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ABSTRACT

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing COVID-19 is associated with
excessive inflammation, as a main reason for severe condition and death. Increased inflammatory cytoki-
nes and humoral response to SARS-CoV-2 correlate with COVID-19 immunity and pathogenesis.
Importantly, the levels of pro-inflammatory cytokines that increase profoundly in systemic circulation
appear as part of the clinical pictures of two overlapping conditions, sepsis and the hemophagocytic syn-
dromes. Both conditions can develop lethal inflammatory responses that lead to tissue damage, however,
in many patients hemophagocytic lymphohistiocytosis (HLH) can be differentiated from sepsis. This is a
key issue because the life-saving aggressive immunosuppressive treatment, required in the HLH therapy,
is absent in sepsis guidelines. This paper aims to describe the pathophysiology and clinical relevance of
these distinct entities in the course of COVID-19 that resemble sepsis and further highlights two effector
arms of the humoral immune response (inflammatory cytokine and immunoglobulin production) during
COVID-19 infection.
© 2021 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights
reserved.
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1. Introduction

The novel human coronavirus (CoV) designated as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) was first distin-
guished in infected patients with pneumonia in Wuhan, China, in
December 2019. The respiratory illness derived from SARS-CoV-2
was termed by the World Health Organization (WHO) as the cor-
ona virus disease 2019 (COVID-19) that has become the most sev-
ere public health issue worldwide. Since the first reports of COVID-
19 in Wuhan, there has been an exponential growth in the number
of individuals diagnosed with COVID-19 all over the world. On
March 11, 2020, the outbreak was declared a pandemic by WHO
[1].

Several studies have now established that the COVID-19 is asso-
ciated with excessive inflammation, as a main reason for severe
condition and death in infected patients [2-4]. A key question for
hospitalized patients with COVID-19, then, is how immune
responses alter over time in the course of COVID-19. Complete
and comprehensive clinical assessment focusing on the immuno-
logical characteristics is fundamental to the appropriate selection
of treatment for the patient groups and for reliable analysis of
experimental results [5]. A proper comprehension of viral
immunopathogenesis may help with earlier management of the
severe complications and clarify the best approach in managing
this disease and better monitoring of the treatment response as
well as its clinical course. These include both cellular immune
responses, such as the induction of a high level of Th1 responses
and cytotoxicity and humoral immune responses, mediated by
increased antibody and cytokine levels [6]. Humoral responses
have been associated with clinical outcome in patients with
SARS-CoV-2 virus infection. Although the humoral immune
responses induced by SARS-CoV-2 is rapid and is elicited by most
infected individuals, its magnitude and time course kinetics corre-
lates with COVID-19 disease severity [7]. This is the key issue in the
management of the pandemic since the main target of current vac-
cine approaches is B cells that produce antibodies to target virus
and infected cells. Biomedical data has also evidenced the associa-
tion between COVID-19 clinical outcome and inflammatory cyto-
kines. The level of pro-inflammatory cytokines that increase
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profoundly in systemic circulation appear as part of the clinical
pictures of two distinct but overlapping conditions, where a robust
inflammation is elicited affecting multiple organ damage, sepsis
that usually presents with respiratory distress and multiple organ
dysfunction and the hemophagocytic syndromes which are mostly
caused by the activation of macrophages as a result of an infection
[8]. The review may shed some lights on the understanding of the
pathophysiology of the ambiguous and complex manifestations of
COVID-19 and will additionally inform about the clinico-
pathogenesis of acute lung inflammation caused by COVID-19, in
a natural host-pathogen interaction. Given the key role of antibod-
ies in protective immunity and immune pathogenesis of viral dis-
eases, we focus this review to specific issues relating to a
serological correlate of protection from SARS-CoV-2 for COVID-19
vaccine evaluation and discuss how they are related to viral load
in acute infection and SARS-CoV-2-induced clinical illness severity.
We further highlight the importance of screening in seropreva-
lence studies of the infection, seroconversion rate and the compli-
cations with rapid therapeutic intervention with immunoglobulin
treatment.

2. COVID-19 pathology frameworks

2.1. COVID-19 pathology is substantially associated with perturbations
in immune system compartments

It seems that COVID-19 illness drives two distinct but related
pathologies triggered by the virus itself and by the host response,
albeit in different levels of severity [9]. The early reports suggest
that in the establishment phase of the infection the symptom
expression is similar in immunocompetent and immunoquiescent
states as in the elderly, or transplant recipients [10]. Owing to the
concomitant use of anti-inflammatory therapy in heart transplan-
tation, the COVID-19 disease tends to be milder in the second
phase which is determined by the inflammatory host response
[10,11]. Accumulating evidence indicates a plausible link between
the host immune response and disease progression during 2019-
nCov infection and this plays an important role in shaping SARS-
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Fig. 1. Schematic diagram of the pathological effects of immune system cytokines in COVID-19. During the disease caused by SARS-CoV-2, activated monocytes and
macrophages produce various cytokines such as IL-1, IL-6, and TNFa which can cause cytokine storm and multiorgan damage. IL-6 also can induce liver cells to synthesize
acute phase proteins and is associated with low albumin and transferrin concentrations. In addition, IL-12, produced by monocyte/macrophage, dendritic cell and B cells, may
induce NK and T cells to secrete IFN-y which in turn stimulates IL-12 production in a positive feedback loop. SAA; serum amyloid A, CRP; C reactive protein, Th; helper T cell,
IL-; interleukin-, TNF-o;; tumor necrosis factor alpha, GM-CSF; granulocyte-macrophage colony-stimulating factor, MCP-1; monocyte chemoattractant proteinl, IP-10;

Interferon-Inducible Protein 10, IFNv; interferon y protein.

CoV-2 pathology. In this respect, at non-severe stages, develop-
ment of COVID-19-induced immunity is thought to produce a clas-
sical two-phase immune profile that provides a protective
response followed by pro-inflammatory damaging reactions at
the severe stage [12]. Lung damage is a major source of morbidity
and mortality limiting recovery in those severe patients and there
are occasional serious complications associated with kidney failure
or heart problems. It has been reported that severe COVID-19 dis-
ease is more likely in the elderly, who have weaker immune func-
tion. These population groups are considered to have an adverse
outcome with regard to their general health status. This report
establishes a role for good health in mounting a protective endoge-
nous immune response that elicits specific antiviral immunity.
When host-protective immune response is impaired, virus will
propagate to a high extent causing massive destruction of the tis-
sues with high expression of Angiotensin-converting enzyme 2
gene (ACE2) such as kidney and intestine. Impaired cells, as a
result, contribute to innate immune activation leading to inflam-
mation in the lungs [12]. Pulmonary inflammation is the most
common feature of life-threatening respiratory disorders that
afflict patients in the older age group/severe stages [13]. Although
early adaptive immune response is needed to eradicate the virus in
the early stages and likely contribute to the susceptibility of the
host to infection but it may be even a causative factor in pul-
monary pathologies. The first immune response emerges from
innate immune cells including macrophages, neutrophils, and the
NK cell activities initiated to try to eliminate the virus, which fur-
ther activates the adaptive immune system [14]. The anti-viral
adaptive immune response resides on cytotoxicity by CD8 + CTL,
Th1 subset of CD4 +T cells, and antibody-secreting plasma cells
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[14]. Many of the evidenced severe COVID-19 cases demonstrate
a large number of proinflammatory cytokines in serum [9,15].
Moreover, the existence of autoantibodies directed against a vari-
ety of proteins including cytokines, chemokines, and cell surface
antigens in the serum of COVID-19 patients may contribute to
the tissue damage by immune complex formation and activating
complement [16]. Since an exacerbated immune response to the
virus can aggravate a preexisting injury condition, being in a good
overall health state may not be beneficial for those who have pro-
gressed to the severe stage of the disease. In the late phases, once
severe lung damage occurs, treatment of virally driven hyperin-
flammation tailored to this demanding condition may be able to
keep it from getting worse or stop it in order to reduce fatality
rates. Yet identifying the immune mechanisms which determine
the infection duration induced by the virus and discriminate
between people with severe and non-severe (mild, moderate)
COVID-19 infection has been the subject of debate.

2.2. The molecular dynamics of cytokine production during SARS-CoV-
2 infection

It would also be relevant to illuminate the molecular dynamics
of cytokine response during the course of disease. Early studies
have shown that 2019-nCoV infection induce increased concentra-
tions of proinflammatory cytokines, including IFN-y, IL-18, IP-10,
and MCP1 which is similar to features of infections caused by
SARS-CoV [17] and MERS-CoV [18]. The role of these cytokines in
pathophysiology of the disease is briefly explained as a diagram
in Fig. 1. At the same time, SARS-CoV-2 may antagonize the antivi-
ral interferon response of the host and thus evade innate immunity
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[16]. Furthermore, similarities and differences of clinical features
between severe and non-severe COVID-19 patients have been
noted in regard to the kinetics of the immune response which is
of major importance in the pathogenesis or progression of
COVID-19 infection. In this regard, comparison between 2019-
nCoV-infected patients admitted to the intensive care unit (ICU)
and non-ICU patients has shown higher levels of specific cytokines
(TNF-o, IL-2, IL-7, IL-10, MCP-1, G-CSF, MIP1A, and IP-10) in
patients requiring ICU admission than did subgroups not requiring
ICU admission [9] proposing that the cytokine storm strongly cor-
relates with disease severity [19]. In the first critical COVID-19 case
in Zhejiang Province, Zhang et al. [20] showed that elevated circu-
lating levels of IL-6, IL-10 and IFN-y decreased quickly while the
levels of IL-4 and TNF-a increased when RT-PCR test for viral
RNA returned negative. Since dynamics of the cytokine levels dur-
ing SARS-CoV-2 infection appear to be related to disease severity,
they may therefore serve as a potential biomarker for prognostic
evaluation [21].

2.3. The primary source of the cytokine storm in response to SARS-
CoV-2 infection

Cytokine release syndrome (CRS) or cytokine storm is a complex
hyperimmune response syndrome usually seen with T-cell activat-
ing therapeutics as in patients receiving CAR-T cell therapy which
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results in symptoms including fever, nausea, headache, and
hypotension [22]. CRS can occur after a wide variety of infectious
and non-infectious stimuli. Cytokine stimulation by infectious fac-
tors, or condition would exacerbate severity of the disease and an
exaggerated cytokine response has been described as a driver of
pathology in COVID-19 patients with advanced disease [23]. Since
severe 2019-nCoV infection have been characterized with lympho-
cytopenia (indicating a state of immunosuppression), it is inferred
that COVID-19-induced CRS may be the result of an overactive
innate immune response mounted by other leukocytes [12]. Previ-
ous studies on SARS virus have shown the stronger host innate
immune responses to viral infection in older animals inoculated
with SARS-CoV compared to younger adults with a marked eleva-
tion in expression levels of inflammation related genes [24].
Regarding SARS-CoV-2, the innate immune response to the virus
has been proposed to contribute to the development of acute res-
piratory distress syndrome (ARDS) due to the rapid onset of wide-
spread inflammation in the Iungs [13]. The pathological
investigation of the lungs in fatal cases of COVID-19 reveals mas-
sive infiltration of alveolar macrophages with slight lymphocytic
infiltration [25]. The composition of immune cells localized to
the lung differs across patients ranging from mild to severe. In
the severely injured lung, the predominant macrophage lineage
is greatly inflammatory Fibronectin-like sequences within NC1+
(FCN1 +) macrophages, a phenotype that associates with

Alveolar Macrophage represent the predominant
tissue-resident macrophage in mildly infected patient
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Fig. 2. Specific macrophage-monocyte lineage cells surrounding alveoli that cause local pulmonary inflammation after SARS-CoV-2 infection or COVID-19 disease. The
composition of immune cells localized to the lung differs across patients ranging from mild to severe. The pathological investigation in mild cases of COVID-19 reveals
massive infiltration of alveolar macrophages, while in the severely injured lung the predominant macrophage lineage is inflammatory FCN1 + macrophages, that associates
with monocyte-derived macrophages. A unique monocyte subset called as “severe stage-specific monocyte” exists only in severe stage patients with COVID-19.
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monocyte-derived macrophages [26], whereas, in both healthy
subjects and mildly infected cases, the alveolar macrophages con-
sisted the principle tissue-resident macrophages in the lungs.
Indeed, in lung (bronchoalveolar lavage fluid) immune cell compo-
sition, FABP4+ (fatty acid-binding protein 4) alveolar macrophages
with lipid metabolic functions replace the inflammatory
monocyte-derived FCN1 + macrophages indicating a disturbed bal-
ance of lung macrophage subpopulations during the progression of
severe COVID-19 [26]. Importantly, the depletion of alveolar
macrophages, as effector cells for pulmonary cell-mediated immu-
nity [27], in severely infected lungs is likely a leading cause of
failed lung function. These data show that there is relationship
between disease severity during the COVID-19 infection and the
loss of resident alveolar macrophages accompanied by the accu-
mulation of monocyte-derived inflammatory macrophages.
Inflammatory macrophages having interferon signaling and
monocyte-recruiting chemokine programs can lead to a macro-
phage excess and this may drive severe lethal pneumonia in
SARS-CoV-2 infected individuals [28]. Profiling the peripheral
immune cells in COVID-19 demonstrated a unique monocyte sub-
set called as “severe stage-specific monocyte” which existed only
in severe patients. Single-cell RNA sequencing (scRNA-seq) analy-
sis of peripheral blood mononuclear cells suggest that distinct
properties of these cells are dictated by a gene regulatory network
consisted of ETS2, NFIL3 and PHLDA2 transcription factors that
involved in regulating the monocyte inflammatory storm [29].
Taken together, the data convincingly propose that an excessive
secretion of proinflammatory cytokines of macrophage origin is
responsible for immunologically mediated adverse effects in
SARS-CoV-2 infected patients. The critical issue is how to recognize
and intervene early in those patients at increased risk of develop-
ing this complication. Fig. 2 depicts the local immune mechanisms
and mediators of pulmonary hyperinflammation and impaired gas
exchange in the lungs in patients with mild and severe COVID-19
illness.

2.4. Immunopathogenesis of SARS-CoV-2-induced disease: A potential
infection-associated hemophagocytic lymphohistiocytosis or viral
sepsis?

Current data supports that hyper immune reaction, leading to
cytokine storm in COVID-19, which is clinically specified by lym-
phopenia, pathological damage, respiratory failure, shock, and
organ failure, is at least partially accounted for these poor out-
comes. Two prominent immune dysregulation syndromes impli-
cated as common causes of hyper inflammation associated with
tissue injury include HLH and toxic shock syndrome/sepsis and
thus it is crucial to think about it when facing a patient with fever,
cytopenia, hepatosplenomegaly, and other systemic manifesta-
tions. Identification and characterization of the sepsis and HLH
overlapping syndromes might be an obstacle to deal with in this
setting, because both disorders cause a similar presentation. To
explore better clinical care for critically COVID-19 ill patients with
pneumonia, this section aimed to describe the clinical and labora-
tory manifestations of these patients to accurately define the
immunopathogenesis derived from the systemic cytokine storm.
To date, the underlying cause of hyperinflammation in patients
with COVID-19 has remained elusive. Hemophagocytic lymphohis-
tiocytosis (HLH; hemophagocytic syndrome), is known as a poten-
tially fatal hyperinflammatory status that describes the
phenomenon of activated macrophages which phagocytose
hematopoietic cells such as leukocytes, platelets, erythrocytes,
and their precursor cells in the bone marrow, lymph nodes, or liver,
leading to the clinical symptoms. It is of two types - primary HLH
(familial HLH) and secondary HLH (acquired HLH). The later occurs
following strong immunologic activation such that occurs with
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systemic infection (virus, bacteria and protozoa), neoplasms, and
autoimmune disease [30]. The clinical feature of the syndrome is
mainly determined by prolonged fever, splenomegaly, and
hemophagocytosis in the bone marrow and the major laboratory
hallmarks include hyperferritinemia, hypertriglyceridemia,
cytopenias, hypofibrinogenemia, decreased or absent activity of
NK cells, and elevated sCD25 [31]. For SARS-CoV-1, HLH have been
shown related to adverse clinical outcomes in a subset of fatal
infections [32-35]. Analysis of laboratory results in a large cohort
of inpatients with COVID-19 showed that such abnormalities as
anemia, thrombocytopenia, elevated ferritin and ALT are signifi-
cantly more frequent in non-survivors compared to survivors
[36]. There is a small case-series report in literature describing
hypertriglyceridemia, high fever, and hyperferritinemia, which
are helpful in combination with distincting HLH from non-HLH
COVID-19 patients with ARDS [37]. Progression to ARDS , that is,
the upregulation of pro-inflammatory cytokines and chemokines,
in several severe COVID-19 patients is very similar to the pattern
found in macrophage activation syndrome or secondary
hemophagocytic lymphohistiocytosis (sHLH), a clinical condition
presenting as a cytokine storm syndrome associated with multi-
organ system dysfunction [38]. Laboratory and clinical features of
a severe COVID-19 patient often resemble that of HLH including
fever, cytopenias, and pulmonary involvement [39,40]. A HLH-
like cytokine profile involving enhanced the cytokine production,
including IL-1B, IL-2, IL-6, IL-7, IL-8, TNF-a0 and chemokines such
as CXCL10 and CCL2 predominate in the majority of severe
COVID-19 infections [41,42]. Cytokine storm with features akin
to HLH, however, is associated with profound immunosuppression
which is evident with pronounced lymphopenia, and decreased
natural killer cell function [42,43]. HLH is often diagnosed using
clinical, laboratory, and histologic features [44]. Pathologic detec-
tion of hemophagocytosis plays an essential role in the diagnosis
of HLH. Post-mortem findings in a series of 4 cases with
laboratory-confirmed COVID-19 have documented histologic evi-
dence of hemophagocytosis [37].

Sepsis as a distinct medical entity represents a state of uncon-
trolled inflammatory response [45]. Although bacterial infection
has been the predominant cause of sepsis syndrome, viral infec-
tions can also elicit sepsis. This association has previously been
described where it was shown that nearly 40% of community-
acquired pneumonia adults had sepsis on account of viral infection
[46]. Similarly, sepsis might be directly resulted from SARS-CoV-2
infection. A univariate and multivariate analysis for the risk factors
of in-hospital death using retrospective data on 191 patients with
COVID-19 detected the developed sepsis and no bacterial patho-
gens in more than half of patients [36]. According to the Interna-
tional Consensus definitions for sepsis and septic shock (Sepsis-
3), the assessment of Sequential/Sepsis-related Organ Failure
Assessment (SOFA) score is suggested as a measure of sepsis-
associated organ dysfunction [47]. In addition to severe lung
injury, many late phase COVID-19 patients satisfy several of the
criteria required for sepsis diagnosis including cold extremities
and weak peripheral pulses, severe metabolic acidosis, impaired
liver [48] and kidney function [49] indicating possible recognition
of sepsis in these patients [50].

Documentation of the mechanism of hyperimmune host reac-
tions triggered by the virus that results in hypercytokinemia is
found to be complicated because human COVID-19 disease has
been associated with severe clinical manifestations in the form of
sepsis and the overlapping disorder, HLH-like illness, as well. It
seems possible that the inflammatory response elicited by SARS-
CoV-2 virus may trigger a hyper-inflammatory disease course
identified by HLH syndrome in at least a subset of patients. Exper-
imental evidence in support of this concept has been given in a
cohort of 16 fatal HIN1 adult patients where 81% exhibited HLH
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histologically and 36% were identified to carry heterozygous muta-
tions in genes associated with familial HLH [51]. Intriguingly,
others have reported that 14% of the patients who develop HLH
in adulthood harbor hypomorphic mutations in familial HLH-caus-
ing genes and these mutations might have an assisting role in
developing the late-onset HLH when challenged by viral infection
or other stresses [52]. These data may explain that both genetic
and immunologic diagnostic testing may be beneficial in forecast-
ing which individuals are at highest risk of cytokine storm and that
HLH-directed treatment can reduce mortality associated with HLH
in a subset of COVID-19 patients. There are also characteristics of
sepsis with cytokine storm that might argue against HLH as the
major cause for increased mortality in this pandemic setting. In
spite of significant similarity of HLH to in terms of clinical manifes-
tations and pathophysiologic characteristics, it can be discrimi-
nated from sepsis in many patients. Since the aggressive
immunosuppressive regimen required to treat HLH is absent in
sepsis guidelines, differential diagnosis is critically essential
between these two conditions [53]. However, the majority of
physicians consider sepsis as a leading cause of critical illness for
understanding of severe COVID-19 pathogenesis [54]| mostly due
to the fact that severe COVID-19 presents with hyper-
cytokinemia [9,55]. It is now evident that severe COVID-19 can
cause sHLH [37,56]. Finally, however final conclusions cannot be
made, we propose that sepsis-HLH overlap syndrome (SHLHOS)
which represents a severe form of sepsis or a subgroup of septic
patients who are suffering from dysregulated immune hyperactiv-
ity where infection triggers macrophage activation, might explain a
significant fraction of critically ill COVID-19 patients with no clear
dividing line between sepsis and HLH [57]. Identifying these
patients might allow us to select those who would benefit most
from immunomodulation.

3. Humoral outlines in SARS-CoV-2 infection
3.1. B cell responses

Although the development of lymphopenia is mainly related to
the decrease in absolute T cell counts, contribution of B lympho-
cytes in this setting in COVID-19 pneumonia remains controversial.
There are a significant number of studies that indicate the absolute
numbers of B cells were within normal range in most patients dur-
ing the course of COVID-19 disease [43,58]. Other reports suggest
decrease in B cells in COVID-19 patients and that severe cases have
a diminished level than mild cases [43,59]. In contrast, in a com-
parison between severe, recovery and healthy stages, a distinct dif-
ference has been observed between the groups; while the absolute
number of total lymphocytes was decreased in COVID-19 patients,
the proportion of B lymphocytes was found to be higher in most
patients, more profoundly in severe cases [60]. In addition, plasma
B cells, the antibody-secreting cells, were found enriched at severe
and recovery stages versus healthy controls indicating that
humoral immunity is crucial to fight off viral infection [29]. How-
ever, it remains a matter of debate whether antibody-dependent
enhancement play roles in disease exacerbation [61,62]. Such a
scenario has been considered especially based on the findings that
COVID-19 ICU patients who had evidence of SARS-CoV2-specific
antibodies were not protected yet, and may even be at increased
risk for adverse outcome [63]. Meanwhile, in another study, it is
suggested that B-cell response might be nonessential based on
the observation that the two patients with X-linked agammaglob-
ulinemia who were exposed to SARS-CoV-2 and developed pneu-
monia could recover from the COVID-19 disease [64]| implying
that the production of antibody is probably involving in disease
progression. It also may reflect that normal T cell response may
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be sufficient in the immune response against SARS-CoV-2
infection.

The failure to document a definitive pattern of B cell kinetics in
SARS-CoV-2 infection may be attributed to the analysis of the
whole B cell population but not considering subpopulations. A
deep profiling study of B cell populations has revealed several
alterations in the distribution of B cell subsets in patients with
COVID-19 [65]. Within the CD19 + B cells, plasmablast (PB) fre-
quencies (CD19 + CD27 + CD38 + ) were often robustly increased,
representing > 30% of circulating B cells in some cases, whereas
IgD + CD27- naive B cell counts were not. However, robust plas-
mablast populations were only observed in two third of cases, with
the remaining patients presenting PB at similar frequencies to
recovered cases and healthy subjects [65]. Conversely, class-
switched (IgD — CD27 +) and not-class-switched (IgD + CD27 +)
memory B cell subsets were decreased in COVID-19 patients com-
pared to recovered patients and healthy controls. In following up
patients longitudinally for temporal pattern of change in lympho-
cyte subpopulations, the prior study also found that COVID-19
patients maintain a stable frequency of PB cells at day 0 and day
7 of hospitalization, however there were significant changes in
memory B cell subsets [65]. Findings from another study, using
single-cell sequencing, found that naive B cells expressing CD19,
CD20 (MS4A1), TCL1A, IL4R, IGHD, and IGHM decreased signifi-
cantly in the course of COVID-19 recovery stage [66], which con-
trasts with the previously mentioned report, using high
dimensional cytometry, in patients who present with COVID-19
infection [65]. Overall, there is considerable inter-patient hetero-
geneity for circulating B cell responses, although it appears that
both the proportion and number of B cells are not frequently
decreased in both severe and non-severe patients [60]. Considering
the dynamic acute immune response to SARS CoV-2 [67], a possible
reason for the observed heterogeneity may rely in different sam-
pling time points and different sample sizes in the discussed
studies.

3.2. Antibody response dynamics in association with clinical
manifestations

After SARS-CoV-2 virus exposure, adults are usually capable to
mount strong, weak or no antibody response to SARS-CoV-2 nucle-
ocapsid protein. Also, the magnitude of antibody responses pro-
duced in COVID-19-infected adults negatively correlates with
clinical immunity [68]. It has been observed that the earlier
response, and higher antibody titer is associated with disease
severity, indicating that strong responders for IgM and IgG among
patients with COVID-19 may be actually those with severe disease
[69,70]. A high antibody titers, therefore, is suggested to be an
independent risk factor for a worse clinical prognosis in COVID-
19 [70]. The potential contribution of antibody response to viral
clearance must also be considered, as patients with COVID-19
who were poor IgG responders followed with higher viral clearance
rate than that of strong responders [68] which resemble SARS-CoV
[62] and MERS-CoV [71] infections. Alternatively, a short duration
of viral shedding has been reported to occur in patients with pos-
itive anti-SARS-CoV-2 IgM results compared to those with the
absence of anti-SARS-CoV-2 IgM antibodies [72]. It has been docu-
mented that both anti-SARS-CoV-2 IgM and IgG are produced dur-
ing COVID-19 infection but their contribution to viral clearance
remains to be elucidated. Antibodies specific for the viral spike
protein, which facilitate the infection of human immune cells inde-
pendent of ACE2 receptor, comprise an important fraction of anti-
bodies elicited by SARS-CoV-2 infection [73]. The basic idea and
theoretical concern of antibody-dependent enhancement (ADE)
with SARS-CoV-2 coronavirus is based primarily on experimental
findings and limited clinical evidence [74]. These data indicate a
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Fig. 3. Antibody response associates with viral load and shedding of patients with COVID-19 infection. In the early infection the specific antibody responses against SARS-
CoV-2 is mainly the IgM antibody response that is correlated to higher viral clearance whereas following seroconversion or in the individuals who produce IgG earlier than

IgM, the higher viral load and longer duration of viral shedding has been detected.

novel cell entry mechanism into immune cells known as antibody-
mediated infection. Further evidence support the predominant role
of Fcy receptor (FcyR) in ADE of SARS-CoV-2. The immune cells
expressing FcyR for IgG may be infected by IgG-FcyR interactions
mediated by anti-SARS-CoV-2 spike protein IgG antibodies which
are found in high levels in severe COVID-19 patients [75]. These
findings may explain the reason of functional dichotomy between
IgG and IgM in the pathogenesis of SARS-CoV-2. Prolonged virus
shedding even after seroconversion has been demonstrated in an
individual case report [76]. Fig. 3 illustrates the possible associa-
tion between the specific antibody response in early infection
which is mainly of IgM type and after seroconversion to IgG anti-
SARS-CoV-2 antibodies with the viral load and shedding in
COVID-19 patients.

The causal link between humoral response and critical illness is
still poorly understood. Reasonable hypotheses can be made based
on knowledge from MERS-CoV and SARS-CoV which indicate the
possibility of antibody-dependent disease enhancement effects
[62,77]. Assessment of IgM and IgG antibody responses in patients
who underwent seroconversion, show that IgG and IgM titers were
raised in the severe group compared to non-severe group. The
serological courses of COVID-19 infection in 285 patients suggest
that all had detectable antiviral IgM or IgG within 19 days after
symptom onset and the median day of seroconversion for both
IgG and IgM was day 13 [78]. Moreover, sequential analysis
revealed three models of seroconversion including IgM serocon-
version earlier than that of IgG, IgM seroconverted later than or
synchronously with IgG [78]. These results are in great contradic-
tion with the assumed principles of sequential serum antibody
response to the pathogens switching from an early IgM response
to a later IgG response [79], and suggest that the total antibody
is more sensitive and rises faster than IgM and IgG for detecting
SARS-CoV-2 infection [70]. As a mucosal pathogen, SARS-CoV-2
virus infects individuals mainly through the mucosal routes and
it would thus be expected to induce secretory IgA (sIgA). One major
effector molecule of mucosal anti-viral immunity is sIgA [80]. IgA-
mediated protection prevents pathogens from binding and invad-
ing the host cells. A role for antibody-dependent cellular cytotoxi-
city (ADCC) has also been proposed as a mechanism of effector
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immune responses mediated by sIgA [81]. In particular, sIgA is able
to drive activating signals, leading to cytokine release [82]. A
recent study evaluating the pattern of humoral immune response
to SARS-CoV-2 showed that remarkably higher level of IgA and
IgG were found in severe patients compared to non-severe patients
[83]. The positive association between the level of SARS-CoV-2-
specific IgA and the disease severity has been established in
COVID-19 patients [83]. However, we cannot draw final conclu-
sions, there is overall agreement in that the great majority of con-
firmed COVID19 patients seroconvert and antibody response vary
with different clinical manifestations and disease severity [72].

3.3. Serological assays provide a means for sero-diagnosis, sero-
epidemiology and evidence of naturally acquired or vaccine induced
immunity

Although molecular diagnostic tests developed rapidly in the
early phase of the pandemic, serologic assays are still somewhat
limited. The role of adaptive immunity in the natural history of
SARS-CoV-2 is particularly important. Adaptive immunity is
expected to rise within one week from infection [84]. The use of
serological assay as an indirect marker of infection is still debated
in terms of its diagnostic values in SARS-CoV-2 infection [85].
Recently, interim guidance for laboratory testing are provided by
the World Health Organisation (WHO) showing the strategic use
of diagnostic testing in areas with different transmission/circula-
tions of the COVID-19 outbreak [86]. That indicates where the
COVID-19 virus is widely spread serological testing over time is
recommended to support diagnosis. In areas with no established
SARS-CoV-2 virus circulation, it is required to pay attention a case
laboratory-confirmed by detecting the unique sequences of virus
RNA by molecular testing such as real-time reverse-transcription
polymerase chain reaction (rRT-PCR) for at least two different tar-
gets on the SARS-CoV-2 genome [86]. The reliability of RT-PCR
depends on many factors, including the sample types (throat or
nasopharyngeal swabs, sputum, blood, etc.), the quality of the sam-
ple (either during collection or shipment), and the quality and con-
sistency of the PCR assays [87,88]. Characterization of serological
profiles also may provide support for the diagnosis of either rein-
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fection or relapse in cases. Serological tests have low sensitivity in
acute phase of the disease because of a 5- to 7-day delay in the IgM
antibodies produced after exposure and thus give the correct diag-
nosis in certain phases of the disease. The serological testing repre-
sents the main examination in tracking the infection and
identification of humoral immune response in vaccinated individ-
uals. It also provides more accurate information regarding epi-
demiological aspects of the disease related to any previous
exposure to SARS-CoV-2 in populations. As an example, the sero-
prevalence rate of COVID-19 in Wuhan was estimated 3.2%—3.9%
in March 2020 and a ~ 4.1% estimated seroprevalence rate has
been recorded in California in April 2020 [16]. Another important
aspect to consider is its use in those with mild symptoms or
asymptomatic patients as an option for screening of populations
including healthcare workers. Currently, there is a substantial
group of people asymptomatically infected or very mild cases of
COVID-19 infection who mask a population’s true rate of infection
[89]. This supports the view that screening is currently the stron-
gest tool available in the fight against COVID-19 infection. A recent
review of the literature describes the details of the various serolog-
ical tests used for COVID-19 investigations including rapid anti-
body tests, and immunoenzymatic serological tests like indirect
enzyme-linked immunosorbent assay (ELISA) [90]. Several ELISAs
have been developed for the identification of individuals exposed
to the virus and for the quantitation of IgG and IgM [90]. The diag-
nostic potential of the SARS-CoV-2 antibodies is an ongoing debate
and further studies are needed to determine the best time to use
them for disease assessment. Analysis of the humoral response of
140 cases diagnosed as confirmed (n=82) and probable COVID-
19 (n =58) cases has shown that the early IgM and IgA antibodies
increased both between days 8-14 but were not sustained
between days 15-21 of infection or thereafter, whereas the IgG
antibody titers increased on days 8-14 and tended to rise until
days 15-21 peaking on day 21 [91]. That means that the lack of
detection sensitivity at early time-points has limited this approach
in early stage infection where the ELISA titer is virtually unde-
tectable at days 0-7 [91]. Generally, however, such serological
assays is not employed to make diagnosis of acute infections, they
help support some relevant applications [92]. Up to date, serolog-
ical testing for clinical diagnostic purposes is mostly requested in
hospitalized patients when despite a strong clinical suspicion,
RNA testing remains negative, or for patients whose samples are
collected after the acute phase of the infection, as well as in
patients who have low viral loads and await decision to end isola-
tion in clinical practice [93]. One study testing ELISAs using the
main immunogenic coronavirus proteins demonstrated that
among the spike protein antigens tested, receptor binding domain
(RBD), and the N protein antigen were more sensitive than S1 sub-
unit of S protein, while S1 subunit specific IgG ELISA was more
specific in detecting SARS-CoV-2 antibodies [94]. The specificity
of serological testing for SARS-CoV-2 is of critical importance
because cross reactions may occur due to the presence of antibod-
ies against other circulating coronaviruses in the community.
Furthermore, serological tools should be considered to identify
potential highly reactive human donors for generation of convales-
cent plasma/serum therapeutics [92]. Titration of neutralizing anti-
bodies is effective prior to use convalescent plasma therapy.
Neutralizing antibodies arise during the course of infection in some
infected hosts to enable virus clearance and confer protection in an
uninfected host that exposed to the virus [95]. For many viral
infections, it is widely accepted that neutralizing antibodies are a
main correlate of protection [96-98]. As an instance, testing for
neutralizing antibodies has been an established gold standard for
assessing individual protection from polioviruses [99]. In addition,
the induction of neutralizing antibody is a crucial criterion of vac-
cine efficacy studies and can be used in the evaluation of popula-

740

Human Immunology 82 (2021) 733-745

tion immunity [100]. Antibodies against SARS-CoV-2 S protein
are likely most important to block binding of SARS-CoV-2 virus
to the receptor [101]. Monoclonal antibodies against a series of
immunodominant regions on the viral proteins—for example, the
spike glycoprotein are serotype-specific, while other potential epi-
topes are not. Two immunodominant linear B-cell epitopes (S14P5
and S21P2) present on SARS-CoV-2 spike glycoprotein have been
shown to be associated with a robust immune response; antibodies
recognizing these two epitopes could result in a significant inhibi-
tion of virus infection, as demonstrated by using sera of convales-
cent COVID-19 patients and pseudotyped lentivirus assay [102].
While the optimal dose and time point for screening potential
plasma donors needs further investigation, it is to be noted that
a neutralizing response has been detected for SARS-CoV-2 in a case
from day 9 onwards [103].

4. Passive immunization - antibody therapies in Covid-19
4.1. Antibody therapy: Possible benefits and limiting drawbacks

The great demand for the discovery of primary care-based ther-
apeutic methods that combine the high specificity and accelerated
development to control a serious viral outbreak often arise at times
when vaccine and antivirals are not available. Therefore, it is
urgent to consider rapid therapeutic interventions in order to
enable emergency recovery from the severe condition of SARS-
CoV-2 and its related consequences [104]. In view of the prior
promising experience in treating other viral infections such as
influenza, SARS, and MERS, great interest has been emphasized
that passive immunotherapy and prophylaxis of SARS-CoV-2 infec-
tion would become possible by the potential utilization of antibod-
ies [105]. Antibody therapy for infections includes plasma and
monoclonal antibody therapies. To improve the emergency condi-
tion, passive immunotherapy in the form of convalescent sera rep-
resented a promising option where no other treatment was
available. Immunotherapy by transferring the convalescent sera
to infected patients may be capable of neutralizing the virus and
prevent further infection. Early administration of convalescent
plasma can be considered, although with some caution, for
immunocompromised patients with suspected COVID-19 infec-
tion, a situation in which prolonged shedding of virus occurs fre-
quently [106]. Treatment with passive antibody therapy can
possibly reduce the viral load of infected patients and reduce the
risk of subsequent mortality [107-111]. However, the challenges
associated with availability of sufficient donors, viral kinetics, the
influence of neutralizing antibodies on SARS-CoV-2 infection pro-
gression and underlying virus-host interactions are still under dis-
cussion. Also the challenges in developing these types of antibody-
based treatments include the difficulties encountered with/in the
viral safety of immunoglobulins preparations, the purity, and
specificity. These factors have elicited the renew interest in apply-
ing antibody-based treatments to combat the COVID-19 virus.
Chicken egg yolk antibodies (IgY), the main immunoglobulin pre-
sent in avian blood (IgY), have proven useful for many biomedical
applications [112]. IgY application as a non-invasive procedure has
been successfully tested in human health. Specific anti-viral IgY
monoclonal antibodies against SARS CoV-2 offers chances for rapid
diagnosis and immunotherapy against COVID-19 [113]. It is more
suitable than mammalian serum immunoglobulins because it does
not react with components of the human immune system [114].

Monoclonal antibodies are specific therapeutic molecules cap-
able of serving as highly effective treatment candidates protective
against particular disease [115,116]. Accordingly, monoclonal anti-
bodies against proteins present on the viral membrane or the
receptor proteins located in the host cell surface can be used to
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Table 1
Recruited clinical trials of immune-based treatments in COVID-19? patients.
Intervention Phase  Type of Registration Code
Intervention
Plasma Therapy Phase  Convalescent NCT04333355, NCT04345679, NCT04340050, NCT04412486, NCT04397757, NCT04353206, NCT04388527,
1 Plasma NCT04355897, NCT04377672
Phase  Convalescent NCT04344535, NCT04438694, NCT04366245, NCT04356482
1/2 Plasma
Phase  Convalescent NCT04343755, NCT04345991, NCT04347681, NCT04323800, NCT04332380, NCT04343261, NCT04346446,
2 Plasma NCT04354831, NCT04415086, NCT04405310, NCT04389710, NCT04442191, NCT04392414, NCT04434131,

NCT04421404, NCT04390503, NCT04429854, NCT04375098, NCT04373460, NCT04403477, NCT04364737,
NCT04357106, NCT04392232, NCT04385199, NCT04393727, NCT04359810, NCT04358783, NCT04323800

Phase  Convalescent NCT04342182, NCT04332835, NCT04385043, NCT04374526, NCT04384588
2/3 Plasma
Phase  Convalescent NCT04348656, NCT04345289, NCT04381858, NCT04362176, NCT04425915, NCT04361253, NCT04376034
3 Plasma
NAP Convalescent NCT04321421, NCT04344015, NCT04408209, NCT04327349, NCT04346589, NCT04338360, NCT04348877,
Plasma NCT04389944, NCT04397523, NCT04352751, NCT04383535, NCT04356534
IVIG Phase Intravenous Ig* NCT04403269
2
Phase Intravenous Ig NCT04261426
2/3
Phase Intravenous Ig NCT04350580, NCT04381858
3
Monoclonal Abs Phase  Meplazumab NCT04275245
1/2 (Anti-CD147)
Phase  Tocilizumab NCT04317092, NCT04331795, NCT04332094, NCT04346355, NCT04335071, NCT04339712, NCT04335305,
2 NCT04315480, NCT04377659, NCT04433910, NCT04363853, NCT04370834
Clazakizumab NCT04343989, NCT04348500, NCT04363502
Leronlimab NCT04347239, NCT04343651
Sarilumab NCT04321993, NCT04357808
Gimsilumab NCT04351243
Canakinumab NCT04365153
Pembrolizumab NCT04335305
Bevacizumab NCT04344782
Siltuximab NCT04329650
Nivolumab NCT04343144
Eculizumab NCT04346797
Pamrevlumab NCT04432298
Mavrilimumab NCT04337216, NCT04399980
Phase  Sarilumab NCT04315298, NCT04341870
2/3 Emapalumab NCT04324021
Bevacizumab NCT04275414
Phase  Tocilizumab NCT04345445, NCT04330638, NCT04320615, NCT04412772, NCT04334382, NCT04372186, NCT04409262,
3 NCT04356937, NCT04403685
Siltuximab NCT04330638
Olokizumab NCT04380519
Canakinumab NCT04362813
Lenzilumab NCT04351152
Ravulizumab NCT04369469
Sarilumab NCT04345289, NCT04327388
Phase  Tocilizumab NCT04377750
4 Ravulizumab NCT04390464
NA Tocilizumab NCT04310228, NCT04310228, NCT04306705
Bevacizumab NCT04305106
IC14 NCT04346277
Canakinumab NCT04348448
Checkpoint inhibitors Phase  PD-1¢ blocking NCT04268537
2 antibody
JAK® inhibitors Phase  Ruxolitinib NCT04334044
1/2
Phase  Ruxolitinib NCT04338958, NCT04403243
2 Tofacitinib NCT04332042
Baricitinib NCT04321993, NCT04373044
Phase  Ruxolitinib NCT04348071
2/3
Baricitinib NCT04340232, NCT04358614
Phase  Baricitinib NCT04320277, NCT04345289, NCT04401579, NCT04421027,
3 Ruxolitinib NCT04377620, NCT04362137
Phase  Baricitinib NCT04390464
4
NA Ruxolitinib NCT04337359
Ruxolitinib NCT04331665
(continued on next page)
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Table 1 (continued)
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Intervention Phase  Type of Registration Code
Intervention
Interferon-based Phase  Recombinant NCT04293887
immunotherapy 1 interferon-a1b
Phase Interferon-f1b NCT04350281
2 Interferon-11o NCT04331899, NCT04354259
Phase  Recombinant NCT04320238
3 interferon-o1b
Interferon-pla NCT04315948, NCT04315948, NCT04324463
Phase Interferon NCT04254874
4 atomization
Interferon NCT04291729
nebulization
Interferon-pla NCT04350671
Interferon-pla NCT04350684
Interferon-pla/ NCT04343768
B1b
NA Interferon-o2b NCT04273763
Spray
Alfa interferon NCT04251871
Interleukin-7 (IL-7) Phase CYT107 NCT04379076, NCT04407689
2

Abbreviations: *Coronavirus disease; "not applicable; immunoglobulin; YProgrammed cell death protein-1; ¢Janus kinase.

restrain virus binding and can thus be useful in methods of treating
or preventing viral infection. This can be achieved by using either
an overall strategy of anti-SARS-CoV-2 neutralizing monoclonal
antibodies, or anti-ACE2 monoclonal antibodies. The S protein in
the viral membrane is the main mediator of virus entry into the
target cells and plays a major role in determining host cell speci-
ficity of the virus. Two functional subunits consisting of the S1
subunit- the receptor interaction site- with RBD domain and S2
subunit responsible for fusion to host cell have been identified in
the S protein. Multiple human neutralizing monoclonal antibodies
against SARS-CoV-2 virus have been recognized that include
47D11 which has been shown to target the S1 RBD of SARS-CoV
and SARS-CoV-2 spike proteins [117], and the B38, and H4 mono-
clonal antibodies that are capable of binding to SARS-CoV-2 RBD,
but not to SARS-CoV RBD [118]. Of note, the identification of
SARS-CoV-2 reactive antibodies has suggested both novel diagnos-
tics and potentially better therapeutic tools for patients. Table 1
lists the clinical trials of immunotherapeutic approaches that pro-
vide passive humoral immunity against the COVID-19 disease reg-
istered in the ClinicalTrials.gov web site.

5. Conclusion

Documentation of the mechanism of hyperimmune host reac-
tions triggered by the virus that results in hypercytokinemia is
found to be complicated because human COVID-19 disease has
been associated with severe clinical manifestations in the form of
sepsis and the overlapping disorder, HLH-like illness, as well. As
defined on pathology data, it seems possible that the robust
inflammatory response elicited by SARS-CoV-2 virus may trigger
a hyper-inflammatory disease course identified by HLH syndrome,
in at least a subset of patients. There are also characteristics of sep-
sis with cytokine storm that might argue against HLH as the major
cause for increased mortality in this pandemic setting. Since the
aggressive immunosuppressive regimen required to treat HLH is
absent in sepsis guidelines, differential diagnosis is critically essen-
tial between these two conditions [53]. However, the majority of
physicians consider sepsis as a leading cause of critical illness for
understanding of severe COVID-19 pathogenesis [54]| mostly due
to the fact that severe COVID-19 presents with hyper-
cytokinemia [9,55], it is now evident that severe COVID-19 can
cause sHLH [37,56].
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There is overall agreement in that the great majority of con-
firmed COVID19 patients seroconvert and antibody response vary
with different clinical manifestations and disease severity [72].
Finally, there is considerable inter-patient heterogeneity for circu-
lating B cell responses, although it appears that both the propor-
tion and number of B cells are not frequently decreased in both
severe and non-severe patients [60]|. Considering the dynamic
acute immune response to SARS CoV-2 [67], a possible reason for
the observed heterogeneity may rely in different sampling time
points and different sample sizes in the discussed studies.
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