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Abstract

Coronavirus disease 2019 (COVID-19) is a viral infection caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). A single-stranded RNA virus from a -Coronaviridae family causes acute clinical manifestations. Its high
death rate and severe clinical symptoms have turned it into the most significant challenge worldwide. Up until now, several
effective COVID-19 vaccines have been designed and marketed, but our data on specialized therapeutic drugs for the treat-
ment of COVID-19 is still limited. In order to synthesis virus particles, SARS-CoV-2 uses host metabolic pathways such as
phosphoinositide3-kinase (PI3K)/protein kinase B (PKB, also known as AKT)/mammalian target of rapamycin (mTOR).
mTOR is involved in multiple biological processes. Over-activation of the mTOR pathway improves viral replication, which
makes it a possible target in COVID-19 therapy. Clinical data shows the hyperactivation of the mTOR pathway in lung tissues
during respiratory viral infections. However, the exact impact of mTOR pathway inhibitors on the COVID-19 severity and
death rate is yet to be thoroughly investigated. There are several mMTOR pathway inhibitors. Rapamycin is the most famous
inhibitor of mMTORC1 among all. Studies on other respiratory viruses suggest that the therapeutic inhibitors of the mTOR
pathway, especially rapamycin, can be a potential approach to anti-SARS-CoV-2 therapy. Using therapeutic methods that
inhibit harmful immune responses can open a new chapter in treating severe COVID-19 disease. We highlighted the potential
contribution of PI3K/Akt/mTOR inhibitors in the treatment of COVID-19.
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Introduction

SARS-CoV-2 has emerged since December 2019, a single-
stranded RNA virus from a p-Coronaviridae family that
causes acute clinical manifestations. An extremely conta-
gious viral infection that soon turned into a global night-
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challenge since 2019. There is an urgent need for efficient
therapeutic agents to prevent and cure COVID-19 infection
[2]. SARS-CoV-2 needs the host cell cycles for its repli-
cation. It modifies the host metabolism pathways to syn-
thesize the virus particles such as proteins and nucleotides
[3]. SARS-CoV-2 can improve its survival and replication
by dysregulating the PI3K/Akt/mTOR signaling pathway
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immune-related mechanisms such as oxidative stress and
triggers a cytokine storm, leading to severe clinical mani-
festations in the infected host [5]. The host signaling path-
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production of pro-inflammatory cytokines (e.g., IL-8) [6].
Therefore, therapeutic methods that inhibit harmful immune
responses can open a new chapter in treating severe COVID-
19 disease [5].

Cellular signaling pathways play critical roles during viral
infections. PI3K/Akt/mTOR pathway is the most outstand-
ing pathway and is considered as a possible target for anti-
COVID-19 treatment [6]. mTOR (also known as the mech-
anistic target of rapamycin) is a serine-threonine protein
kinase involved in various biological processes, including
metabolism pathways, protein synthesis, cell proliferation,
autophagy, and cell growth [7]. Since mTOR is involved in
initiating the inflammatory response, the inhibitory com-
pounds of this pathway (such as rapamycin) can reduce the
severity of the disease [8].

Like other viruses, SARS-CoV-2 exploits the host’s met-
abolic pathways to synthesize the proteins needed for its
replication, leading to abnormal activation of signaling cas-
cades [9]. Over-activation of the PI3K/Akt/mTOR pathway
can be closely correlated with COVID-19 severity. Thus,
using PI3K/Akt/mTOR pathway therapeutic inhibitors with
other drugs may help researchers effectively treat COVID-
19 [10]. Here in this article, we aim to review the role of the
PI3K/Akt/mTOR pathway in SARS-CoV-2 infection and to
comment on the efficiency and effect of their inhibitors in
COVID-19 treatment.

The mTOR pathway in the immune system

A letter by Omarjee L. et al.suggests that targeting
mTORC]1 with rapamycin could be a potential therapeu-
tic in COVID-19 patients [11]. The inflammation caused
by the host immune system during COVID-19 can lead to
pathological injuries, including acute respiratory distress
syndrome (ARDS) and eventual death. High percentages of
Th17 and low percentages of Treg have been reported in
COVID-19 patients [1]. Previous studies have shown that
mTORCI1 plays a role in inducing Th17 and Th1 differentia-
tion during viral infections, and mTORC?2 can enhance Th2
differentiation, while both complexes reduce Treg differen-
tiation [11]. mTOR over-activation during SARS-CoV-2
infection increased Th17 differentiation and decreased Treg
differentiation, which ultimately led to increased immuno-
pathology. Therefore, inhibitors of the mTOR pathway can
significantly prevent the pathological damage caused by
COVID-19 infection [12]. Duarte de Souza et al. reported
that RSV interferes with TCD8" lymphocytes proliferation
through mTOR phosphorylation. Therefore, rapamycin
administration can increase the antiviral TCD8* lympho-
cytes population [13]. These studies introduce the mTOR
signaling pathway as the potential Achilles heel of viral
infection.
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The role of the PI3K/Akt/mTOR axis in the development
of regulatory immune responses and its involvement in cell
differentiation has made this pathway an ideal target for a
variety of viruses [14], although more investigations are
needed to evaluate the precise and extensive effects of tar-
geting the mTOR pathway during viral infections, especially
SARS-CoV-2.

SARS-CoV-2 and mTOR pathway

SARS-CoV-2 interacts with angiotensin I-converting
enzyme 2 (ACE2) via its spike glycoprotein, and receptor-
binding domain (RBD) of the virus binds to the external
domain of ACE2, which therefore boosts the viral entry into
the host cells [6]. ACE2 was proven to be related to suscepti-
bility to COVID-19 infection. Hence, pharmaceutical agents
that can target the expression of ACE2 may lead to effec-
tive therapeutic approaches [15]. SARS-CoV-2 infection can
lead to hyperactivation of mTOR in vitro. The unregulated
activation of the mTOR pathway is assumed to be related to
the pathogenesis of SARS-CoV-2 [1]. The use of nanomolar
concentrations of inhibitors of mTOR showed that PI3K/
AKT/mTOR is an important signaling pathway during
SARS-CoV-2 infection [16]. As mTOR activity increases
during MERS-CoV infection, due to many similarities
between SARS-CoV-2 and MERS-CoV, it is speculated
that SARS-CoV-2 infection also leads to hyperactivation of
mTOR pathway [2]. P.j. Mullen. et al. reported an increase
in mTORCT activity in Lung ALI cultures and cell lines in
SARS-CoV-2 infection. Due to the activation of mTORCI
in the lung cells of SARS-CoV-2 patients, inhibitors of
mTORCI declined the virus replication in lung ALI cultures
and kidney epithelial cells, suggesting mTORCI1 inhibitors
as potential treatments for COVID-19 [17].

As shown in Fig. 1, the entry of the virus into the host cell
causes the over-activation of PI3K, which activates mTOR
by phosphorylating Akt. mTOR eventually increases the
protein synthesis (including viral proteins), the produc-
tion of inflammatory cytokines, and infected cell survival,
which can be inhibited by therapeutic inhibitors of PI3K/
Akt/mTOR cascade.

Several factors regulate PI3K/AKT/mTOR pathway,
including growth factors and their receptors, amino acids,
Toll-like receptor ligands, cellular stress, energy status,
and some negative regulators such as phosphatase and
tensin homolog (PTEN) [18, 19]. The activation of regu-
lators such as growth factors receptor recruits PI3K to
the cell membrane and phosphorylates AKT which later
induces mTOR activation leading to the activation of its
downstream effectors (4EBP1 and P70S6) and eventually
induces RNA translation, protein synthesis, cell survival,
and so on [18]. mTORCI1 also inhibits unc-51-like kinase 1
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Fig. 1 Activation of the
mTOR pathway by SARS-
CoV-2. PI3K activates
mTORC1 by phosphorylating
Akt. PI3K/Akt/mTOR inhibitors
may enhance the SARS-CoV-2
infected cells autophagy and
impede the viral replication and
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(ULK1) and autophagy-related gene 13 (ATG13) via phos-
phorylation which results in autophagy inhibition [20].
Once the virus enters, the activation of eukaryotic trans-
lation initiation factor 4E-binding proteinl (4-E-BP1) and
ribosomal protein S6 kinase beta 1 (S6K1) (downstream
mTOR compounds) leads to increased synthesis of ribo-
somes and proteins (including viral proteins) [9]. SARS-
CoV-2 infection can lead to hyperactivation of mTOR
in vitro, and since the unregulated activation of the mTOR
pathway plays a decisive role in COVID-19-induced patho-
genesis, inhibiting this pathway can prevent the progres-
sion of infection [1]. Thus, drug inhibitors of the mTOR
or microRNAs that interact with 3-UTR of mTOR could
be a proper candidate for treating COVID-19 patients [9].
Data from gene-trapping of five genes associated with the
PI3K/AKT/mTOR pathway including, AKT2 and mTOR
(HSV-2), RAPTOR and FK506 binding protein 8 (FKBPS;
reovirus), and insulin receptor substrate 1 (IRS1, influenza
A/WS/33) and siRNA screening of the indicated genes in
influenza A/WS/33 or respiratory syncytial virus (RSV),
herpes simplex virus-2 (HSV-2), human rhinovirus 16
(HRV16), dengue fever virus type 2 (DFV-2), and cowpox,
showed that they play an important role in viral replica-
tion. For example mTOR knockdown leads to a reduction
in HRV16 and cowpox replication and AKT1, IRS1, and
FKBPS8 siRNA could inhibit influenza A infection [21].
Since the PI3K/AKT-mTOR pathway is a key signaling

Viral replication)

pathway in the replication of most viruses, precise molecu-
lar screening of this pathway can help elucidate the exact
mechanism of these cellular signaling cascades.

SARS-CoV-2 also enhances the expression of pyruvate
carboxylase and decreases the metabolism of oxidative
glutamin, suggesting SARS-CoV-2 had remodeled the host
carbon-metabolism pathways to produce its particles [3].
However, still more studies are required to fully reveal the
precise mechanisms of SARS-CoV-2 using the host cell
pathways for its replication.

Since mTORCI1 can control autophagy, some viruses
inhibit mMTORCI1 activity and increase their replication rate
via autophagy, for example, the hepatitis C virus (HCV)-
induced autophagy by mTORC1 blockade under endoplas-
mic reticulum stress (ER stress) [22]. Highly pathogenic
avian influenza A (H5N1) virus activates autophagy by
blocking mTOR pathway; hence, inhibitors of autophagy
may be potential treatments in H5N1 infection [23].
M2 and NP proteins of influenza A virus (IAV) activate
autophagy via mTOR axis leading to the virus replication
[24]. Considering the proviral role of autophagy in ZIKA
infection, NS4A and NS4B (nonstructural protein 4A and
AB) block AKT and mTOR which results in autophagy
induction [23]. Based on recent findings the dengue virus
(DENV), a flavivirus, also induces autophagy to improve
its replication [25].
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Rapamycin: a proper mTORC1 inhibitor

mTOR interacts with several proteins, which later form
two complexes: mTORCI (sensitive to rapamycin) and
mTORC?2 (non-sensitive to rapamycin) [7]. Various mTOR
pathway inhibitors (such as rapamycin) have been pre-
sented up until now [8]. AMPK is considered a significant
regulator of mTORC]1. Metformin can inhibit mTOR sign-
aling pathway by activating AMPK via phosphorylating
raptor and TSC2/1 [26]. Rapamycin specifically inhibits
mTORCI. After binding to FKBP12, it forms the rapam-
ycin-FKBP12 compound, which then integrates with the
FKBP12-rapamycin (FRB) domain of mTORC1, impedes
the interaction between mTOR, and raptor, and eventually
leads to inhibition of mTORCI1 [19]. Rapamycin inhib-
its PI3K/AKT/ mTORCI1 by blocking mTORC1 during
MERS-CoV which has a positive effect on preventing the
virus replication [9].

As shown in Fig. 1, mMTORC1 and mTORC?2 have differ-
ent components and can have different effects on signaling
pathways. Raptor subunit in mTORCI is found to be sensi-
tive to rapamycin and is thus inhibited by it, while Rictor
subunit of mTORC?2 is rapamycin-insensitive and there-
fore not inhibited by rapamycin. The rapamycin-sensitive
mTORCI has a key role in protein synthesis, cell growth,
and so on and the rapamycin-insensitive mTORC2 is mostly
involved in cell survival and cytoskeletal organization [27].

Rapamycin blocks mTORC1 during MERS-CoV infec-
tion. Rapamycin also significantly prevents MERS-CoV
infection by blocking LARP1 (the translational receptor of
mTOR)[9]. Rapamycin binds to the FRB (FKBP12-rapa-
mycin-binding) and FK506-binding proteinl12 (FKBP12)
domain of mTOR and blocks the protein synthesis path-
way of mTOR, thereby decreases the differentiation of
lymphocytes [8, 28]. Rapamycin inactivates mTORC1
by binding to the immunophilin FK506-binding pro-
teinl2A (FKBP12A) and preventing the effective interac-
tion between mTOR and regulatory-associated protein of
mTOR, also known as raptor [9].

Although the exact mechanism is not yet precise, it
has been reported that rapamycin can prevent the onset
of cytokine storms and related pathological damage by
impeding the production of inflammatory cytokines inhib-
itors of mTOR may prevent the development of severe
pathological symptoms in COVID-19 patients by selec-
tively reducing the population of B lymphocytes and con-
sequently blocking cross-reactive antibodies expression
[2]. By affecting the cell cycle of T lymphocytes (G1-S),
rapamycin disrupts the signaling pathway of cytokine pro-
duction to prevent severe inflammation during disease [8].

Rapamycin attenuates the replication rate of MERS-
CoV in vitro by blocking the signaling of mTOR pathway.
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Moreover, corticosteroids and mTOR inhibitors in patients
with severe HIN1 influenza accelerate the healing process
[2]. It seems that the high rate of mutation in the SARS-
CoV-2 will not reduce the effectiveness of this drug [8].
In patients with HIN1 pneumonia, inhibition of mTOR
pathway by rapamycin in combination with corticosteroids
significantly reduced clinical manifestations and the dura-
tion of ventilator use [29].

The current clinical trials that inhibit mTOR include
phase I (SirCo-1, NCT04371640) which was withdrawn in
2021, phase II (The SCOPE trials, NCT04341675) which
has had no update for over 1.5 years, and also phase III
(NCT04409327) trial which was closed in Feb 2021 due to
insufficient accrual rate [4].

Metformin, tacrolimus, sapanisertib,
and PP-242: mTOR inhibitors

Experimental studies on other inhibitory drugs have revealed
that metformin blocks mTOR signaling by inducing AMPK
(through LKB1) and inhibits Akt via phosphorylated IRS
[9]. Therefore, it can be helpful in the treatment of COVID-
19. Recent retrospective studies suggest metformin as an
effective pharmacological treatment in COVID-19 patients
based on data on SARS-CoV-2 patients with diabetes
mellitus [27]. Metformin inhibits mTORC1 by AMPK
phosphorylation and activation via activating liver kinase
B1 (LKB1). Also indirectly, by phosphorylating insulin
receptor substrate 1 (IRS1), it attenuates AKT and inhib-
its mMTORC1, which can ultimately lead to a reduction in
disease severity and death rate. Metformin induces ACE2
phosphorylation via activation of AMPK and reduces the
entry rate of SARS-Cov-2 into host cells [30]. More detailed
studies reveal that metformin also inhibits mMTORCI1 through
activating transcription factor 4 (ATF4)/regulated in DNA
damage and development 1 (REDD1), or via pS3/REDD1,
or by induction of ataxia telangiectasia mutated (ATM) and
also through a GTPase-dependent pathway [31]. Since met-
formin has a significant impact on MERS-CoV by inhibiting
PI3K/AKT/mTOR and considering the similarities between
MERS-CoV and SARS-CoV-2, its role in COVID-19 should
be examined [30].

Using everolimus or rapamycin in H5N1-and HINI1-
infected mice significantly reduced pathological lung tissue
damage and decreased viral titers in the respiratory system,
indicating the importance of mTOR pathway inhibitors
in respiratory viral infections [21]. tacrolimus has shown
a more significant inhibitory effect on cellular immune
responses than everolimus, but both inhibit humoral immune
responses equally. as a result, tacrolimus can be effective
in COVID-19 treatment due to its ability to attenuate the
production of T-related cytokines [5]. Oral administration
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of sapanisertib (INK0128; INK128) blocks mTORC1 and
mTORC?2 [9]. PP-242 also significantly prevents PRRSV
(porcine reproductive, respiratory syndrome virus) infec-
tion by inhibiting mTORC1 and mTORC2 [32]. Of course,
more detailed and specialized studies on these inhibitors
can pave the way for more effective treatments for viral
infections, especially SARS-CoV-2. The mTOR pathway
inhibitors (such as rapamycin or everolimus, temsirolimus,
MK-2206, and wortmannin) can reduce the pathological
damage caused by the immune response to SARS-CoV-2,
but do not decrease the ability of the immune system to
respond to subsequent viral infections [4]. Further in vitro
experiments and clinical trials are recommended to fully elu-
cidate the efficacy of using PI3K/Akt/mTOR (and particu-
larly mTOR) inhibitors as a therapeutic approach for treating
SARS-CoV-2 severe disease. Some of the most important
and well-known inhibitors of this pathway (which have been
clinically studied in recent years) are listed in Table 1.

Inhibition of PI3K/Akt/ mTOR pathway

The PI3K/Akt/mTOR compounds (such as mTOR, AKT1,
RPS6KB1, PIK3R1, and PIK3R?2) increases during MERS-
CoV infection. It has been reported that high concentrations
of wortmannin (PI3K inhibitor) reduce MERS-CoV titers by
blocking the PI3K/Akt pathway [8]. Rapamycin also inhib-
its MERS-CoV replication by blocking mTOR [14]. The
influential role of PI3K/Akt/mTOR in MERS-CoV infection
identifies pharmacological inhibitors of this pathway as pos-
sible candidates in the treatment of viral infections such as
MERS-CoV and SARS-CoV.

Experimental data from the Borchers C. et al. study made
it clear that PI3K activation during COVID-19 infection did
not directly stimulate the spike protein-induced IL-8 produc-
tion [6]. Wang L. et al. found that activation of the PI3K/
Akt signaling pathway in cancers induces the production of
some pro-inflammatory cytokines, including IL-8 [33]. So,
blocking the PI3K/Akt and its downstream molecules like

mTOR may improve the treatment of cancer and even viral
infections such as SARS-CoV-2 by preventing the expres-
sion of cytokines and thus inhibiting the inflammation.

Knockout of the PI3K gene leads to attenuation of T lym-
phocytes responses. PI3K inhibition also increases CD4*
T lymphocytes. On the other hand, inhibition of PI3K
reduces the activity of mast cells and neutrophils in lung
diseases [10]. A study on Vero E6 cells revealed that PI3K/
Akt axis plays an essential role in SARS-CoV persistence
[34]. Administration of idelalisib, a PI3K inhibitor, reduces
the expression of inflammatory cytokines, reducing the
pathological damage caused by inflammation in COVID-19
patients and accelerating the healing process [10].

Inhibition of Akt by MK-2206 in Huh-7 cell line and Vero
FM cell line was able to reduce the replication of the SARS-
CoV-2 effectively. Vorinostat or SAHA also inhibited the
replication of SARS-CoV-2 in the Huh-7 cell line via the
mTORI1 blockage [4], while rapamycin, wortmannin, and
BI-D1870 did not significantly inhibit the SARS-CoV-2
proliferation in the Huh-7 cell line [4]. In order to prevent
the systematic effects of PI3K/Akt/mTOR inhibition in the
body, the use of the inhalation drug is recommended [10].

Further investigations are required to clarify the precise
role of PI3K/Akt during COVID-19 infection.

Inhibitory drugs: foes or allies?!

Although inhibitory drugs that interfere with host signal-
ing pathways or immune responses can effectively pre-
vent pathological damages, some of these drugs may cause
adverse effects, usually through immunosuppression prop-
erties [35]. For instance, rapamycin, despite its inhibitory
role in virus replication during severe HIN1 infection,
can cause pathological damage to lung tissue by break-
ing down the immune barriers [4]. Rapamycin decreases
CD19" CD27" memory B lymphocytes and induces
their differentiation to plasma cells. It is also shown that
rapamycin (by inducing HLA-DR expression) was more

Table 1 PI3K/AKT/mTOR

o ! No Inhibitors of PI3K/AKT/ Target References

pathway and their biologic mTOR pathway

targets
1 Rapamycin mTORC1 Kindrachuk et al., 2015 [14]
2 Everolimus mTORCI1 Murray et al., 2012 [21]
3 Vorinostat/SAHA mTORCI1 Appelberg et al., 2020 [4]
4 Spanisertib mTORCI1, mTORC2 Ramaiah et al., 2020 [9]
5 PP-242 mTORC1, mTORC2 Liu et al., 2017 [32]
6 Metformin AMPK (indirectly AKT) Ramaiah et al., 2020 [9]
7 ‘Wortmannin PI3K Patocka et al., 2021 [8]
8 Idelalisib PI3K Palma et al., 2020 [10]
9 MK-2206 AKT Hirai et al., 2010 [37]
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effective in reducing the population of B lymphocytes than
tacrolimus [5]. In the light of such investigations, it can be
concluded that rapamycin can play a role in intervening in
the production of antibodies in COVID-19 by reducing the
population of B lymphocytes.

Since mTOR inhibitors can reduce the titer of cross-
reactive antibodies, they may impair disease recovery by
reducing the beneficial antibodies [8]. Although rapamycin
acts like a double-edged sword in viral infections, it is still
more effective than other drugs [35]. Previous studies also
reported the contradictory impacts of rapamycin on the
differentiation of T subtypes, especially regulatory T lym-
phocytes [4, 36]. However, blocking the mTOR pathway
may present a more efficient and less detrimental immu-
nosuppressive effect in comparison with other inhibitory
drugs such as calcineurin [35]. Of course, since there is
still scarce data about the potentially harmful effects of
such compounds, they should probably be prescribed in
doses similar to anti-cancer studies.

Conclusion

Here in this review, we highlighted the importance of
the PI3K/Akt/mTOR pathway in viral infections and its
potential involvement during COVID-19. Viruses such as
SARS-CoV-2 use the host signaling pathways and biologi-
cal mechanisms for their survival and replication. Hence,
using inhibitors of these cellular pathways and antiviral
and anti-inflammatory drugs may improve the therapeutic
approaches in this catastrophic pandemic. Although con-
firmed data on the role of the mTOR pathway in COVID-
19 is still limited, experimental and clinical evidence on
similar respiratory viruses such as MERS-CoV, RSV, and
influenza suggest that using therapeutic inhibitors of the
mTOR pathway may be a distinctive approach to anti-
SARS-CoV-2 therapy. To date, several effective COVID-
19 vaccines have been developed and marketed, but our
knowledge of specialized therapeutic drugs for the treat-
ment of COVID-19 is insufficient. Therefore, finding an
effective drug (with the most negligible side effects) that
prevents pathological damage (caused by the viral infec-
tion) and improves the survival rate in patients is a vital
necessity.

Data availability The dataset of the current study are available from
the corresponding author on reasonable request.
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