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1  |  INTRODUC TION

The coronavirus disease 2019 (COVID-19) caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) started in Wuhan 
(China), was declared a pandemic in 11 March 2020 by WHO and 

caused over 5  million confirmed deaths up to August 2021. In a 
paper published last year, we underscored the unknowns about 
virus receptors and signaling, host immune response, disease patho-
genesis and therapeutic tools able to control virus entry, replication, 
and spread and harmful effects.1 After over one year of pandemic, 
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Abstract
The coronavirus disease 2019 (COVID-19) pandemic started in March 2020 and 
caused over 5 million confirmed deaths worldwide as far August 2021. We have been 
recently overwhelmed by a wide literature on how the immune system recognizes 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and contributes to 
COVID-19 pathogenesis. Although originally considered a respiratory viral disease, 
COVID-19 is now recognized as a far more complex, multi-organ-, immuno-mediated-, 
and mostly heterogeneous disorder. Though efficient innate and adaptive immunity 
may control infection, when the patient fails to mount an adequate immune response 
at the start, or in advanced disease, a high innate-induced inflammation can lead to 
different clinical outcomes through heterogeneous compensatory mechanisms. The 
variability of viral load and persistence, the genetic alterations of virus-driven recep-
tors/signaling pathways and the plasticity of innate and adaptive responses may all 
account for the extreme heterogeneity of pathogenesis and clinical patterns. As re-
cently applied to some inflammatory disorders as asthma, rhinosinusitis with polypo-
sis, and atopic dermatitis, herein we suggest defining different endo-types and the 
related phenotypes along COVID-19. Patients should be stratified for evolving symp-
toms and tightly monitored for surrogate biomarkers of innate and adaptive immunity. 
This would allow to preventively identify each endo-type (and its related phenotype) 
and to treat patients precisely with agents targeting pathogenic mechanisms.
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we have been overwhelmed by an enormous number of reports on 
SARS-CoV-2 infection and COVID-19 pathogenesis. Although origi-
nally defined as a respiratory viral infection, COVID-19 is now clearly 
recognized as a far more complex, multistep, multi-organ, immuno-
mediated, and mostly heterogeneous disease.

The angiotensin-converting enzyme-2 (ACE2) is one of the 
SARS-CoV2 receptors and in ACE2-bearing cells (as monocytes/
macrophages and epithelial cells), the virus triggers pattern recog-
nition receptors as toll-like receptors (TLRs) and cytosolic sensors. 
Their signaling essentially follows three pathways leading to the 
type I/III interferon (IFN) secretion, the expression of costimulatory 
molecules for T-cell activation, and production of pro-inflammatory 
cytokines and chemokines.1 This contributes to the activation of in-
nate and adaptive immune responses, in particular of NK cells and 
virus-specific cytotoxic CD8+ T cells. In mild/moderate COVID-19 
patients, such CD8+T cells are clonally expanded with a high am-
plification rate and express tissue-residence molecules (CXCR-6, 
and XCL1).2 In these patients, increased virus-specific T follicular 
helper (Tfh) cells cooperate with B cells to mount a protective hu-
moral response. It starts 1–2 weeks from infection, even though in 
some asymptomatic/mild cases antibodies (Abs) increase much later. 
In some asymptomatic people, the virus-specific T cells and Abs are 
totally missing.3 The virus-specific IgA usually correlates with the 
IgG response, but the IgA monomers are twofold less potent than 
IgG, while the IgA dimers, associated with respiratory mucosa, are 
7.5 times more potent than IgG. Thus, dimeric IgA response may be 
particularly valuable for protection against SARS-CoV-2.4 In recov-
ered individuals circulating resting memory B (mB), cells recognizing 
S1 proteins are consistently detectable. The anti-S1 Abs decline rap-
idly in 4 months from the infection and remain detectable for at least 
11  months, correlating with the number of long-lived S1-specific 
plasma cells in bone marrow.5

Both innate and adaptive immunity control the viral infection 
and determine clinical recovery in the majority of infected people; 
however, the virus negatively impacts on the IFN signaling pathway 
in infected cells leading to an impaired viral control. This triggers 
a persistent innate response preventing adequate adaptive immune 
responses. These patients show reduced circulating CD4+ and 
CD8+ T cells expressing inflammatory genes, membrane activation 
markers, and altered function.6,7 In severe/critical infections, CD8+ 
T cells do not display a clonal expansion, are phenotypically hetero-
geneous, and exhibit exhaustion phenotype.2 Of note, the neutraliz-
ing anti-virus (S1 and receptor binding domain -RBD) Abs are usually 
higher in critical as compared to the non-critical patients.8,9

Such prevalent innate-induced inflammation can lead to a cyto-
kine storm-like disorder and interstitial pneumonia, contributing (to-
gether with direct action of the virus) to a diffuse organ involvement 
and failure. COVID-19 pneumonia shows immunological features dif-
ferent from other common respiratory viral infections. For instance, 
it associates with higher levels of pro-inflammatory cytokines, pro-
coagulative state, NLRP3 inflammasome (NI) activation, and altered 
fatty acids profiles as compared to H1N1 infection.10 More impor-
tantly, the dysfunction of NK and T cells and the hyperactivation 

of macrophages and neutrophils in COVID-19 respiratory infection 
are absent in H1N1 pneumonia.11 Lastly, eosinopenia in COVID-19 
is more pronounced than in other viral infections, including influ-
enza.12 Although eosinophils can promote broad-spectrum antiviral 
activity or serve to regulate immunity at sites of viral infection, it is 
at present unclear whether eosinopenia in COVID-19 is consequent 
to their massive homing to tissues. The cytokine excess of severe 
COVID-19 could be also responsible for eosinophils margination or 
apoptosis.13,14 Notably, eosinophils of COVID-19 patients overex-
press the programmed death receptor ligand-1 which is induced by 
IFN-γ hyper-production and correlates with disease severity.15,16

At present, a major unanswered question is, why the viral im-
mune evasion may predominate on the host immunity leading to 
hyper activation of innate response only in a proportion of patients.

2  |  IMMUNO -PATHOGENESIS OF 
COVID -19

Even though many hypotheses have been proposed, the causes in-
ducing variable responses of the immune system along such a mul-
tistep disease are only partially known.17,18 We will discuss such 
pathogenic hypotheses, taking into account that each mechanism is 
not mutually exclusive and underscoring the high heterogeneity of 
immune responses and clinical patterns.

2.1  |  Altered coordination between innate and 
adaptive immunity

The virus exploits mechanisms inhibiting components of the IFN 
signaling pathway in infected cells as plasmacytoid dendritic cells 
(pDCs). The low IFN detected in COVID-19 patients suggests a po-
tential defect in antiviral defenses, which is negatively associated 
with disease severity.19 While SARS-CoV-2 is highly sensitive to IFN, 
it can interfere with downstream signaling at several levels, or in-
hibit IFN-stimulated gene products.20 Remarkably, ACE2 expression 
on epithelial cells is upregulated by IFN itself; thus, the virus can 
even utilize the residual anti-viral molecule (IFN) for further entry 
into these cells.21 In addition, pDCs (the main source of IFN) are 
decreased in COVID-19 due to recruitment into tissues and apop-
tosis.22 When the innate response lasts too long, SARS-CoV-2 fur-
ther replicates and compromises the adaptive immune responses.18 
The reduced pDCs can be responsible for the impaired presentation 
of viral epitopes to T cells and for natural killer (NK) cells dysfunc-
tion.23 Impaired NK cells can also be due to: (i) Over-production of 
cytokines (mainly IL-6) by infected cells, which induces NK exhaus-
tion,24 (ii) spike subunit 1 (S1) which, through GATA3 activation, me-
diates HLA-E expression and CCL26 secretion by lung epithelium. 
CCL26 selectively favors NK cells homing into the lung; however, the 
interaction of HLA-E with NKG2A-CD94 inhibitory receptor leads 
to NK cell inhibition/exhaustion,25,26 (iii) KLRC2 gene (encoding the 
activating receptor NKG2C) deletion or HLA-E*0101/0103 variants 
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(poorly recognized by NKG2C) with consequent reduction/absence 
of NKG2C+ “memory” NK cells27; (iv) impaired release into blood-
stream and tissues of “inflammatory” (CD34 + DNAM1brightCXCR4+) 
precursors from the bone marrow, rapidly differentiating into ma-
ture NK progenies.28,29

The factors delaying adaptive immunity are mostly related to 
early impairment of innate responses. The increasing number of 
Myeloid-Derived Suppressive Cells (MDSC) and of suppressive fac-
tors as endogenous corticosteroids, TGF-β and IL-10, may condition 
the timing of the adaptive cellular response. High serum IL-10 in 
COVID-19 (mainly in critical/non-survivors) mimics systemic sep-
sis.18,30 Delaying factors can be amplified by age, as elderly patients 
show few naive T cells and a limited TCR repertoire, deferring specific 
T and B cell responses.31 To compensate defective T cells, innate cells 
may mount excessive responses leading to lung immunopathology, 
and multi-organ damages. Notably, the virus can directly (via TLR2) 
or indirectly (via virus/anti-virus Abs immune complexes, IC) activate 
the NI, favoring the overproduction of cytokines (prevalently IL-1β, 
IL-18, and IL-23) and severe outcomes.30–32 This agrees with reports 
in which innate cytokine/chemokine signatures of immunopathol-
ogy22 have been associated with end-stage COVID-19 disease.33 The 
lack of temporal coordination between innate and adaptive responses 
allows the persistence of a sustained viral load, which can trigger sub-
sequent waves of inflammation worsening clinical outcomes.23

2.2  |  Pre-existing immunity to the virus in 
unexposed individuals

SARS-CoV-2-specific T cells have been detected in about 50% of 
unexposed individuals, suggesting T cell cross-reactivity between 
SARS-CoV-2 and common cold coronaviruses (CCC), which affect 
>75% of the general population.34 Pre-existing memory T cells could 
favor a faster and stronger adaptive immune response upon expo-
sure to SARS-CoV-2, limiting disease severity. Such a secondary-like 
response could associate with a faster increase in memory Tfh cells, 
activation of B cells, and rapid humoral response. If polymerized, 
some viral antigens can also directly trigger mB cell proliferation 
leading to short-term antibody production.18 This looks like what 
happens in recovered patients, where a robust virus-specific T cell 
response is maintained, preventing reinfection.35

The pre-existing memory T cells might, however, be harmful, 
eliciting an antibody-mediated disease enhancement mechanism.36 
Sustained response of pre-existing T cells may be detrimental if 
associated with a dysfunction of naive- and induced-T regulatory 
(Treg) cells.37 Since Treg cells limit antiviral responses and tissue 
immunopathology,38 their reduction may favor a vigorous amplifi-
cation of any (specific or non-specific) T cell response including au-
toreactive T cells triggering autoimmunity. The direct interaction of 
CD147 (an inducer of metalloproteases mainly expressed on early 
activated memory Treg cells) and S1 protein has been suggested 
to be responsible for Treg cell dysfunction observed in severe 
COVID-19.23,32,38,39

Regarding pre-existing humoral response, it was reported that, in 
naïve and, mostly, in recovered and vaccinated (mRNA) individuals, 
anti-S1-secreting plasmablasts peaked one week after the second 
challenge and then disappeared three weeks later40; notably, B cells 
recognizing also S proteins of CCC strains have been observed in these 
subjects.41 Furthermore, Abs produced by germinal center (GC) B cells 
of lymph nodes from 8-month-vaccinated people, recognized not only 
the S1/RBD and N domain of SARS-CoV2 but also S1 epitopes shared 
with some CCC strains. As described in seasonal influenza virus vacci-
nation, these cross-reactive B cells displayed higher levels of somatic 
hypermutation suggesting a strong mB cell origin.40,42,43

2.3  |  Super-antigen hypothesis

The similarity between severe COVID-19 and sepsis suggests that 
SARS-CoV-2 could contain super-antigenic sequences. Super-
antigens (SAtgs) may enroll and activate exhaustion of a large (even 
if variable) proportion of polyclonal T cells. Some HLA haplotypes 
are more permissive in binding SAtgs and may account for the het-
erogeneity of immune responses and clinical outcomes.44 Several 
SARS-CoV-2 SAtgs have been discovered: (i) A polybasic sequence 
of S protein with high homology to the SARS-Cov1 18-mer peptide 
with SAtgs activity, (ii) the homology of the previous sequence with 
SEB: notably, an anti-SEB Ab displays the neutralizing activity of 
SARS-CoV-2 infection by inhibiting the access of TMPRSS2 to the 
cleavage site,44 (iii) the homology of the SAtg motif with neurotoxin-
like sequences binding TCR.45 The analysis of TCR repertoire from 
patients with severe disease indicates a TCR skewing with exten-
sive junctional diversity, enrichment of Vβ genes, and increased J 
diversity, all consistent with SAtgs-induced activation.46 Since SAtgs 
bind the monomorphic sequences of TCR and MHC class II, they may 
polyclonally activate a proportion of T and B cells and contribute 
to their dysfunction.44 Notably, the pathogenic role of SAtg of S1 
needs to be further evaluated and the described mechanism remains 
largely speculative. It is likely that the polyclonal T and B cell activa-
tion induced by SARS-CoV2 SAtg sequences could be crucial in the 
presence of some additional mechanisms as an early impairment of 
Treg cells or superinfection with other pathogens displaying SAtgs. 
Notably, no data are available on the presence of SAtgs of S1 pro-
teins produced by COVID-19 vaccines.

2.4  |  Unmasking latent auto-inflammatory/
autoimmune mechanisms

Viruses are considered the major trigger of autoimmune diseases in 
susceptible individuals. The hyperactivation of the immune response 
against SARS-CoV2  may lead, in some patients, to unpredictable 
symptoms of autoimmune/auto-inflammatory disorders (AAD), as ob-
served in other infections. Even though they often represent transient 
post-infectious epiphenomena, some COVID-19-related manifesta-
tions fulfill the diagnostic criteria of specific AAD. Symptoms related 
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to autoimmune hematological diseases, autoimmune neuropathies, 
autoimmune coagulopathies, and Kawasaki disease-like vasculitis 
have been documented during COVID-19.47,48 Histological patterns 
of the lung in COVID-19 are identical to those of systemic lupus ery-
thematosus (SLE), dermatomyositis (DM), and progressive systemic 
sclerosis (PSS).49 Anti-nuclear-, centromere-, PM-Scl, SS-B/La, Jo-
1, and Scl-70 auto-Abs have been described in a high proportion of 
severe patients,50 while inconsistent results have been reported on 
anti-phospholipid Abs.50–52 Anti-platelet factor 4 (PF4) auto-Abs are 
likely responsible for the very rare post-vaccination thromboses with 
thrombocytopenia. The anti-IFN-α auto-Abs, further impairing the 
anti-viral response, have been frequently detected in patients with 
life-threatening COVID-19.53 The repertoire of auto-Abs examined in 
multisystem inflammatory syndrome-children (MIS-C) patients identi-
fied 189 peptide candidates for IgG- and 108 for IgA autoantigens. In 
this library, the peptides expressed in cells of the immune system, La 
and Jo-1 autoantigens (present in SLE and autoimmune myopathies), 
and those of tissues involved in MIS-C are particularly abundant.54 
Furthermore, by analyzing the specificities toward more than 2500 ex-
tracellular and secreted proteins, it was found that severe COVID-19 
patients exhibited a dramatic increase in auto-Abs compared to un-
infected people. They recognize cytokines, chemokines, complement 
-C’- components, and cell surface proteins; thus, modulating immune 
responses and viral load control in a very heterogeneous manner.55

Apparently, in odds with the ability of SARS-CoV2 to elicit au-
toimmunity, many reports indicate that AAD patients, clinically 
stabilized with immunosuppressive drugs, display, if infected with 
SARS-CoV-2, similar morbidity rates of the general population.56 
It has been suggested that such treatment regimens likely allow 
to dampen some pathogenic mechanism of infection. This applies 
also to allergic patients infected by SARS-CoV2, who display simi-
lar morbidity to the general population, likely due to some chronic 
therapeutic regimen.57 Budesonide (an inhaled corticosteroid – ICS), 
largely employed in asthma, if administered at the initial phase of 
SARS-CoV2 infection, has been shown to markedly reduce viral load 
and persistence, duration, and severity of symptoms and timing of 
recovery in recently infected non-asthmatic patients.58 It has been 
shown that ICS locally impair ACE2 expression on respiratory mu-
cosa through the inhibition of IFN.59,60 However, two retrospective 
studies on large cohorts of patients curb enthusiasm on the regular 
ICS use in protecting asthmatic patients against COVID-19 infec-
tion.61,62 Oral corticosteroids (OCS) also reduce ACE2 expression 
and virus entry, but they heavily blunt systemic immunity with the 
risk of increases in viral load if administered early: OCS are indicated 
to reduce inflammation and mortality risk only in severe patients.63 
The control of SARS-CoV2 infection in respiratory allergy may also 
be due to anti-histamine drugs. The rationale for their use is that the 
virus directly activates mast cells (expressing ACE2) secreting hista-
mine in COVID-19 pneumonia and that several anti-histamines pre-
vent SARS-CoV2 entry in in vitro models.64,65 In addition, patients 
treated with these drugs are more resistant to SARS-CoV2, and ceti-
rizine and famotidine alleviate pulmonary symptoms in COVID-19.66 
These data, confirming the protective effects toward SARS-CoV2 

infection of several anti-inflammatory drugs, underline that AAD 
and allergy share some pathogenic mechanisms with COVID-19.

Besides Treg cells defect, several virus-related mechanisms im-
pair peripheral tolerance, and each mechanism, by itself or in asso-
ciation with others, may contribute to the pathogenesis of AAD-like 
symptoms.

2.4.1  |  Molecular mimicry

S1 protein shares sequence homology with an extraordinary number 
of tissue proteins that, if altered, mutated, deficient, or improperly 
functioning by cross-reacting Abs, may associate with a wide range 
of AAD.67 An epitope mapping analysis has identified linear immu-
nogenic epitopes from DM patients matching with the SARS-CoV-2 
peptides. HLA-B*15:03 which associates with Sjogren's Syndrome 
is able to present highly conserved SARS-CoV-2 peptides. SARS-
CoV-2 shares also sequence with proteins of the brainstem respira-
tory nucleus and with a pulmonary surfactant, possibly explaining 
neurological and pulmonary damages.68

2.4.2  |  Neutrophils’ extracellular traps and 
epitope spreading

The neutrophil extracellular traps (NETs) have been observed in 
COVID-19 patients with elevated serum levels of cell-free DNA, 
myeloperoxidase-DNA complexes, and citrullinated histone H3.33,69 
NETs are a way to control microbial infections and this unique cell 
death program is called “NETosis.” NETs can be activated through many 
disease-related stimuli and mediate tissue damage. Excessive spread 
of self-antigens, associated with increased NETosis and/or defects of 
mechanisms for their elimination, leads to AAD and clotting activation.69

2.4.3  |  Bystander damage

Bystander damage starts when the virus-specific CD8+ T cells are re-
cruited into the infected tissues where they exert cytotoxic activity. 
Dead cells activate macrophages to release reactive oxygen species 
and nitric oxide resulting in bystander killing of uninfected cells.70 
CD4+T cells may also contribute to the BD through the release of 
pro-inflammatory cytokines.70 Impaired clearance of killed cells in-
duces spreading of autoantigens with the activation of bystander 
autoreactive T and B cells. BD is responsible for ARDS, myocarditis, 
and neurological involvement of COVID-19.

2.4.4  |  Trained immunity and hyperactivation of 
T cells

When the virus persists, it may dysregulate NI in infected cells 
modifying the environmental signals (mainly IL-1β, but also IL-18 
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and IL-23) which, in turn, promote: (i) The expression of further pro-
inflammatory molecules; (ii) the amplification of so-called “trained 
innate immunity;” (iii) the activation of bystander autoreactive T and 
B cells. All these mechanisms, largely mediated by cytokines of the 
IL-1  superfamily, contribute to an excessive immune response and 
to the onset of AAD.71 The “trained Immunity” leads to an increased 
response of previously activated innate cells, mostly myeloid and NK 
cells, to subsequent triggers, defined as “innate immune memory,” 
responsible for the persistence of inflammation in some disorders.72 
“Trained memory” NK cells work as a rapid protective mechanism 
in secondary infections, but not in SARS-CoV-2 (primary) infection 
where it would contribute to the increase in the late inflammation. 
However, some reports indicate that trained innate immunity could 
overcome also primary infection due to a rapid reaction able to in-
hibit the virus from further dissemination.73 No data are available 
regarding the onset of “trained memory” NK cells in recovered or 
vaccinated people.

The bystander activation of T cells, including autoreactive T cells, 
is favored by the excess of environment signals facilitated by Treg 
cell dysfunction. They contribute to ineffective virus clearance and 
stimulate long-lived autoreactive B cells and auto-Abs. Autoreactive 
T cells prevalently display a Th17 profile whose development is fa-
vored by IL-1β and IL-23 overproduced by NI-activated macrophages. 
Importantly, Th17 cells have been shown in the blood and tissues of 
the majority of AAD and COVID-19. Since Th17 cells are highly plas-
tic, the environmental IL-12 and TNF-α usually induce their shift to 
a more aggressive profile (cytotoxic non-classical Th1–ncTh1 cells) 
exerting further tissue injury in AAD and, likely, in COVID-19.74 The 
hyper-production of IFN-γ from ncTh1 and NK cells (promoted by 
IL-18) improves macrophage activation; thus, starting a vicious circle 
that might lead to a clinical pattern known as macrophages activat-
ing syndrome (MAS).75 The environmental conditions can also shift 
memory Th17 cells to produce IL-21 and TGF-β, but not IFN-γ, which, 
in severe COVID-19 patients, contribute to suppress T effector cells 
and to induce IgA2 and the egress of circulating plasmablasts.76 
Figure 1 summarizes the mechanisms leading to AAD-related symp-
toms in SARS-CoV2 infection.

2.5  |  Prevalence of memory vs naïve T and B cells 
conditioning severe outcomes

Age, male-gender, and pre-existing comorbidities are risk factors 
for high morbidity and mortality of SARS-CoV-2 infection. They 
may display a higher basal pro-inflammatory condition coupled with 
a progressive inability of the immune system to mount protective 
responses.76 This complex status called immune-senescence, often 
associated to advanced age, is characterized by: (i) Impairment of 
the CD4+/CD8+ T cell ratio; (ii) reduction of the TCR repertoire and 
clonal expansion if stimulated with novel antigens; (iii) decreased cy-
totoxicity of CD8+ T and NKT cells favoring ineffective response 
to new viruses; (iv) improved trained immunity coupled with pro-
inflammatory cytokines; and (vi) impaired development of Tfh cells, 

mB cells, and humoral response.77 Of note, the humoral and mB 
responses induced by mRNA vaccines for COVID-19 in naïve and 
recovered individuals, are consistently lower in older individuals.78

Since immuno-senescence is associated with higher memory and 
lower naive T cells, it has been speculated that such unbalance may 
contribute to the higher severity of the disease in adults compared 
with children.79 In adults, the improved trained immunity is associ-
ated with bystander T cell activation, poor clonal T cell expansion, 
and low viral clearance, while, in children, the predominant naïve T 
cells develop a valid antiviral response with efficient clonal T cell 
expansion, viral clearance, and less tissue damage.77 Besides naïve 
T cells, children exhibit higher levels of pre-existing cross-reacting 
IgM+mB cells.80 Thus, they produce natural antibodies and gen-
erate most IgA+ and IgG+ switched mB cells, secreting protective 
Abs during early infection.80 Neutralizing IgG from mB cells in chil-
dren with COVID-19 display none or very few somatic mutations 
as natural Abs; thus, suggesting that their repertoire share some 
SARS-CoV-2 specificities.79 The abundance of naïve T and mB cells 
in children could contribute to explain why most pediatric patients 
display no or mild symptoms and early recovery.81

Table 1 summarizes the topics of the described pathogenic hy-
potheses, underscoring those to be further thoroughly investigated. 
No data are available at the present on the proportion of patients 
in which each mechanism has been recognized: the next proposal 
to define endo-types relating to variable clinical patterns could fill 
this gap.

2.6  |  MULTIPLE ENDO-TYPES MAY EXPLAIN THE 
VARIABILITY OF COVID-19

Despite the extraordinary amounts of reports, many unknowns on 
the immune response to the virus and COVID-19 pathogenesis must 
be further investigated to explain the differences between severe 
and non-severe COVID-19 and why only a small fraction of patients 
develop severe symptoms. Although the described hypotheses 
contribute to shed light on multiple aspects of COVID-19, actually 
none of them is sufficient to explain the variability of the disease. 
Indeed, a major problem of this infection is its heterogeneity. The 
heterogeneity concerns the viral load (varying more than 105 times 
among different patients) which conditions the degree and the effi-
cacy of the immune response.18 Heterogeneity has been observed in 
viral replication and persistence or tissue distribution, even though 
the referred long-term PCR positivity indicates only the presence 
of SARS-CoV-2 transcripts and not of the viable virus.18,22,31,33 
The infection exhibits heterogeneous clinical patterns (poor or no 
symptoms, mild disease with recovery, severe and critical illness 
with acute respiratory distress syndrome (ARDS). Different bio-
logical features are prevalent in severe/critical patients: (i) The re-
duction of MHC class I and II on infected antigen-presenting cells 
(APC) with dysregulated NK and T cells function; (ii) NI activation 
of macrophages is associated with high levels of IL-1β, IL-18, IL-23; 
(iii) limited numbers of specific T cells with a prevalence of Th2/
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Th17 profiles; (iv) high levels of Abs with activation of C’ and clot-
ting; v. pathogenic auto-Abs that affect immune responses and/or 
tissue damages; vi variability and susceptibility of different organs 
to become infected by the virus; (vii) the endothelial damage directly 
caused by the virus, triggering clotting mechanism and multi-organ 
damage. Such variability of endo-types translates into different clini-
cal outcomes of severe COVID-19 (Sepsis-like syndrome, cytokine-
released syndrome (CRS), ARDS, MAS, secondary hemophagocytic 
lymphohistiocytosis (HLH), disseminated intravascular coagulation 
(DIC), acute kidney or multi-organ failures, and the variable symp-
toms of so-called “long COVID-19” of recovered patients, exten-
sively described in the literature.82,83 Heterogeneous response to 
drugs addressed to pathogenic mechanisms as those antagonizing 
TLR signaling (hydroxychloroquine) or cytokines (TNF-α, IL-1β, or IL-
6R) has been shown.24,84 This has likely been the cause of the fail-
ure of clinical trials using these drugs in patients not stratified for 

endo-types. Heterogeneity has been observed also in the timing of 
onset and intensity of immune response.85 The size of anti-SARS-
CoV-2 Abs ranges more than 1000 times, and the proportions of NK 
and virus-specific T cells are highly variable.31–33 Single-cell tran-
scriptomic analysis of virus-reactive CD4+ T cells provided evidence 
of heterogeneity across individual patients with different disease 
severity. Finally, heterogeneity of adverse events (from minimal to 
severe reactions, including anaphylaxis, myocarditis, and thrombo-
sis) and of the degree of specific T and B cell responses to COVID-19 
vaccines have been documented.

The current problem is, therefore, to establish the causes of 
this heterogeneity. Some other viral infections, such as HBV, show 
variable clinical outcomes owing to different balances between viral 
load and efficacy of antiviral immune responses.86 As reported in 
the graphical abstract, many variable components can contribute to 
the different outcomes also in SARS-CoV2 infection. The variability 

F I G U R E  1  Flow chart of immuno-mediated mechanisms leading to symptoms of autoimmune/autoinflammatory diseases in COVID-19 
patients
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of viral load along the disease is of the utmost importance. The virus 
triggers a lot of co-receptors able to start signals, which, in turn, 
activate several immunological mechanisms: genetic, epigenetic, 
pre-existing immunity, polymorphisms of signals/receptors of the 
immune system, and actually may contribute to the heterogene-
ity of the final response. Table 2 compares the receptors targeted 
by S1 protein for their structure, cell, and tissue distribution, and 
pathophysiology,87–101 whereas Figure 2 summarizes the pathways 
of each receptor and the antigenic activity of S1 influencing the im-
mune response.

Furthermore, the immune system is diverse in different individ-
uals who rarely respond to an infection in a similar manner. Genetic 
variations as TLR7 in men,102 HLA haplotype conditioning adaptive 
immunity or recognizing cross-reactive autoantigens or SAtgs of 
S1, molecules involved in IFN signaling,102 susceptibility to autoim-
munity, or to easy NI activation,54 are all important to explain the 
heterogeneity of antiviral responses.23 Previous and elderly-related 
co-morbidities, showing a partially controlled pro-inflammatory 

condition, introduce further elements of variability. Pre-existing 
factors conditioning the heterogeneity of immune response to 
SARS-CoV2 are listed in Table 3. Whatever the pathway used by the 
immune system to counteract the virus, the timing of this multistep 
disease suggests a parallel underlying scenario of multistep patho-
genic mechanisms. Despite the variability, it is likely that different 
phases of infection and timing-related clinical outcomes (pheno-
types) can be the expression of a progressive failure of precise im-
munological processes (detrimental endo-types) with the reset of a 
novel setting. However, by exploiting the redundancy and plasticity 
of the immune system, this setting can recover in each clinical phase 
through the re-expansion of anti-viral immune components (neutral-
izing Abs, NK- and CD8+ T cells) modulated by an appropriate num-
ber of Treg cells (protective endo-types). If unstable, this setting can 
be short-circuited by mechanisms of the virus and immune system it-
self leading to a next worse phase, also subject to recovery or wors-
ening. The virus, interacting with several cellular targets, may affect 
multiple immunological mechanisms, which tend to compensate for 

TA B L E  1  Topics to be investigated to fully explain the proposed pathogenic hypotheses of COVID-19

Pathogenic hypotheses Topics to be further investigated

Altered coordination between 
innate and adaptive Immunity18

Factors/mechanisms delaying adaptive immunity.
Early alterations in asymptomatic, mild, and severe diseases.
The timing and entity of IFN impairment and of NLRP3 inflammasome activation.
Macrophages activation and pDC impairment favoring NK dysfunction/exhaustion and trained NK cells 

response.
pDC impairment and reduced antigen presentation to specific T cells.
Relationship of delayed adaptive immunity and its relationship with age and other co-morbidity with 

chronic inflammations.
The circulating proportion of memory versus naïve T and B cells in adults compared with children.
Endogeneous corticosteroids, TGF-β and IL-10 levels and compensatory hyperactivation of innate immunity 

and persistence of viral load.

Pre-existing immunity to the virus 
in unexposed individuals34

Protection given by pre-existing immunity (memory T and B cells) toward SARS-CoV2 infection.
The permissive HLA haplotypes favoring a quick secondary-like response.
Spectrum of T cell repertoire to CCC epitopes cross-reacting with SARS-CoV−2 ones.
The mechanism and timing of memory Treg cells impairment.
Levels of Ab-dependent endocytosis in pre-existing immunity.

Super-antigenic hypothesis44–46 The SAtgs’ sequences of S1 protein.
The timing and the degree of SAtg stimulation of T and, subsequently, of B cells.
The permissive HLA-haplotypes favoring polyclonal T cell activation till exhaustion.
The interactions between chronically infected cells and polyclonal T cells activated by SAtgs.
The association with Treg cell impairment and/or superinfection with other pathogens.

Unmasking latent autoimmune/
auto-inflammatory 
mechanisms39,40,42

Mechanism(s) and timing of Treg cells dysfunction.
Degree of inflammasome activation of infected cells leading to a prevalent type 3 (Th17, Tc17, ILC3) 

response.
Levels of NET-osis by activated/infected macrophages favoring epitope spreading.
Bystander activation of autoreactive T cells.
Phenotype and function of autoreactive T and B cells and their expansion during infection.
Molecular mimicry between SARS-CoV2 epitopes and self-antigens.
Fine specificities and pathogenic role of autoantibodies observed in COVID-19.

Prevalence of memory vs naïve T 
and B cells68,70

The circulating proportion of memory versus naïve T and B cells in adults compared with children.
CD4+/CD8+ T cell ratio and functional Th subsets in different age ranges.
Development of Tfh cells, mB cells and humoral response in different age ranges.
TCR repertoire and clonal expansion to novel antigens in different age ranges.
Impaired cytotoxicity of CD8+ T and NKT cells in elderly favoring not effective response to new viruses.
Trained immunity coupled with pro-inflammatory cytokines in the elderly.

Abbreviations: CCC, common cold coronaviruses; pDC, plasmacytoid dendritic cells; IFN, interferon; ILC, innate lymphoid cells; NETs, neutrophils 
extracellular traps; NK, natural killer; SAtgs, superantigens; Th, T helper; Tc, T cytolytic; Tfh, T follicular helper; Treg, T regulatory.
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F I G U R E  2  Multiple functions of SARS-CoV-2 S1 protein. S1 protein interacts with some active receptors/molecules expressed on many 
cell types, by directly or indirectly interfering with innate and adaptive immune responses. S1 protein induces also HLA-E expression on 
epithelial cells mediated by GATA3 activation which may negatively affect NKG2A+ NK cells in the lung. S1 protein display also epitopes 
with superantigenic activity and/or cross-reacting with self-antigens: They may amplify polyclonal activation of not specific T cells or 
bystander autoreactive T and B cells
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the produced alterations and damages. Protective endo-types facil-
itate functional restoration while detrimental ones improve immu-
nological alterations and favor clinical worsening. A list of the major 
biomarkers associable with protective or detrimental endo-types is 
reported in Table 4.103–110 The evolving endo-types leading to mul-
tiple phenotypes can likely overlap or intersect in a variable way in 
each patient. An attempt to depict the major evolving endo-types 
which, through several immune mechanisms, may lead to the major 
clinical patterns in severe COVID-19 is schematically summarized 
in Table 5. As reported, a sepsis-like phenotype develops when the 
SAtg-driven polyclonal T cell activation in HLA-susceptible subjects 
associates with Treg cell dysfunction and superinfection with other 
pathogens. Moreover, Treg cell impairment, molecular mimicry, and 
bystander autoreactive T and B cell activation are essential for the 
onset of AAD-like phenotype, as described (Figure 1). DIC pheno-
type develops when the endothelial damage due to TNF and the 
virus favors the production of pro-coagulant von Willebrand- and 
Tissue factors, added to platelets and C’ activation and the excess 
of anti-phospholipids and anti-PF4 auto-Abs, give rise to a state of 
chronic clotting. In contrast, whether B cell activation leads to high 
levels of Abs (and/or auto-Abs) with subsequent high ICs, these lat-
ter cause tissue damage, evolving to multi-organ failures.111 IFN im-
pairment and the subsequent increased viral load strongly stimulate 
macrophages and neutrophils, which, in the presence of additional 
variable alterations, can evolve to different phenotypes (as ARDS, 

TA B L E  3  Pre-existing factors conditioning innate and adaptive 
responses to SARS-CoV-2 infection

Genetic (or epigenetic) polymorphisms of TLR, TLR signaling, type I/
III IFN, and IFNR and their signaling, ‘C factors, Inflammasome 
components

HLA-E haplotypes and expression of KLRC gene (encoding NKG2C) 
conditioning trained memory NK cells

HLA haplotypes binding the viral superantigens

HLA haplotypes presenting viral epitopes, including that cross-
reacting with self-antigens

Degree of pre-existing immunity to cross-reacting epitopes of 
common cold coronaviruses

Naïve T/memory T cells ratio (children vs elderly people)

Proportion of Innate memory IgM+B cells producing natural Abs 
cross reacting with SARS-CoV-2

Susceptibility genes for autoimmunity conditioning the 
derangement of peripheral tolerance, the proportion of 
autoreactive bystander T and B cells, Treg cell function and ease 
to produce pathogenic autoantibodies

Bone-marrow reservoir of inflammatory precursors (mobilized by 
inflammatory molecules) able to develop rapid NK and T cell 
progenies

Bone marrow reservoir of neutrophil precursors with 
immunosuppressive function

Not stabilized co-morbidities displaying uncontrolled inflammation

Abbreviations: Abs, antibodies; IFN, interferon; IFNR, interferon 
receptor; NK, natural killer; TLRs, Toll-like receptors; Treg, T regulatory.

TA B L E  4  Protective and detrimental biomarkers to be checked for defining COVID-19 endotypes

Biomarkers Protective Detrimental Refs

Immunologic Cells High/normal proportion 
of CD8+ T and NK 
cells producing IFN-γ

High levels of Tfh and 
Plasmablasts

Pre-existing T cell 
response to common 
cold Coronaviruses

Low proportion of dysfunctional NK, CD4+ and 
CD8+ T cells expressing PD1,TIM3 and activation 
or exhaustion markers

Cytolytic CD4+ T cells with Tfh, Th2/Th17 profile
Reduced and altered function of Treg cells
Polyclonal T cells activation and exhaustion
Subsets of monocytes with peculiar phenotype 

(CD14+, CD11b+, CD16+,CD68+, CD80+, 
CD163+, CD206+) producing high levels of 
cytokines

High proportion of MDSC and NKT cells
High MDSC/CD8+T cells ratio
Reduction of plasmablasts

6,19,22,24,83,100,135

Cytokines/
Chemokines

IL-1b, IL-18 (for Ab 
production)

Early IL-12 and IFN-γ 
production

Low levels of type-I/III IFN
High levels of IL-1β, IL-2, IL-4, IL-13, IL-6, IL-7, IL-8, 

IL-10, IL-15, IL-18, IL-23, GM-CSF, TNF-α, IL-1RA, 
sIL-2R, IFN-α2

CCL2, CCL7, CCL23,CXCL10

22,101-103,106,135

Other 
Molecules

C’ activation and consumption
Inflammasome's activation
Presence of Immune-complexes

104,105,135

Antibodies Mild IgG and IgA1 
response

Elevated dimeric IgA in 
nasal and oral mucosa

Long IgM response
High levels of IgG and IgA2
Presence of Auto-Abs (recognizing Phospholipids, 

beta2 microblobulin, RO52, GP1, PF4, CCP etc)

8,9,106,135

Routinely 
Blood

Cells Trombocytopemia, Eosinopenia
High Platelets-Lymphocytes Ratios

83,107

Molecules High CRP, D-dimers, pTT, LDH, Serum Amyloid 
protein, NEFAs

83,107
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CRS, MAS, or secondary HLH).112–115 Even though each alteration is 
largely described in the current literature, their sequential combina-
tion into evolving pathways has never been proposed and, therefore, 
is partially hypothetical.

3  |  CONCLUSION

The current problems are to establish the relationship between the 
clinical heterogeneity (including symptoms, comorbidities, and se-
verities, etc.) and the underlying immune responses and pathogenic 
mechanisms of SARS-CoV2 infection. Recently, different sepsis 
endo-types and clinical and biochemical phenotypes of ARDS have 
been reported in COVID-19.116–118 Several attempts to preven-
tively identify biomarkers of endo-types during symptom onset or 
at the hospital admission of patients at high risks of further clini-
cal deterioration have been proposed.119–125 Such reports propose 
the strategy to follow: To define precise endo-types and the cor-
responding phenotypes of COVID-19, similar to what has been done 
in severe asthma and other chronic allergic diseases.126–130 Taking 
into account the mechanism of allergic inflammation and the flex-
ibility of tissue T cells, some molecular targets shifting the bron-
chial immune response have been proposed as a new therapeutic 

strategy of asthma131–134; biologicals targeting these molecules are 
used nowadays in respiratory allergy as the best example of pre-
cision medicine.126–130 Based on this successful experience, we 
propose to stratify COVID-19 patients for evolving symptoms and 
recovery along with infection and, in parallel, to monitor them tightly 
by defining surrogate biomarkers of innate and adaptive immunity 
in association with essential parameters of inflammation, coagula-
tion, organs’ function, etc. (Table 4).135 This approach will allow to 
establish a detailed guideline to preventively identify immunological 
alterations correlated to the symptoms trend and to exploit this tool 
for the most suitable therapeutic strategy in each patient (including 
mAbs–Sotrovimab, recognizing the virus entry pathways and bio-
logicals targeting pathogenic molecules). Further research based on 
allergy pathogenesis and its therapeutic approaches is mandatory 
to better explore COVID-19  heterogeneity. This strategy can also 
provide an outline of how we may approach emerging infections/
pandemics in the future.
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TA B L E  5  Relationship between pathogenic mechanisms and clinical outcomes in severe/critical COVID-19

Evolving endotypesa Phenotypes

Not specific
T cell activation

Superinfection with
other pathogensViral Superantigens

1. Sepsis-like 
Syndrome44,45,116,117

TF and vWF production,
Chronic clotting
activation

Pathogenic auto-Abs
anti-platelets auto-Abs
High anti-virus Abs

C’ activation,
Endothelium
Damage by the virus

MBL and angiotensin II 
signaling bound to virus
Hyperactivation of B cells

2. Disseminated Intravascular 
Coagulation49,51,108,117

Susceptibility to AAD
Molecular Mimicry
Self antigen spreading
Activation of Inflammasome

Expansion of Th17
ncTh1 and Tfh cells
Activation of B cells

Impairment of Treg cells
High trained immunity
Bystander activaction of 
autoreactive T and B cells

Pathogenic auto-Abs
Tissue damage
Immune alterations

3. MIS-C and Autoimmune- 
Auto-inflammatory –like 
syndrome.44,50-52,114

Genetic impairment
of trained immunity
and of Inflammasome

IFN I/III Inhibition by 
the virus, pDC loss,
Macrophages/ neutrophils
activation (by the virus)

Reduced function
of NK and T cells
with exhaustion

NK cells inhibition by 
HLA-E+ lung epithelia
Alveolitis induced by 
Th17 cells/neutrophils

4. Acute Respiratory Distress 
Syndrome11,107,112,118,123,124

Genetic polymorphysm
of TLRs, type I/III IFN 
and their signaling

Virus-driven IFN I/III 
Inhibition, uneffective
Innate (NK) immunity

High viral load
Delayed and poor
T cell response

Hyperactivation of
Macrophages/Neutrophils (by 
cytokines and virus)

5. Cytokine Release 
Syndrome13,14,107,113

Activation of infected
Macrophages, Increased
free O2 radicals

Neutrophils activation
by IL-8, IL-6 or the 
Virus (triggering TLR8)

Increased MDSC-like cells
and NETs/NET-osis,
altered apoptotic cell clearance

6 SecondaryHaemophagocytic 
Lymphohistiocytosis107,115

Genetic polymorphisms
of inflammasome complex

Altered innate and 
adaptive immunity

Compensatory Increased cytokines
and chemokines by Macrophages

7. Macrophage Activating 
Syndrome107,112,117,123

Hyperactivation of B 
cells with high titers of 
specific Abs and auto-Abs

Activation of C’
and Clotting

Immune Complexes formation
Tissue damage

8. Multiorgan 
Failure48,104,110,111,117

Abbreviations: AAD: Auto-inflammatory/autoimmune Disorders; Abs, antibodies; C’, complement; MBL, membrane binding proteins; MDSC, 
Myeloid-derived suppressive cells; ncTh1, not classical Th1 cells; NETs, neutrophil extracellular traps; NK, Natural killer cells; pDC, plasmocitoid 
Dendritic cells; TF, tissue factor; Tfh, Follicular T helper cells; TLRs, Toll-like receptors; vWF, von Willebrand factor.
aEach pathway should not be considered one way, since conditions favoring multiple mechanisms can coexist or intersect each other. Evolving 
endotypes leading to Phenotypes 1, 2, 5, 6 needs further investigation.and, at presenr, must be considered hypothetical.
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