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Abstract: The immunological findings from autopsies, biopsies, and various studies in COVID-19
patients show that the major cause of morbidity and mortality in COVID-19 is excess immune
response resulting in hyper-inflammation. With the objective to review various mechanisms of excess
immune response in adult COVID-19 patients, Pubmed was searched for free full articles not related
to therapeutics or co-morbid sub-groups, published in English until 27 October 2020, irrespective
of type of article, country, or region. Joanna Briggs Institute’s design-specific checklists were used
to assess the risk of bias. Out of 122 records screened for eligibility, 42 articles were included in
the final review. The review found that eventually, most mechanisms result in cytokine excess and
up-regulation of Nuclear Factor-κB (NF-κB) signaling as a common pathway of excess immune
response. Molecules blocking NF-κB or targeting downstream effectors like Tumour Necrosis Factor
α (TNFα) are either undergoing clinical trials or lack specificity and cause unwanted side effects.
Neutralization of upstream histamine by histamine-conjugated normal human immunoglobulin has
been demonstrated to inhibit the nuclear translocation of NF-κB, thereby preventing the release of
pro-inflammatory cytokines Interleukin (IL) 1β, TNF-α, and IL-6 and IL-10 in a safer manner. The
authors recommend repositioning it in COVID-19.

Keywords: COVID-19; cytokine storm; SARS-CoV-2; repositioning; histamine-conjugated-normal
human immunoglobulin; excess immune response; hyper-inflammation

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) belongs to the family
Coronaviridae of the Nidovirales order. Its genome is a positive-sense single-stranded
ribonucleic acid (RNA). It enters the body with the help of its spike protein (S protein)
by infecting airway epithelium cells, alveolar epithelial cells, vascular endothelial cells,
and macrophages in the lung through human angiotensin-converting enzyme 2 (ACE2)
receptors [1–3]. The virus enters the cells mainly through endocytosis, with the help of
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phosphatidylinositol 3-phosphate 5-kinase (PIKfyve), two-pore channels 2 (TPC2), and
cathepsin L [3,4]. Transmembrane serine protease 2 (TMPRSS2) helps in priming the
S protein [5]. The virus entry reduces ACE2 expression, which results in a dysfunction of
the renin–angiotensin system (RAS). This influences blood pressure and fluid–electrolyte
balance while causing inflammation and enhancing vascular permeability in the airways [6].
After the entry, it starts replicating actively at the site of infection. It is also reported to
directly invade other organs and proliferate in the gut with the help of ACE2 receptors in
these organs [7–13]. Hamming et al. studied the expression of ACE2 in various human
organs and found that it was expressed on lung alveolar epithelial cells; enterocytes of the
small intestine; and arterial and venous endothelial cells and arterial smooth muscle cells
in oral and nasal mucosa, nasopharynx, lung, stomach, small intestine, colon, skin, lymph
nodes, thymus, bone marrow, spleen, liver, kidney, and brain [14]. The clearance of viral
RNA in stools of patients is more delayed as compared to the respiratory system [13].

1.1. Normal Response of the Human Immune System to SARS-CoV-2 Infection

Exposure to the virus results in variable severity of disease ranging from asymp-
tomatic or mild disease to severe disease. In a normal scenario, the human immune system
elicits a regulated immune response to SARS-CoV-2 infection. The release of the virus
causes the host cells to undergo a phenomenon known as pyroptosis (Figure 1) [6], which
releases molecular patterns and triggers innate immunity. The innate immunity causes
the creation of barrier, secretion of mucus, and shredding of epithelial layer containing
virus. Neutrophils engulf the enemy by phagocytosis and produce enzymes to kill it [15].
Natural killer (NK) cells cause apoptosis of rogue self-cells containing the pathogens [16].
Expression of pro-inflammatory genes is induced with the help of factors like Nuclear
Factor-κB (NF-κB) [17]; as a result, pro-inflammatory cytokines and chemokines are re-
leased, which attract monocytes, macrophages, and T cells to the site of the insult [6]. Type
I interferons (IFN) IFN-α, and IFN-β block viral replication and augment antiviral effector
mechanisms. SARS-CoV-1 and likely the homologous SARS-CoV-2 expresses proteins that
inhibit type I IFN production [18]. This delays the antiviral response and facilitates rapid
viral replication and extensive virus-induced direct cytopathic effects in the early stages of
disease [18].

Along with triggering of the innate system, the adaptive immune system is also
started. Timing of adaptive immune response is vital for efficient viral clearance by innate
immunity [19]. Macrophages or dendritic cells engulf the viruses and function as antigen-
presenting cells. With the help of Interleukin (IL)-1, these antigen-presenting cells present
small epitope antigens to the immature cluster of differentiation (CD)4+T cells by major
histocompatibility complex (MHC) class 2 receptors in the presence of a co-signal molecule
called CD27 and form mature helper T cells [20]. IL-2 acts in an autocrine manner and
determines which foreign particles are extracellular and need an antibody response, and
which are intracellular and need T-cell response [20,21].

Depending upon the pattern of cytokine release, T helper (Th) cells are differentiated
into either Th1 or Th2 effector cells, and histamine regulates the balance of both [22].
Th1 type helper cells promote cell-mediated immunity by activating macrophages, while
Th2 type helper cells activate B-cell proliferation [21]. Similarly, antigen is presented to
immature CD8+T cells through MHC 1 to form mature cytotoxic T cells [20], which break
open the infected cells, and the foreign organisms are killed once they come out of the
broken cell [23].

The T cells and B cells meet in the secondary lymphoid organs and exchange infor-
mation, due to which naïve B cells are activated to become effector B cells, which secrete
disease-antigen-specific antibodies or immunoglobulins (Ig) of five types—IgD, IgA, IgE,
IgG, and IgM. IgD aids the activation of naïve B-cells. IgA acts locally on the site of insult.
Initially IgM and later IgG target foreign particles by hetero-cytotrophism [24]. IgE targets
the body’s own mast cells by homo-cytotrophism, causing degranulation and histamine
release [24].
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Figure 1. Normal immune response of the human immune system to SARS-CoV-2 infection. MIP: 
Macrophage inflammatory protein-1 alpha, MCP: monocyte chemoattractant protein. 
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Nearly 20% of COVID-19 patients develop serious complications due to excess im-
mune response of the human immune system [33], resulting in pneumonitis, Acute Res-
piratory Distress Syndrome (ARDS), encephalopathy, hypercoagulability, pulmonary em-
bolism, deep vein thrombosis, ischemic stroke, myocardial infarction, systemic arterial 
embolism, disseminated intravascular coagulation, virus-activated cytokine storm syn-
drome, fulminant myocarditis, septic shock, mimicry of vasculitis, endothelium damage, 
and multiple organ failure in humans [7,34–38]. Immune-mediated damage due to 
COVID-19 occurs in various organs. Lungs of patients of COVID-19 show marked alveo-
lar inflammatory cell infiltrate, diffuse alveolar damage, formation of hyaline membranes, 
and diffuse thickening of the alveolar wall [35]. The spleen shows atrophy, and lymph 
nodes show necrosis with reduction of lymphocytes in lymphoid organs [35,36]. Older 

Figure 1. Normal immune response of the human immune system to SARS-CoV-2 infection. MIP:
Macrophage inflammatory protein-1 alpha, MCP: monocyte chemoattractant protein.

Studies have found that histamine plays a key role in coronavirus disease 2019
(COVID-19) due to its immunomodulatory actions on mast cell histamine–cytokine cross-
talk [25]. Histamine acts through four receptors H1, H2, H3, and H4. The H1 receptor
is ubiquitous and is activated through guanine nucleotide-binding protein (G) αq; H2
is highly expressed in B-cells, T-cells, gastric parietal cells and is coupled to Gαs; H3 is
exclusively expressed in neurons and is coupled to Gαi/o; and H4 is found on immune
cells, lung, central nervous system (CNS), spleen and is coupled to Gi/o [26]. Histamine
activates other mediator biomolecules, such as serotonin, arachidonic acid metabolites,
platelet-activating-factor, complement mediator substances Complement (C) 3a and C5a,
and cytokines. All these biomolecules, in return, can trigger histamine. In addition,
the cumulative action of angiotensin II and vasopressin via Gq pathways contribute to
inflammation [27–30].

The secreted histamine promotes vascular smooth muscle contraction and diapedesis
of all immune cells, antibodies, and mediators into the site of insult [31]. In a normal sce-
nario, these immune entities neutralize and kill all the foreign particles, and macrophages
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do scavenging. The body subdues what is not needed out of the immune molecules, follow-
ing the law of conservation of mass. Histamine is neutralized by its biological antagonist
adrenaline after the insult is resolved [32]. The serum also has histamine neutralizing
ability, which takes care of the residual histamine. This histamine homeostasis is important
for immune modulation and regulation of inflammation in the body [22].

1.2. Need for Reviewing Excess Immune Response of Human Immune System to SARS-CoV-2
Infection in this Pandemic Situation

Nearly 20% of COVID-19 patients develop serious complications due to excess im-
mune response of the human immune system [33], resulting in pneumonitis, Acute Respira-
tory Distress Syndrome (ARDS), encephalopathy, hypercoagulability, pulmonary embolism,
deep vein thrombosis, ischemic stroke, myocardial infarction, systemic arterial embolism,
disseminated intravascular coagulation, virus-activated cytokine storm syndrome, fulmi-
nant myocarditis, septic shock, mimicry of vasculitis, endothelium damage, and multiple
organ failure in humans [7,34–38]. Immune-mediated damage due to COVID-19 occurs in
various organs. Lungs of patients of COVID-19 show marked alveolar inflammatory cell
infiltrate, diffuse alveolar damage, formation of hyaline membranes, and diffuse thickening
of the alveolar wall [35]. The spleen shows atrophy, and lymph nodes show necrosis with
reduction of lymphocytes in lymphoid organs [35,36]. Older age, male gender, underlying
co-morbidities, and secondary infections are reportedly associated with high fatality [39].

Many authors have described a multitude of mechanisms of the excess immune
response of the human immune system to SARS-CoV-2, but to date, the complex and
heterogeneous nature of hyper-inflammation in COVID-19 is not fully understood. The ob-
jective of this study was to review the reported extracellular and intracellular mechanisms
in the patients showing excess immune response to SARS-CoV-2 infection in published
articles, to suggest life-saving solutions in this pandemic, and to propose further research.

2. Materials and Methods

A systematic review was conducted to synthesize a narrative of mechanisms of excess
immune response in patients of COVID-19. The protocol of conducting the review was reg-
istered in advance in the PROSPERO register with registration number CRD42020214230.

2.1. Search Strategy

MEDLINE database was searched through Pubmed using keyword:
(COVID-19 OR SARS-CoV-2 OR nCoV OR “Novel Corona”) AND (“excess immune

response” OR “exaggerated immune response” OR “excessive immune response” OR
“excess immunity” OR “exaggerated immunity” OR “excessive immunity” OR “hyperin-
flammation” OR “excess inflammation” OR “exaggerated inflammation” OR “excessive
inflammation”) NOT (“clinical trials” OR “clinical trial” OR “trial”).

There was no restriction related to the type of article, country, or region, so as to
include findings in a broad population studied at varied timings during the pandemic.
Articles published in English, related to human species, and available as free full text were
included. The last search was run on 27 October 2020. The search was not rerun prior to
the final analysis and no unpublished studies were sought.

As Pubmed provides clinical literature focused on human species, it suited the study
question of the review regarding the excess immune response of the human immune
system to SARS-CoV-2 virus. Although Pubmed yielded a sufficient number of articles
that were made available free of cost during the pandemic, authors admit that searching
only one portal and including articles published only in English may have introduced
publication bias.

2.2. Selection of Studies

Studies describing mechanisms of the excess immune response of the human immune
system to SARS-CoV-2 and the intra-cellular pathways among the reported mechanisms
were studied. Study participants were COVID-19 patients eliciting excess immune re-
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sponse. Exposure was excess immune response in severe COVID-19 resulting in hyper-
inflammation, as compared to normal immune response of the human immune system
to SARS-CoV-2 infection. Two reviewers screened titles, abstracts, and full papers in an
unblinded standardized manner and assessed the eligibility of retrieved articles based on
the following criteria.

2.2.1. Inclusion Criteria

1. The articles describing immunology in COVID-19 patients especially in the context of
excess immune response;

2. Articles pertaining to adult population showing excess immune response in COVID-19.

2.2.2. Exclusion Criteria

1. Articles related to drug repositioning, therapeutics, target drugs, therapies, treatments,
and vaccines;

2. Articles focusing on a sub-group of patients suffering from a particular co-morbidity;
3. Articles with study design as clinical trial.

Articles utilizing a drug as a material to elicit a phenomenon or to describe immuno-
logical concepts or explaining drugs or pathways or therapeutic targets just as a suggestion
were not excluded.

The reviewers were blinded to each other’s decisions. The screening process was
validated, and disagreements were resolved by other co-authors of the paper and were
recorded in excel sheets.

2.3. Data Extraction

Extraction was done by one reviewer and was checked and verified by the other
reviewer. Disagreements were resolved by mutual consensus. Data regarding study
design, type of article, month of publication, participant demographics, mechanism of
excess immune response, and mechanism of normal immune response were extracted
from the studies in an Excel-based extraction sheet. Description of mechanisms of excess
immune response in patients was compiled from the included articles and synthesized into
a narrative. The extracted data were validated by all authors of this article.

2.4. Assessment of Risk of Bias and Quality of Studies

Quality assessment was done by two reviewers independently, and disagreements
were resolved by consultation with each other. Assessment was done at the study level.
Characteristics to be assessed depended upon the study design of the screened record.
Joanna Briggs Institute’s (JBI) critical appraisal tools [40] for respective study design of
articles were used. For reviews, the initial five criteria of the JBI checklist were considered
critical, and the remaining six criteria were planned to be assessed only when the initial five
were satisfied. For narrative reviews, which could not fulfill the initial five criteria of the JBI
tool, the Scale for the quality Assessment of Narrative Review Articles (SANRA) tool [41]
was used. For research papers with cross-sectional design and secondary data analysis,
all criteria of the JBI tool for analytical cross-sectional studies were considered essential
to be fulfilled for inclusion in the review. Similarly, for remaining articles like editorials,
viewpoints, or comments, all criteria of the JBI tool for text and opinion were considered
essential to be fulfilled for inclusion in the review. The data of only those studies were
included in the final narrative synthesis, which fulfilled the criteria of quality assessment.

2.5. Strategy for Data Synthesis

A formal narrative synthesis was planned. A minimum of 10 studies was considered
to be required for synthesis. Qualitative data aggregated in an Excel sheet was synthesized
for presenting common mechanisms of excess immune response of COVID-19 patients and
the intracellular pathways reported in the studies using the formal method "meta-study",
including meta-theory, meta-method, and meta-data-analysis. Indication of interpretation
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of results was for deriving common mechanisms and exploring their common links or
pathways at the intracellular level. Two researchers were involved in data synthesis, and
the discrepancies were resolved by consultation among all co-authors.

2.6. Primary Outcome

Description of the mechanism of excess immune response of human immune system
to SARS-CoV-2 and the intracellular pathways involved was the outcome of interest, where
the immune response was measured based on the presence of immune cells, antibodies,
and mediators of innate and/or acquired immunity found by any of the following analyses:
immunological findings on autopsies, analysis of biomarkers, broncho-alveolar lavage
fluid analysis, histopathological analysis, electron microscopy, and immunostaining. The
measure of effect was the mortality rate due to various reported mechanisms for excess
immune response.

3. Results
3.1. Flow of Studies through the Review Process

Out of a total 122 records screened for eligibility, 42 articles were included in the final
review. The flow of the studies through the review process is depicted in the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram
provided below (Figure 2). All 42 included articles passed quality assessment as per their
respective study design or article type. The details of the characteristics of the included
studies are mentioned in Table 1. The studies included in the review were conducted in
small geographies or limited patient populations and may not be generalizable over all
of humankind.

Table 1. Characteristics of the studies included in the review.

Characteristic 1 Number of Studies

Month of publication N = 42

April 2020 6
May 2020 8
June 2020 12
July 2020 8

August 2020 3
September 2020 3

October 2020 2

Article type N = 42

Research Paper 8
Systematic Review 1
Narrative Review 22

Editorial 1
Commentary 2

Comment 3
Hypothesis 2

Viewpoint/perspective 2
Updating article 1

Outcome (Mechanism of excess immune response) N = 42

Extracellular mechanisms 2

Cytokine storm 12
Neutrophil-related mechanism (NETosis, neutrophilia, and HMGB1 induced inflammation) 6

Lymphocyte-related mechanisms 4
Secondary haemophagocytic lymphohistocytosis 3

Direct injury 3
Immunothrombosis-related mechanisms 3

Hyperferritinemia 2
Macrophage activation syndrome (including Galactin-3 up-regulation) 2

Hypoxia-induced dysregulated immune response 1
Cannabinoid receptor-mediated immune suppression 1

Quasi-programmed aging 1
IL-6 attenuated HLA-DR expression 1
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Table 1. Cont.

Characteristic 1 Number of Studies

Intracellular mechanisms

NLRP3 inflammasome activation 2
Dysfunction of platelet mitochondria 1

PROS1 signalling 1
NF-κB pathway 1

ACE2/bradykinin B1R/DABK axis involvement 1
1 All included articles were published in the English language and pertained to adult patients with severe COVID-19 with hyper-
inflammation. 2 Two studies described both cytokine storm and direct invasion, while one study described both cytokine storm and
secondary haemophagocytic lymphohistocytosis. Abbreviations: ACE2—angiotensin-converting enzyme 2; DABK—[des-Arg9]-bradykinin;
HLA-DR—Human Leukocyte Antigen–DR isotype; HMGB1—high-mobility group box 1; NET—neutrophil extracellular traps; NF-κB—
Nuclear Factor-κB; NLRP3—Nod-like receptor family, pyrin domain-containing 3.
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Authors reported their findings based on different procedures like autopsies, analysis
of biomarkers, broncho-alveolar lavage fluid analysis, histopathological analysis, electron
microscopy, and immunostaining.
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3.2. Mortality Rate due to Excess Immune Response in COVID-19

The authors set out to measure the mortality rate in COVID-19 attributable to excess
immune response. Efforts were made to measure mortality due to the individual reported
mechanisms.

Based on the articles included in the review, the deaths attributable to excess immune
response and its individual mechanisms as reported above could not be quantified due
to a paucity of data. Mortality due to severe respiratory failure was reported to be up
to 60% [42]. In another study, respiratory failure was found to be the leading cause of
COVID-19 death in 69.5% of patients [43]. These estimates are close to the findings of
Wu et al., who had found the mortality due to ARDS to be 52.4% [44]. The mortality
rate among patients with disseminated intravascular coagulation (DIC) in COVID-19 was
reported to be 71.4% [45].

The overall case fatality rate of COVID-19 was reported to range from 1% to 10% [46].
The mortality rate in severe disease was reported to be 4% to 15% [47]. The case fatality
rates for COVID-19 in various co-morbidities were documented to be 10.5% in patients with
cardiovascular disease, 7.3% in patients with diabetes, and 6.0% in those with hyperten-
sion [8]. The case fatality rate in patients who did not have any co-morbidity varied from
3% to 4% [8]. Deaths in females ranged from 29% to 85% of total deaths, the latter being
in older females [48]. While several lab investigations indicated the severity of disease,
authors reported that a D-dimer level of more than 1 mg/liter predicted an 18-fold increase
in the risk of death [49]. Another study reported a 10% increased risk of mortality with
every 10% increase in the level of D-dimer or IL-6 [50].

3.3. Reporting of Mechanisms of Excess Immune Response

Since hyper-inflammation has been found predominantly in patients in severe COVID-
19 [51], the mechanisms reported by the review have been observed primarily in severe
COVID-19, unlike the initial stage of the infection. The mechanisms of excess immune
response shown by the human immune system to SARS-CoV-2 were reported differently
by various authors in the articles included in the review. A total of 14 different extracellular
mechanisms were suggested by authors, while another four articles explained receptor-
level activity. Another three articles exclusively explained intracellular mechanisms. Very
few articles described intracellular continuum of extracellular mechanisms.

4. Discussion

We evaluated various mechanisms proposed or demonstrated by the authors in the
articles included in the review. The same are discussed and summarized hereunder. We
also tried to find out the common pathways among the reported mechanisms as discussed.

4.1. Mechanisms of Excess Immune Response of the Human Immune System due to SARS-CoV-2
4.1.1. Extracellular Mechanisms
Cytokine Storm and Related Mechanisms

Cytokines are a family of small molecular proteins secreted by immune cells and
tissues. These include IL, colony-stimulating factor (CSF), IFN, tumor necrosis factor (TNF),
growth factor (GF), and chemokines [43]. Cytokines take part in immune responses through
the activation of many signaling pathways like Janus kinase (JAK) signal transducer and
activator of transcription protein (STAT), TNF receptor-associated factor (TRAF)-NF-κB,
TRAF-activator protein 1 (AP-1), and interleukin-1 receptor-associated kinase (IRAK)-NF-
κB [43]. The cytokine storm is described as a systemic acute inflammatory manifestation
during viral infections in which the cytokine level rises in the body [46]. The cytokine storm
observed in COVID-19 is more complex than other conditions due to the heterogeneous
nature of hyper-inflammation at various stages of the disease [52] and due to a complex
interaction of various components and axes [53]. It has been proposed to present in various
forms such as Macrophage Activation Syndrome (MAS) or secondary haemophagocytic
lymphohistiocytosis (sHLH), which are hyperferritinemic conditions [54]. The other mech-



Viruses 2021, 13, 378 9 of 22

anisms like immune-thrombosis or neutrophil extracellular traps (NET) are also associated
with excess cytokine release. Delayed but elevated levels of pro-inflammatory cytokines
and chemokines and delayed production of viro-protective IFNs lead to dysregulated
immune response and cytokine storm with inefficient viral clearance [55].

Hyperferritinemia

Alunno et al. expressed that COVID-19 can be another hyperferritinemic condition
like sHLH and MAS, which is characterized by persistent IFNγ-dependent stimulation
of toll-like receptors (TLRs), antigen-presenting cells, and T-cell-uncontrolled activation,
leading to cytokine storm [52]. The excess ferritin circulating in the body may originate
either due to active secretion by macrophages and hepatocytes or due to the death of the
cells. The circulating ferritin shows pro-inflammatory activity. Moreover, free iron released
from ferritin leads to oxidative stress on red blood cells (RBC) and fibrin, which induces
coagulation [56] and triggers multiple chain reactions [57]. RBCs are also damaged due to
the tropism of the virus [58]. Damaged RBCs further release iron in circulation due to the
disruption of hemoglobin [58]. Heavy-molecular-weight ferritin is shown to regulate an
iron-independent signaling pathway, which eventually activates NF-κB [59] and causes
secretion of excess cytokines. Removal of excess iron is done by the phagocytic system [60].

MAS and sHLH

Excessive cytokines result in activation of macrophages, which in turn increases the
secretion of more cytokines like IL-6 and IL-10 [45] and contributes to lung damage [61].
McGonagle et al. elaborated that MAS in COVID-19 is atypical and that MAS-like lung
inflammation and coagulopathy are more centered on the lung, which is aggravated by
virus-induced immune suppression [62]. Galectin 3 is a carbohydrate-binding protein
expressed by macrophages, epithelial cells, and alveolar cells, which drives macrophage-
related hyper-inflammation, mediates viral adhesion, and promotes lung fibrosis [63].
Girija et al. proposed distinct mechanisms of three phases of cytokine storm [46]. Initial
infiltration of the airway is induced by IFN-αβ and IFN-γ through mechanisms involving
Fas–Fas ligand (FasL) or TNF-related apoptosis-inducing ligand (TRAIL)–death recep-
tor 5 (DR5) [55]. This causes the apoptosis of airway and alveolar epithelial cells and
damage to the pulmonary microvasculature, leading to vascular leakage, alveolar edema,
and hypoxia [55]. In the next phase, TNF-mediated T-cell apoptosis occurs [46]. Acti-
vated macrophages accumulate in lung tissues through the abrogation of myeloid-specific
STAT-1 signaling [46]. In the final phase, ARDS occurs due to IL-6, chemokine (C-X-C
motif) ligand (CXCL)8, IL-1β, and Granulocyte-macrophage colony-stimulating factor
(GM-CSF), chemokine (C-C motif) ligand (CCL) 2, CCL5, IFN-γ inducible protein (IP) -10,
and CCL3 [46].

The role of IL-6 in the distinct MAS-like lung inflammation remained unclear to
McGonagle et al. [62]. Another study demonstrated that lung inflammation and sustained
cytokine production was due to the fact that IL-6 attenuates Human Leukocyte Antigen–DR
isotype (HLA-DR) membrane expression in CD14 monocytes and decreases the production
of IFN-γ by CD4 cells [42]. This leads to defective antigen presentation and lymphopenia,
which causes the defective function of lymphoid cells [42,64], whereas monocytes remain
potent and keep producing TNF-α and IL-6 [42].

The presentation of severe COVID-19 resembles sHLH, due to aberrant activation of T
cells, NK cells, and macrophages, causing overproduction of inflammatory cytokines and
hemophagocytosis [65].

Neutrophil-Related Mechanisms

Excess neutrophils sustain inflammation in COVID-19 [66]. Due to the need to pro-
duce more neutrophils, bone marrow can produce fewer cells of other types [67]. NETs are
extracellular webs secreted by activated neutrophils under the influence of inflammatory
cytokines to prevent the spread of pathogens and facilitate the accumulation of antimi-
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crobial factors. The release of NETs is induced by damage-associated molecular patterns
(DAMPs), particularly the high-mobility group box 1 (HMGB1) [68]. NETs are of two types:
suicidal NETs and vital NETs. Suicidal NETs require the generation of reactive oxygen
species (ROS) and activation of Raf/ mitogen-activated protein kinases ERK (MERK)/
extracellular signal-regulated kinases (ERK) pathway, while vital NETs sustain longer [68].
Laforge et al. postulated that excess ROS generated due to neutrophils leads to oxidative
damage and excess immune response [69]. Inhibition of nuclear factor erythroid 2-related
factor (NRF) 2-mediated pathways responsible for antioxidant defenses, and activation
of NF-κB signaling can promote inflammation and oxidative damage during respiratory
infections [69]. Small pathogens lead to excessive NETosis [68]. Excessive NET formation
tends to aggravate secretion of more pro-inflammatory cytokines and formation of mi-
crovascular thrombosis by stimulating the intrinsic pathway through activation of Factor
XII and propagating a pro-coagulant state [18,70]. NETosis in lung tissue also results in an
insufficient anti-viral response by negatively regulating T cells and NK cells [47]. At high
levels of HMGB1, pulmonary expression of the receptor for glycated end products (RAGE)
is reported to cause detrimental inflammasome activation [71]. Misbalance in neutrophil
serine cascade activator proteases and their inhibitors cause a proteolytic storm, which
advances to a cytokine storm [72].

Immunothrombosis

Immunothrombosis or thromboinflammation is a process of formation of blood clots
due to the interaction of platelets, coagulation factors, and innate immune effector sys-
tems like monocytes/macrophages, polymorphonuclear neutrophils, and the complement
system [18]. COVID-19-induced coagulopathy results from platelet hyper-reactivity, hyper-
coagulability, hypo-fibrinolysis due to an imbalance between tissue plasminogen activa-
tor (tPA)/urokinase plasminogen activator (uPA) and plasminogen activator inhibitor-1
(PAI-1), complement overactivation, and renin–angiotensin aldosterone system (RAAS)
derangement in the presence of underlying inflammatory-induced endothelial dysfunc-
tion [18]. Prolonged prothrombin time (PT) and minimally affected activated partial
thromboplastin time (aPTT) in COVID-19 suggest a predominant tissue factor-factor VIIa
(TF-F VIIa)-mediated activation of the extrinsic coagulation pathway. COVID-19-associated
coagulopathy has been proposed to be pulmonary-specific intravascular coagulopathy
or local DIC [73]. A bidirectional interaction between inflammation and coagulation has
been observed. Innate immunity, pro-inflammatory cytokines, chemokines, adhesion
molecules, tissue factor expression, platelet and endothelial activation, and micro-particles
promote coagulation [73]. In turn, the activated coagulation products, including throm-
bin, Factor Xa, fibrin, and the TF–FVIIa complex through activating protease-activated
receptors (PARs), induce secretion of pro-inflammatory cytokines [73]. Platelet-dependent
protection of endothelial barrier integrity warrants differentiation of pro-thrombotic and
pro-inflammatory mechanisms of platelets [74]. Anticoagulant protein S is encoded by
PROS1 gene and is released due to rupture of the tissue containing it [49]. Lemke et al.
hypothesized that excessive blood clotting and excess immune response are linked by
consumption and exhaustion of protein S by the growing clot, which leads to inactivation
of the immunosuppressive Mer receptor tyrosine kinase (MERTK) on macrophages and
leads to the secretion of excess cytokines [49].

Other Mechanisms

Lymphocyte-Related Mechanisms
Song et al. demonstrated that despite a decrease in the absolute counts of CD8+ T cells,

over-activation of these cells increased T-cell inhibitory molecules expression and increased
multiple cytotoxic granules expression result in excess acute inflammation [75]. An increase
in inhibitory receptors T-cell immunoglobulin mucin-3 (TIM-3) and Lymphocyte-activation
gene-3 (LAG-3) on T effector cells modulates pro-inflammatory T cell responses [76].
Lymphopenia was found to be due to activation of apoptosis and the P53-signalling
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pathway in lymphocytes [77]. Exhaustion of lymphocytes causes the secretion of excessive
inflammatory cytokines as a compensatory mechanism [54,78]. Compromised mechanisms
of innate immune response pave the way for cytokine storm. Delayed response of type I
IFNs (IFN α and β) hampers innate immune response against viruses through JAK-STAT
signal transduction pathway. TLRs recruit signal transfer proteins and eventually activate
the NF-κB pathway to secrete cytokines [79]. Cavalli et al. demonstrated predominant
B-cell activation, which depends on a mammalian target of rapamycin (mTOR) pathway
and can lead to hyper-inflammation [80]. A cross-referenced article also proposed antibody-
dependent enhancement as a cause of cytokine storm [81].

Multiple Organ Damage
An et al. review described that pattern recognition receptors (PRR) recognize pathogen-

associated molecular patterns (PAMP) during viral infections and activate IFN regulatory
factor (IRF) and NF-κB, which promotes the release of pro-inflammatory cytokines and
chemokines from infected local cells in the lungs [43]. The pro-inflammatory cytokines and
chemokines are spilled over into the circulatory system, causing systemic cytokine storm
and multiple organ damage [43]. Mechanisms of cardiac injury include direct myocar-
dial injury by the virus through ACE2 entry, which is mediated by thrombaxane A2 [82],
hypoxia-induced myocardial injury, microvascular damage and endothelial shedding, and
cytokine/inflammation-mediated damage [8,83]. We support the view that the toxin effect
of histamine on H1 and H2 receptors in myocardium causes cardiotoxicity [84]. Systemic
hyper-inflammation leads to CNS complications [7]. Rare direct neuro-invasion caus-
ing CNS complications remains unproven to date [7]. Similarly, other organs also suffer
damage due to hypoxia and deregulation of the control mechanism of inflammation [85].

A feature of COVID-19 is that the acute condition goes into chronic condition abruptly
over a small period [86]. Due to the ongoing chronic inflammation, we are of the opinion
that all organs predisposed to COVID-19-related damage will be affected even in the post-
COVID phase. The post-COVID sequelae may include interstitial lung disease, dilated
cardiomyopathy, chronic renal failure, cirrhosis of liver, other fibrotic conditions of organs,
vasculopathies, psychiatric disorders, neuropathies, and arthropathies [87–92].

Hyper-inflammation in sub-groups of patients
NETs increase due to diabetes, obesity, increasing age, and male gender. All these

conditions also show a shift from Th1 to Th2 cytokine response [68]. Testosterone has been
found to induce DAMP release, resulting in increased TLR4 signaling in males [68]. Giaglis
et al. proposed that Progesterone in females protects them from NETosis [93]. On the
other hand, Rossi et al. proposed that estrogen in women stimulates cannabinoid receptor
type 2, which leads to a limit of the release of pro-inflammatory cytokines, a shift of the
macrophage phenotype towards the anti-inflammatory M2 type, and an enhancement of the
immune-modulating properties of mesenchymal stromal cells [94]. O’Brien et al. proposed
that the regulation of expression and extracellular release of Heat Shock Protein-HSP27 by
estrogens is responsible for the relative protection of females from severe COVID-19 [48].
Blagosklonny et al. proposed that COVID-19 is an age-dependent syndrome associated
with inflammaging and immunosenescence, hyperinflammation, hyperthrombosis, and
cytokine storms as explained by the hyper-function theory of quasi-programmed aging [95].

4.1.2. Intra-Cellular Mechanisms

It is proposed that rapid and excessive stimulation of the innate immune response
triggers activation of the Nod-like receptor family, pyrin domain-containing 3 (NLRP3)
inflammasome pathway in response to recognition of PAMPs or DAMPs like endogenous
or exogenous adenosine triphosphate (ATP), ROS, or lysosomal proteases [48,96]. This
activates PRRs such as TLRs, which bind to the virus [48], or nucleotide-binding oligomer-
ization domain-containing protein 2 (NOD2). Eventually, NF-κB is activated, leading to the
release of pro-inflammatory cytokines, causing acute lung injury [96]. NLRP3 activation
leads to pyroptosis of infected cells, which is an inflammatory programmed cell death
pathway of T lymphocytes mediated by IL-1β and IL-18 [96].
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According to Saleh et al., the cytokine storm, oxidative stress, microbiota dysreg-
ulation, iron overload, and accumulation of ROS cause intra- and extra-mitochondrial
dysfunction [50]. Dysfunction of the platelet mitochondria leads to coagulopathy [50].

4.1.3. Signaling Pathways in an Excess Immune Response

Cytokine storm is characterized by ACE2 receptor-mediated inflammatory response,
cell pyroptosis, delayed IFN α and β response by blocking STAT1 phosphorylation, and
Anti S IgG-mediated lung injury [79]. The IL-6/JAK/STAT signaling pathway is reported
to transduce extracellular signals transmitted by many pro-inflammatory factors [97].
Mahmudpour et al. explained that excess inflammatory cytokines are released due to
down-regulation of ACE2 through dysregulation of the renin–angiotensin–aldosterone
system (ACE/angiotensin II/angiotensin II type 1 receptor-AT1R axis) [53], which results
in overproduction of angiotensin II, thereby enhancing IL-6 production via JAK/STAT
pathway, and ultimately results in exacerbation of vascular and lung injuries [97]. Down-
regulation of ACE2 leads to hyper-activation of NF-κB by IL-6 STATs axis; attenuation of
Mas receptor (ACE2/MasR axis); production of Angiotensin-(1–7) that reduces the expres-
sion of p38 mitogen-activated protein kinase mitogen-activated protein kinase (MAPK)
and NF-κB and inflammatory factors such as IL-6, TNFα, and IL-8; increased activation of
[des-Arg9]-bradykinin (DABK) (ACE2/bradykinin B1R/DABK axis); and activation of the
complement system including C5a and C5b-9 components [53]. Further, the angiotensin
II/AT1 receptor axis activates a disintegrin and metalloproteinase (ADAM) 17, which
cleaves and inactivates ACE2 and enhances angiotensin II retention [97]. For the complete
induction of NF-κB pathway, the activation of STAT3 is reportedly required [97].

The sphingosine-1-phosphate (S1P)/sphingosine-1-phosphate receptor 1 (S1PR1) axis
has been demonstrated to regulate the migration of numerous types of immune cells,
including T and B lymphocytes, NK cells, and dendritic cells, and to inhibit the pathological
damage induced by the host innate and adaptive immune responses [97].

The S1PR1 pathway agonism is documented to suppress cytokine and chemokine
production, independently of TLR3 and TLR7 signaling or other endosome and cytosolic
innate pathogen-sensing pathways, by targeting myeloid differentiation primary response
gene 88 (MyD88)/TIR (Toll/interleukin-1 receptor)-domain-containing adapter-inducing
IFN-β (TRIF) signaling, which are common actors with the NF-κB pathway [98].

NF-κB is a family of inducible transcription factors and a central mediator of in-
duction of pro-inflammatory genes [17]. Exacerbation of NF-κB activation is implicated
as the underlying mechanism in lung inflammatory pathology induced by respiratory
viruses including SARS-CoV [97]. Moreover, SARS-CoV spike protein is documented to
be associated with an increase in I-κBα degradation, which leads to activation of NF-κB
pathway [97]. NF-κB levels were found to be higher in SARS-CoV-2-infected lungs, and
suppression of this pathway enhanced IFN-mediated antiviral immunity and improved
the infection outcome [99,100].

Based on the findings of the review, we observed a common pattern in the proposed
mechanisms by various authors. Most of the described mechanisms interact bi-directionally
with inflammatory cytokines by being induced by them and in return secreting more pro-
inflammatory cytokines. Eventually, most mechanisms result in cytokine excess or storm.
At the intra-cellular level, up-regulation of NF-κB was documented to play a major role in
most of the mechanisms of excess immune response, as explained by the authors, including
macrophage activation with release of cytokines, T-cell activation, and regulation of inflam-
masome particularly of NLRP3 variety [17]. However, we admit the limitation that not all
studies explained the proposed mechanism up to the signaling at the intra-cellular level.

4.2. Role of Histamine and NF-κB in Excess Immune Response in COVID-19

Conti et al. showed that histamine increases IL-1 levels, causing hyper-inflammation
in COVID-19 and cytokine storm [101]. Types I, II, and III reactions of the B-cell arm
produce Th2 subset cytokines, while Th1 subset cytokines are produced by cell-mediated
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type IV reaction of T-cell arm [102–108]. The homeostasis between Th1 subset cytokines
and Th2 subset cytokines is lost and excess Th2 cytokines arrest the activity of Th1 subset
cytokines [109–111]. The Th2 subset cytokines give positive feedback to the IgE-producing
B-cells and result in increased production of IgE [112–116]. Bax et al. showed that excess
IgE causes excess histamine release from mast cells [111]. Any viral product remaining
in the body can prolong the phase of fighting the insult and can exaggerate the process
of inflammation [117,118]. Remnants of microorganisms like SARS-CoV-2 try to give an
impression that there is still a persistent foreign particle [119,120]. Due to a prolonged fight
against the insult, adrenaline gets exhausted and is unable to neutralize excess histamine, as
the body has higher reserves of histamine since the mast cells are greater in number and are
strategically placed all over the body. This un-neutralized histamine causes histamine im-
balance and leads to the release of more pro-inflammatory Th2 cytokines [110,111,121,122].
In this way, an IgE-mediated positive feedback vicious cycle (Figure 3) is established, which
results in excessive inflammation [109–111].
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Excess histamine causes excess diapedesis of all immune cells, antibodies, and media-
tors through vascular endothelium into the alveoli [6,23,123–126]. To prevent the excess
diapedesis, a serous gel-like fluid is secreted at the site, which eventually thickens. This gel
is made by three cascade reactions—complement, kinin, and coagulation. Ghebrehiwet
et al. showed that the three cascades are linked with one another by Hageman factor (factor
XII) [127], and when coagulation starts, all other cascades also start [127]. Complement
cascade makes membrane attack complex (MAC) to kill the viruses [128]. Kinin pathway
does the autonomic regulation [129]. Chaudhry and Babiker postulated that coagulation
triggers the fibrinogen pathway and arrests the viruses from going anywhere [130]. Further,
Nayak et al. showed that SARS-CoV-2 infects type II pneumocytes, leading to reduced
production of surfactant (Figure 4) [131]. This causes a collapse of the alveoli, retention of
fluid in lungs, and progressive hypoxemic respiratory failure [131,132].



Viruses 2021, 13, 378 14 of 22

Viruses 2021, 13, x FOR PEER REVIEW 15 of 24 
 

 

 
Figure 4. Excess immune response of the human immune system to SARS-CoV-2 infection. 

Holden et al. showed that the dysregulated immune reaction is enhanced by excess 
histamine results due to the potentiation of NF-κB-dependent transcription and release of 
pro-inflammatory factors at the intracellular level [133]. Ayoub et al. explained that NF-
κB exists in an inactive state in the cytoplasm of cells bound to its inhibitory protein I-κB. 
Phosphorylation of I-κB by IκB kinase (IKK) enzyme leads to its degradation. This results 
in translocation of NF-κB to the nucleus, where it promotes transcription of IL-10 and 
many pro-inflammatory factors like TNF-α, IL-1β, and IL-6 [134].  

4.3. Drugs Acting on NF-κB Signaling 
Various possible mechanisms of attenuation of hyper-inflammation include antago-

nism of IL6 receptors, inhibition of the JAK/STAT signaling pathway, agonism of S1PR1, 
blockade of TNFα, and down-regulation of NF- κB, either directly or indirectly by neu-

Figure 4. Excess immune response of the human immune system to SARS-CoV-2 infection.

Holden et al. showed that the dysregulated immune reaction is enhanced by excess
histamine results due to the potentiation of NF-κB-dependent transcription and release
of pro-inflammatory factors at the intracellular level [133]. Ayoub et al. explained that
NF-κB exists in an inactive state in the cytoplasm of cells bound to its inhibitory protein
I-κB. Phosphorylation of I-κB by IκB kinase (IKK) enzyme leads to its degradation. This
results in translocation of NF-κB to the nucleus, where it promotes transcription of IL-10
and many pro-inflammatory factors like TNF-α, IL-1β, and IL-6 [134].

4.3. Drugs Acting on NF-κB Signaling

Various possible mechanisms of attenuation of hyper-inflammation include antago-
nism of IL6 receptors, inhibition of the JAK/STAT signaling pathway, agonism of S1PR1,
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blockade of TNFα, and down-regulation of NF- κB, either directly or indirectly by neutral-
ization of excess histamine [97,133]. The findings of this review provide enough evidence
of the benefit of targeting NF-κB down-regulation in the attenuation of the excess immune
response to COVID-19. We researched various drugs and therapeutic approaches that can
serve this purpose. NF-κB is required for normal immune response and survival of the
cell. Hence, global inhibition of NF-κB signaling may affect the normal functioning of
the cells due to the complexity of intrinsic pathways [17,97]. Liu et al. expressed that the
development of drugs for selectively down-regulating NF-κB for clinical use has been a
challenge for current science [17]. Various drugs have shown the ability to down-regulate
NF-κB by acting upon different steps of its activity. Selective IKK inhibitors block the
IKK-dependant phosphorylation of I-κB; proteasome inhibitors such as Bortezomib block
I-κBα degradation, tacrolimus, and I-κBα super-repressor block nuclear translocation of
NF-κB; and glucocorticoids and Peroxisome proliferator-activated receptors (PPAR) ago-
nists block binding of NF-κB to deoxyribonucleic acid (DNA) [17]. Caffeic acid phenethyl
ester (CAPE), Bay 11–7082, and parthenolide have been shown to inhibit NF-κB activation
and reduce inflammation [97,99]. Hiscott et al. highlighted that molecules blocking NF-κB
either are undergoing clinical trials or lack specificity and may cause unwanted side effects
like broad suppression of innate immunity [135]. Hence, direct targeting of downstream
effectors like TNFα by monoclonal antibodies like infliximab and adalimumab, which block
TNFα, has been attempted to attenuate hyper-inflammation in several immune-mediated
disorders [97]. These monoclonal antibodies are expensive, and drugs like adalimumab are
under investigation in COVID-19 patients [136]. Galloway et al. reported that the major
issue with TNFα-blockers has been an increased risk of bacterial and fungal superinfec-
tions [137], which can be a cause of concern in COVID-19 patients, who as documented by
Zhou et al., mostly suffer superadded lung infections due to pre-existing foci [138]. Zhou
et al. reported that at least one in seven COVID-19 patients encounter a secondary bacte-
rial infection resulting in 50% of the fatalities due to untreated or untreatable secondary
bacterial infections, occurring mostly in the lung [138].

Since histamine potentiates pro-inflammatory effects of NF-κB, targeting the upstream
mediator histamine is a highly potential therapeutic approach in current times [22]. This
approach not only helps in down-regulating NF-κB effectively and safely but also helps in
reducing other effects of excess histamine.

4.4. Neutralization of Excess Histamine and Down-Regulation of NF-κB

The need to neutralize histamine by some exogenous agent to prevent excess immune
response was perceived by researchers in the past for various diseases. One approach,
which is widely used in clinical practice, is the use of anti-histaminic drugs, which work
by attaching to histamine receptors, but the persistent histamine molecules in the milieu
behave like a toxin and cause toxin-mediated damage as reported by Comas-Basté et al. [139].
Moreover, histamine receptors are widely expressed in the body and are different in dis-
tribution between genders and age groups. This warrants caution in blocking histamine
receptors and requires using a mixture of agonists and antagonists to avoid deleterious side
effects [22]. Another approach based on the discussion presented above is the administration
of exogenous adrenaline, but it cannot be tolerated by the body beyond a limit.

In 1951, Parrot and Laborde developed a new treatment method of co-administration
of histamine and human serum gamma-globulin to restore the histamine-neutralizing
ability of the body (histaminopexy). Immunoglobulin provides a larger co-molecule, and
the complex of both the drugs behaves as a foreign body to produce antibodies within the
body [140,141].

Haruo Yoshii and Yuriko Fukata administered intramuscular Histamine-conjugated-
normal human immunoglobulin (Histamine dihydrochloride + Human normal immunoglob-
ulin) for producing antihistamine antibodies within the human body [142–145]. This
formulation reaches the lymph nodes and stimulates B cells to produce IgG antihistamine
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antibodies. The antibodies in turn reach the inflammatory site and neutralize the histamine
directly, thereby enhancing the histamine-neutralizing ability of the plasma.

The inventors recommended its use in the treatment of diseases associated with any
abnormal immune response, including infectious diseases, parasitic diseases, respiratory
diseases, and autoimmune diseases. A radioimmunoassay using a Histamine kit de-
tected no residual histamine after administration of Histamine-conjugated-normal human
immunoglobulin. An in vivo experiment in Bagg albino mice (BALB/c) for producing
mouse-histamine-added gamma-globulins specific to trinitrophenyl showed significant
promoting action upon IgG and IgM antibody production and potent immune-modulatory
action. In an experimental allergic encephalomyelitis model of Female Lewis rats, the drug
showed immune suppression comparative to cyclosporine A, proving the theory of positive
feedback vicious cycle of hyper-inflammation due to histamine excess [142–145]. Adminis-
tration of Histamine-conjugated-normal human immunoglobulin has shown remarkable
clinical improvement in patients of diseases with an underlying excess immune response
like urticarial, eosinophilia caused by a malignant tumor, chronic articular rheumatism,
systemic lupus erythematosus, multiple sclerosis, and several diseases associated with
hyper-eosinophilia [142–146].

Neutralization of histamine by Histamine-conjugated-normal human immunoglobulin
has been demonstrated to inhibit the nuclear translocation of NF-κB and release of pro-
inflammatory cytokines IL-1β, TNF-α, IL-6, and IL-10 [134]. The NF-kB independent
effect of Histamine-conjugated-normal human immunoglobulin includes neutralization
of histamine to reduce its toxin-like effects. Thus, Histamine-conjugated-normal human
immunoglobulin has a great potential to reduce the excess immune response or hyper-
inflammation encountered in diseases like COVID-19 without affecting the ability of the
body to clear the virus, especially while specific and selective drugs for down-regulation of
NF-κB are not available in current clinical practice.

In the wake of the COVID-19 pandemic, as a new drug takes around 12 to 15 years
from its discovery to its use in patients, the only option left with the researchers and
clinicians is to repurpose the existing therapeutics for use in COVID-19 [147]. In order
to figure out which candidate molecules have a therapeutic effect against SARS-COV-2
and are suitable for repositioning studies, researchers have deployed various approaches
to screen commercially available drugs. A few of these approaches are Computer-Aided
Drug Design (CADD), molecular docking, re-trained multi-task deep model, homology
modeling, virtual high-throughput drug screening, drug-likeness profiling, and docking
scores [148–154]. Most of the approaches tried by other researchers are not based on
human biology and the actual interaction of the virus with the human body. Hence, the
drugs identified in such ways may not provide the expected therapeutic effect in clinical
trials, which may cost lives due to delay in discovering ideal therapeutic candidates. The
evidence generated by this review is based on the immunological mechanism of excess
immune response in COVID-19 patients and can be useful in conducting further research
and formulating guidelines for clinical practice.

5. Translational Value and Future Research Direction

To our best knowledge, this review is a state-of-art explanation of varied mechanisms
of excess immune response in COVID-19, and it successfully brings out the common pattern
of “cytokine excess and dysregulated cytokine response” among them. This review can
form the basis for further research to understand the complex nature of hyper-inflammation
in COVID-19 and can save significant suffering and loss of human life resulting from it.
The review also critically appraises the available drugs for down-regulating NF-κB. Our
approach of basing our proposition on real biological findings instead of computer-based
modeling can provide a more real-world solution for the human body to cope with SARS-
CoV-2 infection. The therapeutic candidate suggested by the review needs validation in
clinical trials in COVID-19 patients.
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6. Conclusions

The immunological findings in COVID-19 patients indicate that hyper-inflammation
is the main culprit of morbidity and mortality in COVID-19. Histamine-conjugated-normal
human immunoglobulin has been proved to be effective and safe in such situations based
on the past data, due to its effect on down-regulation of NF-κB without directly blocking
the NF-κB signaling pathway. It is already approved for use in humans and is available in
the market for the last 30 years as an orphan drug for allergies. From an economic point
of view, this treatment is inexpensive as compared to the methods currently used. The
authors recommend clinical trials and further analysis of available data for repositioning
of Histamine-conjugated-normal human immunoglobulin in COVID-19 for saving lives of
the patients eliciting excess immune response.
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65. Opoka-Winiarska, V.; Grywalska, E.; Roliński, J. Could hemophagocytic lymphohistiocytosis be the core issue of severe COVID-19
cases? BMC Med. 2020, 18. [CrossRef]

66. Didangelos, A. COVID-19 Hyperinflammation: What about Neutrophils? mSphere 2020, 5. [CrossRef] [PubMed]
67. Ueda, Y.; Kondo, M.; Kelsoe, G. Inflammation and the reciprocal production of granulocytes and lymphocytes in bone marrow.

J. Exp. Med. 2005, 201, 1771–1780. [CrossRef]
68. Cicco, S.; Cicco, G.; Racanelli, V.; Vacca, A. Neutrophil Extracellular Traps (NETs) and Damage-Associated Molecular Patterns

(DAMPs): Two Potential Targets for COVID-19 Treatment. Mediators Inflamm. 2020, 2020, 7527953. [CrossRef]

http://doi.org/10.1007/s00134-020-05991-x
http://www.ncbi.nlm.nih.gov/pubmed/32125452
https://joannabriggs.org/critical-appraisal-tools
http://doi.org/10.1186/s41073-019-0064-8
http://doi.org/10.1016/j.chom.2020.04.009
http://www.ncbi.nlm.nih.gov/pubmed/32320677
http://doi.org/10.1016/j.phrs.2020.104946
http://www.ncbi.nlm.nih.gov/pubmed/32450346
http://doi.org/10.1001/jamainternmed.2020.0994
http://doi.org/10.3906/sag-2005-287
http://doi.org/10.3389/fimmu.2020.01206
http://doi.org/10.3389/fimmu.2020.02063
http://doi.org/10.1007/s12192-020-01146-5
http://www.ncbi.nlm.nih.gov/pubmed/32761452
http://doi.org/10.1038/s41577-020-0354-x
http://doi.org/10.1016/j.mito.2020.06.008
http://www.ncbi.nlm.nih.gov/pubmed/32574708
http://doi.org/10.1159/000513198
http://doi.org/10.1136/rmdopen-2020-001295
http://doi.org/10.1016/j.cyto.2020.155151
http://doi.org/10.1016/j.lfs.2020.117900
http://doi.org/10.1016/j.jinf.2020.03.037
http://doi.org/10.1016/j.autrev.2020.102573
http://www.ncbi.nlm.nih.gov/pubmed/32387470
http://doi.org/10.3390/ijms19092608
http://doi.org/10.26434/CHEMRXIV.11938173.V8
http://doi.org/10.3389/fimmu.2020.01130
http://doi.org/10.3390/ph11040137
http://doi.org/10.33549/physiolres.934492
http://doi.org/10.1016/j.autrev.2020.102537
http://doi.org/10.3389/fimmu.2020.02069
http://doi.org/10.1172/JCI138554
http://www.ncbi.nlm.nih.gov/pubmed/32463803
http://doi.org/10.1186/s12916-020-01682-y
http://doi.org/10.1128/mSphere.00367-20
http://www.ncbi.nlm.nih.gov/pubmed/32581077
http://doi.org/10.1084/jem.20041419
http://doi.org/10.1155/2020/7527953


Viruses 2021, 13, 378 20 of 22

69. Laforge, M.; Elbim, C.; Frère, C.; Hémadi, M.; Massaad, C.; Nuss, P.; Benoliel, J.J.; Becker, C. Tissue damage from neutrophil-
induced oxidative stress in COVID-19. Nat. Rev. Immunol. 2020, 20, 515–516. [CrossRef]

70. Kosmaczewska, A.; Frydecka, I. Dysregulation of the immune system as a driver of the critical course of novel coronavirus
disease 2019. Polish Arch. Intern. Med. 2020, 130, 779–788. [CrossRef] [PubMed]

71. Andersson, U. The cholinergic anti-inflammatory pathway alleviates acute lung injury. Mol. Med. 2020, 26. [CrossRef]
72. Parackova, Z.; Zentsova, I.; Bloomfield, M.; Vrabcova, P.; Smetanova, J.; Klocperk, A.; Mesežnikov, G.; Casas Mendez, L.F.;

Vymazal, T.; Sediva, A. Disharmonic Inflammatory Signatures in COVID-19: Augmented Neutrophils’ but Impaired Monocytes’
and Dendritic Cells’ Responsiveness. Cells 2020, 9, 2206. [CrossRef] [PubMed]

73. Fei, Y.; Tang, N.; Liu, H.; Cao, W. Coagulation dysfunction: A hallmark in COVID-19. Arch. Pathol. Lab. Med. 2020, 144, 1223–1229.
[CrossRef] [PubMed]

74. Smeda, M.; Chlopicki, S. Endothelial barrier integrity in covid-19-dependent hyperinflammation: Does the protective facet of
platelet functionmatter? Cardiovasc. Res. 2020, 116, E118–E121. [CrossRef]

75. Song, J.W.; Zhang, C.; Fan, X.; Meng, F.P.; Xu, Z.; Xia, P.; Cao, W.J.; Yang, T.; Dai, X.P.; Wang, S.Y.; et al. Immunological and
inflammatory profiles in mild and severe cases of COVID-19. Nat. Commun. 2020, 11. [CrossRef]

76. Herrmann, M.; Schulte, S.; Wildner, N.H.; Wittner, M.; Brehm, T.T.; Ramharter, M.; Woost, R.; Lohse, A.W.; Jacobs, T.; Schulze zur
Wiesch, J. Analysis of Co-inhibitory Receptor Expression in COVID-19 Infection Compared to Acute Plasmodium falciparum
Malaria: LAG-3 and TIM-3 Correlate With T Cell Activation and Course of Disease. Front. Immunol. 2020, 11, 1870. [CrossRef]

77. Xiong, Y.; Liu, Y.; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W.; Yang, J.; Tang, Z.; et al. Transcriptomic characteristics
of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020,
9, 761–770. [CrossRef]

78. Fathi, N.; Rezaei, N. Lymphopenia in COVID-19: Therapeutic opportunities. Cell Biol. Int. 2020, 44, 1792–1797. [CrossRef]
79. Song, P.; Li, W.; Xie, J.; Hou, Y.; You, C. Cytokine storm induced by SARS-CoV-2. Clin. Chim. Acta 2020, 509, 280–287.

[CrossRef] [PubMed]
80. Cavalli, E.; Petralia, M.C.; Basile, M.S.; Bramanti, A.; Bramanti, P.; Nicoletti, F.; Spandidos, D.A.; Shoenfeld, Y.; Fagone, P.

Transcriptomic analysis of covid-19 lungs and bronchoalveolar lavage fluid samples reveals predominant b cell activation
responses to infection. Int. J. Mol. Med. 2020, 46, 1266–1273. [CrossRef] [PubMed]

81. Tetro, J.A. Is COVID-19 receiving ADE from other coronaviruses? Microbes Infect. 2020, 22, 72–73. [CrossRef]
82. Mitsuhashi, M.; Tanaka, A.; Fujisawa, C.; Kawamoto, K.; Itakura, A.; Takaku, M.; Hironaka, T.; Sawada, S.; Matsuda, H. Necessity

of Thromboxane A 2 for Initiation of Platelet-Mediated Contact Sensitivity: Dual Activation of Platelets and Vascular Endothelial
Cells. J. Immunol. 2001, 166, 617–623. [CrossRef] [PubMed]

83. Sheth, A.R.; Grewal, U.S.; Patel, H.P.; Thakkar, S.; Garikipati, S.; Gaddam, J.; Bawa, D. Possible mechanisms responsible for acute
coronary events in COVID-19. Med. Hypotheses 2020, 143, 110125. [CrossRef]

84. Patella, V.; Marinò, I.; Arbustini, E.; Lamparter-Schummert, B.; Verga, L.; Adt, M.; Marone, G. Stem Cell Factor in Mast Cells and
Increased Mast Cell Density in Idiopathic and Ischemic Cardiomyopathy. Circulation 1998, 97, 971–978. [CrossRef]

85. Vieira, L.M.F.; Emery, E.; Andriolo, A. Covid-19: Laboratory diagnosis for clinicians. An updating article. Sao Paulo Med. J. 2020,
138, 259–266. [CrossRef] [PubMed]

86. Barton, L.M.; Duval, E.J.; Stroberg, E.; Ghosh, S.; Mukhopadhyay, S. COVID-19 Autopsies, Oklahoma, USA. Am. J. Clin. Pathol.
2020, 153, 725–733. [CrossRef]

87. Schett, G.; Manger, B.; Simon, D.; Caporali, R. COVID-19 revisiting inflammatory pathways of arthritis. Nat. Rev. Rheumatol. 2020,
16, 465–470. [CrossRef] [PubMed]

88. Beghi, E.; Feigin, V.; Caso, V.; Santalucia, P.; Logroscino, G. COVID-19 Infection and Neurological Complications: Present Findings
and Future Predictions. Neuroepidemiology 2020, 54, 1–6. [CrossRef]

89. Becker, R.C. COVID-19-associated vasculitis and vasculopathy. J. Thromb. Thrombolysis 2020, 50, 499–511. [CrossRef]
90. Khoshdel-Rad, N.; Zahmatkesh, E.; Shpichka, A.; Timashev, P.; Vosough, M. Outbreak of chronic renal failure: Will this be a

delayed heritage of COVID-19? J. Nephrol. 2020, 1, 3–5. [CrossRef]
91. Komiyama, M.; Hasegawa, K.; Matsumori, A. Dilated Cardiomyopathy Risk in Patients with Coronavirus Disease 2019: How to

Identify and Characterise it Early? Eur. Cardiol. Rev. 2020, 15, e49. [CrossRef]
92. Cothran, T.P.; Kellman, S.; Singh, S.; Beck, J.S.; Powell, K.J.; Bolton, C.J.; Tam, J.W. A brewing storm: The neuropsychological

sequelae of hyperinflammation due to COVID-19. J. Clean. Prod. 2020, 88, 957. [CrossRef]
93. Giaglis, S.; Stoikou, M.; Chowdhury, C.S.; Schaefer, G.; Grimolizzi, F.; Rossi, S.W.; Hoesli, I.M.; Lapaire, O.; Hasler, P.; Hahn, S.

Multimodal regulation of NET formation in pregnancy: Progesterone antagonizes the pro-NETotic effect of estrogen and G-CSF.
Front. Immunol. 2016, 7, 565. [CrossRef]

94. Rossi, F.; Tortora, C.; Argenziano, M.; Di Paola, A.; Punzo, F. Cannabinoid receptor type 2: A possible target in SARS-CoV-2
(CoV-19) infection? Int. J. Mol. Sci. 2020, 21, 3809. [CrossRef]

95. Blagosklonny, M.V. From causes of aging to death from COVID-19. Aging 2020, 12, 10004–10021. [CrossRef]
96. Freeman, T.L.; Swartz, T.H. Targeting the NLRP3 Inflammasome in Severe COVID-19. Front. Immunol. 2020, 11, 1518. [CrossRef]
97. Catanzaro, M.; Fagiani, F.; Racchi, M.; Corsini, E.; Govoni, S.; Lanni, C. Immune response in COVID-19: Addressing a pharmaco-

logical challenge by targeting pathways triggered by SARS-CoV-2. Signal Transduct. Target. Ther. 2020, 5, 84. [CrossRef]

http://doi.org/10.1038/s41577-020-0407-1
http://doi.org/10.20452/pamw.15482
http://www.ncbi.nlm.nih.gov/pubmed/32627515
http://doi.org/10.1186/s10020-020-00184-0
http://doi.org/10.3390/cells9102206
http://www.ncbi.nlm.nih.gov/pubmed/33003471
http://doi.org/10.5858/arpa.2020-0324-SA
http://www.ncbi.nlm.nih.gov/pubmed/32551814
http://doi.org/10.1093/cvr/cvaa190
http://doi.org/10.1038/s41467-020-17240-2
http://doi.org/10.3389/fimmu.2020.01870
http://doi.org/10.1080/22221751.2020.1747363
http://doi.org/10.1002/cbin.11403
http://doi.org/10.1016/j.cca.2020.06.017
http://www.ncbi.nlm.nih.gov/pubmed/32531256
http://doi.org/10.3892/ijmm.2020.4702
http://www.ncbi.nlm.nih.gov/pubmed/32945352
http://doi.org/10.1016/j.micinf.2020.02.006
http://doi.org/10.4049/jimmunol.166.1.617
http://www.ncbi.nlm.nih.gov/pubmed/11123345
http://doi.org/10.1016/j.mehy.2020.110125
http://doi.org/10.1161/01.CIR.97.10.971
http://doi.org/10.1590/1516-3180.2020.0240.14052020
http://www.ncbi.nlm.nih.gov/pubmed/32578747
http://doi.org/10.1093/ajcp/aqaa062
http://doi.org/10.1038/s41584-020-0451-z
http://www.ncbi.nlm.nih.gov/pubmed/32561873
http://doi.org/10.1159/000508991
http://doi.org/10.1007/s11239-020-02230-4
http://doi.org/10.1007/s40620-020-00851-9
http://doi.org/10.15420/ecr.2020.17
http://doi.org/10.1016/j.bbi.2020.06.008
http://doi.org/10.3389/fimmu.2016.00565
http://doi.org/10.3390/ijms21113809
http://doi.org/10.18632/aging.103493
http://doi.org/10.3389/fimmu.2020.01518
http://doi.org/10.1038/s41392-020-0191-1


Viruses 2021, 13, 378 21 of 22

98. Teijaro, J.R.; Walsh, K.B.; Rice, S.; Rosen, H.; Oldstone, M.B.A. Mapping the innate signaling cascade essential for cytokine storm
during influenza virus infection. Proc. Natl. Acad. Sci. USA 2014, 111, 3799–3804. [CrossRef] [PubMed]

99. DeDiego, M.L.; Nieto-Torres, J.L.; Regla-Nava, J.A.; Jimenez-Guardeno, J.M.; Fernandez-Delgado, R.; Fett, C.; Castano-Rodriguez,
C.; Perlman, S.; Enjuanes, L. Inhibition of NF- B-Mediated Inflammation in Severe Acute Respiratory Syndrome Coronavirus-
Infected Mice Increases Survival. J. Virol. 2014, 88, 913–924. [CrossRef]

100. Hirano, T.; Murakami, M. COVID-19: A New Virus, but a Familiar Receptor and Cytokine Release Syndrome. Immunity 2020,
52, 731–733. [CrossRef]

101. Conti, P.; Caraffa, A.; Tetè, G.; Gallenga, C.E.; Ross, R.; Kritas, S.K.; Frydas, I.; Younes, A.; Di Emidio, P.; Ronconi, G. Mast cells
activated by SARS-CoV-2 release histamine which increases IL-1 levels causing cytokine storm and inflammatory reaction in
COVID-19. J. Biol. Regul. Homeost. Agents 2020, 34, 1629–1632.

102. Coombs, R.; Gell, P. Classification of Allergic Reactions Responsible for Clinical Hypersensitity and Disease. In Clinical Aspect of
Immunology, 3rd ed.; Gell, P.G.H., Coombs, R.R.A., Lachman, P.J., Eds.; Blackwell Scientific Publications: Oxford, UK, 1975.

103. Holdsworth, S.R.; Kitching, A.R.; Tipping, P.G. Th1 and th2 T helper cell subsets affect patterns of injury and outcomes in
glomerulonephritis. Kidney Int. 1999, 55, 1198–1216. [CrossRef]

104. Deo, S.S.; Mistry, K.J.; Kakade, A.M.; Niphadkar, P.V. Role played by Th2 type cytokines in IgE mediated allergy and asthma.
Lung India 2010, 27, 66–71. [CrossRef]

105. Fierer, J.; Looney, D.; Pechère, J.-C. Nature and Pathogenicity of Micro-organisms. In Infectious Diseases; Elsevier: Amsterdam,
The Netherlands, 2017; pp. 4–25.

106. King, T.C. Elsevier’s Integrated Pathology; Mosby: Maryland Heights, MI, USA, 2007; ISBN 9780323043281.
107. Justiz Vaillant, A.A.; Ramphul, K. Hypersensitivity Reactions, Delayed; StatPearls Publishing: Treasure Island, FL, USA, 2018.
108. Justiz Vaillant, A.A.; Zito, P.M. Hypersensitivity Reactions, Immediate; StatPearls Publishing: Treasure Island, FL, USA, 2018.
109. Berger, A. Science commentary: Th1 and Th2 responses: What are they? Br. Med. J. 2000, 321, 424. [CrossRef]
110. Gottlieb, S. Researchers discover “feedback loop” in allergic reactions. BMJ Br. Med. J. 1999, 318, 1306. [CrossRef]
111. Bax, H.J.; Keeble, A.H.; Gould, H.J. Cytokinergic IgE action in mast cell activation. Front. Immunol. 2012, 3. [CrossRef]
112. Takatsu, K.; Kouro, T.; Nagai, Y. Interleukin 5 in the Link Between the Innate and Acquired Immune Response—PubMed.

Adv Immunol 2009, 101, 191–236. [CrossRef]
113. Sehra, S.; Yao, Y.; Howell, M.D.; Nguyen, E.T.; Kansas, G.S.; Leung, D.Y.M.; Travers, J.B.; Kaplan, M.H. IL-4 Regulates Skin

Homeostasis and the Predisposition toward Allergic Skin Inflammation. J. Immunol. 2010, 184, 3186–3190. [CrossRef]
114. Luzina, I.G.; Keegan, A.D.; Heller, N.M.; Rook, G.A.W.; Shea-Donohue, T.; Atamas, S.P. Regulation of inflammation by interleukin-

4: A review of “alternatives”. J. Leukoc. Biol. 2012, 92, 753–764. [CrossRef]
115. Müller, U.; Stenzel, W.; Köhler, G.; Werner, C.; Polte, T.; Hansen, G.; Schütze, N.; Straubinger, R.K.; Blessing, M.; McKenzie, A.N.J.;

et al. IL-13 Induces Disease-Promoting Type 2 Cytokines, Alternatively Activated Macrophages and Allergic Inflammation during
Pulmonary Infection of Mice with Cryptococcus neoformans. J. Immunol. 2007, 179, 5367–5377. [CrossRef]

116. De Vries, J.E. The role of IL-13 and its receptor in allergy and inflammatory responses. J. Allergy Clin. Immunol. 1998,
102, 165–169. [CrossRef]

117. Klimpel, G.R. Immune Defense. In Encyclopedic Reference of Molecular Pharmacology; Springer: Berlin/Heidelberg, Germany, 2006;
pp. 476–481. ISBN 0963117211.

118. Rock, K.L.; Kono, H. The Inflammatory Response to Cell Death. Annu. Rev. Pathol. Mech. Dis. 2008, 3, 99–126. [CrossRef]
119. Hwa, K.Y.; Lin, W.M.; Hou, Y.I.; Yeh, T.M. Peptide Mimicrying Between SARS Coronavirus Spike Protein and Human Proteins

Reacts with SARS Patient Serum. J. Biomed. Biotechnol. 2008, 2008, 326464. [CrossRef]
120. Zicari, S.; Sessa, L.; Cotugno, N.; Ruggiero, A.; Morrocchi, E.; Concato, C.; Rocca, S.; Zangari, P.; Manno, E.; Palma, P. Immune

Activation, Inflammation, and Non-AIDS Co-Morbidities in HIV-Infected Patients under Long-Term ART. Viruses 2019, 11, 200.
[CrossRef] [PubMed]

121. Packard, K.A.; Khan, M.M. Effects of histamine on Th1/Th2 cytokine balance. Int. Immunopharmacol. 2003, 3, 909–920. [CrossRef]
122. Kofler, L.; Ulmer, H.; Kofler, H. Histamine 50-Skin-Prick Test: A Tool to Diagnose Histamine Intolerance. ISRN Allergy 2011,

2011, 353045. [CrossRef]
123. Majno, G.; Palade, G. The Effect of Histamine and Serotonin on Vascular Permeability: An Electron Microscopic Study. J. Biophys.

Biochem. Cytol. 1961, 11, 586.
124. Qin, C.; Zhou, L.; Hu, Z.; Zhang, S.; Yang, S.; Tao, Y.; Xie, C.; Ma, K.; Shang, K.; Wang, W.; et al. Dysregulation of Immune Response

in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China. Clin. Infect. Dis. 2020, 71, 762–768. [CrossRef] [PubMed]
125. Shi, Y.; Tan, M.; Chen, X.; Liu, Y.; Huang, J.; Ou, J.; Deng, X. Immunopathological characteristics of coronavirus disease 2019 cases

in Guangzhou, China. medRxiv 2020. [CrossRef]
126. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected

with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
127. Ghebrehiwet, B.; Randazzo, B.P.; Dunn, J.T.; Silverberg, M.; Kaplan, A.P. Mechanisms of activation of the classical pathway of

complement by Hageman factor fragment. J. Clin. Invest. 1983, 71, 1450–1456. [CrossRef]
128. Dunkelberger, J.R.; Song, W.C. Complement and its role in innate and adaptive immune responses. Cell Res. 2010,

20, 34–50. [CrossRef]
129. Duchene, J. Kallikrein-Kinin Kystem in Inflammatory Diseases; De Gruyter: Berlin, Germany, 2011; ISBN 978-3-11-025235-4.

http://doi.org/10.1073/pnas.1400593111
http://www.ncbi.nlm.nih.gov/pubmed/24572573
http://doi.org/10.1128/JVI.02576-13
http://doi.org/10.1016/j.immuni.2020.04.003
http://doi.org/10.1046/j.1523-1755.1999.00369.x
http://doi.org/10.4103/0970-2113.63609
http://doi.org/10.1136/bmj.321.7258.424
http://doi.org/10.1136/bmj.318.7194.1306b
http://doi.org/10.3389/fimmu.2012.00229
http://doi.org/10.1016/S0065-2776(08)01006-7
http://doi.org/10.4049/jimmunol.0901860
http://doi.org/10.1189/jlb.0412214
http://doi.org/10.4049/jimmunol.179.8.5367
http://doi.org/10.1016/S0091-6749(98)70080-6
http://doi.org/10.1146/annurev.pathmechdis.3.121806.151456
http://doi.org/10.1155/2008/326464
http://doi.org/10.3390/v11030200
http://www.ncbi.nlm.nih.gov/pubmed/30818749
http://doi.org/10.1016/S1567-5769(02)00235-7
http://doi.org/10.5402/2011/353045
http://doi.org/10.1093/cid/ciaa248
http://www.ncbi.nlm.nih.gov/pubmed/32161940
http://doi.org/10.1101/2020.03.12.20034736
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1172/JCI110898
http://doi.org/10.1038/cr.2009.139


Viruses 2021, 13, 378 22 of 22

130. Chaudhry, R.; Babiker, H.M. Physiology, Coagulation Pathways; StatPearls Publishing: Treasure Island, FL, USA, 2018.
131. Nayak, A.; Dodagatta-Marri, E.; Tsolaki, A.G.; Kishore, U. An insight into the diverse roles of surfactant proteins, SP-A and SP-D

in innate and adaptive immunity. Front. Immunol. 2012, 3, 131. [CrossRef]
132. Hardin, C.C.; Chivukula, R. Surfactant Worth Studying as Treatment for COVID-19–Related ARDS—Mass General Advances

in Motion. Available online: https://advances.massgeneral.org/research-and-innovation/article.aspx?id=1196 (accessed on
1 January 2021).

133. Holden, N.S.; Gong, W.; King, E.M.; Kaur, M.; Giembycz, M.A.; Newton, R. Potentiation of NF-κB-dependent transcription and
inflammatory mediator release by histamine in human airway epithelial cells. Br. J. Pharmacol. 2007, 152, 891–902. [CrossRef]

134. Ayoub, M.; Mittenbühler, K.; Sütterlin, B.W.; Bessler, W.G. The anti-allergic drug histaglobin inhibits NF-κB nuclear translocation
and down-regulates proinflammatory cytokines. Int. J. Immunopharmacol. 2000, 22, 755–763. [CrossRef]

135. Hiscott, J.; Nguyen, T.L.A.; Arguello, M.; Nakhaei, P.; Paz, S. Manipulation of the nuclear factor-κB pathway and the innate
immune response by viruses. Oncogene 2006, 25, 6844–6867. [CrossRef]

136. ChiCTR2000030089, I.T.I. A clinical Study for the Efficacy and Safety of Adalimumab Injection in the Treatment of Patients A
Randomized, Open-Label, Controlled Trial for the Efficacy and Safety of Adalimumab Injection in the Treatment of Patients
with Severe Novel Coronavirus pne. Available online: http://www.chictr.org.cn/showprojen.aspx?proj=49889 (accessed on
1 January 2021).

137. Galloway, J.B.; Hyrich, K.L.; Mercer, L.K.; Dixon, W.G.; Fu, B.; Ustianowski, A.P.; Watson, K.D.; Lunt, M.; Symmons, D.P.M.
Anti-TNF therapy is associated with an increased risk of serious infections in patients with rheumatoid arthritis especially in the
first 6 months of treatment: Updated results from the British Society for Rheumatology Biologics Register with special emphasis
on risks in the elderly. Rheumatology 2011, 50, 124–131. [CrossRef] [PubMed]

138. Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors for mortality of
adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054–1062. [CrossRef]

139. Comas-Basté, O.; Sánchez-Pérez, S.; Veciana-Nogués, M.T.; Latorre-Moratalla, M.; Vidal-Carou, M.D.C. Histamine intolerance:
The current state of the art. Biomolecules 2020, 10, 1181. [CrossRef] [PubMed]

140. Laborde, C.; Parrot, J.L. The Histamine-Fixing Power of Blood Serum; Its Modification After an Injection of Normal Human
Serum or of an Azoprotein of Histamine. J. Physiol. 1954, 46, 492–495.

141. Laborde, C.; Parrot, J.L.; Urquia, D. Le pouir histaminopexique du serum sanguin. Thechinique mesre. Pre Med 1953, 61, 1151–1153.
142. Yoshii, H.; Fukata, Y. US Patent Application for Immunomodulating and antiinflammatory agent Patent Application (Application

#20020004058 issued 10 January 2002).
143. Yoshii, H.; Fukata, Y. US Patent for Activated Immunoglobulin Patent. U.S. Patent 6,627,194, 30 September 2003.
144. Yoshii, H.; Fukata, Y.; Yamamoto, K.; Yago, H.; Suehiro, S.; Yanagihara, Y.; Okudaira, H. Inhibitory effect of histamine-added

mouse gamma-globulin on eosinophil accumulation induced by allergen in BALB/c mice. Arerugi 1995, 44, 567–570. [PubMed]
145. Yoshii, H.; Fukata, Y.; Yamamoto, K.; Yago, H.; Suehiro, S.; Yanagihara, Y.; Okudaira, H. A new assay system detecting antibody

production and delayed-type hypersensitivity responses to trinitrophenyl hapten in an individual mouse. Int. J. Immunopharmacol.
1996, 18, 31–36. [CrossRef]

146. Mangadevi Thota, S. Efficacy of Injection Histoglob in Treatment of Chronic Urticaria—A Prospective Study. IOSR J. Dent. Med.
Sci. e-ISSN 2019, 18, 57–62. [CrossRef]

147. Hughes, J.P.; Rees, S.S.; Kalindjian, S.B.; Philpott, K.L. Principles of early drug discovery. Br. J. Pharmacol. 2011, 162, 1239–1249.
148. Zeshan, H.; Muhammad Muneeb, S.; Muhammad Ansar, F.; Maryum, I.; Maryam, K.; Rao Sohail Ahmad, K.; Adnan Khan, N. In

Silico Discovery of Novel Inhibitors Against Main Protease (Mpro) of SARS-CoV-2 Using Pharmacophore and Molecular Docking
Based Virtual Screening from ZINC Database. Preprints 2020. [CrossRef]

149. Hu, F.; Jiang, J.; Yin, P. Prediction of potential commercially inhibitors against SARS-CoV-2 by multi-task deep model. arXiv 2020,
arXiv:2003.00728.

150. Jin, Z.; Du, X.; Xu, Y.; Deng, Y.; Liu, M.; Zhao, Y.; Zhang, B.; Li, X.; Zhang, L.; Duan, Y.; et al. Structure-based drug design, virtual
screening and high-throughput screening rapidly identify antiviral leads targeting COVID-19. bioRxiv 2020. [CrossRef]

151. Kong, R.; Yang, G.; Xue, R.; Liu, M.; Wang, F.; Hu, J.; Guo, X.; Chang, S. COVID-19 Docking Server: An interactive
server for docking small molecules, peptides and antibodies against potential targets of COVID-19. Bioinformatics 2020,
36, 5109–5111. [CrossRef]

152. Wu, C.; Liu, Y.; Yang, Y.; Zhang, P.; Zhong, W.; Wang, Y.; Wang, Q.; Xu, Y.; Li, M.; Li, X.; et al. Analysis of therapeutic targets for
SARS-CoV-2 and discovery of potential drugs by computational methods. Acta Pharm. Sin. B 2020, 10, 766–788. [CrossRef]

153. Arya, R.; Das, A.; Prashar, V.; Kumar, M. Potential inhibitors against papain-like protease of novel coronavirus (SARS-CoV-2)
from FDA approved drugs. Chemrxiv.Org 2020, 1–8. [CrossRef]

154. Chang, Y.-C.; Tung, Y.-A.; Lee, K.-H.; Chen, T.-F.; Hsiao, Y.-C.; Chang, H.-C.; Hsieh, T.-T.; Su, C.-H.; Wang, S.-S.; Yu, J.-Y.; et al.
Potential Therapeutic Agents for COVID-19 Based on the Analysis of Protease and RNA Polymerase Docking. Preprints 2020.
[CrossRef]

155. Gehani, M.; Peddapalli, A.; Kalle, A.; Peddapalli, S.; Peter, A.; Sharad, S. Demystifying Excess Immune Response in COVID-19 to
Reposition an Orphan Drug for Down-Regulation of NF-κB: A Systematic Review. Available online: https://doi.org/10.7910/
DVN/EQXE0E (accessed on 1 January 2021).

http://doi.org/10.3389/fimmu.2012.00131
https://advances.massgeneral.org/research-and-innovation/article.aspx?id=1196
http://doi.org/10.1038/sj.bjp.0707457
http://doi.org/10.1016/S0192-0561(00)00037-0
http://doi.org/10.1038/sj.onc.1209941
http://www.chictr.org.cn/showprojen.aspx?proj=49889
http://doi.org/10.1093/rheumatology/keq242
http://www.ncbi.nlm.nih.gov/pubmed/20675706
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.3390/biom10081181
http://www.ncbi.nlm.nih.gov/pubmed/32824107
http://www.ncbi.nlm.nih.gov/pubmed/7542444
http://doi.org/10.1016/0192-0561(95)00102-6
http://doi.org/10.9790/0853-1803085762
http://doi.org/10.20944/preprints202002.0431.v1
http://doi.org/10.1101/2020.02.26.964882
http://doi.org/10.1093/bioinformatics/btaa645
http://doi.org/10.1016/j.apsb.2020.02.008
http://doi.org/10.26434/chemrxiv.11860011.v2
http://doi.org/10.20944/PREPRINTS202002.0242.V2
https://doi.org/10.7910/DVN/EQXE0E
https://doi.org/10.7910/DVN/EQXE0E

	Introduction 
	Normal Response of the Human Immune System to SARS-CoV-2 Infection 
	Need for Reviewing Excess Immune Response of Human Immune System to SARS-CoV-2 Infection in this Pandemic Situation 

	Materials and Methods 
	Search Strategy 
	Selection of Studies 
	Inclusion Criteria 
	Exclusion Criteria 

	Data Extraction 
	Assessment of Risk of Bias and Quality of Studies 
	Strategy for Data Synthesis 
	Primary Outcome 

	Results 
	Flow of Studies through the Review Process 
	Mortality Rate due to Excess Immune Response in COVID-19 
	Reporting of Mechanisms of Excess Immune Response 

	Discussion 
	Mechanisms of Excess Immune Response of the Human Immune System due to SARS-CoV-2 
	Extracellular Mechanisms 
	Intra-Cellular Mechanisms 
	Signaling Pathways in an Excess Immune Response 

	Role of Histamine and NF-B in Excess Immune Response in COVID-19 
	Drugs Acting on NF-B Signaling 
	Neutralization of Excess Histamine and Down-Regulation of NF-B 

	Translational Value and Future Research Direction 
	Conclusions 
	References

