11. ARTN 1095 https://

doi.org/10.3389/fphar.2020.01095 PMID: 32754041

16. Ujike M, Taguchi F. Incorporation of Spike and Membrane Glycoproteins into Coronavirus Virions.

Viruses-Basel. 2015; 7(4):1700–25. https://doi.org/10.3390/v7041700 PMID: 25855243

17. Oakes SA, Papa FR. The Role of Endoplasmic Reticulum Stress in Human Pathology. Annu Rev

Pathol-Mech. 2015; 10:173–94. https://doi.org/10.1146/annurev-pathol-012513-104649 PMID:

25387057

18. Marton M, Kurucz A, Lizak B, Margittai E, Banhegyi G, Kapuy O. A Systems Biological View of Life-and-

Death Decision with Respect to Endoplasmic Reticulum Stress-The Role of PERK Pathway. Interna-

tional journal of molecular sciences. 2017; 18(1). Epub 2017/01/10. https://doi.org/10.3390/

ijms18010058 PMID: 28067773.

19. Hetz C. The unfolded protein response: controlling cell fate decisions under ER stress and beyond.

Nature Reviews Molecular Cell Biology. 2012; 13(2):89–102. https://doi.org/10.1038/nrm3270 PMID:

22251901

20. Bonam SR, Muller S, Bayry J, Klionsky DJ. Autophagy as an emerging target for COVID-19: lessons

from an old friend, chloroquine. Autophagy. 2020; 16(12):2260–6. https://doi.org/10.1080/15548627.

2020.1779467 PMID: 32522067

21. Miller K, McGrath ME, Hu Z, Ariannejad S, Weston S, Frieman M, et al. Coronavirus interactions with

the cellular autophagy machinery. Autophagy. 2020; 16(12):2131–9. Epub 2020/09/24. https://doi.org/

10.1080/15548627.2020.1817280 PMID: 32964796.

PLOS ONE Chloroquine and COVID-19—A systems biology model

PLOS ONE | https://doi.org/10.1371/journal.pone.0266337 April 7, 2022 11 / 14

https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
https://doi.org/10.1002/jmv.26234
http://www.ncbi.nlm.nih.gov/pubmed/32881013
https://doi.org/10.1016/S0140-6736%2820%2930551-1
https://doi.org/10.1016/S0140-6736%2820%2930551-1
http://www.ncbi.nlm.nih.gov/pubmed/32151326
https://doi.org/10.1016/j.ejphar.2021.173890
http://www.ncbi.nlm.nih.gov/pubmed/33482181
https://doi.org/10.1016/j.ijantimicag.2020.106101
http://www.ncbi.nlm.nih.gov/pubmed/32687949
https://doi.org/10.1097/JCMA.0000000000000362
http://www.ncbi.nlm.nih.gov/pubmed/32902940
https://doi.org/10.1093/cvr/cvaa106
http://www.ncbi.nlm.nih.gov/pubmed/32352535
https://doi.org/10.1016/j.diabres.2020.108151
http://www.ncbi.nlm.nih.gov/pubmed/32305399
https://doi.org/10.1016/S0140-6736%2820%2930628-0
https://doi.org/10.1016/S0140-6736%2820%2930628-0
http://www.ncbi.nlm.nih.gov/pubmed/32192578
https://doi.org/10.3949/ccjm.87a.ccc008
http://www.ncbi.nlm.nih.gov/pubmed/32393592
https://doi.org/10.1007/s13205-021-02657-3
http://www.ncbi.nlm.nih.gov/pubmed/33520580
https://doi.org/10.3389/fmicb.2014.00296
http://www.ncbi.nlm.nih.gov/pubmed/24987391
https://doi.org/10.1016/j.lfs.2020.117842
https://doi.org/10.1016/j.lfs.2020.117842
http://www.ncbi.nlm.nih.gov/pubmed/32454157
https://doi.org/10.3389/fphar.2020.01095
https://doi.org/10.3389/fphar.2020.01095
http://www.ncbi.nlm.nih.gov/pubmed/32754041
https://doi.org/10.3390/v7041700
http://www.ncbi.nlm.nih.gov/pubmed/25855243
https://doi.org/10.1146/annurev-pathol-012513-104649
http://www.ncbi.nlm.nih.gov/pubmed/25387057
https://doi.org/10.3390/ijms18010058
https://doi.org/10.3390/ijms18010058
http://www.ncbi.nlm.nih.gov/pubmed/28067773
https://doi.org/10.1038/nrm3270
http://www.ncbi.nlm.nih.gov/pubmed/22251901
https://doi.org/10.1080/15548627.2020.1779467
https://doi.org/10.1080/15548627.2020.1779467
http://www.ncbi.nlm.nih.gov/pubmed/32522067
https://doi.org/10.1080/15548627.2020.1817280
https://doi.org/10.1080/15548627.2020.1817280
http://www.ncbi.nlm.nih.gov/pubmed/32964796
https://doi.org/10.1371/journal.pone.0266337


22. Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 2008; 132(1):27–42. https://doi.

org/10.1016/j.cell.2007.12.018 PMID: 18191218

23. Ravikumar B, Sarkar S, Davies JE, Futter M, Garcia-Arencibia M, Green-Thompson ZW, et al. Regula-

tion of mammalian autophagy in physiology and pathophysiology. Physiol Rev. 2010; 90(4):1383–435.

https://doi.org/10.1152/physrev.00030.2009 PMID: 20959619

24. Wirawan E, Vanden Berghe T, Lippens S, Agostinis P, Vandenabeele P. Autophagy: for better or for

worse. Cell Res. 2012; 22(1):43–61. https://doi.org/10.1038/cr.2011.152 PMID: 21912435 Epub Sep

13.

25. Dikic I, Elazar Z. Mechanism and medical implications of mammalian autophagy. Nat Rev Mol Cell Biol.

2018; 19(6):349–64. Epub 2018/04/06. https://doi.org/10.1038/s41580-018-0003-4 PMID: 29618831.

26. Eskelinen EL. Autophagy: Supporting cellular and organismal homeostasis by self-eating. Int J Biochem

Cell Biol. 2019; 111:1–10. Epub 2019/04/04. https://doi.org/10.1016/j.biocel.2019.03.010 PMID:

30940605.

27. Ganley IG, Lam du H, Wang J, Ding X, Chen S, Jiang X. ULK1.ATG13.FIP200 complex mediates

mTOR signaling and is essential for autophagy. The Journal of biological chemistry. 2009; 284

(18):12297–305. Epub 2009/03/05. https://doi.org/10.1074/jbc.M900573200 PMID: 19258318.

28. Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, et al. Nutrient-dependent mTORC1

association with the ULK1-Atg13-FIP200 complex required for autophagy. Molecular biology of the cell.

2009; 20(7):1981–91. Epub 2009/02/13. https://doi.org/10.1091/mbc.e08-12-1248 PMID: 19211835.

29. Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao J, et al. ULK-Atg13-FIP200 complexes mediate

mTOR signaling to the autophagy machinery. Molecular biology of the cell. 2009; 20(7):1992–2003.

Epub 2009/02/20. https://doi.org/10.1091/mbc.e08-12-1249 PMID: 19225151.

30. Hosokawa N, Sasaki T, Iemura S, Natsume T, Hara T, Mizushima N. Atg101, a novel mammalian

autophagy protein interacting with Atg13. Autophagy. 2009; 5(7):973–9. Epub 2009/07/15. https://doi.

org/10.4161/auto.5.7.9296 PMID: 19597335.

31. Petiot A, Ogier-Denis E, Blommaart EF, Meijer AJ, Codogno P. Distinct classes of phosphatidylinositol

3’-kinases are involved in signaling pathways that control macroautophagy in HT-29 cells. J Biol Chem.

2000; 275(2):992–8. https://doi.org/10.1074/jbc.275.2.992 PMID: 10625637

32. Alers S, Loffler AS, Wesselborg S, Stork B. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy:

cross talk, shortcuts, and feedbacks. Molecular and cellular biology. 2012; 32(1):2–11. Epub 2011/10/

26. https://doi.org/10.1128/MCB.06159-11 PMID: 22025673.

33. Chan EY, Kir S, Tooze SA. siRNA screening of the kinome identifies ULK1 as a multidomain modulator

of autophagy. J Biol Chem. 2007; 282(35):25464–74. Epub 2007/06/28. https://doi.org/10.1074/jbc.

M703663200 PMID: 17595159.

34. Demeter A, Romero-Mulero MC, Csabai L, Olbei M, Sudhakar P, Haerty W, et al. ULK1 and ULK2 are

less redundant than previously thought: computational analysis uncovers distinct regulation and func-

tions of these autophagy induction proteins. Sci Rep. 2020; 10(1):10940. Epub 2020/07/04. https://doi.

org/10.1038/s41598-020-67780-2 PMID: 32616830.

35. Li SF, Zhang YL, Guan ZQ, Li HL, Ye MD, Chen X, et al. SARS-CoV-2 triggers inflammatory responses

and cell death through caspase-8 activation. Signal Transduct Tar. 2020; 5(1). ARTN 235 https://doi.

org/10.1038/s41392-020-00334-0 PMID: 33037188

36. Chen Y, Li MX, Lu GD, Shen HM, Zhou J. Hydroxychloroquine/Chloroquine as Therapeutics for

COVID-19: Truth under the Mystery. Int J Biol Sci. 2021; 17(6):1538–46. Epub 2021/04/29. https://doi.

org/10.7150/ijbs.59547 PMID: 33907517.

37. Hashem AM, Alghamdi BS, Algaissi AA, Alshehri FS, Bukhari A, Alfaleh MA, et al. Therapeutic use of

chloroquine and hydroxychloroquine in COVID-19 and other viral infections: A narrative review. Travel

Med Infect Di. 2020; 35. ARTN 101735 https://doi.org/10.1016/j.tmaid.2020.101735 PMID: 32387694

38. Bansal P, Goyal A, Cusick At, Lahan S, Dhaliwal HS, Bhyan P, et al. Hydroxychloroquine: a comprehen-

sive review and its controversial role in coronavirus disease 2019. Ann Med. 2021; 53(1):117–34. Epub

2020/10/24. https://doi.org/10.1080/07853890.2020.1839959 PMID: 33095083.

39. Solomon VR, Lee H. Chloroquine and its analogs: a new promise of an old drug for effective and safe

cancer therapies. Eur J Pharmacol. 2009; 625(1–3):220–33. Epub 2009/10/20. https://doi.org/10.1016/

j.ejphar.2009.06.063 PMID: 19836374.

40. Varisli L, Cen O, Vlahopoulos S. Dissecting pharmacological effects of chloroquine in cancer treatment:

interference with inflammatory signaling pathways. Immunology. 2020; 159(3):257–78. https://doi.org/

10.1111/imm.13160 PMID: 31782148

41. Schrezenmeier E, Dorner T. Mechanisms of action of hydroxychloroquine and chloroquine: implications

for rheumatology. Nat Rev Rheumatol. 2020; 16(3):155–66. Epub 2020/02/09. https://doi.org/10.1038/

s41584-020-0372-x PMID: 32034323.

PLOS ONE Chloroquine and COVID-19—A systems biology model

PLOS ONE | https://doi.org/10.1371/journal.pone.0266337 April 7, 2022 12 / 14

https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.1016/j.cell.2007.12.018
http://www.ncbi.nlm.nih.gov/pubmed/18191218
https://doi.org/10.1152/physrev.00030.2009
http://www.ncbi.nlm.nih.gov/pubmed/20959619
https://doi.org/10.1038/cr.2011.152
http://www.ncbi.nlm.nih.gov/pubmed/21912435
https://doi.org/10.1038/s41580-018-0003-4
http://www.ncbi.nlm.nih.gov/pubmed/29618831
https://doi.org/10.1016/j.biocel.2019.03.010
http://www.ncbi.nlm.nih.gov/pubmed/30940605
https://doi.org/10.1074/jbc.M900573200
http://www.ncbi.nlm.nih.gov/pubmed/19258318
https://doi.org/10.1091/mbc.e08-12-1248
http://www.ncbi.nlm.nih.gov/pubmed/19211835
https://doi.org/10.1091/mbc.e08-12-1249
http://www.ncbi.nlm.nih.gov/pubmed/19225151
https://doi.org/10.4161/auto.5.7.9296
https://doi.org/10.4161/auto.5.7.9296
http://www.ncbi.nlm.nih.gov/pubmed/19597335
https://doi.org/10.1074/jbc.275.2.992
http://www.ncbi.nlm.nih.gov/pubmed/10625637
https://doi.org/10.1128/MCB.06159-11
http://www.ncbi.nlm.nih.gov/pubmed/22025673
https://doi.org/10.1074/jbc.M703663200
https://doi.org/10.1074/jbc.M703663200
http://www.ncbi.nlm.nih.gov/pubmed/17595159
https://doi.org/10.1038/s41598-020-67780-2
https://doi.org/10.1038/s41598-020-67780-2
http://www.ncbi.nlm.nih.gov/pubmed/32616830
https://doi.org/10.1038/s41392-020-00334-0
https://doi.org/10.1038/s41392-020-00334-0
http://www.ncbi.nlm.nih.gov/pubmed/33037188
https://doi.org/10.7150/ijbs.59547
https://doi.org/10.7150/ijbs.59547
http://www.ncbi.nlm.nih.gov/pubmed/33907517
https://doi.org/10.1016/j.tmaid.2020.101735
http://www.ncbi.nlm.nih.gov/pubmed/32387694
https://doi.org/10.1080/07853890.2020.1839959
http://www.ncbi.nlm.nih.gov/pubmed/33095083
https://doi.org/10.1016/j.ejphar.2009.06.063
https://doi.org/10.1016/j.ejphar.2009.06.063
http://www.ncbi.nlm.nih.gov/pubmed/19836374
https://doi.org/10.1111/imm.13160
https://doi.org/10.1111/imm.13160
http://www.ncbi.nlm.nih.gov/pubmed/31782148
https://doi.org/10.1038/s41584-020-0372-x
https://doi.org/10.1038/s41584-020-0372-x
http://www.ncbi.nlm.nih.gov/pubmed/32034323
https://doi.org/10.1371/journal.pone.0266337


42. Fox RI. Mechanism of action of hydroxychloroquine as an antirheumatic drug. Semin Arthritis Rheum.

1993; 23(2 Suppl 1):82–91. Epub 1993/10/01. https://doi.org/10.1016/s0049-0172(10)80012-5 PMID:

8278823.

43. Pellegrini P, Strambi A, Zipoli C, Hagg-Olofsson M, Buoncervello M, Linder S, et al. Acidic extracellular

pH neutralizes the autophagy-inhibiting activity of chloroquine. Autophagy. 2014; 10(4):562–71. https://

doi.org/10.4161/auto.27901 PMID: 24492472

44. Cortegiani A, Ingoglia G, Ippolito M, Giarratano A, Einav S. A systematic review on the efficacy and

safety of chloroquine for the treatment of COVID-19. J Crit Care. 2020; 57:279–83. Epub 2020/03/17.

https://doi.org/10.1016/j.jcrc.2020.03.005 PMID: 32173110.

45. Brufsky A. Hyperglycemia, hydroxychloroquine, and the COVID-19 pandemic. J Med Virol. 2020; 92

(7):770–5. https://doi.org/10.1002/jmv.25887 PMID: 32293710

46. Cortegiani A, Ippolito M, Ingoglia G, Einav S. Chloroquine for COVID-19: rationale, facts, hopes. Crit

Care. 2020; 24(1):210. Epub 2020/05/10. https://doi.org/10.1186/s13054-020-02932-4 PMID:

32384908.

47. Tyson JJ, Chen KC, Novak B. Sniffers, buzzers, toggles and blinkers: dynamics of regulatory and sig-

naling pathways in the cell. Curr Opin Cell Biol. 2003; 15(2):221–31. https://doi.org/10.1016/s0955-

0674(03)00017-6 PMID: 12648679

48. SH. S. Nonlinear dynamics and Chaos: with applications to physics, biology, chemistry, and engineer-

ing. Reading, Mass: Addison-Wesley Pub; 1994 xi, 498 p p. 1994.

49. Tyson JJ, Chen K, Novak B. Network dynamics and cell physiology. Nat Rev Mol Cell Biol. 2001; 2

(12):908–16. https://doi.org/10.1038/35103078 PMID: 11733770

50. Tyson JJ, Novak B. Functional motifs in biochemical reaction networks. Annu Rev Phys Chem. 2010;

61:219–40. https://doi.org/10.1146/annurev.physchem.012809.103457 PMID: 20055671

51. Holczer M, Marton M, Kurucz A, Banhegyi G, Kapuy O. A Comprehensive Systems Biological Study of

Autophagy-Apoptosis Crosstalk during Endoplasmic Reticulum Stress. Biomed Res Int. 2015;

2015:319589. Epub 2015/05/20. https://doi.org/10.1155/2015/319589 PMID: 25984530.

52. Kapuy O, Vinod PK, Banhegyi G. mTOR inhibition increases cell viability via autophagy induction during

endoplasmic reticulum stress—An experimental and modeling study. FEBS Open Bio. 2014; 4:704–13.

Epub 2014/08/28. https://doi.org/10.1016/j.fob.2014.07.006 PMID: 25161878.

53. Kapuy O, Lizak B, Stiller I, Banhegyi G. A Systems Biological Perspective of Cellular Stress-Directed

Programmed Cell Death. Computational Molecular Bioscience. 2014; 4(1):28–34. https://doi.org/10.

4236/cmb.2014.41003

54. Tyson JJ, Chen K, Novak B. Network dynamics and cell physiology. Nature Rev Mol Cell Biol. 2001;

2:908–16. https://doi.org/10.1038/35103078 PMID: 11733770

55. Strogatz SH. Nonlinear Dynamics and Chaos. Reading, MA: Addison-Wesley Co.; 1994.

56. Tyson JJ, Chen KC, Novak B. Sniffers, buzzers, toggles and blinkers: dynamics of regulatory and sig-

naling pathways in the cell. Current Opinion in Cell Biology. 2003; 15(2):221–31. https://doi.org/10.

1016/s0955-0674(03)00017-6 PMID: 12648679

57. Segel IH. Enzyme kinetics behavior and analysis of rapid equilibrium and steady state enzyme systems:

Wiley; 1975.

58. Goldbeter A, Koshland DE Jr. An amplified sensitivity arising from covalent modification in biological

systems. Proc Natl Acad Sci U S A. 1981; 78(11):6840–4. https://doi.org/10.1073/pnas.78.11.6840

PMID: 6947258

59. Mauthe M, Orhon I, Rocchi C, Zhou X, Luhr M, Hijlkema KJ, et al. Chloroquine inhibits autophagic flux

by decreasing autophagosome-lysosome fusion. Autophagy. 2018; 14(8):1435–55. Epub 2018/06/27.

https://doi.org/10.1080/15548627.2018.1474314 PMID: 29940786.

60. Stamenkovic M, Janjetovic K, Paunovic V, Ciric D, Kravic-Stevovic T, Trajkovic V. Comparative analy-

sis of cell death mechanisms induced by lysosomal autophagy inhibitors. Eur J Pharmacol. 2019;

859:172540. Epub 2019/07/17. https://doi.org/10.1016/j.ejphar.2019.172540 PMID: 31310755.

61. Alam MM, Kariya R, Kawaguchi A, Matsuda K, Kudo E, Okada S. Inhibition of autophagy by chloroquine

induces apoptosis in primary effusion lymphoma in vitro and in vivo through induction of endoplasmic

reticulum stress. Apoptosis. 2016; 21(10):1191–201. https://doi.org/10.1007/s10495-016-1277-7

PMID: 27484211

62. Sargazi S, Sheervalilou R, Rokni M, Shirvaliloo M, Shahraki O, Rezaei N. The role of autophagy in con-

trolling SARS-CoV-2 infection: An overview on virophagy-mediated molecular drug targets. Cell Biol Int.

2021; 45(8):1599–612. Epub 2021/04/06. https://doi.org/10.1002/cbin.11609 PMID: 33818861.

63. Vabret N, Britton GJ, Gruber C, Hegde S, Kim J, Kuksin M, et al. Immunology of COVID-19: Current

State of the Science. Immunity. 2020; 52(6):910–41. https://doi.org/10.1016/j.immuni.2020.05.002

PMID: 32505227

PLOS ONE Chloroquine and COVID-19—A systems biology model

PLOS ONE | https://doi.org/10.1371/journal.pone.0266337 April 7, 2022 13 / 14

https://doi.org/10.1016/s0049-0172%2810%2980012-5
http://www.ncbi.nlm.nih.gov/pubmed/8278823
https://doi.org/10.4161/auto.27901
https://doi.org/10.4161/auto.27901
http://www.ncbi.nlm.nih.gov/pubmed/24492472
https://doi.org/10.1016/j.jcrc.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32173110
https://doi.org/10.1002/jmv.25887
http://www.ncbi.nlm.nih.gov/pubmed/32293710
https://doi.org/10.1186/s13054-020-02932-4
http://www.ncbi.nlm.nih.gov/pubmed/32384908
https://doi.org/10.1016/s0955-0674%2803%2900017-6
https://doi.org/10.1016/s0955-0674%2803%2900017-6
http://www.ncbi.nlm.nih.gov/pubmed/12648679
https://doi.org/10.1038/35103078
http://www.ncbi.nlm.nih.gov/pubmed/11733770
https://doi.org/10.1146/annurev.physchem.012809.103457
http://www.ncbi.nlm.nih.gov/pubmed/20055671
https://doi.org/10.1155/2015/319589
http://www.ncbi.nlm.nih.gov/pubmed/25984530
https://doi.org/10.1016/j.fob.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25161878
https://doi.org/10.4236/cmb.2014.41003
https://doi.org/10.4236/cmb.2014.41003
https://doi.org/10.1038/35103078
http://www.ncbi.nlm.nih.gov/pubmed/11733770
https://doi.org/10.1016/s0955-0674%2803%2900017-6
https://doi.org/10.1016/s0955-0674%2803%2900017-6
http://www.ncbi.nlm.nih.gov/pubmed/12648679
https://doi.org/10.1073/pnas.78.11.6840
http://www.ncbi.nlm.nih.gov/pubmed/6947258
https://doi.org/10.1080/15548627.2018.1474314
http://www.ncbi.nlm.nih.gov/pubmed/29940786
https://doi.org/10.1016/j.ejphar.2019.172540
http://www.ncbi.nlm.nih.gov/pubmed/31310755
https://doi.org/10.1007/s10495-016-1277-7
http://www.ncbi.nlm.nih.gov/pubmed/27484211
https://doi.org/10.1002/cbin.11609
http://www.ncbi.nlm.nih.gov/pubmed/33818861
https://doi.org/10.1016/j.immuni.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32505227
https://doi.org/10.1371/journal.pone.0266337


64. Schrezenmeier EV, Burmester GR, Eckardt KU, Dorner T. Role for antimalarials in the management of

COVID-19. Curr Opin Rheumatol. 2020; 32(5):449–57. Epub 2020/07/18. https://doi.org/10.1097/BOR.

0000000000000731 PMID: 32675717.

65. Kamat S, Kumari M. Repurposing Chloroquine Against Multiple Diseases With Special Attention to

SARS-CoV-2 and Associated Toxicity. Front Pharmacol. 2021; 12:576093. Epub 2021/04/30. https://

doi.org/10.3389/fphar.2021.576093 PMID: 33912030.

PLOS ONE Chloroquine and COVID-19—A systems biology model

PLOS ONE | https://doi.org/10.1371/journal.pone.0266337 April 7, 2022 14 / 14

https://doi.org/10.1097/BOR.0000000000000731
https://doi.org/10.1097/BOR.0000000000000731
http://www.ncbi.nlm.nih.gov/pubmed/32675717
https://doi.org/10.3389/fphar.2021.576093
https://doi.org/10.3389/fphar.2021.576093
http://www.ncbi.nlm.nih.gov/pubmed/33912030
https://doi.org/10.1371/journal.pone.0266337

