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Coronavirus disease 2019 (COVID-19), caused by severe acute 
respiratory syndrome coronavirus (SARS- CoV)-2 infection, presents 
a broad clinical spectrum, ranging from asymptomatic-mild to fatal 
cases [1]. Disease severity is attributable to an abnormal host response 
[2] resembling the pathophysiology of SARS- CoV infection [3]. As 
previously hypothesized for SARS patients, the occurrence of antibody 
dependent enhancement (ADE) in SARS-CoV-2 infection has been 
claimed as a possible explanation for differences in clinical presentation 
and in geographic fatality rate [4,5].

ADE of infection is exploited by a wide range of viruses and 
is thought to occur when the virus is bound by non-neutralizing 
antibodies or sub-neutralizing concentrations of antibodies which, 
instead of neutralizing it, facilitate virus internalization into host cells 
(extrinsic ADE) [6]. Internalized antibody-virus immunocomplexes 
may modulate the innate antiviral response to increase virus 
production (intrinsic ADE) [6]. The ADE phenomenon is thought 
to prompt massive release of inflammatory and vasoactive mediators 
that ultimately contribute to disease severity [6]. Extrinsic ADE is 
mainly mediated by crystallizable fragment-gamma receptor (FcγR)-
expressing cells that bind the Fc portion of circulating immunoglobulin 
(Ig)G antibodies produced during primary infection, therefore it 
requires a previous sensitization of the humoral immune response to 
specific viral epitopes [6]. However, in West Nile virus infection, an 
IgG- independent ADE mechanism was described for the first time: the 
enhancement of the infection was related to the interaction between 
complement receptors and IgM antibodies; the two enhancement 
pathways, IgG and IgM-related, were independent but were not 
mutually exclusive and could act synergistically [7]. Also in Ebola 
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virus infection, both pathways have been described in vitro: it has been 
shown that IgM level was correlated with complement component 1q 
(C1q)/C1q receptors-dependent ADE, while IgG2a level with the FcγR-
dependent mechanism. Interestingly, while IgG2a antibodies triggered 
ADE, IgG1 antibodies exerted a neutralizing effect: therefore, only the 
response towards the T helper (Th)1 phenotype was associated with 
ADE [8].

While for many viruses, ADE increases the viral load by infecting 
a higher number of already susceptible cells [9], ADE of SARS-CoV 
infection is characterized by a change in cell tropism: anti-Spike protein 
IgG antibodies (S-IgG) neutralize virus entry into the angiotensin 
converting enzyme 2 (ACE2)-bearing cells (target cells), and enhance 
virus internalization into macrophages, monocytes and B cells through 
an IgG/FcγRII–dependent, ACE2-indipendent mechanism [10-14] 
(Figure 1). Not all the FcγRII-bearing cells are permissive to ADE of 
SARS-CoV infection which seems to depend on the intracellular FcγRII 
domain and downstream signaling rather than on extracellular binding 
affinity or immune-complexes internalization rate [14]. Infection of 
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immune cells appears to be self-limiting or abortive [10-13], however, 
given the ability of intracellular innate immune sensors to detect 
viral gene species and the disturbance of cellular homeostasis caused 
by SARS-CoV proteins, a central role of B cells has been postulated 
in the pathogenic mechanism of ADE [11, 12]. Although preliminary 
studies have found no changes in gene expression of pro- inflammatory 
cytokines/chemokines of infected macrophages [13], a recent research 
has clarified the role of macrophages polarization in ADE of SARS-
CoV pathogenesis [15]. In response to various signals, macrophages 
may undergo classical M1 activation -stimulated by Toll-like receptor 
(TLR) ligands and interferon-gamma (IFN-γ)- or alternative M2 
activation -stimulated by interleukin (IL)-4/IL-13- mirroring the Th1–
Th2 polarization of T cells [16]. The phenotype of polarized M1-M2 
macrophages can be reversed: classically activated M1 cells are involved 
in initiating and sustaining inflammation while M2 or M2-like cells 
are associated with the resolution process [17]. Liu and colleagues, 
using a SARS-CoV-macaque model, showed a significantly enhanced 
and persistent lung damage, despite viral suppression, in the S–IgG 
pretreated group compared with the control group: in macaques not 
treated with S-IgG, alveolar monocytes/macrophages assumed a M2 
function as early as 2 days post infection leading to the resolution of 
lung damage and restoration of homeostasis, on the contrary S–IgG 
treatment skewed the macrophage response in the lungs leading to 
persistence of pro-inflammatory M1 cells, uncontrolled inflammation 
and tissue injury [15]. The authors, conducting a temporal analysis 
of productive viral infection, antibody response, and macrophage 
functional changes during the first week of infection, observed that 
the skew towards the M1 cells was present only when the neutralizing 
antibody (NAb) response had been elicited before the virus clearance 
[15]. Histopathological examination of deceased SARS patients showed 
findings similar to those found in ADE-SARS-CoV macaques, with 
pro-inflammatory M1 lung infiltration and absence of M2 cells [15]. 

S-IgG sera had no effect on M1 cells of deceased patients, but caused a 
dose-dependent increase in the production of IL-8, IL-6 and monocyte 
chemo-attractant protein 1 (MCP1) in M2 cells [15]. Similar results 
were observed when treating M2 cells of SARS patients, obtained 
during the acute phase of the infection, with antisera from deceased 
SARS patients: IL-8 production was correlates with the NAb titers 
of sera [15]. Interestingly, all but one antisera from recovered SARS 
patients did not elicit cytokine overproduction in M2 cells, the only 
M2 skewing sera had higher NAb titer (similar to those found in 
deceased patients) compared to the others [15]. These latter findings 
are consistent with the observation that an early NAb response (and a 
concomitant robust Th1 response) is a marker of poor disease outcome 
in SARS patients [18,19], while clinically mild cases have relatively low 
antibody titers and a less sustained immune response [20,21]. Taking 
into account serological cross-reaction between SARS-CoV and human 
endemic coronaviruses (HCoVs), the priming effect of a previous 
HCoV infection could be responsible for an early IgG response in 
severe cases of SARS [18]. In conclusion, the occurrence of ADE in 
SARS-CoV infection seems to depend on a previous exposure to 
HCoVs, responsible for an early sero-conversion, and on a concomitant 
robust Th1 response. The phenomenon could lead to a change in SARS-
CoV cell tropism with direct infection of monocytes/macrophages and 
B cells, through an ACE2-indipendent mechanism, and consequently 
to an immune enhancement of the disease which causes the inhibition 
of the M2 cells activation and the accumulation of M1 cells in the lungs, 
responsible for severe and persistent lung injury.

ADE of SARS-CoV2 infection

The pathophysiology of SARS-CoV-2 infection seems to be closely 
related to that of SARS-CoV infection: hystopathological examination 
of deceased patients showed macrophage accumulation in alveolar 

Figure 1. ADE of SARS-CoV infection
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spaces and fibroproliferative areas in the lungs, and also the staging 
of the disease resembles that of SARS with exudative diffuse alveolar 
damage (DAD) in the early stage and organizing and fibrotic DAD in 
the late phase [2,22,23]. Severe cases are characterized by an exuberant 
release of pro-inflammatory cytokines and lymphocytopenia, in 
particular, serum increase of IL-6 and IL-8 is associated with the 
progression of the disease [2] and the extension of T lymphocytopenia 
[22]. Lymphocytopenia is directly related to the expression of 
programmed cell death protein-1 (PD-1) on T cells surface, a marker of 
T cell exhaustion [24,25]. Interestingly, the correlation between T cell 
exhaustion and disease severity has also been demonstrated in Ebola 
virus infection [26]. Alveolar macrophages of COVID-19 deceased 
patients exhibit a broad and strong expression of PD-1 ligand (PD-L1) 
[22], therefore pulmonary inflammation could trigger the PD-1/PD-
L1 axis leading to T cell exhaustion. The strong PD-L1 up-regulation 
represents an indirect marker of the classic M1 activation [27], hence, 
similarly to the ADE-SARS-macaque model, also in SARS- CoV-2 
infection the inhibition of the M2 response and the accumulation of 
M1 cells could be responsible for severe lung injury (Figure 2). As 
previously described for SARS-CoV infection, in COVID-19 patients 
macrophages may be directly affected by the virus [2,22], and it seems 
that B cells play a crucial role in the pathogenesis of severe cases [28].

An interesting study on the adaptive immune response to SARS-
Cov-2 infection in severe COVID-19 patients showed, by analyzing 
lympho nodes and spleens of deceased patients, the absence of germinal 
centers, a substantial increase in Th1 cells and a consistent reduction 
in Th2 cells [29]. In addition, an extra-germinal center/extra-follicular 
type class-switched antibody response to SARS-CoV-2 was detected, 
whit significant accumulation of virus-activated aberrant B cells in 
tissues and blood of severely ill patients -included switched memory B 
cells- [29] (Figure 2). Sera from patients with a recent history of HCoVs 
infection have been found to have SARS-CoV-2 neutralization activity 
[30], which could explain why in some COVID-19 patients has been 
observed an earlier appearance of IgG compared to IgM, indicating a 
secondary immune response to a cross-reactive antigen [31]. Therefore, 
the reason that older patients recovered from SARS- Cov-2 infection 
have significantly higher NAb titers than younger patients [32], could 
be that they have been exposed to previous HCoVs infections more 
times with respect to young subjects. In patients recovered from mild 
COVID-19, NAb titers at discharge were positively correlated with 
blood CRP levels but negatively correlated with lymphocyte counts 
at admission, suggesting that high levels of NAbs could be related to 
a strong inflammation [32]. This hypothesis is corroborated by the 
evidence that in patients admitted to Intensive Care Unit (ICU) the 
NAb response rose significantly earlier and to a much greater extent 
than in mild cases [33].

Previous exposure to cross-reactive antigen seems to be a necessary 
but not sufficient condition for the occurrence of ADE in both 
SARS-CoV and Ebola virus infection: in fact, only a strong antibody 
response towards the Th1 phenotype appears to be associated with 
the enhancement of the disease [8,18,19]. Of note, obesity, type 2 
diabetes, and hypertension, which represent risk factors for severe 
COVID-19 [34,35], are all clinical conditions characterized by chronic 
type 1 polarization of immune cells [36-38], on the contrary, history 
of allergy, a Th2-biased immune response condition, seems to protect 
from clinically severe infection [39,40]. Furthermore, eosinopenia is 
considered a marker of poor clinical outcome [41] while an increase 
in serum eosinophils has been suggested as an indicator of clinical 
improvement [42]. All the above mentioned evidence leads to speculate 

on the occurrence of ADE in SARS-CoV-2 infection with mechanisms 
inferred by those postulated for SARS-CoV: in COVID-19 patients with 
previous exposure to HCoVs, an early and robust NAb response towards 
the Th1 phenotype, elicited before viral clearance, may lead to a change 
in virus cell tropism. Direct infection of monocytes/macrophages and 
B cells could determinate an immune enhancement of the disease, 
characterized by the inhibition of M2 response and subsequent over-
secretion of IL-6, IL-8 and PD-L1, leading to reduction and exhaustion 
of T cells, and M1 cells accumulation and persistence in lungs (Figure 
2).

Investigational immunomodulatory treatments

Hydroxychloroquine

The occurrence of ADE in SARS-CoV-2 infection should be 
taken into account not only to assess the safety of candidate vaccines 
[43] but also to evaluate the safety and efficacy of investigational 
immunomodulatory treatments. Among others, the 4-aminoquinolines 
chloroquine (CQ) and hydroxychloroquine (HCQ) have been widely 
used for their alleged antiviral and anti-inflammatory effects.

Preliminary results from a multi-centre, randomized, controlled trial 
showed that in hospitalized COVID-19 patients, hydroxychloroquine 
use was associated with a longer length of hospital stay and an increased 
risk of progressing to invasive mechanical ventilation or death [44]. 
Particular attention was paid to drug- induced QTc interval prolongation 
and ventricular arrhythmias, which seem to be higher than expected 
in COVID-19 patients treated with 4-aminoquinolines [45]; however, 
beyond drug-induced cardiotoxicity, it has been hypothesized that they 
could worsen COVID-19 severity through other mechanisms [46,47]. 
The antiviral efficacy of CQ has been inferred by in vitro experiments 
on SARS-CoV infection: it has been shown that increasing endosomal 
pH and altering ACE2 glycosylation prevent viral entry [48], but while 
the increased endosomial pH inhibits viral entry into target cells, it 
enhances SARS-CoV internalization in B cells, in an ACE2-independent 
mechanism [12]. Regarding the immunomodulatory effects of the 
antimalarial compounds, CQ inhibits M2 polarization in two ways: 
first, it inhibits T-cell proliferation by reducing IL-2 production and 
IL-2 responsiveness, which play a crucial role in “priming” T cells for 
Th2 cell differentiation [47]; secondly, by neutralizing lysosomal ph, 
it inhibits lysosomal lipolysis in macrophages, a fundamental process 
in IL-4-dependent M2 activation pathway [49]. Therefore, if ADE 
occurs in severe COVID-19 patients, CQ and HCQ could worsen the 
clinical course by further enhancing the same pathogenic mechanisms 
responsible for ADE. The high percentage of QTc interval prolongation 
and ventricular arrhythmias may not merely be a direct drug-side effect 
of the 4-aminoquinoline, rather it could represent a sign of myocardial 
injury secondary to an immune enhancement of the disease induced by 
the treatment. Interestingly, no cardiac side effects have been reported 
among mild COVID-19 cases treated with HCQ [50], while imbalance 
in Th1/Th2 response has already been proposed as a mechanism of 
myocardial injury in severe SARS-CoV-2 infection [51]. In conclusion, 
while the antimalarial administration, although inefficient, may 
not have harmful consequences on mild cases [50], it seems to exert 
detrimental effect on severe COVID-19 patients [44], for whom ADE 
is likely to occur.

Thymosin alpha 1

 A small observational study has shown that thymosin alpha 1 (Tα1) 
administration significantly reduces the mortality of severe COVID-19 
patients by restoring T cell count and reducing PD-1 expression on T 
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cells surface [25]. Although the thymic peptide Tα1 exhibits pleiotropic 
effects on the immune system, T-cell proliferation and prevention of 
T-cell exhaustion seems to be related to an increase in IL-2 production 
and IL-2 responsiveness [52]: opposite effect that CQ exerts on T cells. 
Interestingly, Tα1 treatment in sepsis patients has shown a beneficial 
effect on mortality, restoring peripheral T cell counts and balancing 
pro- inflammatory and anti-inflammatory cytokines, with a reduction 
in serum tumor necrosis factor-alpha (TNF- α) level and an increase 
in IL-10 [53]. Also in sepsis, in fact, an unbalanced pro-inflammatory 
response seems to be responsible for tissue/organ damage and, similarly 
to what observed in COVID-19 patients, history of allergy seems to 
be a protective factor [54]. Krishack and colleagues evaluated Th 
cell polarization among patients with S. aureus bacteremia, showing 
that survivors had a higher percentage of circulating Th2 cells early 
in the course of infection [54]. The authors, using an animal model, 
elucidated the protective benefit of type 2 immune response and 
subsequent eosinophilia in counterbalancing the pathogen-induced 
pro-inflammatory response [54]. Other interesting findings from the 
cited study were that sepsis-related mortality may result from the 
inflammatory response specifically in the lungs, and that the driver of 
inflammation seems to be intrinsic to the host response itself, rather 
than relate to the persistence of bacteria [54].

Ulinastatin

The immune rebalancing effect of Tα1 on septic patients appears 
to be potentiated when co-administered with ulinastatin [55,56]. 
Ulinastatin is a urinary trypsin inhibitor obtained by separation 
and purification from male urine, which inhibits the production of 
inflammatory factors and the release of inflammatory mediators, and 
improves the imbalance of the inflammatory microenvironment [57]. 
Zhang et colleagues, in a small randomized clinical trial (RCT) on sepsis 
arising from intra-abdominal infection due to carbapenem-resistant 
bacteria, have shown that co-administration of Tα1 and ulinistatin 

improves survival rate and is associated with a shorter duration of 
mechanical ventilation, a shorter duration of dopamine therapy, and a 
shorter ICU stay: on day 8, the size of the T cell population was greater 
and IL-4 and IL-10 levels were higher in the treated group compared 
to the control group, while the levels of TNF-α, IL-1, and IL-6 were 
lower [56]. Liu and colleagues, by using an experimental mouse model, 
investigated the protective effect of ulinastatin on severe pulmonary 
infection under immunosuppression: the model group presented 
severe lung injury with alveolar edema and macrophage infiltration, 
while most of the lung tissue in the ulinastatin group remained intact 
[57]. Bronchoalveolar lavage fluid in the model group showed a 
significant increase in IL-6, TNF-α and IL-1β, and a significant decrease 
in IL-4, IL-10, and IL-13, while in the treated group the levels of pro-
inflammatory and anti-inflammatory cytokines returned to normal 
level [57]. Finally, by comparing macrophage polarization in lungs, 
the model group showed a significant higher concentration of M1 cells 
and a significant lower amount of M2 cells with respect to ulinistatin 
group: the authors concluded that ulinastatin may exert a protective 
effect on lung injury of immunosupressed mice by regulating the 
inflammatory microenvironment through polarization from M1 into 
M2 macrophages [57]. Due to its immunomodulatory properties, the 
urinary trypsin inhibitor has been proposed as a potential candidate for 
COVID-19 treatment [58] but studies on its efficacy has not yet been 
carried out.

In conclusion, ulinastatin could effectively switch back the skew of 
macrophage response that could occurs in ADE-SARS-CoV-2 patients, 
while Tα1 could restore T cell count, revert T cell exhaustion, and 
prime Th2 cell differentiation (Figure 2).

The immune imbalance in ADE of other viral infections

Intriguingly, the imbalance between pro-inflammatory cytokines 
IL-6 and IL-8 and the anti-inflammatory cytokine IL-10 seems to be 

Figure 2. ADE of SARS-CoV-2 infection
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related to the hemorrhagic manifestations of dengue patients [59]; 
therefore, dysregulation of type-1/type-2 immune response could 
be a pathogenic mechanism underlying the occurrence of ADE in 
several viral infections. Hence, taking into account the lack of specific 
treatments and vaccines, co-administration of Tα1 and ulinastatin could 
be investigated not only for highly pathogenetic human coronaviruses 
but also for other deadly viral diseases for which ADE of infection has 
been demonstrated or postulated, such us dengue hemorrhagic fever, 
ebola virus infection and other viral hemorrhagic fevers.

Conclusion
In conclusion, further studies addressing the occurrence of ADE 

in SARS-CoV-2 infection are needed, not only to evaluate safety of 
candidate vaccines, but also for searching effective immunomodulatory 
treatments. Due to the known safety profile of the two compounds 
[55,56,58] and the potential occurrence of ADE of infection in 
COVID-19 cases, large RCTs should be conducted to evaluate the 
efficacy of Tα1 and ulinastatin in treating severe COVID-19 patients. 
The effectiveness of the two drugs could also be investigated in other 
deadly viral diseases for which ADE of infection has been demonstrated 
or postulated.
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