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A B S T R A C T   

The SARS-CoV-2 virus has complex and divergent immune alterations in differing hosts and over 
disease evolution. Much of the nuanced COVID-19 disease immune dysregulation was originally 
dominated by innate cytokine changes, which has since been replaced with a more complex 
picture of innate and adaptive changes characterized by simultaneous hyperinflammatory and 
immunosuppressive phenomena in effector cells. These intricacies are summarized in this review 
as well as potential relevance from acute infection to a multisystem inflammatory syndrome 
commonly seen in children. Additional consideration is made for the influence of variant to 
variant host cellular changes and the impact of potential vaccination upon these phenotypes. 
Finally, therapeutic benefit for immune alterations are discussed.   

1. Introduction 

Immune dysregulation in the context of the SARS-CoV-2 virus (COVID-19 disease) is complex. Early research in the COVID-19 
disease pandemic identified a pathophysiology of cytokine storms leading to damaging hyperinflammation while additional 
research demonstrated profound long-term immune suppression [1,2]. Although COVID-19 patients may exhibit elevated levels of 
inflammatory cytokines compared to non-critically-ill patients, a study comparing the immune profiles of COVID-19 and influenza 
noted that while a 3–4% subset of COVID-19 patients exhibited hyperinflammation characteristic of a cytokine storm, they more 
commonly demonstrated immunosuppression [3]. COVID-19 associated lymphopenia is predictive of poor outcomes and is a risk 
factor for secondary hospital-acquired infections, accounting for 50% of estimated mortality secondary to COVID-19 [4,5]. Given its 
severity and complexity, we performed a narrative literature review to evaluate the mechanisms of immune dysregulation that is 
specific to cell type, disease, and individual immune systems to unlock targeted therapies for COVID-19 disease and identify future 
paths for immunologic research. 
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2. Innate immune system 

Both the innate and adaptive immune systems experience dysregulation in COVID-19. Responsible for the initial antiviral activity, 
the innate system functions as a single defense mechanism, crucial for host response and illness protection. Pattern recognition re
ceptors (PRRs) on innate immune cells detect pathogen-associated molecular patterns (PAMPs) from invading microbes and damage- 
associated molecular patterns (DAMPs) released from dying host cells [6]. In COVID-19, possible PAMPs include proteins from the 
SARS-CoV-2 viral envelope, spikes, and nucleoproteins (N) as well as single stranded RNA [6]. DAMPs may include S100A8/A9 and 
nucleic acids from dead cells [6]. This activation leads to NF-κB and AP-1 transcription of antiviral and inflammatory cytokines 
designed to induce apoptosis and inhibit viral replication [6]. 

Paradoxically, in COVID-19 pneumonia, the innate immune system fails to mount an effective antiviral response while also 
inducing potentially damaging inflammation. Severe cases are especially marked by decreased early production of type I and type III 
interferons (IFN) allowing for SARS-CoV-2 to replicate and cause severe cellular damage in the lungs [3,6–8]. Not only is this antiviral 
response of IFN delayed and reduced, but also accompanied by an unusually early and strong production of cytokines [9]. This 
overexaggerated and unregulated inflammatory response includes interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), and 
tumor necrosis factor-α (TNF-α), all of which predict disease severity and mortality [9–11]. Importantly, the ensuing hyper
inflammation is believed to induce edema, fibrosis, and thrombosis in the lungs leading to hypoxia, acute respiratory distress syndrome 
(ARDS), and death [6]. However, hyperstimulation by inflammatory cytokines of cell surface receptors on adaptive immune cells such 
as lymphocytes and monocytes may cause a paradoxical immunosuppressive effect, a concept that will be explored in more detail in 
subsequent sections. 

In addition to PRR pathways in COVID-19, dysregulation occurs in other sensors of cellular stress including the transcription 
factors, nuclear factor, erythroid 2-related factor (Nrf2) and hypoxia-inducible factor 1a (HIF-1a). Nrfr2 activation inhibits SARS-CoV- 
2 replication through type 1 IFN signaling and inhibits inflammatory cytokine release [6,12,13]. However, lungs of COVID-19 patients 
exhibit Nrf2 suppression, possibly contributing to decreased antiviral action and increased cytokine levels [13]. Conversely, HIF-1α 
activation is increased in severe COVID-19 [6]. HIF-1α is correlated with mortality in elderly COVID-19 patients and may contribute to 
the induction of inflammatory organ damage [6,14]. 

Hyperinflammatory damage with additionally immune paralyzing effects to host innate responses provide a complex sequence of 
dysregulation creating specific cell type chaos that leads to altering degrees of disease severity, and varies during the course of the 
disease. 

3. Monocytes and macrophages 

The immune profile of monocytes and macrophages in COVID-19 is multifaceted. Several single-cell profiling studies of bron
choalveolar lavages have identified an increase in hyperinflammatory monocytes in critical COVID-19 with an accompanying decrease 
in anti-inflammatory alveolar macrophages leading to cell death and fibrosis of the lungs [6,8,15]. In addition, a transcriptomic study 
found peripheral monocytes to have significantly increased S100A8/A9, a marker for inflammation, believed to contribute to a 
possible cytokine storm in severe COVID-19 [16]. 

In contrast to the inflammatory nature of focal myeloid lineage cells in infected lung tissue, functional analysis of peripheral blood 
mononuclear cells by ex vivo lipopolysaccharide stimulation and quantification of TNF-a producing cells demonstrated a 3-fold 
decrease in TNF-a-producing peripheral monocytes in COVID-19 patients compared to other critically ill patients revealing signifi
cant immune suppression [2]. 

An analysis of 54 patients, 28 of whom were diagnosed with COVID-19-associated severe respiratory failure, demonstrated that 
these two opposite phenotypes may be patient-dependent or not mutually exclusive [17]. Among the patients with severe respiratory 
failure, one-fourth were characterized as having macrophage-activation syndrome [17]. However, the majority demonstrated immune 
paralysis detailed by significant decreases in HLA-DR expression of CD14 monocytes similar to that seen in sepsis [17] and confirmed 
in other studies [3,18]. Importantly, macrophages have been identified as producing high levels of IL-6 in COVID-19, a cytokine with 
varying effects on many immune cells including neutrophils and lymphocytes [19]. These signaling pathways will be explored 
throughout this article. Together, these findings demonstrate the heterogeneity of immune dysregulation in severe COVID-19 and need 
for treatment that is individualized to a patient’s immune profile. 

4. Neutrophils 

Neutrophils exhibit hyperinflammatory activity in COVID-19 and may account for significant cellular damage. Numerous studies 
have identified neutrophilia as characteristic of critical COVID-19 and is associated with disease severity, ARDS, and death [17,20,21]. 
Neutrophils are recruited to the lungs by increased levels of IL-8 and induce inflammation through the formation of neutrophil 
extracellular traps (NETs), induction of epithelial cell apoptosis, and release of DAMPs [6,20]. Elevated levels of IL-6 have been shown 
to induce this inflammatory action of neutrophils through STAT3 signaling [22,23]. However, these IL-6-stimulated neutrophils can 
suppress T lymphocyte activity through program death (PD) via program death ligand 1 (PDL1) signaling [23]. Current anti-IL-6 
treatments (tocilizumab and sarulimab) seem to be effective at different times in bacterial and viral infections, however there is 
speculation whether IL-6 represents the extent of inflammatory response or the cause of organ injury [24]. Together, this research 
demonstrates how neutrophils may be responsible for significant inflammatory organ damage in COVID-19 while simultaneously 
contributing to a systemic picture of immune suppression. 
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5. Complement cascade 

Critical COVID-19 is marked by early and stark complement activation that may result in inflammatory damage in the lungs. 
Circulating levels of complement factors including C3, C4d, and C5a are significant elevated in patients with severe critical illness due 
to COVID-19 [6,25–27]. While elevated complement levels were not associated with decreased viral load, they were correlated with 
the development of ARDS [25,28]. The proposed mechanism for activation and inflammation involves indirect viral N antigen 
interaction with mannan-binding lectin serine protease 2 (MASP-2) and activation of the lectin pathway leading to cellular deposition 
of the membrane attack complex (MAC) [6,25–28]. This MAC deposition occurs in vascular walls, bronchial epithelial cells, macro
phages, and lymphocytes, and the ensuing cellular damage and intravascular coagulation is believed to contribute to the pathogenesis 
of ARDS [28–30]. 

6. Epithelial cells 

SARS-CoV-2 is able to infect both types I and II alveolar epithelial cells [6] by binding to the angiotensin converting enzyme 2 
receptor (ACE2) [31]. Multiple studies examining postmortem lung samples from COVID-19 patients identified significant apoptosis 
and necroptosis of these alveolar cell types through caspase-8 activation and inflammatory infiltration leading to necrosis and fibrosis 
[32,33]. The apoptotic pathways and inflammatory destruction of epithelial cells are important in the pathogenesis of ARDS in 
COVID-19 and demonstrate potential targets for treatment of this grave complication [6]. 

7. Eosinophils 

The role of cells associated with allergic reactions such as basophils and eosinophils in COVID-19 has not been investigated to the 
same extent as other cell types [6]. However, at least two studies have identified peripheral eosinopenia at presentation as reliably and 
independently correlated with severity in COVID-19 pneumonia [28,34]. Interestingly, severe cases were also marked by extended 
local infiltration and inflammatory activity of eosinophils in the lungs possibly pointing to a type I hypersensitivity reaction involving 
Th2 lymphocyte activity [28]. 

8. Dendritic cells 

Plasmacytoid dendritic cells (pDCs) are essential for the innate immune response to COVID-19. pDCs recognize viral RNA through 
the endosomal TLR7 and produce type I and type III IFNs as an antiviral response [6,35]. Early in COVID-19 onset, a significant 
decrease in circulating pDCs is observed. This depletion indicates severity and is accompanied by failure to mount a strong initial 
antiviral response through type I IFN production [35,36]. Apoptotic signaling of pDCs is increased in severe disease, and 
antigen-presenting cDCs also appear to be inhibited as demonstrated by a decrease in major histocompatibility complex (MHC) class II 
genes [37]. Activation of the STAT3 pathway has been demonstrated to inhibit DC function in cancer and may explain a mechanism for 
the observed decrease in immune response and antigen presentation in high levels of IL-6 associated with severe COVID-19 [38]. 

9. Natural killer (NK) cells 

Multiple studies have demonstrated the cytotoxic activity of NK cells on SARS-CoV-2-infected cells and identified an inverse 
relationship between viral load and NK cell activity [39,40]. However, severe COVID-19 is marked by NK cell cytopenia [17,36]. 
Compared to milder cases, NK cells in patients with severe COVID-19 produce less IFN-γ and TNF-α [21,40]. One study demonstrated 
increased NK cell expression of NKG2A, an inhibitory receptor leading to cell exhaustion in viral illnesses, in COVID-19 and identified 
it as a possible target for immune therapy [21]. An in vitro cell culture model and in vivo xenograft model using peripheral blood and 
tissue samples in esophageal squamous cell carcinoma demonstrated the ability of both IL-6 and IL-8 to inhibit NK cells function 
through the STAT3 pathway [41]. This further contributes to the picture of immune dysregulation from an increase in these cytokines 
and an inability to generate an adequate antiviral response in COVID-19. 

10. Adaptive immune system 

Cellular and humoral activity of the adaptive immune system is critical for developing a balanced and efficient host response to 
invading pathogens while also conferring immunologic memory for future infections with similar coronaviruses. Additionally, the 
activation of this process demonstrates particular importance in terms of vaccination efficacy and longevity [42,43]. Conversion from 
the innate immune response to the adaptive arm of the immune system is a critical function in acute COVID-19, and therefore, 
quantitative analysis of this response could maintain prognostic value. Early antibody production is associated with disease severity, 
and T cell production of IFN- ɣ is correlated with disease moderation [44]. Unfortunately, the adaptive immune system demonstrates 
significant dysregulation in COVID-19 as well. 

11. B cells 

Many COVID-19 patients demonstrate a robust memory B cell and antibody-secreting B cell plasmablast response early in infection 
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[3,45,46]. However, research on B cell levels over the course of illness is conflicting with some studies identifying an increase of 
plasmablasts [3,46] and another identifying a decrease in B cell frequency [45]. Additionally, an imbalance of IL-6 and IL-10 pro
duction by B cells has been observed in COVID-19 [47]. However, most B cell alterations experienced in acute COVID-19 are recovered 
in convalescent patients [47]. 

12. T cells 

CD4+ helper T cells and CD8+ cytotoxic T cells have been identified as crucial in the immunologic response to SARS-CoV-2 
infection. CD4+ T cells are responsive to the virus’s spike protein, and the presence of CD8+ T cell expansion in bronchoalveolar 
lavage is correlated with illness moderation [15,48]. 

However, one of the most remarkable characteristics of immune dysregulation in COVID-19 is an immense depletion of CD4+ and 
CD8+ T cells associated with disease severity [2,11,17,21,22,48–50]. While lymphopenia is observed in other respiratory viral illnesses 
such as influenza A H3N2 viral infection, COVID-19 induced lymphocytic depletion is distinctive for its magnitude and longevity [3,48, 
51]. Additionally, CD8+ T cells, crucial for their cytotoxic activity against virally infected cells, may experience the more stark 
reduction [48]. While CD8+ T cell have some cellular markers of activity indicating specificity to SARS-CoV-2, markers of exhaustion 
indicate dysregulated function [48]. This lymphopenia has been identified as an important risk factor in the development of secondary 
infections in hospitalized COVID-19 patients [5]. 

The lack of intense lymphocytic infiltration found in the lungs of critical COVID-19 patients demonstrates that the peripherally 
observed lymphopenia may be occurring through a mechanism beyond simply recruitment to the infection site [15,48]. Using an 
enzyme-linked immune absorbent spot (ELISpot) assay as a tool to quantitate peripheral immune cell function in patients with 
COVID-19, researchers not only confirmed T cell lymphopenia, but also identified functional suppression of T cells as measured by 
IFN-ɣ [2]. Decreased production of IFN-ɣ by CD4+ T cells correlates with COVID-19 severity [11]. T cell counts in COVID-19 patients 
are inversely proportional to IL-6, IL-10, and TNF-α concentrations and shown to express elevated levels of PD-1. These cytokines and 
signaling pathways have been identified as possible mechanisms for the observed immune exhaustion and dysregulation in COVID-19 
[48–50]. 

13. Proposed mechanism 

The mechanism of simultaneous hyperinflammatory damage in context of systemic immune suppression is undoubtedly complex. 
Yet, the production and function of IL-6, IL-8, and IL-10 provides a possible explanation concerning dysregulation of innate immunity 
and direct and indirect dysregulation of adaptive immunity [48]. 

Macrophages demonstrated elevated production of IL-6 in COVID-19 accompanied by increased levels of IL-8 [3,9,10,19]. Neu
trophils recruited to the site of infection by IL-8 are activated by IL-6 to induce inflammatory activity and epithelial cell damage [20, 
22,23]. However, these IL-6-activated neutrophils suppress T lymphocytes through programmed death ligand (PD1/PDL1) signaling 
[23]. PD-1 expression of T cells has been identified as significantly upregulated in COVID-19 patients, resulting in the apoptosis that 
may account for the severe lymphopenia seen in critical COVID-19 [48–50]. 

Additionally, IL-6 and IL-10 may act on T cells and monocytes more directly. A study using mass spectrometry to identify upre
gulated signaling pathways in COVID-19 patients found significantly increased levels of STAT3 phosphorylation in myeloid and 
lymphocytic cells [18]. STAT3 is a transcription factor downstream of IL-6 and IL-10 signaling [52]. This upregulation of STAT3 was 
accompanied by decreased myeloid cell activation in addition to CD4+ and CD8+ T cell IFN-ɣ production, suggesting STAT3 signaling 
as a potentially unifying pathway for the dysregulation observed in COVID-19 [18]. 

While STAT3 is associated with some levels of inflammatory activity, it has also been shown to induce an anti-inflammatory 
phenotype when overexpressed. Its activation has been associated with proviral function in viruses such as HBV, HCV, HSV-1, 
VZV, human CMV, and measles virus [53,54]. STAT3 activation in tumor cells has also been demonstrated to inhibit the function 
of dendritic cells which may contribute to failure of successful antigen presentation in COVID-19 [38]. 

A proposed mechanism for IL-6/STAT3 signaling to induce the inactive phenotypes of NK cells and CD8+ T cells in COVID-19 is by 
increasing expression of NKG2A, an inhibitory receptor [21,22]. In the context of cancer, both IL-6 and IL-8 have been shown to impair 
NK function through the STAT3 pathway [41]. A failure for the cytotoxic cells to be activated sufficiently against SARS-CoV-2 infected 
cells would impair viral clearance and possibly worsen disease outcomes. 

14. Multisystem inflammatory syndrome in children (MIS-C) 

One severe presentation of dysregulated immune function in COVID-19 is multisystem inflammatory syndrome in children (MIS-C), 
defined as systemic inflammation with multiple organ involvement in children four to six weeks after exposure to SARS-CoV-2 [55]. 
MIS-C, characterized as a post-infectious syndrome, has characteristics that are similar to Kawasaki disease and toxic shock syndrome 
[55–57]. Speculation on the connection between SARS-CoV-2 and MIS-C is of great interest to researchers as providers are increasingly 
called to take action on these diagnoses in clinical practice. 

The SARS-CoV-2 spike protein has been identified as a possible superantigen capable of T cell activation and interaction with MHC 
II [55,56]. Evidence also suggests MIS-C patients experience an activation of innate immune system with dysregulated IFN-ɣ signaling 
and a cytokine producing phenotype [55]. While inflammatory monocytes are also potentially responsible for hyperinflammation, 
anti-inflammatory components on monocytes and neutrophils in a cohort of patients are prototypical of the immune dysregulation 
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discussed in this review [55]. 
Similar to COVID-19, studies have identified lymphopenia as a hallmark of disease in MIS-C [55]. Additionally, elevated levels of 

PD-1 in MIS-C patients suggest prolonged CD4+ and CD8+ T cell activation and exhaustion [55]. In summary, while MIS-C is char
acterized by a massive proinflammatory cytokine production caused by the innate immune system, there seems to be a simultaneous 
dysregulation of T and B cells in the adaptive immune system [55]. By studying the immune dysregulation in MIS-C, the role of a 
SARS-CoV-2 superantigen can be further explored and applied to that of COVID-19 and its treatments. 

15. T cells, vaccination, and variants of concern 

Understanding and addressing immune dysregulation remains paramount towards vaccination efficacy against SARS-CoV-2. As 
new variants of concern (VOCs) arise, mutations may allow viral particle to evade vaccination-induced antibodies directed toward 
spike proteins [58]. One study on the success of vaccinations in mice identified that memory CD4+ and CD8+ T cells were crucial for 
limiting disease severity during exposure to the beta variant [58]. Memory T cells are believed to be key in responding to VOCs because 
they recognize more viral epitopes that may be conserved compared to antibodies that only recognize spike proteins [42]. This evi
dence supports that establishing a functional adaptive immune response to COVID-19 is not only important in controlling a patient’s 
initial infection but also in terms of vaccination efficacy and reinfection. 

Fig. 1. Proposed pathways for inflammation and immune suppression in COVID-19 immune dysregulation.  
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16. Treatment 

The immune dysregulation observed in COVID-19 has strong implications for its treatment. Due to the widely-held belief that 
COVID-19 is characterized predominantly by a hyperinflammatory cytokine storm, many medications aiming to suppress the immune 
system have been considered, including anti-IL-6 receptor antibodies, IL-1 receptor antagonists, and JAK/STAT inhibitors [2]. 
However, in the context of significant immunosuppression explored in this review, anti-inflammatory therapies may be harmful and 
further diminish innate and adaptive immune responses necessary for viral control and illness moderation [24]. Instead, treatments 
that suppress the immune system may only be appropriate in the smaller subset of patients who are experiencing cytokine storms [3]. A 
randomized control trial found that the administration of dexamethasone reduced mortality in COVID, but only for critical patients 
needing respiratory support [59]. In theory, such treatments may be even more effective when targeted exclusively to patients with 
hyperinflammatory phenotypes. 

Personalized immune profiling is already used in cancer immunotherapy and presents a promising possibility in COVID-19 [24]. 
One study identified ELISpot assays as potential tools in this phenotypic identification. Using peripheral blood samples from COVID-19 
patients and ex vivo stimulation, researchers were able to quantitate lymphocyte and monocyte function through IFN-ɣ and TNF-α 
production respectively and identify personalized immune profiles for individual patients [2]. And as most patients demonstrated signs 
of immune suppression, proinflammatory therapies may result in better outcomes. 

Furthermore, the innate immune system demonstrates potential for targeted therapy. As previously discussed, there is a failure to 
mount an early antiviral response to severe COVID-19. Therapies such as exogenous IFN-α may be able to counter this phenomenon 
and inhibit viral replication early in disease [6]. Additionally, other dysregulated transcription factors such as Nrf2 or HIF-1α, asso
ciated with disease severity, could be targets for modification. One group suggested the possibility of using anti-NKG2A monoclonal 
antibodies to block the inhibition of NK cells, a treatment that could affect the adaptive immune system by increasing CD8+ T cell 
function [22]. 

Finally, there are ways to reverse the adaptive immune suppression observed in COVID-19. IL-7, a pluripotent inflammatory 
cytokine, has been shown to ameliorate the activity of T cells in COVID-19 and has been proposed as a potential treatment [2,24]. 
Additionally, as T cell expression of PD-1 is upregulated in severe disease, the use of PD-1 inhibitors including nivolumab and 
pembrolizumab should be considered [24]. 

17. Conclusion 

While COVID-19 was originally characterized as hyperinflammatory in its pathophysiology, emerging evidence demonstrates the 
possibility of a strongly immunosuppressive phenotype in more critical disease states. While immune activation from neutrophils and 
complement may contribute to inflammatory damage in the lungs, decreased antiviral responses, dysregulated macrophages and 
dendritic cells, and severe lymphopenia contribute to a suppressed state in which viral replication and secondary infections are prone. 
IL-6/STAT3 signaling may be an important contributor to this immune dysregulation and deserves further investigation. Ultimately, 
when considering the future of immune therapy in COVID-19, it will be essential to understand each patient’s immune profile and 
adjust treatments accordingly (see Fig. 1). 

Five key advances needed to guide COVID-19 therapies  

• Need a rapid test that can indicate the status of cellular immunity to SARS-CoV-2, i.e., does the individual or patient have a potent 
T cell response against SARS-CoV-2 spike and/or matrix antigens as a result of either primary infection or vaccines that would 
provide protect against infection.  

• Need a rapid test that can indicate the status of antibody immunity to SARS-CoV-2, i.e., does the individual or patient have potent 
effective antibodies against spike and/or matrix proteins of the SARS-CoV-2 virus due either to vaccination or primary infection  

• Ability to determine the relative importance of T cell versus B cell immunity against SAR-CoV-2 infection.  
• Ability to determine the functional status of the uninfected individual innate and adaptive immunity. Is the patient going to be able 

to mount an effective immune response against viral infection or vaccination or, is the patient immune suppressed due to 
immunosenescence, biologic agents, corticosteroids, or cancer and not able to develop potent immunity? 

Practice points  

• Severe lymphopenia should be considered as potential immune paralysis in T cells. Further immunosuppressive therapies such as 
corticosteroids should be considered with caution.  

• Directed targeted therapies (barcitinib) to key pathways such as JAK/STAT must be provided early in disease course for benefit.  
• Further evaluation of targeted drug therapies should include functional immune assays that evaluate cellular function. 
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