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INTRODUCTION
In late December 2019, an unexpected pandemic emerged 

from Wuhan, China; patients began to show pneumonia of 
unknown cause. On December 31st, 2019, the Chinese Centre 
for Disease Control and Prevention (China CDC) conducted 
an epidemiologic and aetiologic investigation, and described 
a novel coronavirus detected in these patients. The virus was 
designated as the severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2), which is the etiologic agent of the 
coronavirus disease 2019, hereafter called COVID-19. It has 
been reported that SARS-CoV-2 is transmitted from person 
to person via droplet propagation [1].

COVID-19 has become a global health crisis. On January 
31st, 2021, the World Health Organization (WHO) reported a 
worldwide total of 102,139,771 confirmed cases and 2,211,762 
deaths attributed to COVID-19, with the Americas and 
Europe as the leading continents both in morbidity and mor-
tality [2].

There is a growing body of evidence about the role of the 
immune response during SARS-CoV-2 infection. Reports sug-
gest that a negative outcome of COVID-19 patients is strongly 
associated with an excessive production of pro-inflammatory 
cytokines, called “cytokine storm”. This effect is characterised 
by the uncontrolled regulation of the host immune response.

Only through the united efforts of the scientific commu-
nity to create initiatives that seek development of vaccines, 
diagnosis tests and treatments accessible to everyone, we will 
be able to establish an adequate fight to COVID-19 and pre-
vent SARS-CoV-2 transmission.

What is SARS-CoV-2 and how it enters the cells? 

SARS-CoV-2 genome sequence was obtained from 
bronchoalveolar lavage fluid samples and cultured isolates 
of COVID-19 patients. The genome is encoded in a sin-
gle-stranded RNA fragment ~30 kb long and shares 79.6% and 
96% sequence identity with SARS-CoV-1 and bat coronavirus 
(CoVs), respectively, at a whole-genome level [3,4]. 

SARS-CoV-2 genome structure is similar to other CoVs. 
Next to the 5’ end, more than two thirds of nucleotides encode 
ORF1ab polyproteins, which are non-structural proteins such 
as RNA-dependent RNA polymerase, helicase, and endoribo-
nuclease. The remaining third, close to the 3’ end, encodes struc-
tural proteins including spike glycoprotein (S), envelope (E), 
membrane (M), and nucleocapsid (N) proteins. Additionally, 
SARS-CoV-2 genome contains accessory proteins, encoded by 
ORF3a, ORF6, ORF7a, ORF7b, and ORF8 genes (Fig. 1A) [3,5]. 

During SARS-CoV-2 infection, the trimeric S protein 
is cleaved into S1 and S2 subunits. The S1 subunit contains 
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COVID-19 is a current pandemic that emerged from China at the end of December 2019. Its aetiological agent is the novel coronavirus SARS-
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discusses the close relationship between immune system abnormalities and the broad spectrum of clinical manifestations, including fibrosis, in 
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the most useful clinical parameters to identify severe COVID-19 patients.
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Previous reports have shown that ACE2 is abundantly 
expressed in lung tissue, and that it plays a beneficial role 
against lung disease [12]. However, it is essential to note that 
ACE2 expression in blood or airway tissue is elevated in cig-
arette smokers, patients with chronic obstructive pulmonary 
disease, hypertension, and asthma, when compared to healthy 
populations. Interestingly, children have significantly lower 
ACE2 expression than adults [13,14]. The information regard-
ing SARS-CoV-2 structure or binding site in the host cell, 
may help decipher pathogenesis, design adequate therapeutic 
strategies or identify targets for vaccines. For instance, reports 
have shown that hospitalized COVID-19 patients develop 
antibodies that can recognize both S and N proteins, but 90% 
of the SARS-CoV-2 neutralizing humoral response specifi-
cally targets the RBD region [15].

What is acute respiratory distress syndrome 
(ARDS)? 

Clinical studies suggest that COVID-19 patients develop 
a robust inflammatory response characterised by an immune 
dysregulation which in turn, causes a cytokine storm [16]. 
Bronchoalveolar lavage (BAL) from COVID-19 patients show 
upregulated: a) chemokine genes such as CCL2 and CXCL8, 
which function as chemoattractants for inflammatory 

the receptor-binding domain (RBD), which interacts with 
the peptidase domain of angiotensin-converting enzyme 2 
(ACE2) for entry into the target cell, whereas S2 is respon-
sible for membrane fusion (Fig.  1B) [6,7]. ACE2 is expressed 
in the endothelium and can be secreted through proteolytic 
cleavage by the tumour necrosis factor-alpha convertase 
enzyme (TACE, also called ADAM17). The function of ACE2 
is to catalyse the cleavage of Angiotensin (Ang) I to Ang1-9 by 
removing a single C-terminal leucine residue [8,9].

Reports indicate that the SARS-CoV-2 S protein interacts 
with ACE2 to mediate viral entry into the cell. S1 (RBD region) 
is essential for interaction with the ACE2 receptor, given that 
an extensive binding interface is established by a hydrogen 
bond between the Asn90 of ACE2 and Arg408 of the RBD 
core, forming a 2.5 Å crystal structure (Fig. 1C) [10,11].

SARS-CoV-2 and SARS-CoV display differences in the 
loop of the ACE2-binding ridge; SARS-CoV-2 has a higher 
affinity for receptor binding. SARS-CoV contains a three-res-
idue motif proline-proline-alanine allowing a sharp turn, 
whereas SARS-CoV-2 contains a four-residue motif gly-
cine-valine/glutamine-glutamate/threonine-glycine. The two 
relatively bulky residues and the two flexible glycine residues 
enable it to acquire a more compact conformation and get 
closer to ACE2 [10,11]. 

FIGURE 1. Genome structure and infection pathway of SARS-CoV-2. A) Near the 5’ end two thirds of the genome encode orf1ab 
polyproteins, which are non-structural proteins (polymerase, helicase, endoribonuclease); while the near 3’ end one third of the 
genome encodes structural proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N). Additionally, SARS-CoV-2 con-
tains genes encoding accessory proteins (ORF3a, ORF6, ORF7a, ORF7b, and ORF8). B) During infection, the S protein is cleaved 
into S1 and S2 subunits; S1 subunit contains the receptor-binding domain (RBD), which is responsible of the interaction with the 
target cell, while S2 is responsible for membrane fusion. C) S1 (RBD region) from SARS-CoV-2 interacts with the ACE2 receptor 
expressed on a target cell. The interaction establishes a large binding interface between the amino acids Asn90 of ACE2 and 
Arg408 of the RBD core, forming a 2.5 Å crystal structure. Such structure favors the entry of SARS-CoV-2 into the cell.
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particles in order to eliminate them [25]. Phagocytosis is a 
fundamental process that is necessary to activate the adaptive 
immune response through the presentation of peptide anti-
gens, which are bound to specialized molecules called human 
leucocyte antigen (HLA). 

Neutrophils are polymorphonuclear and highly motile 
cells and are the most abundant circulating leucocyte type. 
Neutrophils originate from hematopoietic stem cells (HSCs), 
which after several maturation steps, differentiate into fully 
mature segmented neutrophils. As recently discussed by De 
Filippo [26], a pool of mature neutrophils is retained in the 
pulmonary capillaries and studies suggest that they serve as 
a first line of defence in the lung. Apparently, this is benefi-
cial since the presence of neutrophils that are already near, or 
inside the local environment, may increase the speed of the 
immune response, and help to maintain homeostasis; how-
ever, in the context of ARDS and some chronic lung diseases, 
excessive accumulation of neutrophils is associated with dis-
ease progression.

Lung macrophages are essential to maintain the homeo-
stasis within the lungs. These macrophages are divided into a) 
alveolar macrophages: abundant in the alveolar space, origi-
nated from foetal monocytes and capable of self-renewal and, 
b) interstitial macrophages: originated from circulating mono-
cytes and recruited into the lung after an insult; however, this is 
a transitional state because interstitial macrophages undergo a 
posterior differentiation process into monocyte-derived alve-
olar macrophages [27,28]. 

Although there are macrophages that are self-renewed, 
the major source of macrophages is circulating monocytes. 
Human circulating monocytes are categorized according to 
surface marker expression (CD14 and CD16), and their ability 
to deliver pro-inflammatory cytokines and migratory prop-
erties. Currently, these populations are divided into ‘classical’ 
(CD14++CD16−) and ‘non-classical’ (CD14+CD16++) monocytes. 
The second subset is related to perpetuation of the inflamma-
tory environment, as they release abundant pro-inflammatory 
cytokines [29].

What do we know about neutrophils during 
COVID-19?

Since the first reports, COVID-19 patients have shown 
a decreased frequency of leucocytes, but a higher neutro-
phil-lymphocyte ratio (NLR). Severe COVID-19 patients 
admitted to intensive care unit (ICU) show a higher frequency 
of neutrophils than severe patients not admitted to ICU [30]. 
Thus, the increased frequency of neutrophils is proposed as a 
prognostic factor for early identification of severe COVID-19 
cases [31]. Autopsies have shown that there is an entrapment 
of high numbers of neutrophils within alveolar capillaries, 

monocytes and neutrophils, respectively, and b) classical 
pro-inflammatory cytokine genes such as IL1RN and IL1B [17].

COVID-19 patients show a common complication of 
severe viral pneumonia called acute respiratory distress syn-
drome (ARDS). Reports suggest that 15.6% of COVID-19 
patients with severe pneumonia develop ARDS, which is the 
most severe complication during SARS-CoV-2 infection [18]. 
ARDS is not a disease, it is a clinical condition defined as an 
acute respiratory failure that occurs in response to pulmonary 
insults and even though it was described for the first time in 
1967, it remains as a major clinical problem worldwide [19]. 
Viral pneumonia is one of the most common clinical disorders 
associated with ARDS. 

Huppert L.A et al. have carried out an extensive review of 
ARDS pathogenesis [20]. Microbial products bind to lung epi-
thelium and alveolar macrophages wich induce an acute lung 
injury caused by dysregulated inflammation. Additionally, 
leucocyte signals destabilize vascular endothelial cadherin 
bonds, increasing endothelial permeability and accumulation 
of alveolar fluid; consequently, there is increased capillary per-
meability and pulmonary oedema formation. ARDS pulmo-
nary oedema fluid contains high levels of pro-inflammatory 
cytokines including interleukin (IL)-1β, IL-6, IL-8, TNF, and 
transforming growth factor-β1 (TGFβ1) [20].

One of the main functions of the inflammatory response 
is to neutralize pathogens; nonetheless, excessive inflamma-
tion is detrimental to the host since it can result in a decline of 
lung tissue function. Regarding this, it is well known that the 
pro-inflammatory cytokine IL-6 plays an important role in the 
pathogenesis of the cytokine storm, and studies have revealed 
a correlation between high levels of IL-6 and severe status of 
COVID-19 [21].

At present, it is not completely clear how IL-6 favours 
the development of the cytokine storm. Recent evidence has 
suggested that N and S proteins of SARS-CoV-2 induce IL-6 
secretion by human monocytes and macrophages, and that 
IL-6 inhibits Th1-dependent immunity and stimulates the 
presence of pro-inflammatory Th17 lymphocytes [22]. Other 
authors have suggested that IL-6 trans-signalling induces a 
robust inflammation circuit, which promotes the activation 
of the coagulation cascade and plasminogen activator inhib-
itor-1 (PAI-1). Moreover, plasma from severe COVID-19-
ARDS patients exhibit high IL-6 and PAI-1 levels and the IL-6 
trans-signalling/PAI-1 axis has been related to endothelial dys-
function [23,24].

Phagocyte cells system: key players of the innate 
immune response

The phagocyte system (PS) includes dendritic cells, mac-
rophages, and neutrophils, which may intake pathogens and 
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and interestingly, these patients also showed an increased in 
neutrophil count in blood within 24 hours prior to the time 
of death [32].

Neutrophil extracellular traps (NETs) are structures of 
intracellular components released by activated neutrophils. 
The NET formation process is called NETosis, and although 
its function is to provide protection against infection, NETs 
have been implicated in pathological conditions as well [33]. 
Evidence suggests that in severe clinical forms of COVID-
19, hyperactivity of the coagulation system engages in cross-
talking with NETs, because SARS-CoV-2 is able to induce 
NETosis, increasing intracellular Reactive Oxygen Species 
(ROS). Although ROS promote pathogen-killing, these mol-
ecules also modulate the fibrinolysis system. Accordingly, 
reports have suggested that NETs play a major role in the 
pathogenesis of myocardial infarction in COVID-19 [34,35].

Neutrophils release neutrophil serine proteases (NSPs), 
which are related to ARDS development, however, COVID-19-
ARDS patients do not show a different profile in NSP expres-
sion [36]. Nevertheless, moderate to severe clinical forms of 
COVID-19 show increased amounts of circulating extracellu-
lar DNA (ecDNA), which is considered a marker of inflamma-
tion and NET formation and interestingly, anti-SARS-CoV-2 
IgA2 production correlates with ecDNA presence in severely 
ill patients. It is important to note that IgA2 stimulates pro-in-
flammatory effector functions in neutrophils [37].

Neutrophil activities are considered a cornerstone to 
favour the cytokine storm, thus neutrophils could be a major 
target for the development of therapies against SARS-CoV-2. 
In this regard, exogenous administration of recombinant 
DNase-1-coated nanoparticles or melanin-like nanospheres 
have been proposed to reduce ecDNA levels, neutrophil 
counts, and NETosis, ultimately modulating inflammation 
and lowering COVID-19 mortality [38,39].

What do we know about monocytes during 
COVID-19? 

A recent analysis has divided circulating monocytes from 
COVID-19 patients in 3 groups: classical, non-classical, and 
a third group of CD16low monocytes, known as transitional 
monocytes. Authors suggest that all monocyte subsets are 
increased during COVID-19, and that a high frequency of 
monocytes correlates with higher levels of blood oxygenation. 
Interestingly, the reduction of non-classical and transitional 
monocyte frequency is associated with increased expression 
of IL-6. This reduction may be associated with the selective 
recruitment of these populations to the lung [40]. These 
results suggest that inflammation is transitional and non-clas-
sical monocytes preferentially migrate from blood to lungs in 
patients with severe COVID-19. 

A report has indicated that critically ill COVID-19 patients 
have a reduced frequency of circulating monocytes that 
express HLA class II (HLA-DR), a molecule necessary for 
antigen presentation, compared to noncritically ill hospital-
ized COVID-19 patients [41]. 

In summary, BAL of severe COVID-19 patients are 
enriched with CCL2, the main chemoattractant of inflam-
matory monocytes, therefore migration of monocytes to the 
lungs increases, but these monocytes have decreased HLA-DR 
expression [16, 40, 41]. Altogether, this evidence suggests that 
SARS-CoV-2 induces monocyte dysfunction that consequently 
affects the function of lung macrophage subpopulations. 

Evidence shows that SARS-CoV-2-infected monocytes 
under high-glucose conditions have an increased glycolytic 
capacity, which directly induces viral replication and pro-in-
flammatory cytokine expression [42]. 

Exploring the strategies to prevent monocyte over-ac-
tivation or to use monocytes to monitor the critical sta-
tus of patients could provide an alternative immunological 
intervention.

What do we know about macrophages during 
COVID-19?

Post-mortem analysis of lung tissues has been relevant 
to establish important characteristics and to understand the 
role of macrophages in COVID-19, although several questions 
remain to be clarified.

At present, biopsy analysis has indicated that alveolar mac-
rophages show high expression of Programmed Death-Ligand 
1 (PD-L1) and ACE2 molecules. It has been established that 
the S protein of SARS-CoV-2 directly binds to macrophages by 
interaction with ACE2 [43]. Furthermore, it has been demon-
strated that subcapsular lymph node and splenic marginal 
zone CD169+ macrophages express ACE2 and consequently, 
these macrophages are prone to SARS-CoV-2 infection [44]. 

Macrophages are one of the most important cell types that 
can induce the pro-inflammatory cytokine storm since it has 
been demonstrated that all COVID-19 patients with severe 
respiratory failure display ARDS or macrophage-activation syn-
drome (MAS). These complications induce an immune deregu-
lation characterised by low HLA-DR expression on monocytes 
and macrophages, which is triggered by monocyte hyperactiva-
tion that promotes an excessive release of IL-6 [31,45]. 

Macrophages and monocytes are a source of several 
pro-inflammatory cytokines. For instance, a report has sug-
gested that Interferon gamma-induced protein 10 (IP-10), 
monocyte-chemotactic protein 3 (MCP-3), and IL-1 receptor 
antagonist (IL-1RA), could be used as biomarkers associated 
with disease severity and fatal outcome [46]. High levels of 
IL-6, TNF and IL-8 are linked to macrophage activation and 
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have also been correlated with the severity of the disease. Due 
to the current availability of monoclonal antibodies to block 
these molecules, they may be promising therapeutic targets 
for COVID-19 treatment [47].

T cells: key players of the adaptive immune 
response

T cells are the leading players of the adaptive immune 
response and they are necessary to eliminate a broad spec-
trum of pathogens and malignant cells. In a simplified way, 
T cells can be divided into two groups: helper (CD4+) and 
cytotoxic (CD8+) T cells.

T cells mature in the thymus and posteriorly enter circu-
lation into both in the vascular and lymphatic systems. T cells 
recognise HLA-bound antigens expressed on the surface of 
antigen presenting cells. Once the T cells are activated they 
carry out clonal expansion and perform different effector 
functions. CD4+ T cells are HLA class II restricted and differ-
entiate into distinct subpopulations according to the cytokine 
profile delivered at the time of activation; whereas CD8+ T 
cells are HLA class I restricted and participate in the direct 
suppression of infected or malignant cells.

Within the COVID-19 context, Jarjou NN et al. [48] have 
done a thorough discussion on the regulation of the cellular 
and humoral immunity by the wide spectrum of T cell sub-
populations. It focused mainly on the T cell maturation status 
to identify the optimal conditions to develop a rapid T cell 
expansion and differentiation into effector cells during the pri-
mary response, as well as the adequate generation of memory 
T cells, which is necessary to promote a more rapid and pow-
erful response to reinfection. 

To identify the differentiation status of T cells, it is rele-
vant to know the optimal activation conditions of the immune 
response, which later would be fundamental for the develop-
ment of vaccines or therapy schemes. For instance, in a viral 
respiratory infection it has been recently reported that naive 
CD4+ T cells (those that has not been exposed to an antigen) rec-
ognize a broad repertoire of antigens, from naturally processed 
to cryptic (structure hidden) peptides, whereas memory CD4+ 
T cells recognize just a few immunodominant antigens [49]. In 
this matter, Cooper RS et al., [50] have recently reported that 
T cells isolated from individuals that have been infected with 
SARS-CoV-2 can be rapidly expanded in vitro and show a cen-
tral memory phenotype. Authors have suggested that these T 
cells could also be used as therapeutic alternatives. 

What do we know about T cells during 
COVID-19?

Reports have demonstrated that the frequency of 
CD4+ and CD8+ T cells is reduced in COVID-19 patients. 

Interestingly, CD8+ T cells are dramatically reduced in severe 
cases compared to mild COVID-19 patients. This data is rel-
evant because CD8+ T cells play a major role in suppression 
of virus-infected cells; thus, these cells are essential for con-
trolling viral infections [31, 47]. Moreover, T cell function is 
necessary to establish a connection between cellular and 
humoral response. A report has suggested that the frequency 
of SARS-CoV-2-specific T cells is strongly correlated with the 
titres of neutralizing antibodies [51].

Although frequency of CD8+ T cells is decreased, the 
intensity of CD8 co-receptor expression, as well as granzyme 
B and perforin levels, is higher in COVID-19 patients than 
in healthy individuals and mild patients [52-54], suggesting 
that even though CD8+ T cell numbers are low in COVID-19 
patients, these cells are highly cytotoxic. Recruitment of CD8+ 
T cells is not increased in the lungs, but there is an enrich-
ment of activated CD8+ T cells and a depletion of dendritic 
cells [40]. This suggests that the antiviral function of these 
CD8+ T cells is impaired by a defect in the priming process. 
Another possibility is that virus-specific CD8+ T cells have an 
excessive activation, which can affect their adequate function. 
In this sense, CD8+ T cells from severe COVID-19 patients 
have been reported to display activation of IFN signalling that 
correlates with the disease severity, but in contrast, Yao C et al. 
identified that these CD8+ T cells (from severe COVID-19 
patients) have a gene expression profile related to a deficiency 
in cytotoxic function [55]. 

In this regard, there is a growing body of evidence indi-
cating that T cells display limited function as a result of 
exhaustion during SARS-CoV-2 infection. These T cells 
express immune-inhibitory molecules on their surface, such 
as programmed cell death protein 1 (PD-1), T-cell immuno-
globulin and mucin-domain containing-3 (Tim-3), cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4) and the T cell 
immunoreceptor with Ig and ITIM domains (TIGIT). 

Severe COVID-19 patients have a reduced frequency of 
multi-functional CD4+ T cells (producers of at least two types 
of cytokines) and apparently, this functional damage predis-
poses to severe disease [53]. Reports indicate that CD8+ T 
cells display excessive exhaustion, which is characterised by 
expression of PD-1, CTLA-4, Tim3 and TIGIT; but apparently 
the PD-1 and Tim-3 expression is increased mainly in patients 
that progress from prodromal to visibly symptomatic stages 
[53, 56]. Accordingly, lymphopenia, excessive T-cell activation 
and high expression of T-cell inhibitory molecules have been 
observed in lung tissue from COVID-19 severe cases [57].

The role of CD8+ T cells expressing PD-1 during SARS-
CoV-2 infection is controversial. Recent reports have shown 
that IFN-γ-producing cells are lower among SARS-CoV-
2-specific CD8+ T cells than those specific to influenza A 
virus; however, the proportion of IFN-γ-producing cells is 
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mainly within the fraction of PD-1+ cells, suggesting that in 
the COVID-19 context, PD-1-expressing CD8+ T cells are not 
exhausted and these are functional cells [58]. The use of sin-
gle-cell deep-immune profiling of BAL samples has allowed 
the evaluation of pseudotime trajectories of cellular lineages. 
Mild COVID-19 patients CD8+ T cells have shown expression 
of exhaustion markers, and that these are enriched halfway 
into their trajectories; however, these CD8+ T cells exhibit 
good effector functions. Nonetheless, in critical COVID-19 
patients CD8+ T cells show evidence of inflammation-associ-
ated stress at the end of their trajectories [59].

In contrast, another report suggests that the frequency 
of exhausted SARS-CoV-2-reactive CD8+ T cells is increased 
and that these cells are less cytotoxic and inflammatory in 
mild COVID-19 patients when compared to severe COVID-
19 patients. On the other hand, non-exhausted, SARS-CoV-
2-reactive CD8+ T cell subsets (from severe patients) express 
transcripts related to co-stimulation and pro-survival medi-
ated by NF-κB signalling [60].

Although the expression of exhaustion markers on T cells 
within the COVID-19 context is clear, the functional status of 
these T cells poses several questions regarding the diversity 
in the nature of CD8+ T cell response to SARS-CoV-2. More 
efforts are necessary to obtain a detailed understanding of the 
role of these exhausted CD8+ T cells during the anti-SARS-
CoV-2 immune response. 

The group of older COVID-19 patients is associated with 
a high mortality rate. The quantity of naïve T cells is typically 
compromised with increasing age. It has been speculated that 
the older COVID-19 patients have a low number of epitope-spe-
cific naïve T cells that could be primed. Accordingly, it has been 
proposed that the shortening of telomere length (the normal 
process during cellular senescence, which culminates in a ces-
sation of replication) promotes the decline of T cell numbers 
and their exhaustion [61, 62]. Thus, if naïve T cells are the pri-
mary source to activate an adequate adaptive immune response, 
future research should include the development of strategies to 
enhance the naïve T cell pool in this group of patients and the 
role of telomerase could be helpful and should be studied deeply.

Clinical characteristic and diagnosis of COVID-19

The status of immunological activation evaluated in labo-
ratory studies, together with tomographic images, provide the 
necessary information to interpret the severity of tissue dam-
age, pulmonary infiltrate, and level of pro-inflammatory cyto-
kines. Altogether, these parameters are helpful to identify the 
status and evolution of COVID-19 patients. The knowledge 
of the basic immunological process that we have discussed 
above is fundamental to make a correct interpretation of clin-
ical laboratory studies. 

Some examples of how the basic information is related 
to the clinical parameters are: 1) the cytokine storm (for 
instance, high IL-6 levels in severe condition) is a result of an 
imbalance on T cells subsets, 2) the pro-inflammatory mac-
rophage subpopulation is increased in severe but not in mild 
disease, 3) NETs generation promotes a hypercoagulation 
state and microvascular damage and, 4) ACE2 is expressed on 
the cell surface of several cells, including enterocytes which 
could explain clinical manifestations such as gastrointestinal 
complications. 

In summary, understanding the implications of immune 
response for each of the symptoms of COVID-19 gives us a 
broader picture to design treatments and prevent cytokine 
storm and ARDS in critically ill patients. Below, we discuss 
the main clinical characteristics used for the diagnosis of 
COVID-19. 

It is well established that SARS Cov-2 infection occurs from 
person to person through aerosols or droplets of fluids. The 
virus remains active up to 3 hours and on inert surfaces such as 
copper, cardboard, stainless steel, and plastic and it can remain 
viable up to 3 days, all of these facilitating the spread of the virus 
through contagion by contact with these surfaces [63]. 

The awareness of the incubation period length for SARS-
CoV-2 has important public health implications. For example, 
this information is helpful to actively monitor, surveil, control, 
and model this disease. Reports indicate that the mean incu-
bation period of SARS-CoV-2 is 5.1 days and infected persons 
may present symptoms within 12 days of contagion. Therefore, 
the current period of active monitoring recommended by the 
Centres for Disease Control and Prevention is 14 days follow-
ing exposure [64]. 

The spectrum of clinical manifestations of COVID-19 
is vast; however, main symptoms include dry cough, head-
ache, fever, and fatigue, which can be accompanied by myal-
gias, arthralgias, loss of smell and sore throat, among oth-
ers [65-68]. Although these are the most common symptoms 
associated with COVID-19, Table  1 shows the variations of 
symptoms and comorbidities in cohorts from different pop-
ulations [17, 69-71]. 

The course of COVID-19 can be mild (usually no need for 
patient care), moderate (requires admission for care and typ-
ically presents pneumonia) or severe (requires intensive care 
and typically includes respiratory failure) [72]. Descriptive 
and retrospective studies have reported that severe COVID-
19 status is related to different comorbidities such as diabetes, 
hypertension, obesity (body mass index > 30), chronic respira-
tory diseases, kidney disease, and immunosuppression status. 
Severe COVID-19 patients have a poor outcome, usually they 
require hospitalization and present persistent fever, dyspnoea, 
chest pain, signs of respiratory distress, and oxygen saturation 
of less than 92% [17, 69-71, 73]. 
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TABLE 1. Clinical characteristics of patients diagnosed with COVID-19

Characteristic China (n=1099, data 
from reference #17)

USA (New York) (n=5700, 
data from references #69,71)

European Union (n=1420, 
data from reference #70)

Baseline and demographic
Median age (IQR)- yr 47 (35-58) 63 (52-75) 39.17 ± 12.09
Sex- n (%) Male 637 (58.1)

Female 459 (41.9)
Male 3437 (60.3)

Female 2263 (39.7)
Male 458 (32.3)

Female 962 (67.7)
Current smoker- n (%) 137 (12.6) 558 (15.6) 203 (14.3)
Caucasian/white -n (%) ------- 2164 (39.8) 1298 (91.4)
African American – n (%) ------- 1230(22.6) -------
African – n (%) ------- ------- 66 (4.7)
Asian – n (%) 1099 (100) 473 (8.7) 11 (0.8)
Hispanic – n (%) ------- 1230 (23) 37 (2.6)

Comorbidities
Obesity- n (%) ------- 2528 (60.6) ‡ -------
Diabetes- n (%) 81 (7.4) 1808 (33.8) 24 (1.7)
Hypertension- n (%) 165 (15) 3026 (56.6) 131 (9.2)
Chronic Obstructive pulmonary disease - n (%) 12 (1.1) 287 (5.4) -------
Asthma - n (%) ------- 479 (9) 93 (6.5)
Coronary artery disease - n (%) 27 (2.5) 595 (11.1) 25 (1.8)
Immunosuppression 2 (0.2) 98 (1.7) 18 (1.3)
Renal Failure 8 (0.7) 268 (5) 6 (0.4)

Symptoms and signs 
Fever - n (%) 1351 (88.0) (43) 645 (45.4)
Nasal congestion - n (%) 73 (5.6) ------- 963 (67.8)
Headache - n (%) 205 (15.4) ------- 998 (70.3)
Cough - n (%) 1052 (70.2%) (50) 897 (63.2)
Sore throat - n (%) 194 (14.7) (20) 751 (52.9)
Sputum production - n (%) 513 (36.0) ------- -------
Fatigue - n (%) 584 (42.8) ------- 514 (63.3)
Hemoptysis - n (%) 16 (1.2) ------- -------
Shortness of breath - n (%) 331 (20.8) (29) (23.8)
Nausea or vomiting - n (%) 80 (5.8) (12) 272 (19.2)
Diarrhoea - n (%) 57 (4.2) (19) 473 (38.1)
Myalgia or arthralgia - n (%) 234 (17.5) (36) 887 (62.5)
Chills- n (%) 163 (12.2) ------- -------
Loss of smell - n(%) ------- (10) 997 (70.2)
gustatory dysfunction – n (%) ------- ------- (54.2)

Data showed in this table is a summary of the references 17, 69-71. IQR= interquartile range. n= number of patients with basal characteristic, 
comorbidity or symptoms reported in the study of reference, percentage is shown in brackets.When only the percentage is shown, is because 
the study of reference failed to provide the total number of patients

The clinical follow-up of severe COVID-19 patients is sum-
marized in Table 2; the recommendation of CDC about per-
forming a chest CT-Scan, together with blood tests that include 
hematic biometry, blood chemistry, liver function tests, and 
analysis of ferritin, D-dimer, and troponin levels. These are use-
ful as severity markers, as each one has a substantial impact on 
the outcome of COVID-19 patients [15, 17, 69, 73-76].

Chest CT-scanning has both diagnostic and prognos-
tic value and shows an accuracy of 98% for the diagnosis of 
COVID-19 [77]. Classical images of a COVID-19 patient are 
shown in figure 2. Diffuse bilateral ground-glass patches are 
observed through X-ray imaging (Fig. 2A). In the early stages 
of the disease ground-glass patches of subpleural and basal are 
observed through a chest CT-Scan (Fig. 2B); whereas, during 
the progression of the disease a pattern of crazy paving or con-
solidation is observed (Fig. 2C and D). Furthermore, prognosis 

can be established according to the extent of lung damage, 
since patients that display more than 50% of lung damage must 
be hospitalized. 

Gattinoni et al. [78] have proposed the existence of two 
identifiable COVID-19 phenotypes according to the pulmo-
nary behaviour of the disease and have suggested the clas-
sification of patients with L (low) or H (high) phenotypes 
referring to the degree of elastance, ventilation to perfusion 
(VA/Q) ratio, lung weight, and lung cell recruitment.

Concerning the aetiological diagnosis, it is imperative to 
define the time of symptoms onset to determine which test is 
the best. Currently, the reverse transcription-polymerase chain 
reaction (RT-PCR) is considered the gold standard to identify 
SARS Cov-2 during the first 14 days of infection. Reports indi-
cate that the RT-PCR test shows sensitivity variations and it has 
been suggested that the best time to perform this test is at the 
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TABLE 2. Clinical parameters associated with severe COVID-19

Parameter Threshold Meaning and Outcome
Increased

D-dimer  >1500 ng/mL 
(normal range: 
<500 ng/mL)

Marker of fibrinolysis. Predictor of 
mortality.

CRP  >41.2 mg/L 
(normal range: 
<8.0 mg/L)

C-reactive protein indicates acute 
phase inflammation. Elevated blood 
levels indicate a poor prognosis.

LDH  >365 units/L 
(normal range: 
110 to 210 
units/L)

Lactate dehydrogenase reflects tissue 
and cell destruction. In critically ill 
COVID-19 patients, increased LDH 
levels correlate to the extent of lung 
injury.

Troponin  
(cTnI and 
cTnT)

>2× the upper 
limit of normal 
(normal range 
for troponin T 
high sensitivity: 
females 0 to 
9 ng/L; males 0 to 
14 ng/L)

cTnI and cTnT are diagnostic 
necrotic biomarkers of myocardial 
injury. Increased serum levels 
of cTnT and cTnI show a clear 
correlation with deteriorating health 
and increased mortality.

NT 
Pro-BNP

>2 × the upper 
limit of normal 
(normal range: 
<300 pg/ml, 
adjust by age) 
units/L).

Brain natriuretic peptide or B-type 
natriuretic peptide is secreted along 
with the inactive prohormone 
N-terminal (NT)- pro BNP (NT 
Pro-BNP), by the heart ventricles in 
response to pressure changes within 
the heart. 

Ferritin  >500 mcg/L 
(normal range: 
females 10 to 200 
mcg/L; males 30 
to 300 mcg/L)

Key mediator of immune 
deregulation that contributes to the 
cytokine storm. Increased levels of 
serum ferritin are related to a poor 
prognosis.

CPK  >2× the upper 
limit of normal 
(normal range: 40 
to 150 units/L)

Enzyme found in muscle, brain, and 
heart tissue. When blood levels rise, 
it means that there has been an injury 
or stress commonly caused by injury 
to muscle tissue. High CPK serum 
levels are related to muscular injury 
or stress.

Decreased
Absolute 
lymphocyte 
count 

<800/ µL (normal 
range for age 
≥21 years: 1800 to 
7700/ µL)

When the absolute lymphocyte 
count decreases (lymphopenia), the 
body becomes susceptible to diseases 
such as pneumonia. Lymphopenia 
is a common feature in COVID-
19 patients and is a critical factor 
associated with disease severity and 
mortality.

ICU (Intensive Care Unit), LDH (Lactate Dehydrogenase), CVD (car-
diovascular disease), BNP (brain natriuretic peptide), CPK (Creatine 
phosphokinase). Note: Table 2 was done with data from the refer-
ences #15, 17, 69, 73-76

fourth day of symptoms onset, because of the viral load and the 
site of the sampling, among other factors. After 14 days from 
the onset of symptoms, the evaluation of IgG antibody levels 
by quantitative- (ELISA) or qualitative-methods (chemilumi-
nescence) is useful [79-83]. Finally, a critical step in the clinical 
follow-up is the correct identification of the clinical phase of 
COVID-19 patients. Thus, both the period of viral replication 
and the inflammatory period should be considered, given that 
these would influence the therapeutic strategy [84].

Although the scientific community is continuously mak-
ing efforts to understand the physiopathology of COVID-19, 

several questions are still unresolved, and their answers are 
necessary to control the spreading of SARS-CoV-2. Therefore, 
early recognition and appropriate treatment of the immu-
nological complications is necessary to succeed in the fight 
against the virus.

Fibrosis: another story to be included in the 
COVID-19 context

As previously discussed, COVID-19 severe illness may 
quickly progress to ARDS [85]. Recent reports have shown 
that the main risk factors for the development of ARDS are 
older age, neutrophilia and high levels of lactate dehydroge-
nase (LDH) and D-dimer, which simultaneously were asso-
ciated with a fatal outcome. On the contrary, lymphocyte 
counts, CD8/CD4 T cell ratio, aspartate aminotransferase, 
prealbumin, creatinine, glucose, low-density lipoprotein, 
serum ferritin and prothrombin were not associated with 
mortality. Interestingly, the difference in mean levels of 
D-dimer between death and survival groups suggested that 
disseminated intravascular coagulation is the mayor cause of 
death and not ARDS [86]. 

In patients form the survival group that coursed ARDS, a 
major concern is the development of pulmonary fibrosis. In a 
cohort of 837 patients at four weeks post-discharge, 35 (4.8%) 
patients showed pneumonia with significant functional defi-
cit. The treatment of these patients with corticosteroids was 
associated with a rapid and significant improvement [87]. 
However, in a different cohort of 48 mechanically ventilated 
survivors that were followed-up during 3 months after hospi-
tal discharge, ground glass opacities were reported in 41 (89%) 

FIGURE 2. Classical images of X-Ray and CT-Scan from a 
female COVID-19 patient. A) Portable X-Ray with diffuse bilat-
eral ground-glass patches. B) Chest CT-Scan with subpleural 
predominance ground glass sample (initial phase of the dis-
ease). C and D) Chest CT-Scan is showing a crazy paving and 
consolidation pattern (disease progression).
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C D
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cases and 31 (67%) cases showed signs of reticulation with 
fibrous bands either with or without obvious parenchymal 
distortion, bronchiectasis and bronchiolectasis [88].

There are different explanations for the development of 
fibrosis. For example, the ACE-2 receptor is considered to have 
a protective role in pulmonary fibrosis and this receptor also 
plays a critical role for the entry of the virus into cells. Other 
reports have suggested that due to SARS-CoV-2 binding to 
ACE2, the level of the receptor is decreased and consequently, 
pro-inflammatory and profibrotic effects are promoted [89]. 
Previous reports have shown that the N protein (of SARS-
CoV) promotes expression of TGFβ in lung epithelial cells, 
causing fibroblasts to express PAI-1 and favouring the blocking 
of apoptosis to promote tissue fibrosis [90]. It is in this manner 
that reports propose that SARS-CoV-2 induces stress on the 
endoplasmic reticulum, and this could result in apoptosis and 
release of profibrotic molecules [91,92].

Ethical statement

X-Ray and CT-Scan figures included in this review were 
obtained as part of a protocol authorized by the Ethics 
Committee (Protocol number C41-20) from the Instituto 
Nacional de Enfermedades Respiratorias Ismael Cosio 
Villegas. All procedures were performed in compliance with 
the 1964 Declaration of Helsinki. 

REFERENCES

[1] Zhu N, Zhang D, Li X, Yang B, Song J, Wang W, et al. A novel coro-
navirus from patients with pneumonia in China, 2019. N Engl J 
Med. 2020;382(8):727-733. 

 doi: 10.1056/NEJMoa2001017.
[2] file:///Users/lesliechavez-galan/Downloads/20210202_Weekly_

Epi_Update_25.pdf. Accessed February 4, 2021.
[3] Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characteriza-

tion and epidemiology of 2019 novel coronavirus: implications for 
virus origins and receptor binding. Lancet. 2020;395(10224):565-574. 

 doi: 10.1016/S0140-6736(20)30251-8.
[4] Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneu-

monia outbreak associated with a new coronavirus of probable bat 
origin. Nature. 2020;79(7798):270-273. 

 doi: 10.1038/s41586-020-2012-7.
[5] Khailany RA, Safdar M, Ozaslan M. Genomic characterization of a 

novel SARS-CoV-2. Gene Rep. 2020;19:100682. 
 doi: 10.1016/j.genrep.2020.100682.
[6] Li F, Li W, Farzan M, Harrison S.C. Structure of SARS Coronavirus 

Spike Receptor-Binding Domain Complexed With Receptor. 
Science. 2005;581(7807):221-224. 

 doi: 10.1126/science.1116480.
[7] Belouzard S, Chu V.C, Whittaker G.R. Activation of the SARS coro-

navirus spike protein via sequential proteolytic cleavage at two dis-
tinct sites. Proc. Natl. Acad. Sci. USA. 2009;106(14):5871-6. 

 doi: 10.1073/pnas.0809524106.
[8] Donoghue M, Hsieh F, Baronas E, Godbout K, Gosselin M, 

Stagliano N,et al. A novel angiotensin-converting enzyme-related 
carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1-9. 
Circ Res. 2000;87(5):E1-9. 

 doi: 10.1161/01.res.87.5.e1.
[9] Lambert DW, Yarski M, Warner FJ, Thornhill P, Parkin ET, 

Smith   AI, et al. Tumor Necrosis Factor-Alpha Convertase 
(ADAM17) Mediates Regulated Ectodomain Shedding of the 
Severe-Acute Respiratory Syndrome-Coronavirus (SARS-CoV) 
Receptor, Angiotensin-Converting enzyme-2 (ACE2). J Biol Chem. 
2005;280(34):30113-9. 

 doi: 10.1074/jbc.M505111200.
[10] Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, et al. Structural 

and Functional Basis of SARS-CoV-2 Entry by Using Human ACE2. 
Cell. 2020;181(4):894-904.e9. 

 doi: 10.1016/j.cell.2020.03.045.
[11] Shang J, Ye G, Shi K, Wan Y, Luo C, Aihara H, et al. Structural 

basis of receptor recognition by SARS-CoV-2. Nature. 
2020;581(7807):221-224. 

 doi: 10.1038/s41586-020-2179-y.
[12] Shenoy V, Qi Y, Katovich MJ, Raizada MK. ACE2, a promising ther-

apeutic target for pulmonary hypertension. Curr Opin Pharmacol. 
2011;11(2):150-5. 

 doi: 10.1016/j.coph.2010.12.002.
[13] Saheb Sharif-Askari N, Saheb Sharif-Askari F, Alabed M, 

Temsah MH, Al Heialy S, Hamid Q, Halwani R. Airways Expression 
of SARS-CoV-2 Receptor, ACE2, and TMPRSS2 Is Lower in 
Children Than Adults and Increases with Smoking and COPD. Mol 
Ther Methods Clin Dev, 2020;18:1-6. 

 doi: 10.1016/j.omtm.2020.05.013.
[14] Li G, He X, Zhang L, Ran Q, Wang J, Xiong A, et al. Assessing ACE2 

expression patterns in lung tissues in the pathogenesis of COVID-
19. J Autoimmun. 2020;112:102463. 

 doi: 10.1016/j.jaut.2020.102463.
[15] Piccoli L, Park YJ, Tortorici MA, Czudnochowski N, Walls AC, 

Beltramello M, et al. Mapping Neutralizing and Immunodominant 
Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by 
Structure-Guided High-Resolution Serology. Cell. 2020;183:1024-
1042.e21. 

 doi: 10.1016/j.cell.2020.09.037.
[16] Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y,et al. Clinical features 

of patients infected with 2019 novel coronavirus in Wuhan, China. 
Lancet. 2020;395(10223):497-506. 

 doi: 10.1016/S0140-6736(20)30183-5.
[17] Zhou Z, Ren L, Zhang L, Zhong J, Xiao Y, Jia Z, et al. Heightened 

Innate Immune Responses in the Respiratory Tract of COVID-19 
Patients. Cell Host Microbe. 2020;27(6): 883-890.e2. 

 doi: 10.1016/j.chom.2020.04.017.
[18] Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical 

Characteristics of Coronavirus Disease 2019 in China. N Engl J 
Med. 2020;382(18):1708-1720. 

 doi: 10.1056/NEJMoa2002032.
[19] Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory 

distress in adults. Lancet. 1967;2(7511):319-23. 
 doi: 10.1016/s0140-6736(67)90168-7.
[20] Huppert LA, Matthay MA, Ware LB. Pathogenesis of Acute 

Respiratory Distress Syndrome. Semin Respir Crit Care Med. 
2019;40(1):31-39. 

 doi: 10.1055/s-0039-1683996.
[21] Mojtabavi H, Saghazadeh A, Rezaei N.Interleukin-6 and severe 

COVID-19: a systematic review and meta-analysis. Eur Cytokine 
Netw. 2020; 31:44-49. 

 doi: 10.1684/ecn.2020.0448.
[22] Karwaciak I, Sałkowska A, Karaś K, Dastych J, Ratajewski  M.

Nucleocapsid and Spike Proteins of the Coronavirus SARS-
CoV-2 Induce IL6 in Monocytes and Macrophages-Potential 
Implications for Cytokine Storm Syndrome. Vaccines (Basel). 
2021;9:E54. 

 doi: 10.3390/vaccines9010054.
[23] Kang S, Tanaka T, Inoue H, Ono C, Hashimoto S, Kioi Y, et al. IL-6 

trans-signaling induces plasminogen activator inhibitor-1 from vas-
cular endothelial cells in cytokine release syndrome. Proc Natl Acad 
Sci U S A. 2020;117:22351-22356. 

 doi: 10.1073/pnas.2010229117.
[24] Montgomery A, Tam F, Gursche C, Cheneval C, Besler K, Enns W, 

et al. Overlapping and distinct biological effects of IL-6 classic 



Karen Medina-Quero, et al.: Immune response and SARS-CoV-2

Bosn J Basic Med Sci. 2021;21(5):503-514 512 www.bjbms.org

and trans-signaling in vascular endothelial cells. Am J Physiol Cell 
Physiol. 2021 Jan. 

 doi: 10.1152/ajpcell.00323.2020.
[25] Silva MT, Correia-Neves M. Neutrophils and macrophages: the 

main partners of phagocyte cell systems. Front Immunol. 2012;3:174. 
 doi: 10.3389/fimmu.2012.00174.
[26] De Filippo K, Rankin SM. The Secretive Life of Neutrophils Revealed 

by Intravital Microscopy. Front Cell Dev Biol. 2020;8:603230. 
 doi: 10.3389/fcell.2020.603230.
[27] Landsman L, Jung S. Lung Macrophages Serve as Obligatory 

Intermediate between Blood Monocytes and Alveolar 
Macrophages. J Immunol. 2007;179(6): 3488-94. 

 doi: 10.4049/jimmunol.179.6.3488.
[28] Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, 

et al. Alveolar macrophages develop from fetal monocytes that dif-
ferentiate into long-lived cells in the first week of life via GM-CSF. J 
Exp Med. 2013;210(10): 1977-92. 

 doi: 10.1084/jem.20131199.
[29] Chávez-Galán L, Olleros ML, Vesin D, Garcia I. Much More than 

M1 and M2 Macrophages, There are also CD169(+) and TCR(+) 
Macrophages. Front Immunol. 2015;6:263. 

 doi: 10.3389/fimmu.2015.00263.
[30] Sun S, Cai X, Wang H, He G, Lin Y, Lu B, et al. Abnormalities of 

peripheral blood system in patients with COVID-19 in Wenzhou, 
China. Clin Chim Acta. 2020;507:174-180. 

 doi: 10.1016/j.cca.2020.04.024.
[31] Liu J, Li S, Liu J, Liang B, Wang X, Wang H, et al. Longitudinal char-

acteristics of lymphocyte responses and cytokine profiles in the 
peripheral blood of SARS-CoV-2 infected patients. BioMedicine 
2020;55:102763. 

 doi: 10.1016/j.ebiom.2020.102763.
[32] Fox SE, Akmatbekov A, Harbert JL, Li G, Quincy Brown J, Vander 

Heide RS. Pulmonary and cardiac pathology in African American 
patients with COVID-19: an autopsy series from New Orleans. 
Lancet Respir Med. 2020;8:681-686. 

 doi: 10.1016/S2213-2600(20)30243-5.
[33] Papayannopoulos V. Neutrophil extracellular traps in immunity 

and disease. Nat. Rev. Immunol. 2020;18:134–147. 
 doi: 10.1038/nri.2017.105.
[34] Arcanjo A, Logullo J, Menezes CCB, de Souza Carvalho 

Giangiarulo TC, Dos Reis MC, de Castro GMM, et al. The emerg-
ing role of neutrophil extracellular traps in severe acute respiratory 
syndrome coronavirus 2 (COVID-19). Sci Rep. 2020;10:19630. 

 doi: 10.1038/s41598-020-76781-0.
[35] Blasco A, Coronado MJ, Hernández-Terciado F, Martín P, Royuela A, 

Ramil E, et al. Assessment of Neutrophil Extracellular Traps in 
Coronary Thrombus of a Case Series of Patients With COVID-19 
and Myocardial Infarction. JAMA Cardiol. 2020:e207308. 

 doi: 10.1001/jamacardio.2020.7308.
[36] Seren S, Derian L, Keleş I, Guillon A, Lesner A, Gonzalez L, et al. 

Proteinase release from activated neutrophils in mechanically ven-
tilated patients with non-COVID-19 and COVID-19 pneumonia. 
Eur Respir J. 2021;8:2003755. doi: 10.1183/13993003.03755-2020.

[37] Staats LAN, Pfeiffer H, Knopf J, Lindemann A, Fürst J, Kremer AE, 
et al. IgA2 Antibodies against SARS-CoV-2 Correlate with NET 
Formation and Fatal Outcome in Severely Diseased COVID-19 
Patients. Cells. 2020;9:2676. 

 doi: 10.3390/cells9122676.
[38] Lee YY, Park HH, Park W, Kim H, Jang JG, Hong KS, et al. Long-

acting nanoparticulate DNase-1 for effective suppression of 
SARS-CoV-2-mediated neutrophil activities and cytokine storm. 
Biomaterials. 2021;267:120389. 

 doi:10.1016/j.biomaterials.2020.120389.
[39] Park HH, Park W, Lee YY, Kim H, Seo HS, Choi DW, et al. 

Bioinspired DNase-I-Coated Melanin-Like Nanospheres for 
Modulation of Infection-Associated NETosis Dysregulation. Adv 
Sci (Weinh). 2020;7:2001940. 

 doi: 10.1002/advs.202001940.
[40] Sanchez-Cerrillo I, Landete P, Aldave B, Sanchez-Alonso S, Sanchez-

Azofra A, Marcos-Jimenez A, et al. Differential Redistribution 

of Activated Monocyte and Dendritic Cell Subsets to the Lung 
Associates with Severity of COVID-19. medRxiv 2020 May 16. 

 doi 10.1101/2020.05.13.20100925.
[41] Spinetti T, Hirzel C, Fux M, Walti LN, Schober P, Stueber F, et al. 

Reduced monocytic HLA-DR expression indicates immuno-
suppression in critically ill COVID-19 patients. Anesth Analg 
2020;131(4):993-999. 

 doi 10.1213/ANE.0000000000005044.
[42] Codo AC, Davanzo GG, Monteiro LB, de Souza GF, Muraro SP, 

Virgilio-da-Silva JV, et al. Elevated Glucose Levels Favor SARS-
CoV-2 Infection and Monocyte Response through a HIF-1α/
Glycolysis-Dependent Axis. Cell Metab 2020; 32(3):437-446.e5. 

 doi: 10.1016/j.cmet.2020.07.007.
[43] Wang C, Xie J, Zhao L, Fei X, Zhang H, Tan Y, et al. Alveolar mac-

rophage dysfunction and cytokine storm in the pathogenesis of two 
severe COVID-19 patients. EBioMedicine 2020;57:102833. 

 doi: 10.1016/j.ebiom.2020.102833.
[44] Feng Z, Diao B, Wang R, Wang G, Wang C, Tan Y, et al. The novel 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
directly decimates human spleens and lymph nodes. medRxiv 2020 
March 31. 

 doi.org/10.1101/ 2020.03.27.20045427.
[45] Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou K, 

Antoniadou A, Antonakos N, et al. Complex Immune Dysregulation 
in COVID-19 Patients with Severe Respiratory Failure. Cell Host 
Microbe 2020;27(6):992-1000.e3. 

 doi: 10.1016/j.chom.2020.04.009.
[46] Yang Y, Shen C, Li J, Yuan J, Wei J, Huang F, et al. Plasma IP-10 

and MCP-3 levels are highly associated with disease severity and 
predict the progression of COVID-19. J Allergy Clin Immunol 
2020;146(1):119-127.e4. 

 doi: 10.1016/j.jaci.2020.04.027.
[47] Wang D, Li R, Wang J, Jiang Q, Gao C, Yang J, et al. Correlation anal-

ysis between disease severity and clinical and biochemical charac-
teristics of 143 cases of COVID-19 in Wuhan, China: a descriptive 
study. BMC Infect Dis 2020;20(1):519. 

 doi: 10.1186/s12879-020-05242-w.
[48] Jarjour NN, Masopust D, Jameson SC.T Cell Memory: 

Understanding COVID-19. Immunity. 2021;54:14-18. 
 doi: 10.1016/j.immuni.2020.12.009.
[49] Cassotta A, Paparoditis P, Geiger R, Mettu RR, Landry SJ, Donati A, 

et al. Deciphering and predicting CD4+ T cell immunodominance 
of influenza virus hemagglutinin. J Exp Med. 2020;217:e20200206. 

 doi: 10.1084/jem.20200206.
[50] Cooper RS, Fraser AR, Smith L, Burgoyne P, Imlach SN, Jarvis LM, 

et al. Rapid GMP-Compliant Expansion of SARS-CoV-2-Specific 
T Cells From Convalescent Donors for Use as an Allogeneic Cell 
Therapy for COVID-19. Front Immunol. 2021;11:598402. 

 doi: 10.3389/fimmu.2020.598402.
[51] Ni L, Ye F, Cheng ML, Feng Y, Deng YQ, Zhao H, et al. Detection of 

SARS-CoV-2-specific humoral and cellular immunity in COVID-19 
convalescent individuals. Immunity. 2020;52(6):971-977.e3. 

 doi: 10.1016/j.immuni.2020.04.023.
[52] Ganji A, Farahani I, Khansarinejad B, Ghazavi A, Mosayebi G. 

Increased expression of CD8 marker on T-cells in COVID-19 
patients. Blood Cells Mol Dis. 2020;83:102437. 

 doi: 10.1016/j.bcmd.2020.102437.
[53] Zheng HY, Zhang M, Yang CX, Zhang N, Wang XC, Yang XP, et al. 

Elevated exhaustion levels and reduced functional diversity of T 
cells in peripheral blood may predict severe progression in COVID-
19 patients. Cell Mol Immunol. 2020;17(5): 541-543. 

 doi: 10.1038/s41423-020-0401-3.
[54] Kang CK, Han GC, Kim M, Kim G, Shin HM, Song KH, et al. 

Aberrant hyperactivation of cytotoxic T-cell as a potential determi-
nant of COVID-19 severity. Int J Infect Dis. 2020;97:313-321.

 doi: 10.1016/j.ijid.2020.05.106.
[55] Yao C, Bora SA, Parimon T, Zaman T, Friedman OA, Palatinus JA, 

et al. Cell-Type-Specific Immune Dysregulation in Severely Ill 
COVID-19 Patients. Cell Rep. 2021;34:108590. 

 doi: 10.1016/j.celrep.2020.108590.



Karen Medina-Quero, et al.: Immune response and SARS-CoV-2

Bosn J Basic Med Sci. 2021;21(5):503-514 513 www.bjbms.org

[56] Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and 
Functional Exhaustion of T Cells in Patients With Coronavirus 
Disease 2019 (COVID-19). Front Immunol. 2020;11:827. 

 doi: 10.3389/fimmu.2020.00827.
[57] Song JW, Zhang C, Fan X, Meng FP, Xu Z, Xia P, et al. Immunological 

and inflammatory profiles in mild and severe cases of COVID-19. 
Nat Commun. 2020;11(1): 3410. 

 doi: 10.1038/s41467-020-17240-2.
[58] Rha MS, Jeong HW, Ko JH, Choi SJ, Seo IH, Lee JS, et al. PD-1-

Expressing SARS-CoV-2-Specific CD8(+) T Cells Are Not 
Exhausted, but Functional in Patients with COVID-19. Immunity. 
2021 Jan 12;54(1):44-52.e3. 

 doi: 10.1016/j.immuni.2020.12.002
[59] Wauters E, Van Mol P, Garg AD, Jansen S, Van Herck Y, 

Vanderbeke  L, Bassez A, et al. Discriminating mild from critical 
COVID-19 by innate and adaptive immune single-cell profiling of 
bronchoalveolar lavages. Cell Res. 2021 Jan 21. 

 doi: 10.1038/s41422-020-00455-9.
[60] Kusnadi A, Ramírez-Suástegui C, Fajardo V, Chee SJ, Meckiff BJ, 

Simon H, et al. Severely ill COVID-19 patients display impaired 
exhaustion features in SARS-CoV-2-reactive CD8+ T cells. Sci 
Immunol. 2021;6:eabe4782. 

 doi: 10.1126/sciimmunol.abe4782.
[61] Nicoli F, Solis-Soto MT, Paudel D, et al. Age-related decline of 

de novo T cell responsiveness as a cause of COVID-19 severity. 
Geroscience. 2020;42(4): 1015-1019.

[62] Aviv A. Telomeres and COVID-19. FASEB J. 2020;34(6):7247-7252.
 doi: 10.1096/fj.202001025.
[63] Van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, 

Gamble A, Williamson BN, et al. Aerosol and Surface Stability 
of SARS-CoV-2 as Compared with SARS-CoV-1. N Engl J Med. 
2020;382(16):1564-1567. 

 doi: 10.1056/NEJMc2004973.
[64] Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, 

et al. The Incubation Period of Coronavirus Disease 2019 (COVID-
19) From Publicly Reported Confirmed Cases: Estimation and 
Application. Ann Intern Med. 2020;172(9): 577-582. 

 doi: 10.7326/M20-0504.
[65] Hanson KE, Caliendo AM, Arias CA, Englund JA, Lee MJ, Loeb M, 

et al. Infectious Diseases Society of America Guidelines on the 
Diagnosis of COVID-19. Clin Infect Dis 2020 Jun 16:ciaa760. 

 doi: 10.1093/cid/ciaa760.
[66] Samuels JD. Obesity Phenotype is a Predictor of COVID-19 Disease 

Susceptibility. Obesity (Silver Spring) 2020;28(8):1368. 
 doi: 10.1002/oby.22866.
[67] Dietz W, Santos-Burgoa C. Obesity and its Implications for 

COVID-19 Mortality. Obesity (Silver Spring). 2020;28(6):1005. 
 doi: 10.1002/oby.22818.
[68] Du RH, Liang LR, Yang CQ, Wang W, Cao TZ, Li M, et al. 

Predictors of mortality for patients with COVID-19 pneumonia 
caused by SARS-CoV-2: a prospective cohort study. Eur Respir J. 
2020;55(5):2000524. 

 doi: 10.1183/13993003.00524-2020.
[69] Richardson S, Hirsch JS, Narasimhan M, Crawford JM, McGinn T, 

Davidson KW et al. Presenting Characteristics, Comorbidities, and 
Outcomes Among 5700 Patients Hospitalized With COVID-19 in 
the New York City Area. JAMA. 2020;323(20): 2052-2059. 

 doi: 10.1001/jama.2020.6775.
[70] Lechien JR, Chiesa-Estomba CM, Place S, Van Laethem Y, 

Cabaraux P, Mat Q, et al. Clinical and epidemiological characteris-
tics of 1420 European patients with mild-to-moderate coronavirus 
disease 2019. J Intern Med 2020;288(3):335-344. 

 doi: 10.1111/joim.13089.
[71] Stokes EK, Zambrano LD, Anderson KN, Marder EP, Raz KM, El 

Burai Felix S, et al. Coronavirus Disease 2019 Case Surveillance - 
United States, January 22-May 30, 2020. MMWR Morb Mortal 
Wkly Rep. 2020;69(24): 759-765. 

 doi: 10.15585/mmwr.mm6924e2.
[72] Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, 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(10229):1054-1062. 

 doi: 10.1016/S0140-6736(20)30566-3.
[73] Ruan Q, Yang K, Wang W, Jiang L, Song J. Clinical predictors of 

mortality due to COVID-19 based on an analysis of data of 150 
patients from Wuhan, China. Intensive Care Med. 2020;46(5): 
846-848. 

 doi: 10.1007/s00134-020-05991-x.
[74] Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical 

Characteristics of 138 Hospitalized Patients With 2019 Novel 
Coronavirus-Infected Pneumonia in Wuhan, China. JAMA. 
2020;323(11):1061-1069. 

 doi: 10.1001/jama.2020.1585.
[75] Wu Z, McGoogan JM. Characteristics of and Important Lessons 

From the Coronavirus Disease 2019 (COVID-19) Outbreak in China: 
Summary of a Report of 72 314 Cases From the Chinese Center for 
Disease Control and Prevention. JAMA 2020;323(13):1239-1242. 

 doi: 10.1001/jama.2020.2648.
[76] Zhang L, Yan X, Fan Q, Liu H, Liu X, Liu Z, Zhang Z. D-dimer lev-

els on admission to predict in-hospital mortality in patients with 
Covid-19. J Thromb Haemost. 2020;18(6):1324-1329. 

 doi: 10.1111/jth.14859.
[77] Ai T, Yang Z, Hou H, Zhan C, Chen C, Lv W, et al. Correlation 

of Chest CT and RT-PCR Testing in Coronavirus Disease 2019 
(COVID-19) in China: A Report of 1014 Cases. Radiology. 
2020;296(2):E32-E40. 

 doi: 10.1148/radiol.2020200642.
[78] Gattinoni L, Chiumello D, Caironi P, Busana M, Romitti F, 

Brazzi  L, Camporota L. COVID-19 pneumonia: different respi-
ratory treatments for different phenotypes? Intensive Care Med. 
2020;46(6):1099-1102. doi: 10.1007/s00134-020-06033-2.

[79] Sethuraman N, Jeremiah SS, Ryo A. Interpreting Diagnostic Tests 
for SARS-CoV-2. JAMA 2020;323(22):2249-2251. 

 doi: 10.1001/jama.2020.8259.
[80] Wölfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, 

Müller  MA, et al. Virological assessment of hospitalized patients 
with COVID-2019. Nature. 2020;581(7809):465-469. 

 doi: 10.1038/s41586-020-2196-x.
[81] Zheng S, Fan J, Yu F, Feng B, Lou B, Zou Q,et al. Viral load dynam-

ics and disease severity in patients infected with SARS-CoV-2 
in Zhejiang province, China, January-March 2020: retrospective 
cohort study. BMJ. 2020;369:m1443. 

 doi: 10.1136/bmj.m1443.
[82] Lescure FX, Bouadma L, Nguyen D, Parisey M, Wicky PH, Behillil S, 

et al. Clinical and virological data of the first cases of COVID-19 in 
Europe: a case series. Lancet Infect Dis. 2020;20(6):697-706. 

 doi: 10.1016/S1473-3099(20)30200-0.
[83] To KK, Tsang OT, Leung WS, Tam AR, Wu TC, Lung DC, et al. 

Temporal profiles of viral load in posterior oropharyngeal saliva 
samples and serum antibody responses during infection by 
SARS-CoV-2: an observational cohort study. Lancet Infect Dis. 
2020;20(5):565-574. 

 doi: 10.1016/S1473-3099(20)30196-1.
[84] Siddiqi HK, Mehra MR. COVID-19 illness in native and immuno-

suppressed states: A clinical-therapeutic staging proposal. J Heart 
Lung Transplant. 2020;39(5): 405-407. 

 doi: 10.1016/j.healun.2020.03.012.
[85] Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological 

and clinical characteristics of 99 cases of 2019 novel coronavi-
rus pneumonia in Wuhan, China: a descriptive study. Lancet. 
2020;395(10223):507-513. 

 doi: 10.1016/S0140-6736(20)30211-7.
[86] Chaomin WU, Xiaoyan C, Yangping C, Jia’an X, Xing Z, Sha X, et. al. 

Risk factors associated with acute respiratory distress syndrome 
and death in patients with coronavirus disease 2019 pneumonia in 
Wuhan, China. JAMA Intern Med. 2020; 180 (7):934-943. 

 doi: 10.1001/jamainternmed.2020.0994.
[87] Myall KJ, Mukherjee B, Castanheira AM, Lam JL, Benedetti G, 

Mak SM, et. al. Persistent Post-COVID-19 inflammatory interstitial 
Lung disease: an observational study of corticosteroid treatment. 



Karen Medina-Quero, et al.: Immune response and SARS-CoV-2

Bosn J Basic Med Sci. 2021;21(5):503-514 514 www.bjbms.org

Ann Am Thorac Soc. 2021 Jan 12. 
 doi:10.1513/AnnalsATS.202008-1002OC.
[88] Van Gassel RJJ, Bels JLM, Raafs A, Van Bussel BCT, Van de Poll 

MCG, Simons SO, et. al. High prevalence of pulmonary sequelae 
at 3 months after hospital discharge in mechanically ventilated 
COVID-19 survivors. AJRCCM. 2020. Dec 16. 

 doi: 20.1164/rccm.202010-3823LE.
[89] Sarzani R, Giulietti F, Di Pentima C, Giordano P, Spannella F. 

Disequilibrium between the classic renin-angiotensin system and 
its opposing arm in SARS-CoV-2-related lung injury. Am J Physiol 
Lung Cell Mol Physiol 2020;319:L325-L336. 

 doi: 10.1152/ajplung.00189.2020.

[90] Zhao X, Nicholls JM, Chen YG. Severe acute respiratory syn-
drome-associated coronavirus nucleocapsid protein interacts with 
Smad3 and modulates transforming growth factor-beta signaling. J 
Biol Chem 283: 3272-3280, 2008. 

 doi: 10.1074/jbc.M708033200.
[91] Banerjee A, Czinn SJ, Reiter RJ, Blanchard TG. Crosstalk between 

endoplasmic reticulum stress and anti-viral activities: A novel ther-
apeutic target for COVID-19. Life Sci 2020; 255:117842. 

 doi: 10.1016/j.lfs.2020.117842.
[92] Burman A, Tanjore H, Blackwell TS. Endoplasmic reticulum stress 

in pulmonary fibrosis. Matrix Biol 2018; 68-69:355-365. 
 doi: 10.1016/j.matbio.2018.03.015.

Related articles published in BJBMS
1. SARS-CoV-2 infection of the nervous system: A review of the literature on neurological involvement in novel coronavirus dis-

ease (COVID-19) 
 Alvin Oliver Payus et al., BJBMS, 2020
2. Insight into the emerging role of SARS-CoV-2 nonstructural and accessory proteins in modulation of multiple mechanisms of 

host innate defense
 Abualgasim Elgaili Abdalla et al., BJBMS, 2020

https://www.bjbms.org/ojs/index.php/bjbms/article/view/4860

https://www.bjbms.org/ojs/index.php/bjbms/article/view/4860

https://www.bjbms.org/ojs/index.php/bjbms/article/view/5543
https://www.bjbms.org/ojs/index.php/bjbms/article/view/5543

