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Infection with the recent Coronavirus [severe 
acute respiratory syndrome (SARS)-CoV2] leads 
to COVID-19, the severity of which derives from 
the host’s immune response (1) especially the 
release of a storm of pro-inflammatory cytokines 
(2-9) mainly IL-6 (10-14), in what has been 
termed “cytokine storms” (15) or “cytokine release 
syndrome” (16). This coronavirus infects by first 
binding to the ectoenzyme Angiotensin Converting 
Enzyme 2 (ACE2), a serine protease acting as the 
receptor, while another serine protease is necessary 
for priming the viral corona spike “S” protein 
required for entering the cells (17, 18). The S 

protein is made up of two subunits, S1 containing 
a receptor-binding domain that binds to ACE2 on 
the surface of host cells, and the S2 containing a 
transmembrane anchor that mediates fusion of viral 
and host cell membranes.

Unfortunately, repurposing existing drugs for 
potential anti-coronavirus activity have not yielded 
positive results (19).  As a result, there were intense 
efforts to rapidly produce ways of providing 
prophylactic active immunization (vaccines) or 
abortive passive (convalescent plasma or monoclonal 
antibodies) neutralizing antibodies (20, 21). Early 
studies used high-throughput methods to identify 
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neutralizing antibodies. For instance, in one study 
of 149 convalescent patients whose plasma was 
collected at 39 days after the onset of symptoms, most 
did not contain high levels of neutralizing antibodies 
(only 1% had plasma titers >5000) (31). Moreover, 
harvesting of such antibodies may have occurred at 
a time when such antibodies were declining, and any 
such passive immunity is likely to be short-lived.

A number of studies have reported positive results. 
In one older study of SARS patients who were treated 
with high-dose methylprednisolone, the antiviral drug 
ribavirin and convalescent plasma had shorter duration 
of hospitalization (32). One uncontrolled study of 
patients with severe COVID-19, showed convalescent 
plasma resulted in rapid increase in serum neutralizing 
antibody titers, no detectable SARS-CoV2 viral RNA 
nor clinical improvement (33). In another uncontrolled 
study of five critically ill patients, administration of 
convalescent plasma led to clinical improvement (34). 
Three recent studies provided interesting positive 
results.  In the first, administration of convalescent 
plasma containing high-titer anti-RBD immunoglobulin 
significantly reduced mortality if given within 44 
hours of hospitalization (35) The second showed that 
convalescent plasma with high but not lower titers 
reduced risk of death in hospitalized COVID-19 
patients not requiring mechanical ventilation (36). The 
third study reported that early administration of high-
titer convalescent serum to mildly ill patients reduced 
the progression of the diseases (37). However, one 
randomized clinical trial using convalescent plasma 
given more than 20 days after viral shedding in patients 
with severe and life-threatening COVID-19 apparently 
increased viral clearance but had no effect on mortality 
(38). Another randomized, placebo-controlled, clinical 
trial using convalescent plasma in COVID-19 severe 
pneumonia found no significance in clinical status or 
overall mortality (39).

Convalescent plasma has several limitations 
including requirement for blood type matching and 
screening for blood-borne pathogens, as well as 
batch-to-batch variability.

Monoclonal antibodies
Passive immunity using human monoclonal 

antibodies was recognized as potentially serving 

antibodies from convalescent plasma using either B 
cells from patients (22) or a small animal model (23). 
 
How antibodies may work

Neutralizing antibodies could block viral entry 
by acting in different ways (24): (a) preventing the 
S protein from binding to ACE2, (b) preventing 
the S protein conformational changes required 
for membrane fusion, (c) mimicking ACE2 and 
prematurely triggering S protein conformational 
changes before binding ACE2 and thus preventing 
actual binding, or (d) inhibiting the IL-6 receptor. 
Such antibodies would be produced after infection, 
could be present in convalescent serum, made after 
vaccination, or produced ex vivo and administered 
acutely (25, 26)

Vaccines
A number of vaccines for COVID-19 were 

developed rapidly using either mRNA or 
adenovirus vector technology aimed at production 
of the coronavirus S protein and subsequent innate 
synthesis of neutralizing antibodies, with apparently 
minor side-effects so far (27).

However, a number of questions remain 
unanswered such as the level of antibody titers 
produced, will they limit transmission, how long 
will they remain protective, will they prevent 
asymptomatic disease, whether coronavirus 
mutations will escape from any antibody neutralizing 
effect (28), whether the virus will continue to mutate 
becoming a “recurrent seasonal infection” (29) and 
requiring the production of new vaccines every year 
with the realization that such vaccines may have 
reduced efficacy as is the case for the vaccines against 
the influenza virus that had only 40% efficacy during 
2020 in the US. 

Convalescent plasma therapy
Passive immunization with convalescent plasma 

involves transfusing plasma from patients who 
have recovered from SARS-CoV2 infection to 
infected patients with severe disease, assuming that 
the donors have developed protective antibodies 
against the coronavirus (30). However, donors may 
have recovered without production of sufficient 
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49). In one instance, the REGN-COV2 neutralizing 
antibody cocktail reduced viral load and the effect 
was more pronounced in patients with weak immune 
response or those with high viral load at baseline. 

IL-6 receptor blocking antibodies
In spite of the fact that IL-6, 10-14 has been 

shown to be increased in the serum of most patients 
with severe COVID-19 (50), such increases have 
been mild and two recent clinical trials have also 
yielded inconsistent results. One study using both 
tocilizumab and sarilizumab showed better survival 
than controls, but this clinical study also included 
treatment with glucocorticoids (51).  Another study 
using only tocilizumab reported no significant 
improvement in clinical status or death rates (52). 
Other pro-inflammatory molecules may prove to be 
better candidates for therapy.

Long-COVID syndrome
COVID-19 survivors experience fatigue and other 

neuropsychiatric symptoms, especially the presence 
of mental fatigue known as “brain fog” (53). Such 
patients have been called “long-haulers” and the 
illness has been termed “Long COVID syndrome”. 
In addition to the well-known severe respiratory and 
inflammatory problems discussed above, infection 
with SARS-CoV-2 can also contribute to neurological 
(54-57) and mental (58-62) disorders. Increasing 
publications discuss Long-COVID syndrome (63, 
64). A recent paper reported that post-COVID affects 
over 50% of COVID patients (65). Another showed 
persistent fatigue that was apparently independent of 
the severity of the initial symptoms (66). Symptoms 
experienced by Long-COVID syndrome patients are 
similar (67) to those present in patients with Mast 
Cell Activation Syndrome (MCAS) (68, 69). 

CONCLUSION

The availability of vaccines for COVID-19 have 
been largely successful, but many questions still 
remain unanswered.  Despite the original enthusiasm 
about convalescent serum and monoclonal antibodies, 
clinical studies have shown limited benefit. Moreover, 
the emergence of Long-COVID syndrome in most 

as an important abortive treatment for severe 
COVID-19 patients (40, 41). Such antibodies have 
been directed against epitopes of the coronavirus 
receptor-binding domain (RBD) (24, 42). In one 
instance, the antibody developed could bind potently 
with RBD, but did not overlap with the ACE2 
binding domain (43). In another instance, using 
more than 1000 purified memory B cells, 11 potent 
neutralizing antibodies were selected, one of which 
had the additional ability to enhance the neutralizing 
ability of the other antibodies (44). There could be 
additional modifications in the structure of the Fc 
receptor binding region of the antibodies to increase 
affinity for Fc receptors. 

A number of recent publications have reported 
on clinical trials using monoclonal antibodies for 
COVID-19. In one ongoing Phase 2 clinical rial, 
a single infusion of the neutralizing antibody LY-
CoV555 to outpatients with mild to moderate 
COVID-19, one of the three doses used appeared to 
accelerate the natural decline of the viral load (45). 
In another randomized, placebo-controlled, trial 
administration of LY-CoV555 7000 mg by single 
infusion to hospitalized COVID-19 patients (who 
were also on rendemsivir and corticosteroids) did 
not demonstrate any efficacy (46).

Limitations of antibody use
Several critical questions remain unanswered. 

What critical epitopes in the S protein are targeted 
by neutralizing antibodies in convalescent plasma? 
How many neutralizing antibody epitopes can be 
targeted simultaneously on the S protein? How easily 
can the coronavirus develop mutations to allow it to 
escape neutralizing antibodies? What is the efficacy 
in different age, sex, or ethnic subpopulations? Are 
there any undesirable effects, such as antibody-
dependent enhancement of infection of immune 
cells or worsening cytokine storms? Last but not 
least, antibodies must be given intravenously, even 
though inhaled delivery has been contemplated. 47

One way to overcome some of the issues raised, 
at least acutely (abortively) may be the use of a 
“cocktail” of monoclonal antibodies, rather than 
a single one, and may decrease the likelihood of 
rapid mutational escape from neutralization (48, 
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infected patients necessitates the development of 
treatment approaches that may prevent viral entry 
by blocking both serine proteases involved, as with a 
liposomal blend of the natural flavonoids luteolin and 
quercetin (e.g., FibroProtek) (70, 71).

REFERENCES

1. Brodin P. Immune determinants of COVID-19 disease 
presentation and severity. Nat Med 2021; 27(1):28-33.

2. Ye Q, Wang B, Mao J. The pathogenesis and treatment 
of the `Cytokine Storm' in COVID-19. J Infect 2020; 
80(6):607-13.

3. Chen G, Wu D, Guo W et al. Clinical and immunological 
features of severe and moderate coronavirus disease 
2019. J Clin Invest 2020; 130(5):2620-9.

4. Conti P, Ronconi G, Caraffa A et al. Induction of 
pro-inflammatory cytokines (IL-1 and IL-6) and 
lung inflammation by Coronavirus-19 (COVI-19 or 
SARS-CoV-2): anti-inflammatory strategies. J Biol 
Regul Homeost Agents 2020; 34(2):327-31.

5. Giamarellos-Bourboulis EJ, Netea MG, Rovina N 
et al. Complex immune dysregulation in COVID-19 
patients with severe respiratory failure. Cell Host 
Microbe 2020; 27(6):992-1000.

6. Zhang C, Baumer A, Mackay IR, Linnane AW, Nagley 
P. Unusual pattern of mitochondrial DNA deletions in 
skeletal muscle of an adult human with chronic fatigue 
syndrome. Hum Mol Genet 1995; 4(4):751-4.

7. Tang Y, Liu J, Zhang D, Xu Z, Ji J, Wen C. Cytokine 
Storm in COVID-19: The current evidence and 
treatment strategies. Front Immunol 2020; 11:1708.

8. Paces J, Strizova Z, Smrz D, Cerny J. COVID-19 and 
the immune system. Physiol Res 2020; 69(3):379-88.

9. Ragab D, Salah EH, Taeimah M, Khattab R, Salem 
R. The COVID-19 Cytokine Storm; What We Know 
So Far. Front Immunol 2020; 11:1446.

10. Herold T, Jurinovic V, Arnreich C et al. Elevated 
levels of IL-6 and CRP predict the need for 
mechanical ventilation in COVID-19. J Allergy Clin 
Immunol 2020; 146(1):128-36.

11. Copaescu A, Smibert O, Gibson A, Phillips EJ, Trubiano 
JA. The role of IL-6 and other mediators in the cytokine 
storm associated with SARS-CoV-2 infection. J Allergy 
Clin Immunol 2020; 146(3):518-34.

12. Han H, Ma Q, Li C et al. Profiling serum cytokines 

T.C. THEOHARIDES ET AL.



421Journal of Biological Regulators & Homeostatic Agents

older adults. N Engl J Med 2021; 384(7):610-8.
38. Li L, Zhang W, Hu Y et al. Effect of convalescent 

plasma therapy on time to clinical improvement in 
patients with severe and life-threatening COVID-19: A 
randomized clinical trial. JAMA 2020; 324(5):460-70.

39. Simonovich VA, Burgos Pratx LD, Scibona P et al. A 
randomized trial of convalescent plasma in Covid-19 
severe pneumonia. N Engl J Med 2021; 384(7):619-29.

40. Watterson WJ, Tanyeri M, Watson AR et al. Droplet-
based high-throughput cultivation for accurate 
screening of antibiotic resistant gut microbes. Elife 
2020; 9.

41. Cohen MS. Monoclonal antibodies to disrupt 
progression of early Covid-19 infection. N Engl J 
Med 2021; 384(3):289-91.

42. Jahanshahlu L, Rezaei N. Monoclonal antibody as 
a potential anti-COVID-19. Biomed Pharmacother 
2020; 129:110337.

43. Tian X, Li C, Huang A et al. Potent binding of 
2019 novel coronavirus spike protein by a SARS 
coronavirus-specific human monoclonal antibody. 
Emerg Microbes Infect 2020; 9(1):382-5.

44. Wan J, Xing S, Ding L et al. Human-IgG-Neutralizing 
Monoclonal Antibodies Block the SARS-CoV-2 
Infection. Cell Rep 2020; 32(3):107918.

45. Chen P, Nirula A, Heller B et al. SARS-CoV-2 
Neutralizing antibody LY-CoV555 in outpatients 
with Covid-19. N Engl J Med 2021; 384(3):229-37.

46. Lundgren JD, Grund B, Barkauskas CE et al. A 
Neutralizing Monoclonal Antibody for Hospitalized 
Patients with Covid-19. N Engl J Med 2021; 
384(10):905-14.

47. Cruz-Teran C, Tiruthani K, McSweeney M, Ma A, 
Pickles R, Lai SK. Challenges and opportunities 
for antiviral monoclonal antibodies as COVID-19 
therapy. Adv Drug Deliv Rev 2021; 169:100-17.

48. Weinreich DM, Sivapalasingam S, Norton T et al. 
REGN-COV2, a neutralizing antibody cocktail, 
in outpatients with Covid-19. N Engl J Med 2021; 
384(3):238-51.

49. Baum A, Fulton BO, Wloga E et al. Antibody 
cocktail to SARS-CoV-2 spike protein prevents rapid 
mutational escape seen with individual antibodies. 
Science 2020; 369(6506):1014-8.

50. Aziz M, Fatima R, Assaly R. Elevated interleukin-6 
and severe COVID-19: A meta-analysis. J Med Virol 

25. Marovich M, Mascola JR, Cohen MS. Monoclonal 
Antibodies for Prevention and Treatment of 
COVID-19. JAMA 2020; 324(2):131-2.

26. Sewell HF, Agius RM, Kendrick D, Stewart M. 
Vaccines, convalescent plasma, and monoclonal 
antibodies for covid-19. BMJ 2020; 370:m2722.

27. Castells MC, Phillips EJ. Maintaining Safety with 
SARS-CoV-2 Vaccines. Reply. N Engl J Med 2021; 
384(10):e37.

28. Weisblum Y, Schmidt F, Zhang F et al. Escape 
from neutralizing antibodies by SARS-CoV-2 spike 
protein variants. Elife 2020; 9:e61312. doi: 10.7554/
eLife.61312.

29. Murray CJL, Piot P. The Potential Future of the 
COVID-19 Pandemic: Will SARS-CoV-2 Become 
a Recurrent Seasonal Infection? JAMA 2021; 
325(13):1249-50.

30. Bloch EM, Shoham S, Casadevall A et al. Deployment 
of convalescent plasma for the prevention and 
treatment of COVID-19. J Clin Invest 2020; 
130(6):2757-65.

31. Robbiani DF, Gaebler C, Muecksch F et al. Convergent 
antibody responses to SARS-CoV-2 in convalescent 
individuals. Nature 2020; 584(7821):437-42.

32. Soo YO, Cheng Y, Wong R et al. Retrospective 
comparison of convalescent plasma with continuing 
high-dose methylprednisolone treatment in SARS 
patients. Clin Microbiol Infect 2004; 10(7):676-8.

33. Duan K, Liu B, Li C et al. Effectiveness of convalescent 
plasma therapy in severe COVID-19 patients. Proc 
Natl Acad Sci U S A 2020; 117(17):9490-6.

34. Shen C, Wang Z, Zhao F et al. Treatment of 
5 Critically Ill Patients With COVID-19 With 
Convalescent Plasma. JAMA 2020; 323(16):1582-9.

35. Salazar E, Christensen PA, Graviss EA et al. 
Significantly decreased mortality in a large cohort 
of coronavirus disease 2019 (covid-19) patients 
transfused early with convalescent plasma containing 
high-titer anti-severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) spike protein IgG. Am 
J Pathol 2021; 191(1):90-107.

36. Joyner MJ, Carter RE, Senefeld JW et al. Convalescent 
plasma antibody levels and the risk of death from 
Covid-19. N Engl J Med 2021; 384(11):1015-27.

37. Libster R, Perez MG, Wappner D et al. Early high-
titer plasma therapy to prevent severe Covid-19 in 



422

setting the mental health research agenda. Biol 
Psychiatry 2020; 88(2):130-1.

63. Huang C, Huang L, Wang Y et al. 6-month consequences 
of COVID-19 in patients discharged from hospital: a 
cohort study. Lancet 2021; 397(10270):220-32.

64. Higgins V, Sohaei D, Diamandis EP, Prassas I. 
COVID-19: from an acute to chronic disease? 
Potential long-term health consequences. Crit Rev 
Clin Lab Sci 2020; 1-23.

65. Moreno-Perez O, Merino E, Leon-Ramirez JM et al. 
Post-acute COVID-19 Syndrome. Incidence and risk 
factors: a Mediterranean cohort study. J Infect 2021; 
82(3):378-383.

66. Townsend L, Dyer AH, Jones K et al. Persistent 
fatigue following SARS-CoV-2 infection is common 
and independent of severity of initial infection. PLoS 
ONE 2020; 15(11):e0240784.

67. Theoharides TC, Conti P. COVID-19 and 
Multisystem Inflammatory Syndrome, or is it Mast 
Cell Activation Syndrome? J Biol Regul Homeost 
Agents 2020; 34(5):1633-6.

68. Akin C, Valent P, Metcalfe DD. Mast cell activation 
syndrome: Proposed diagnostic criteria. J Allergy 
Clin Immunol 2010; 126(6):1099-104.

69. Theoharides TC, Tsilioni I, Ren H. Recent advances 
in our understanding of mast cell activation - or 
should it be mast cell mediator disorders? Expert 
Rev Clin Immunol 2019; 15(6):639-56.

70. Theoharides TC. COVID-19, pulmonary mast cells, 
cytokine storms, and beneficial actions of luteolin. 
Biofactors 2020; 46(3):306-8.

71. Theoharides TC. Luteolin supplements: All that 
glitters is not gold. Biofactors 2021 Mar;47(2):242-
244. doi: 10.1002/biof.1689. Epub 2020 Nov 7.

2020; 92(11):2283-85.
51. Gordon AC, Mouncey PR, Al-Beidh F et al. 

Interleukin-6 Receptor Antagonists in Critically 
Ill Patients with Covid-19. N Engl J Med 2021; 
384(16):1491-1502.

52. Stone JH, Frigault MJ, Serling-Boyd NJ et al. 
Efficacy of tocilizumab in patients hospitalized with 
Covid-19. N Engl J Med 2020; 383(24):2333-44.

53. Nalbandian A, Sehgal K, Gupta A et al. Post-acute 
COVID-19 syndrome. Nat Med 2021; 27(4):601-615.

54. Helms J, Kremer S, Merdji H et al. Neurologic 
Features in Severe SARS-CoV-2 Infection. N Engl J 
Med 2020; 382(23):2268-70.

55. Fotuhi M, Mian A, Meysami S, Raji CA. Neurobiology 
of COVID-19. J Alzheimers Dis 2020; 76(1):3-19.

56. Najjar S, Najjar A, Chong DJ et al. Central nervous 
system complications associated with SARS-CoV-2 
infection: integrative concepts of pathophysiology and 
case reports. J Neuroinflammation 2020; 17(1):231.

57. Singh AK, Bhushan B, Maurya A, Mishra G, Singh 
SK, Awasthi R. Novel coronavirus disease 2019 
(COVID-19) and neurodegenerative disorders. 
Dermatol Ther 2020; 33(4):e13591.

58. Ongur D, Perlis R, Goff D. Psychiatry and 
COVID-19. JAMA 2020; 324(12):1149-50.

59. Vindegaard N, Benros ME. COVID-19 pandemic and 
mental health consequences: Systematic review of the 
current evidence. Brain Behav Immun 2020; 89:531-42.

60. Pfefferbaum B, North CS. Mental Health and the 
Covid-19 Pandemic. N Engl J Med 2020; 383(6):510-2.

61. Xiang YT, Yang Y, Li W et al. Timely mental health 
care for the 2019 novel coronavirus outbreak is 
urgently needed. Lancet Psychiatry 2020; 7(3):228-9.

62. Gordon JA, Borja SE. The COVID-19 Pandemic: 

T.C. THEOHARIDES ET AL.


