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Abstract

Coronavirus disease 2019 (COVID‐19) has become a major global public health

concern. The mortality rate for critically ill patients is up to 60%, and, thus, reducing

the disease severity and case mortality is a top priority. Currently, cytokine storms

are considered as the major cause of critical illness and death due to COVID‐19.
After a systematical review of the literature, we propose that cross‐reactive anti-

bodies associated with antibody‐dependent enhancement (ADE) may actually be the

cause of cytokine storms. It would be more difficult to develop vaccines for highly

pathogenic human coronaviruses (CoVs) if ADE characteristics are taken into con-

sideration. Therefore, it is urgent to find an effective way to prevent the occurrence

of severe illness as severe acute respiratory syndrome CoV‐2 specific drugs or

vaccines are still in development. If the activation of memory B cells can be selec-

tively inhibited in high‐risk patients at an early stage of COVID‐19 to reduce the

production of cross‐reactive antibodies against the virus, we speculate that ADE can

be circumvented and severe symptoms can be prevented. The mammalian target of

rapamycin (mTOR) inhibitors satisfy such needs and it is recommended to conduct

clinical trials for mTOR inhibitors in preventing the severity of COVID‐19.

K E YWORD S

ADE, antibody‐dependent enhancement, coronavirus, cross‐reactive antibody, cytokine storm,

immunity, mTOR inhibitors, rapamycin

1 | INTRODUCTION

So far as of 3 May 2020, there is no vaccine for the 2019‐started
novel coronavirus disease 2019 (COVID‐19). On 1 May 2020, U.S.

Food and Drug Administration issued an emergency use authoriza-

tion for the antiviral drug remdesivir for the treatment of patients

with COVID‐19.1 However, the clinical benefits of remdesivir in pa-

tients with severe disease are limited.2 In addition to antiviral drugs

and vaccines, convalescent plasma (CP) transfusion provides a po-

tential option for treating severe patients with COVID‐19. However,

the latest published research papers suggested that the severity of

COVID‐19 is related to increased, rather than decreased, im-

munoglobulin G (IgG) response,3 and that CP transfusion can be

beneficial only to the patients who were given before 14 days post‐
onset of illness (dpoi) rather than after that time.4 About 20% pa-

tients with COVID‐19 have developed severe illness, and 5% have

further developed critical illness with a mortality rate of 61.5%.5

Therefore, it is urgent to find an alternative way to treat COVID‐19
while vaccine candidates are still under development and CP therapy

is needed to be further investigated in randomized clinical studies.

COVID‐19 has many striking similarities to severe acute re-

spiratory syndrome (SARS) which outbreak 17 years ago. A previous

study demonstrated that the peripheral blood CD4+ and CD8+

T cells in SARS‐infected survivors showed a reversible decline. The

decline and duration of T cells and the severity of the disease are

closely related, while the irreversible decline leads to mortality.
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T‐cell decline coexists with the increase of interleukin 6 (IL‐6), tumor

necrosis factor α (TNF‐α), and other proinflammatory cytokines.6 The

recent data collected from patients with COVID‐19 also confirmed

that T‐cell counts are negatively correlated with the changes in the

production of IL‐6, TNF‐α, and other proinflammatory cytokines.7

The cytokine release syndrome (CRS) or so‐called cytokine storms

are currently considered as the cause of critical illness and death.8

Antibody‐dependent enhancement (ADE), especially the suboptimal

antibody‐elated responds maybe the cause of the CRS.9‐12 After a

systematical review of the literature, we propose that cross‐reactive
antibodies associated with ADE may be the major cause of cytokine

storms in highly pathogenic human coronavirus (CoV) infection, in-

cluding SARS and COVID‐19. Methods specifically blocking this type

of ADE will provide therapeutic potentials for patients suffering from

severe COVID‐19, especially the elderly and health care workers.

2 | ADE IN SARS AND COVID ‐19

Patients with SARS who have developed antibodies earlier in the

serum and have high antibody levels experienced a severe infection.13

The median time that SARS‐CoV antibodies were detected in the

serum was 16 days. It is remarkable that IgG antibodies were first

detected in some patients as early as day 4 of the disease. The early

occurrence of serum IgG antibodies is associated with a high incidence

of entering the intensive care unit (ICU).14 This phenomenon has also

been reported in patients with COVID‐19.3 According to the general

understanding of antiviral immune response, high antibody levels

indicate that pathogens are easily controlled and infections can be

alleviated. Counterintuitively, the severity of SARS and COVID‐19 is

associated with increased IgG response.

A recent study showed a rapid increase of lymphocyte counts

and remarkable absorption of lung lesions in patients with COVID‐19
receiving CP transfusion before 14 dpoi. Notably, patients who re-

ceived CP after 14 dpoi showed much less significant improvement.4

Consistent with this study, previous research found that among 80

SARS‐CoV‐infected patients who received CP therapy, 33 showed

good and 47 showed poor results. The better treatment outcome was

observed among patients who were given CP before 14 dpoi (58.3%

vs 15.6%; P < .01).15 CP transfusion therapy is based on a hypothesis

that CP is considered to have more neutralizing antibodies. Con-

sidering the increased IgG antibodies respond in the critically ill pa-

tient at an early stage,3,13,14 we speculate that the early increased

IgG antibodies are not the same as those in the CP. These antibodies

are likely derived from cross‐reactive antibodies related to memory

immunity, which leads to ADE.

Therefore, we hypothesize that SARS and COVID‐19 have the

characteristic of ADE. Briefly, when virus A enters the body, it acti-

vates memory B cells and inhibits the activation of naive B cells. The

memory B cells produce antibodies capable of binding to virus A.

However, these are cross‐reactive antibodies, based on the immune

memory of the previous infection by other similar virus strain A1

which has one or more similar epitopes to those of virus A. These

cross‐reactive antibodies are capable of promoting virus entry into

monocytes/macrophages via the Fc receptor, and subsequently, a

large number of viruses are replicated and released after the immune

escape (Figure 1).

3 | ADE CAN EXPLAIN CHARACTERISTICS
OF SEVERE COVID ‐19

Pathological observations revealed that the exuding cells in the

alveolar cavity of the patients died due to COVID‐19 were mainly

monocytes/macrophages. Virus inclusions were also visible in the

macrophages of patients with COVID‐19.16,17 Immunohistochemical

staining showed that the macrophages were SARS‐CoV‐2 positive,

while the nucleic acid was tested positive by a polymerase chain

reaction. The spleen and other immune organs exhibit macrophage

hyperplasia, phagocytosis, and a decrease in the number of

lymphocytes.16,17

It was previously shown that the SARS‐CoV‐1 virus (SARS‐CoV)
can enter macrophages via a suboptimal antibody‐mediated pathway

and it can replicate in these cells.18 Viral‐Track, which allows un-

supervised detection of viral RNA in single‐cell RNA‐seq datasets, also

found evidence of SARS‐COV‐2 infection in monocytes/macrophages

in severe patients.19 In addition, viral antigens were also detected in

macrophages infiltrated into the alveolar interstitium and cavities of

SARS‐CoV‐2‐infected hACE2‐expressing mice.20 Moreover, immuno-

fluorescent double staining showed that IL‐6 is primarily produced by

infected macrophages.17 These observations suggest that SARS‐CoV‐2
can also enter into monocytes/macrophages,21 possibly through the Fc

receptor.

Proinflammatory cytokines such as IL‐6 and TNF‐α are mainly

derived from macrophages. The activity of macrophages and the

massive release of these cytokines mutually confirm that the cyto-

kine storm is the secondary event of macrophage activation. A recent

study demonstrated a significantly enhanced production of cytokines

and chemokines by macrophages in those treated with sera from

deceased patients with SARS and virus as compared to cells treated

with virus alone. Sera treatment alone did not induce cytokines or

chemokines. Blockade of Fc gamma receptors reduced the produc-

tion of proinflammatory cytokines from macrophages.22

Typically, after the body is infected with a virus, virus‐specific
T cells are required to kill the virus by killing the infected cells.

However, cytokine IL‐6 can inhibit the differentiation of T cells and

impair T‐cell immunity.23 Therefore, the observed decrease in the

number of T cells can be a secondary event of a cytokine storm.

Cross‐reactive antibodies trigger ADE. Hitherto, seven CoV's

have been found infecting humans and three of these viruses (SARS‐
CoV, SARS‐CoV‐2, and Middle East respiratory syndrome [MERS]‐
CoV) cause SARS as well as severe illness and mortality. The re-

maining four low‐pathogenic CoV's (HCoV‐229E, HCoV‐OC43,

HCoV‐NL63, and HCoV‐HKU1) only cause cold‐like symptoms.

SARS‐CoV‐2 shares more than 60% sequence identity with these

four cold‐causing CoV's and share even more than 80% sequence
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identity with SARS‐CoV.24 The SARS‐CoV has multiple cross‐reactive
epitopes with these low‐pathogenic CoV's.25 The antibodies against

these four low‐pathogenic CoV's have being investigated objectively

in healthy individuals with greater than 70% positive rate of serum

IgG antibodies,26 indicating greater than 70% individuals have been

infected with at least one of these CoV's. Interestingly, 75.75%

(359/499), 75.95% (379/499), and 71.54% (357/499) individuals had

remarkably low total T‐cell counts, and CD4+ and CD8+ T‐cell counts
in patients with COVID‐19.7

Most of the severe illnesses occur in adults, elderly, and those

with comorbidity diseases that could transform into a critical situa-

tion. Since adolescents are less likely to develop severe illnesses, we

focused on the correlation between cross‐reactive antibodies and

age, comorbidity diseases, and other high‐risk factors. Among all the

serum collected from 105 adults with aged ≥50 (mean, 67.9) years

from seven sites in the USA, the detection rate of antibodies against

four low pathogenicity CoV's was 91% to 100%.27 HCoV‐229E and

HCoV‐OC43 antibody levels continuously tracked in 44 members of

F IGURE 1 Antibody‐dependent enhancement (ADE) and cytokine release during coronavirus infection The upper right part of the figure:
B cells differentiate and mature from their progenitor cells in the germinal center, and finally become plasma cells, secreting IgM at an early
stage and IgG about 2 weeks post‐infection. These IgGs are neutralizing antibodies that bind to coronavirus surface spike proteins. The constant

region of the antibody binds to the Fc receptor on the surface of the monocyte‐macrophage and is engulfed into the cell. Then, the lysosome
recognizes the antibody‐virus complex, and the phagocytic complex is decomposed. Finally, virus fragments are released as part of the normal
immune process. The lower left part of the figure: The antibodies secreted by memory B cells are cross‐reactive antibodies, which will inhibit the

secretion of neutralizing antibodies by plasma cells. The cross‐reactive antibody binds to the virus with weak affinity, and after the complex
binds to the Fc receptor, it is engulfed by monocyte macrophages. After entering the monocyte‐macrophage, because of weak affinity, the virus
is separated from the cross‐reactive antibody and is not engulfed by the lysosome, leading to the immune escape. Subsequently, the virus

uncoates, replicates, and assembles. Finally, a large number of mature viruses are released from the monocyte macrophages. At the same time,
IL‐6, TNF‐α, and other cytokines are also released. These cytokines downregulate T cells (including CD4+ and CD8+). With more and more
cytokines released, a so‐called cytokine storm is formed during the ADE process. The upper left corner shows that an mTOR inhibitor,
rapamycin, could inhibit the activation of memory B cells and therefore inhibit the ADE process. IgG, immunoglobulin G; IgM, immunoglobulin

M; IL‐6, interleukin 6; mTOR, mammalian target of rapamycin; TNF‐α, tumor necrosis factor α
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10 families in Seattle have shown that mean antibody titers increased

directly with age.28 In addition to causing common colds, human

CoV's may also be involved in the etiology of severe diseases in all

age groups.29 Compared to the positive detection rate of 40% in

children, serum antibody positivity in health care workers is 100%.30

This fact might explain why some young health care workers with

less than 40 years of age have progressed to severe illness and even

death due to COVID‐19.
Collectively, we predict that once a patient is infected by

SARS‐CoV‐2, the immune memory left by the previous infection with a

low‐pathogenic CoV is activated. The memory B cell rapidly produces

cross‐reactive antibodies. Fc receptors mediate the viral antibody

complex enter into monocytes/macrophages, resulting in ADE. The

virus replicates after an immune escape, which causes a rapid increase

of virus progenies, the release of multiple proinflammatory cytokines,

lymphocyte reduction, and immune dysregulation, leading to severe

and critical illness in patients with COVID‐19 (Figure 1).

4 | THERAPEUTIC POTENTIAL OF
MECHANISTIC TARGET OF RAPAMYCIN
INHIBITORS IN COVID‐19 TREATMENT

The mechanistic target of rapamycin (mTOR) pathway functions as a

central regulator of cell metabolism, growth, proliferation, and survival.

It senses both intracellular and extracellular signals to control the

protein synthesis, lipids metabolism, autophagy, and transcription.31

mTOR is a member of the phosphatidylinositol 3‐kinase‐related kinase

family of protein kinases. mTOR is the key component of at least two

distinct multiprotein complexes, mTOR complex 1 (mTORC1) and

mTOR complex 2 (mTORC2), which sense different signals to control

different cellular processes.32 The rapamycin‐sensitive mTORC1mainly

functions as a nutrient/energy/redox sensor and controls protein

synthesis, lipid metabolism, and organelle biogenesis. The rapamycin‐
insensitive mTORC2 serves as a regulator of the actin cytoskeleton,

metabolism, and cell survival.32

Due to the key role of the mTOR pathway in diverse cellular

processes, it is not surprising that this pathway shapes the devel-

opment and response of diverse immune cells.33 mTOR controls the

gene expression of myeloid immune cells to regulate their migration

and cytokine expression. Inhibition of mTORC1 enhances the T‐cell
stimulatory activity of dendritic cells (DCs) and promotes the au-

tophagy of macrophages. mTORC2 controls cell polarity and che-

motaxis of neutrophils and mast cells. Activation of mTORC1

controls the proliferation and acquisition of cytotoxicity of NK cells

upon IL‐15 stimulation.

In addition, the mTOR pathway also plays a vital role in B‐cell
development. mTORC1 controls BCL6 expression to control the

fate of B cells in the germinal center. Inhibition of mTORC1 reduces

the populations of antigen‐specific memory B cells after B‐cell
activation.34 Rapamycin treatment blocks murine B‐cell proliferation
induced by anti‐IgM, and prevents B‐cell growth but not survival.35,36

mTOR inhibitors, rapamycin/sirolimus, and ATP‐competitive inhibitors

(INK128, PP242, Ku‐0063794, and AZD8055) have also been shown to

suppress early B‐cell production in germinal centers.37,38

If the activation of memory B cells can be selectively inhibited

in these high‐risk patients at an early stage to reduce the pro-

duction of cross‐reactive antibodies for SARS‐CoV‐2, we speculate

that the ADE process can be avoided and severe symptoms can be

alleviated. Considering the role of mTOR inhibitors in limiting the

proliferation of memory B cells, patients treated with mTOR

inhibitors are expected to have reduced early cross‐reactive
antibody production and thus less ADE. In addition, mTOR in-

hibitor rapamycin also enhances the magnitude and quality of viral‐
specific CD8+ T‐cell responses to vaccination in macaques.39 In

consideration of the pivotal role of mTOR in controlling cellular

metabolism, pathogens have evolved elegant strategies to target

this pathway within DCs and macrophage to promote immune es-

cape.40 These studies elucidated new mechanistic characteristics of

mTOR inhibitors and suggested immune applications beyond their

role as immunosuppressants.

On the other hand, mTOR inhibitor rapamycin blocks the re-

plication of MERS‐CoV in vitro.41 Adjuvant treatment with mTOR

inhibitors and corticosteroids can significantly improve the outcome

in ICU patients infected with the H1N1 influenza virus,42 which

provided additional evidence supporting the clinical usage of mTOR

inhibitors for similar diseases.

There are a variety of clinically approved mTOR inhibitors in

the market used as immunosuppressants during organ transplan-

tation. Therefore, to prevent ADE and reduce the disease severity

and case mortality, early application of mTOR inhibitors in patients

with high‐risk of developing the severe illness is a promising di-

rection for further investigation. The latest published research also

supports the therapeutic potential of mTOR inhibitors against

COVID‐19.43,44

5 | CLINICAL TRIAL PROPOSAL

It is recommended to conduct a randomized, double‐blind, placebo‐
controlled, multicenter clinical trial to urgently confirm the safety

and effectiveness of mTOR inhibitors in the prevention of COVID‐19
severity. The neutrophil‐to‐lymphocyte ratio (NLR) in patients with

COVID‐19 is an early warning indicator of the development of severe

disease. Among the patients of greater than 50 years of age, 50% of

them with NLR greater than 3.13 will develop severe illness.45

Pivotal clinical trials may enroll this subset of individuals at an early

stage, within 2 weeks after onset, and evaluate the difference in the

incidence of disease severity between the mTOR inhibitor interven-

tion group and the control group. The intervention group should

choose one of the clinically approved mTOR inhibitors, that is, sir-

olimus, everolimus, or temsirolimus. The primary endpoint should be

the incidence of severe and critical symptoms. The secondary end-

points should include 28‐day recovery and mortality rates, changes in

lymphocyte subpopulation counts, viral load, cytokine levels, and

incidence of lung injury and respiratory distress. Currently, two
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small‐scale clinical trials using mTOR inhibitor sirolimus in treating

COVID‐19 patients are ongoing (Clinicaltrials.gov Identifiers:

NCT04371640 and NCT04341675).

6 | SIGNIFICANCE

It would be more challenging to develop vaccines for SARS‐CoV‐2 if

ADE characteristics are taken into consideration. Therefore, it is

imperative to find an effective way to manage the occurrence of severe

illness because the development of effective drugs or vaccines against

SARS‐CoV‐2 infection requires a relatively long period of time. Treat-

ment with mTOR inhibitors, if works as expected, will greatly ease the

tension of medical resources and save countless lives worldwide.

7 | LIMITATIONS AND POTENTIAL
SOLUTIONS

In general, the situation of cross‐reactive antibody‐mediated protection

during virus infection is ideal. CoV cross‐protection antibodies should

be antibodies against S protein. According to current data, S protein

cross‐reactive antibodies are not produced in the receptor‐binding
domain region.46 Moreover, recent studies have found that N protein

antibodies appear earlier than those of S protein,47 which further

suggests that early high‐response antibodies are unlikely to provide

protection against virus entry. Therefore, cross‐protection is less likely

to occur, but more research is needed to address this possibility.

The release of inflammatory cytokines is potential double‐edged
swords in viral infection and disease pathology. The innate immunity

needs to be finely tuned to combat viral infection and to avoid cyto-

kine storm. In addition to function as immunosuppressants, the mTOR

inhibitors play multifunctional roles in innate immunity.48 Therefore,

early‐ and short‐term intervention by mTOR inhibitors should be in-

corporated in the design of clinical trials to minimize the unwanted

immunosuppression effect. Moreover, IL‐6 might play a key role in the

cytokine storm‐associated serious adverse outcomes and IL‐6 block-

ade has been initiated to treat severe COVID‐19 disease with re-

spiratory failure (ClinicalTrials.gov Identifier: NCT04322773). In

addition to mTOR inhibitors, combination therapy with anti‐IL‐6 an-

tibody could be incorporated in the clinical trial for patients with cri-

tical SARS‐CoV‐2 pneumonia.
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