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Abstract:  Since the emergence of the SARS-CoV-2 virus in late 2019, vaccines against the  
COVID-19 infection have been under development using different approaches. At present, protective 
immunity factors against COVID-19 infection are not completely characterized. Of the four 
structural proteins of coronavirus, the spike protein (S) and the nucleocapsid protein (N) are most 
widely expressed in viral infections and elicit the antibody response. Antibody-dependent 
enhancement (ADE) presents a problem for developing a vaccine against SARS-CoV. It was shown 
in animal studies that SARS-CoV-1 vaccines containing recombinant S-protein or DNA-vaccine 
expressed S-protein led to pulmonary immunopathology after infection with SARS virus. Antibodies 
to the coronavirus S-protein produced by the human immune system in response to infection may 
contribute to the penetration of SARS-CoV into monocytes and macrophages through the Fc-gamma 
receptor (FcγR) and may aggravate the course of infection. The demonstration of ADE with 
coronavirus infection raises fundamental questions regarding the development of vaccines against 
the SARS-CoV-2 virus and the use of passive prophylaxis or treatment with virus-specific 
monoclonal antibodies. Evaluation of the mechanisms of immunopathology, including the responses 
of immunoglobulins and cytokines to vaccines, and tests for antigen-antibody complexes after 
infection and vaccination can help address these issues. 
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1. Introduction 

Since the end of 2019, the SARS-CoV-2 (Severe Acute respiratory Syndrome coronavirus) 
caused a global spread of COVID-19 infection (https://www.who.int/emergencies/diseases/novel-
coronavirus-2019/events-as-they-happen). SARS-CoV-2 vaccines have been developed using 
different approaches [1,2], although protective immunity factors against COVID-19 infection are not 
completely understood.  

Coronaviruses (CoV) have been known to people since 1965. Four endemics human CoV: 
(HCoV-NL63, HCoV-229E (alphacoronaviruses), HCoV-OC43 and HCoV-HKU1 (group A 
betacoronaviruses) mainly cause mild respiratory infections [3]. Endemic CoV infection accounts for 
10 to 30 percent of the incidence rate of annual outbreaks of acute respiratory infections (ARI) [4,5]; 
serum antibodies to endemic coronaviruses are detected in 65–75% of children after 3 years of  
age [6]. 

The SARS-CoV belonging to group B betacoronavirus, caused a dangerous outbreak of severe 
pneumonia  for the first time in 2002–2003. On March 17, 2003, WHO declared an emergency 
epidemic worldwide due to the spread of SARS-CoV-1 [7]. During the epidemic in 30 countries 
around the world, 8422 SARS-CoV-1 cases and more than 900 deaths were reported. After the 2012 
outbreak in Saudi Arabia caused by group C betacoronavirus MERS-CoV (Middle East Respiratory 
Syndrome coronavirus), more than 2200 confirmed cases were recorded in 27 countries with an 
overall mortality rate of 35% (https://www.who.int/emergencies/mers-cov). The clinical features of 
MERS-CoV infection were characterized not only by rapidly progressing pneumonia and respiratory 
failure, but also by renal dysfunction, neurological complications and cardiac arrhythmia [8–10]. The 
envelope spike glycoprotein of SARS-CoV binds to angiotensin-converting enzyme 2 (ACE2) which 
is mainly expressed on type II pneumocytes, enterocytes of the small intestine, endothelial cells, 
smooth muscle cells and even in the central nervous system [11]. MERS-CoV used another cellular 
receptor dipeptidyl peptidase 4 (DPP4), which is expressed on the surface of most body cells [12]. 
Also, the epidemiology of MERS-CoV differed from that of SARS-CoV. The risk group for MERS-
CoV infection includes people who deal with camels, although similarly to SARS-CoV, MERS-CoV 
also posed a risk to healthcare workers and people who were in close contact with the infected 
persons [13]. The high epidemic potential of MERS-CoV was demonstrated during the outbreak in 
South Korea in 2015, when 186 people were infected from one person who came from Saudi Arabia, 
36 of infected patients died [14]. 

A number of vaccines against SARS-CoV and MERS-CoV, both inactivated and on vector 
platforms, have been developed and tested in preclinical studies, and several candidate vaccines have 
been studied in humans (NCT03615911, NCT04170829, NCT00099463, NCT00533741), but all 
went through only phase I of clinical trials [1]. Vaccines against endemic human coronaviruses have 
not yet been developed, although vaccines against coronavirus infection of pigs and birds are used in 
veterinary medicine [15,16].  

2. Features of protective immunity to coronavirus infection 

There are several significant obstacles to developing effective vaccines against human 
coronaviruses. Despite the repeated appearance of highly virulent coronaviruses in the human 
population, the role of adaptive immunity factors in recurrent infection is still not well understood. It 
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is still unknown whether natural CoV infections protect from recurrent infections including diseases 
caused by highly pathogenic coronaviruses [17,18]. The duration of immunity against CoV 
infections remains unclear. Finally, it is not known how immunity to endemic coronaviruses affects 
susceptibility to SARS-CoV-2. 

A number of studies related to COVID-19 suggest a protective role for both the cellular and 
humoral immune responses in humans [19]. In SARS-CoV-1 it was reported that CD8+ T cell 
responses were more frequent and of a greater magnitude than CD4+ T cell responses. Strong T cell 
responses correlated significantly with higher neutralizing antibody  activity. More serum Th2 
cytokines, such as IL-4, IL-5 and IL-10 were detected in the group of nonsurvivors [20]. 

In transgenic mice, airway memory CD4+ T cells specific for conserved epitope mediate 
protection against lethal challenge and can cross react with SARS-CoV-1 and MERS-CoV [21]. 
Current evidence strongly indicated that Th1 type response is the key to successful control of SARS-
CoV-1 and MERS-CoV, which is probably true for SARS-CoV-2 as well [22]. Virus-specific T-cell 
responses are important for CoV eliminating and limiting infection and must be considered when 
designing CoV vaccines. However, it is still unknown whether only T-cell responses can prevent 
infection in humans [23]. 

Of the four structural proteins of CoV, the spike protein (S) and the nucleocapsid protein (N) 
are most widely expressed in viral infections and elicit the immune response of antibodies [24,25]. In 
previous SARS-CoV studies, antibody responses raised against the S-protein have been shown to 
protect from infection in mouse models [26–28].  

In regard to the duration of immunity, for SARS-CoV, virus-specific IgG and neutralizing 
antibodies were reported as long as 2 years after infection [29]. The IgG antibody response in 
convalescent SARS-CoV-1 patients was detected up to 6 years after infection [30]. One of the 
significant problems in creating vaccines against SARS-CoV-2 is the unexplained role of antiviral 
antibodies in secondary infection. 

3. An antibody-dependent enhancement of coronavirus infection 

Antibody-dependent enhancement (ADE) has been described in some viral infections, with 
patients developing a severe course of recurrent infections. One of the mechanisms causing ADE is 
the facilitated virus penetration in combination with IgG antibodies and/or complement factors into 
the cells, which possess Fc and C3 receptors. This increases virus infectivity and contributes to the 
development of a severe, life-threatening viral infection. Critical pathogenetic manifestations of viral 
infection associated with adaptive immunity factors have been described in dengue fever and 
respiratory syncytial virus (RSV) infections [31,32]. Severe secondary infections were associated 
with the presence of weakly neutralizing antibodies, which could not prevent a viral infection, but 
formed immune complexes, causing ADE. 

It has long been known that ADE is used by various viruses as an alternative way of infecting 
host cells. Viruses belonging to the flavivirus family, influenza viruses, RSV, coronaviruses and 
many others use Fc receptors for infection of cells through ADE [33–38]. Fc receptor is a protein 
located on the surface of several types of cells of the immune system (natural killer cells, 
macrophages, neutrophils and mast cells) and takes part in its protective reactions. After binding to 
antibodies, receptors activate the phagocytic or cytotoxic activity of cells to kill microbes or infected 
cells by antibody-dependent phagocytosis or antibody-dependent cell-mediated cytotoxicity. 
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Different classes of Fc receptors, which recognize an Fc portion of IgG (Fc gamma receptors, FcγR) 
are expressed in many effector cells of the immune system. FcγR mediate various cellular responses, 
such as macrophage phagocytosis, antibody-dependent cell-mediated cytotoxicity by NK cells and 
mast cell degranulation. Human FcγR are divided into the classes FcγRI (CD64), FcγRII (CD32), 
FcγRIIIA (CD16a), FcγRIIIB (CD16b) based on genetic homology. While FcγRI show high affinity 
for monomeric IgG, FcγRII and FcγRIII exhibit reduced affinity and can form immune  
complexes [39]. It was recently discovered that, another activating FcRIV receptor that has been 
identified in mice binds IgG2a and IgG2b immune complexes with intermediate affinity [40]. 

According to the hypothesis of viral immune pathology in COVID-19, antibody-dependent 
infection of myeloid leukocytes in the presence of antiviral antibodies leads to the spread of  
SARS-CoV-2 through the hematogenous route. Multiple virus-antibody complexes stimulate innate 
immunity components, including complement activation, immune cells and cytokines, which 
ultimately lead to systemic immune pathogenesis which can cause severe acute respiratory syndrome. 
On the contrary, a favorable outcome of the disease may occur due to the effective elimination of the 
virus by cytotoxic T-lymphocytes or with the help of antibodies unable to induce ADE [41]. 

Usually, after binding to ACE2 receptor SARS-CoV penetrates into sensitive cells by  
pH-dependent endocytosis [42]. Lysosomal cysteine protease cathepsin L plays a crucial role in 
achieving effective infection [43]. In contrast, FcR-mediated infection occurs independently of 
endosomal acid pH or cysteine protease activity [35]. The SARS-CoV-1 virus can infect human 
monocytes/macrophages that do not carry the ACE2 receptor through the Fc fragment of IgG 
antibodies [33]. Antibodies to the envelope spike protein which are produced by the human immune 
system in response to infection may contribute to the penetration of SARS-CoV-1 into monocytes 
(CD68 +) and macrophages through the FcγRIIA receptor [44]. Therefore, the allelic polymorphism 
of human FcRIIA was considered as a risk factor for the development of severe pathology in SARS-
CoV-1 infection [45]. 

It was shown that ADE was induced due to anti-spike IgG1 detected in mouse sera, while serum 
containing anti-spike protein IgG2a was neutralizing and did not cause ADE [35]. In vitro studies in 
human premonocytic cell line showed that the SARS-CoV-1 virus IgG-mediated infectivity 
depended on antibody titers, since serum with a high concentration of neutralizing antibodies 
prevented virus entry, while dilution of the serum significantly increased the infection and caused 
increased cell death [36]. 

Recently, it was shown that during both SARS-CoV and MERS-Cov, RBD-specific neutralizing 
monoclonal antibodies (MAb) may functionally imitate the viral receptors thus provoking 
penetration of coronavirus pseudotypes. It was found that the neutralizing anti-RBD antibody binds 
to the surface peak protein of coronaviruses instead of viral receptor, triggers a conformational 
change in the spike and mediates the virus to enter cells expressing the IgG Fc receptor via receptor-
mediated pathways [38]. With respect to antibodies to RBD of SARS-CoV-2, it was shown that 
antibodies to RBD block virus growth, as they do not allow virus particles to infect new cells [46]. 

ADE presents a problem when developing a vaccine against SARS-CoV since in some cases 
vaccines can aggravate rather than prevent CoV infection due to the development of eosinophilic 
pulmonary infiltration which has been observed upon subsequent infection [47,48]. In mice, 
immunization with vaccines based on both S-protein and N-protein of SARS-CoV-1 led to the 
development of immunopathological changes in the lungs (up to severe pneumonia) following 
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infectious virus challenge. Most often pulmonary complications were observed in aged  
mice [48–50].  

When studying vector DNA vaccine on macaques, immunoglobulins IgG directed against the S 
proteins of SARS-CoV-1 stimulated pulmonary inflammatory reactions and caused acute lung 
damage after challenge of immune animals [51]. The pathogenic effect of IgG against spike protein 
was due to an indirect effect on macrophages through the Fcγ receptor. 

It is likely that antibody-mediated penetration into cells may aggravate the course of SARS-
CoV secondary infection. However, in vitro interactions do not necessarily correspond to processes 
at the body level. The participation of complement  at physiological concentrations, which is usually 
absent in in vitro systems, can reduce the ADE caused by various IgG subclasses [1]. 

In addition, it is necessary to take into account the correct choice of epitopes for vaccine 
development, since it has been shown that the MAbs which were specific to the lateral site of the 
receptor-binding site hold the MERS-CoV spike in the down position without thereby activating the 
increased penetration of the virus into sensitive cells [38]. In order to find broad-spectrum antibodies, 
the effectiveness of anti-SARS-CoV-2 antibodies from blood samples  taken in 2003 from a patient 
with SARS was tested. Of the 25 antibodies tested, eight were able to bind to SARS-CoV-2 S-protein, 
and one antibody (S309) was particularly promising. S309 was able to not only bind to the S-protein, 
but also neutralized SARS-CoV-2 and S-protein-based pseudotypes. Using cryoelectronic 
microscopy, it was found that the antibody does not bind to the RBD domain, but rather to a nearby 
site with a length of 22 amino acids. This site was conservative both among SARS-CoV-2 isolates 
and in other strains of coronaviruses of the same group, for example, RaTG-13 and SARS-CoV. A 
previous study showed that the S-protein complex can be in closed and open conformation, and S309 
successfully binds to both variants [52].  

To date, several studies have been published on immunogenicity and protection in animal 
studies of SARS-CoV-2 vaccines which was developed using various platforms. Thus, the whole-
virion inactivated SARS-CoV-2-based vaccine has been studied in mice and macaques [53]. The 
researchers themselves note that in this study, the possibility of ADE manifestation after a decrease 
in antibody titers cannot be completely excluded. Promising data have been obtained after studying 
аdenovirus-vectored and micro-RNA-based vaccines in non-human primates when it was not 
obtained evidence of immune-enhanced disease [54,55]. Nevertheless, the answer to whether or not 
ADE develops upon infection after vaccination can only be provided by clinical trials. 

4. The significance of ADE in human CoV infection 

To date, clinical studies examining ADE in patients with CoV infections remain limited. 
Several studies have not reported a correlation between the clinical outcome and the formation of 
anti-SARS-CoV-1 antibodies in infected individuals [33] or the positive effects of the formation of 
neutralizing antibodies to S and N proteins on subsequent recovery [56]. In contrast, other studies 
have associated an unfavorable prognosis of disease outcome with early seroconversion of SARS-
CoV [57,58]. During the COVID-19 pandemic, patients with severe SARS-CoV-2 infection 
demonstrated faster achievement of peak levels of antibodies to spike proteins, compared to patients 
who recovered and subsequently had reduced B-cell immunity with week neutralizing ability [56]. It 
was shown that the prognosis for survival was worse in those patients who had quickly developed a 
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neutralizing serum antibody response to the virus. Moreover, there were more elderly people among 
these patients with an early antibody response [59,60].  

It should be noted that when patients with SARS-CoV-1 and SARS-CoV-2 were treated with 
convalescents plasmas, no side effects were reported and a positive effect on recovery was  
shown [61,62]. These are encouraging results for the possible use of convalescent plasma 
preparations or the administration of monoclonal antibodies for therapeutic purposes. 

Many highly virulent viral infections cause serious illnesses through immune-mediated  
tissue damage and/or increased vascular permeability caused by an overreaction of the immune 
system, characterized by an abnormal release of cytokines, often called ‘cytokine storm’ [63–65]. It 
has been suggested that dysregulation of host cytokine/chemokine responses is a hallmark of SARS-
CoV-2 [65–68]. It was shown that patients with COVID-19 had a significant increase in pro-
inflammatory cytokines and chemokines, including tumor necrosis factor (TNF) α, interleukin 1β 
(IL-1β), IL-6, granulocyte colony-stimulating factor, interferon gamma-induced protein-10, a 
monocytic chemoattractant protein-1 and inflammatory macrophage proteins 1-α [69,70]. The 
pathogenesis of the highly severe course of these infections may be attributed not only to the 
influence of virus proteins on host innate immunity factors, but also could be explained to some 
extent by the greater virus infectivity via ADE. Viruses complexed with antibodies may involve a 
wider range of antigen-presenting cells: not only dendritic, but also B-lymphocytes and other cells 
carrying Fc receptors and capable of attaching the immune complexes. The role of mast cells which 
also possess Fc receptors and, moreover, hold a powerful arsenal of vasoactive and pro-inflammatory 
mediators, has not widely discussed in the literature. At the same time, it can be assumed that the 
activation of mast cells by the virus-antibody immune complexes can lead to a massive release of 
biologically active substances, vascular damage and a strong aggravation of the patient’s condition. 

In connection with the above, it would be interesting to explore how ADE can contribute to the 
pathogenesis of SARS-CoV-2 disease. 

5. Conclusions 

The demonstration of ADE with infection caused by the CoV viruses raises fundamental 
questions regarding the development of vaccines against the SARS-CoV-2 virus and the use of 
passive prophylaxis or treatment with virus-specific monoclonal antibodies. The evaluation of the 
mechanisms of immunopathology, including the responses of immunoglobulins and cytokines to 
vaccines, and tests for antigen-antibody complexes after infection and vaccination can help address 
these issues. 

Possibly, when developing vaccines against the new coronaviruses it would be worthwhile to 
direct attention to vaccines aimed at stimulating the Th1 immune response. Another way to avoid 
unwanted immunopathological post-vaccination reactions is to adjust vaccination regimens, such as 
priming boosting, or using Th1 type adjuvants. 

And further, a study of ADE pathways for recurrent CoV infections will help identify target 
points for potential therapeutic agents to prevent possible antibody-related complications.  

Conflict of interests 

All authors declare no conflicts of interest in this paper. 



56 

AIMS Allergy and Immunology                                                                                                           Volume 4, Issue 3, 50–59. 

Acknowledgements 

The authors thank Maria Kozlova for English editing. 

References 

1. Diamond MS, Pierson TC (2020) The challenges of vaccine development against a new virus 
during a pandemic. Cell Host Microbe 27: 699–703. 

2. Corey L, Mascola JR, Fauci AS, et al. (2020) A strategic approach to COVID-19 vaccine R&D. 
Science 368: 948–950. 

3. Corman VM, Muth D, Niemeyer D, et al. (2018) Hosts and sources of endemic human 
coronaviruses, In: Palukaitis P, Roossinck MJ, Advances in Virus Research, 1st Ed., Cambridge: 
Academic Press, 100: 163–188. 

4. van Elden LJ, Anton M AM, van Alphen F, et al. (2004) Frequent detection of human 
coronaviruses in clinical specimens from patients with respiratory tract infection by use of a 
novel real-time reverse-transcriptase polymerase chain reaction. J Infect Dis 189: 652–657. 

5. Holmes KV (1999) Coronaviruses (Coronaviridae), In: Granoff A, Webster RG, Encyclopedia 
of Virology, 2 Eds., Cambridge: Academic Press, 291. 

6. Dijkman R, Jebbink MF, El Idrissi NB, et al. (2008) Human coronavirus NL63 and 229E 
seroconversion in children. J Clin Microbiol 46:2368–2373. 

7. Peiris JS, Lai ST, Poon LL, et al. (2003) Coronavirus as a possible cause of severe acute 
respiratory syndrome. Lancet 361: 1319–1325. 

8. Arabi Y, Arifi A, Balkhy H, et al. (2014) Clinical course and outcomes of critically ill patients 
with Middle East respiratory syndrome coronavirus infection. Ann Intern Med 160: 389–397. 

9. Cha RH, Joh JS, Jeong I, et al. (2015) Renal complications and their prognosis in Korean 
patients with Middle East respiratory syndrome-coronavirus from the central MERS-CoV 
designated hospital. J Korean Med Sci 30: 1807–1814. 

10. Saad M, Omrani AS, Baig K, et al. (2014) Clinical aspects and outcomes of 70 patients with 
Middle East respiratory syndrome coronavirus infection: a single-center experience in Saudi 
Arabia. Int J Infect Dis 29: 301–306. 

11. Baig AM (2020) Neurological manifestations in COVID-19 caused by SARS-CoV-2. CNS 
Neurosci Ther 26: 499–501.  

12. Raj VS, Mou H, Smits SL, et al. (2013) Dipeptidyl peptidase 4 is a functional receptor for the 
emerging human coronavirus-EMC. Nature 495: 251–254. 

13. Maslow JN (2017) Vaccine development for emerging virulent infectious diseases. Vaccine 35: 
5437–5443. 

14. Oh MD, Choe PG, Oh HS, et al. (2015) Middle East respiratory syndrome coronavirus 
superspreading event involving 81 persons, Korea 2015. J Korean Med Sci 30: 1701–1705. 

15. Gerdts V, Zakhartchouk A (2017) Vaccines for porcine epidemic diarrhea virus and other swine 
coronaviruses. Vet Microbiol 206: 45–51. 

16. de Wit JJS, Cook JKA (2019) Spotlight on avian pathology: infectious bronchitis virus. Avian 
Pathol 48: 393–395.  

17. Luo A (2020) Positive SARS-Cov-2 test in a woman with COVID-19 at 22 days after hospital 
discharge: A case report. J Tradit Chin Med Sci In press. 



57 

AIMS Allergy and Immunology                                                                                                           Volume 4, Issue 3, 50–59. 

18. Fu W, Chen Q, Wang T (2020) Letter to the Editor: Three cases of re‐detectable positive SARS‐
CoV‐2 RNA in recovered COVID‐19 patients with antibodies. J Med Virol In press. 

19. Li G, Fan Y, Lai Y, et al. (2020) Coronavirus infections and immune responses. J Med Virol 92: 
424–432. 

20. Li CK, Wu H, Yan H, et al. (2008) T cell responses to whole SARS coronavirus in humans. J 
Immunol 181: 5490–5500. 

21. Zhao J, Zhao J, Mangalam AK, et al. (2016) Airway memory CD4+ T cells mediate protective 
immunity against emerging respiratory coronaviruses. Immunity 44: 1379–1391. 

22. Prompetchara E, Ketloy C, Palaga T (2020) Immune responses in COVID-19 and potential 
vaccines: Lessons learned from SARS and MERS epidemic. Asian Pac J Allergy Immunol 38: 
1–9. 

23. Lurie N, Saville M, Hatchett R, et al. (2020) Developing Covid-19 vaccines at pandemic speed. 
New Engl J Med 382: 1969–1973. 

24. de Haan CA, Rottier PJ (2005) Molecular interactions in the assembly of coronaviruses. Adv 
Virus Res 64: 165–230. 

25. Baruah V, Bose S (2020) Immunoinformatics-aided identification of T cell and B cell epitopes 
in the surface glycoprotein of 2019-nCoV. J Med Virol 92: 495–500. 

26. Yang ZY, Kong WP, Huang Y, et al. (2004) A DNA vaccine induces SARS coronavirus 
neutralization and protective immunity in mice. Nature 428: 561–564. 

27. Deming D, Sheahan T, Heise M, et al. (2006) Vaccine efficacy in senescent mice challenged 
with recombinant SARS-CoV bearing epidemic and zoonotic spike variants. PLoS Med 3: e525. 

28. Graham RL, Becker MM, Eckerle LD, et al. (2012) A live, impaired-fidelity coronavirus 
vaccine protects in an aged, immunocompromised mouse model of lethal disease. Nat Med 18: 
1820. 

29. Liu W, Fontanet A, Zhang PH, et al. (2006) Two-year prospective study of the humoral immune 
response of patients with severe acute respiratory syndrome. J Infect Dis 193: 792–795 

30. Tang F, Quan Y, Xin ZT, et al. (2011) Lack of peripheral memory B cell responses in recovered 
patients with severe acute respiratory syndrome: a six-year follow-up study. J Immunol 186: 
7264–7268. 

31. Boonnak K, Slike BM, Burgess TH, et al. (2008) Role of dendritic cells in antibody-dependent 
enhancement of dengue virus infection. J Virol 82: 3939–3951. 

32. Murphy BR, Prince GA, Walsh EE, et al. (1986) Dissociation between serum neutralizing and 
glycoprotein antibody responses of infants and children who received inactivated respiratory 
syncytial virus vaccine. J Clin Microbiol 24: 197–202. 

33. Taylor A, Foo SS, Bruzzone R, et al. (2015) Fc receptors in antibody‐dependent enhancement of 
viral infections. Immunol Rev 268: 340–364. 

34. Winarski KL, Tang J, Klenow L, et al. (2019) Antibody-dependent enhancement of influenza 
disease promoted by increase in hemagglutinin stem flexibility and virus fusion kinetics. Proc 
Natl Acad Sci USA 116: 15194–15199. 

35. Jaume M, Yip MS, Cheung CY, et al. (2011) Anti-severe acute respiratory syndrome 
coronavirus spike antibodies trigger infection of human immune cells via a pH-and cysteine 
protease-independent FcγR pathway. J Virol 85: 10582–10597. 

36. Wang SF, Tseng SP, Yen CH, et al. (2014) Antibody-dependent SARS coronavirus infection is 
mediated by antibodies against spike proteins. Biochem Bioph Res Co 451: 208–214.  



58 

AIMS Allergy and Immunology                                                                                                           Volume 4, Issue 3, 50–59. 

37. Kam YW, Kien F, Roberts A, et al. 2007. (2006) Antibodies against trimeric S glycoprotein 
protect hamsters against SARS-CoV challenge despite their capacity to mediate FcRII-
dependent entry into B cells in vitro. Vaccine 25: 729–740. 

38. Wan Y, Shang J, Sun S, et al. (2020) Molecular mechanism for antibody-dependent 
enhancement of coronavirus entry. J Virol 94. 

39. Dijstelbloem HM, Kallenberg CG, van de Winkel JG (2001) Inflammation in autoimmunity: 
receptors for IgG revisited. Trends Immunol 22: 510–516. 

40. Baudino L, Nimmerjahn F, da Silveira SA, et al. (2008) Differential contribution of three 
activating IgG Fc receptors (FcγRI, FcγRIII, and FcγRIV) to IgG2a-and IgG2b-induced 
autoimmune hemolytic anemia in mice. J Immunol 180: 1948–1953. 

41. Jacobs JJ (2020) Neutralizing antibodies mediate virus-immune pathology of COVID-19. Med 
Hypotheses 30: 109884. 

42. Wang S, Guo F, Liu K, et al. (2008) Endocytosis of the receptor-binding domain of SARS-CoV 
spike protein together with virus receptor ACE2. Virus Res 136: 8–15. 

43. Huang IC, Bosch BJ, Li F, et al. (2006) SARS coronavirus, but not human coronavirus NL63, 
utilizes cathepsin L to infect ACE2-expressing cells. J Biol Chem 281: 3198–3203. 

44. Yip MS, Leung NH, Cheung CY, et al. (2014) Antibody-dependent infection of human 
macrophages by severe acute respiratory syndrome coronavirus. Virol J 11: 82.  

45. Yuan FF, Tanner J, Chan PK, et al. (2005) Influence of FcγRIIA and MBL polymorphisms on 
severe acute respiratory syndrome. Tissue Antigens 66: 291–296. 

46. Quinlan BD, Mou H, Zhang L, et al. (2020) The SARS-CoV-2 receptor-binding domain elicits a 
potent neutralizing response without antibody-dependent enhancement. Immunity In press. 

47. de Wit E, van Doremalen N, Falzarano D, et al. (2016) SARS and MERS: recent insights into 
emerging coronaviruses. Nat Rev Microbiol 14: 523. 

48. Tseng CT, Sbrana E, Iwata-Yoshikawa N, et al. (2012) Immunization with SARS coronavirus 
vaccines leads to pulmonary immunopathology on challenge with the SARS virus. PloS One 7: 
e35421. 

49. Deming D, Sheahan T, Heise M, et al. (2006) Vaccine efficacy in senescent mice challenged 
with recombinant SARS-CoV bearing epidemic and zoonotic spike variants. PLoS Med 3: e525. 

50. Bolles M, Deming D, Long K, et al. (2011) A double-inactivated severe acute respiratory 
syndrome coronavirus vaccine provides incomplete protection in mice and induces increased 
eosinophilic proinflammatory pulmonary response upon challenge. J Virol 2011 85: 12201–
12215. 

51. Liu L, Wei Q, Lin Q, et al. (2019) Anti-spike IgG causes severe acute lung injury by skewing 
macrophage responses during acute SARS-CoV infection. JCI Insight 4. 

52. Pinto D, Park YJ, Beltramello M, et al. (2020) Cross-neutralization of SARS-CoV-2 by a human 
monoclonal SARS-CoV antibody. Nature 18: 1–10. 

53. Gao Q, Bao L, Mao H, et al. (2020) Development of an inactivated vaccine candidate for SARS-
CoV-2. Science 369: 77–81. 

54. van Doremalen N, Lambe T, Spencer A, et al. (2020) ChAdOx1 nCoV-19 vaccine prevents 
SARS-CoV-2 pneumonia in rhesus macaques. Nature 30: 1–8. 

55. Corbett KS, Flynn B, Foulds KE, et al. (2020) Evaluation of the mRNA-1273 vaccine against 
SARS-CoV-2 in nonhuman primates. New Engl J Med In press. 



59 

AIMS Allergy and Immunology                                                                                                           Volume 4, Issue 3, 50–59. 

56. Zhang L, Zhang F, Yu W, et al. (2006) Antibody responses against SARS coronavirus are 
correlated with disease outcome of infected individuals. J Med Virol 78: 1–8. 

57. Ho MS, Chen WJ, Chen HY, et al. (2005) Neutralizing antibody response and SARS severity. 
Emerg Infect Dis 11: 1730. 

58. Lee N, Chan PK, Ip M, et al. (2006) Anti-SARS-CoV IgG response in relation to disease 
severity of severe acute respiratory syndrome. J Clin Virol 35: 179–184. 

59. To KK, Tsang OT, Leung WS, et al. (2020) Temporal profiles of viral load in posterior 
oropharyngeal saliva samples and serum antibody responses during infection by SARS-CoV-2: 
an observational cohort study. Lancet Infect Dis 5: 565–574. 

60. Huang J, Mao T, Li S, et al. (2020) Dynamics of Viral Load and Antibodies in First 8 Weeks of 
Infection by SARS-CoV-2: An Observational Cohort Study. Lancet In press. 

61. Cheng Y, Wong R, Soo Y, et al. (2005) Use of convalescent plasma therapy in SARS patients in 
Hong Kong. Eur J Clin Microbiol Infect Dis 24: 44–46. 

62. Keith P (2020) A novel treatment approach to the novel coronavirus: an argument for the use of 
therapeutic plasma exchange for fulminant COVID-19. Crit Care 24: 128. 

63. Liu Q, Zhou YH, Yang ZQ (2016) The cytokine storm of severe influenza and development of 
immunomodulatory therapy. Cell Mol Immunol 13: 3–10. 

64. Sullivan N, Yang ZY, Nabel GJ (2003) Ebola virus pathogenesis: implications for vaccines and 
therapies. J Virol 77: 9733–9737. 

65. Chen C, Zhang XR, Ju ZY, et al. (2020) Advances in the research of cytokine storm mechanism 
induced by Corona Virus Disease 2019 and the corresponding immunotherapies. Chinese J 
Burns 36: E005. 

66. Schindewolf C, Menachery VD, et al. (2019) Middle east respiratory syndrome vaccine 
candidates: cautious optimism. Viruses 11: 74. 

67. Henderson LA, Canna SW, Schulert GS, et al. (2020) On the alert for cytokine storm: 
Immunopathology in COVID‐19. Arthritis Rheumatol 22: 1059–1063.  

68. Mehta P, McAuley DF, Brown M, et al. (2020) COVID-19: consider cytokine storm syndromes 
and immunosuppression. Lancet 395: 1033–1034. 

69. Huang C, Wang Y, Li X (2020) Clinical features of patients infected with 2019 novel 
coronavirus in Wuhan, China. Lancet 395: 497–506.  

70. Liu J, Li S, Liu J (2020) Longitudinal characteristics of lymphocyte responses and cytokine 
profiles in the peripheral blood of SARS-CoV-2 infected patients. EbioMedicine 55: 102763.  

© 2020 the Author(s), licensee AIMS Press. This is an open access 
article distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/4.0) 


