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SUMMARY Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected
over 200 million people worldwide. The mechanisms of immune dysregulation in resulting
coronavirus disease 2019 (COVID-19) have not yet been fully elucidated. There is growing
evidence to suggest a connection between SARS-CoV-2 infection and the development of
autoinflammatory and autoimmune responses. This article will investigate how immune
dysregulation in COVID-19 contributes to autoinflammation and autoimmune disease, and
discuss the therapeutic implications. Emerging research indicates that the viral infection
provokes hyperinflammation by shifting innate and adaptive immune responses towards a
proinflammatory state, while suppressing immune regulation. Immune dysregulation and
molecular mimicry by SARS-CoV-2 have the potential to break down immunological
tolerance, stimulate cross-reactive immune responses, and induce lasting autoimmune
disease. Promising immunomodulatory therapies against COVID-19 include treatment with
type I and III interferons, antibodies against the virus or inflammatory immune pathways,
corticosteroids, cell therapies, immune checkpoint inhibitors, and superantigen therapy.
Contextualized by the current research, this article will also address the emerging cases of
vaccine-induced immune thrombotic thrombocytopenia (VITT): a rare autoimmune disease
elicited by certain SARS-CoV-2 adenoviral vector vaccines. This review exposes the
necessity for longitudinal studies investigating the prevalence and persistence of
autoinflammatory damage and autoimmune disease following SARS-CoV-2 infection.

INTRODUCTION

There have been over 200 million confirmed cases of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection (1). Approximately 20% of infected individuals
develop severe manifestations of coronavirus disease 2019 (COVID-19) (2), characterized by
pneumonia, hyperinflammation, coagulopathy, and/or organ damage (2-6). Of note, severe
COVID-19 can progress to several life-threatening inflammatory conditions: acute
respiratory distress syndrome (ARDS) (5), cytokine storm syndrome (CSS) (3,6), and/or
multisystem inflammatory syndrome (MIS-A/C) (18). Six months after symptom onset, a
significant portion of recovered individuals continue to experience long-term health
consequences in pulmonary and extrapulmonary organ systems (7,8). This chronic illness
(“long COVID”) has been hypothesized to arise from immunopathological changes in
COVID-19 (8).
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responses by lymphocytes (2). Dendritic cells (15) and natural killer (NK) cells (16) notably
contribute to both innate and adaptive responses. Recent studies are documenting the
detrimental effects of SARS-CoV-2 on both the innate and adaptive arms of the immune
system, contributing to autoinflammatory and autoimmune disease (2,9,10).

Autoinflammatory consequences during SARS-CoV-2 infection include encephalopathy
(2,11,17); (cardio)myopathy (2,11); vasculitis (2,11); coagulopathy (2,11,21); and systemic
illnesses such as ARDS (5), CSS (3,6), and MIS-A/C (18) (see Fig. 1A). Alarmingly, there
are emerging reports of viral-induced autoimmune disease following SARS-CoV-2 clearance,
such as systemic lupus erythematosus, type I diabetes (19), and antiphospholipid syndrome
(2,19,21) (Fig. 1B).

Cases of vaccine-induced immune thrombotic thrombocytopenia (VITT) have been
documented following administration of the SARS-CoV-2 adenoviral vector vaccines
AZD1222 (AstraZeneca), COVISHIELD (Serum Institute of India), and Ad26.COV2.S
(Janssen). The incidence of VITT is 1 in 100,000 (AstraZeneca/Serum Institute of India) to 1
in 500,000 (Janssen) doses (23), with an estimated 40% mortality rate (24). A tentative
mechanism for the disorder has been described: all VITT patients tested positive for anti-
platelet factor 4 (PF4) autoantibodies (24). Why certain SARS-CoV-2 adenoviral vector
vaccines lead to the development of anti-PF4 antibodies in VITT remains unknown.

The complex dynamics involving immune dysregulation by SARS-CoV-2 are not yet
well-understood. Given that pathogenic autoimmune and autoinflammatory responses
underlie many of the severe events that occur during and after SARS-CoV-2 infection (Fig.
1), there is growing interest in the use of immunomodulatory drugs against COVID-19.

PROPOSED RESEARCH QUESTIONS

While the autoinflammatory and autoimmune manifestations observed in COVID-19 are
well-documented (Fig. 1), the underlying mechanisms of immune dysregulation have not
been fully elucidated. This article will investigate how immune dysregulation in COVID-19
contributes to autoinflammatory and autoimmune disease, during and after viral infection. In
dissecting the immunopathology of COVID-19, this review aims to find therapeutic strategies
that limit the long-term damaging effects of autoimmunity and autoinflammation induced by
this viral infection. Given the research described here, this article will also address the
emerging cases of VITT following administration of certain SARS-CoV-2 vaccines.

PROPOSED PROJECT NARRATIVE

How does immune dysregulation contribute to autoinflammation in COVID-19? Given
the autoinflammatory manifestations in severe COVID-19 (Fig. 1A), it is imperative to
understand the immune dysregulation underlying these effects - mechanisms which have yet
to be fully elucidated. Immune profiling of moderate to severe COVID-19 patients shows
decreased B, CD4"/CD8"* T, and NK cells (i.e. lymphopenia). This suppression of adaptive
immune responses is contrasted by elevated monocytes, neutrophils, and eosinophils of the
innate immune system (2,10). Transcriptional and serum profiling of COVID-19 patients
consistently shows elevated levels of inflammatory cytokines and chemokines associated
with the innate immune system (Table 1), juxtaposed with dampened antiviral type I and III
interferon (IFN) production (25). The elevated cytokine profile in severe COVID-19 bears
similarity to CSS in SARS-CoV-1 and MERS (26). These data demonstrate that COVID-19
is characterized by a shift away from targeted adaptive immunity and interferon responses,
towards inflammatory and non-specific innate immunity.

Dampening of adaptive responses by SARS-CoV-2 inhibits the potent antiviral response
of lymphocytes, promoting the autoinflammatory effects of the virus. In addition to the
depletion of B, CD4*/CD8" T, and NK cells (2,10), COVID-19 is characterized by decreased
T helper memory cells, inhibiting secondary responses to future viral infection (2). Several
cytokines that are elevated in COVID-19 have been implicated in suppression of NK and T
regulatory (Treg) cells (Table 1). Additionally, autopsy findings in COVID-19 patients
uncovered destruction of secondary lymphoid tissues, with spleen and lymph node atrophy.
Among CSS-associated diseases, this is a feature unique to COVID-19 (26).
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Despite the reduction in overall lymphocyte counts, COVID-19 patients experience
hyperactivation of remaining cytotoxic and helper T cells. This is evidenced by the increased
expression of CD4"/CD8" T cell activation markers (HLA-DR (26), CD38 or CD44 (2)), as
well as increased cytotoxic perforin and granulysin in CD8" T cells (26). Among the cytotoxic
CD8" fraction of T cells, there is an increased proportion of PD17Tim3" cells and elevated
NKG2A expression, indicating T cell exhaustion (2). Further, this rampant hyperactivation
of cytotoxic and helper T cells is left unchecked, due to the inhibition of regulatory T cells.
COVID-19 patients exhibit decreased levels of CD28" cytotoxic suppressor and Treg cells,
impairing the suppression of hyperactivated and autoreactive T cells, with the potential to
induce autoinflammation and autoimmune disease (2).
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FIG. 1 Autoinflammatory (A) and autoimmune (B) conditions documented during and after

SARS-CoV-2 infection.

Despite decreased CD4" helper T cell counts in COVID-19, the proportions of
proinflammatory T helper 1 (Tnl) and T helper 17 (Tnl7) cells are elevated. Both Tul and
Tnl7 responses are implicated in the production of certain proinflammatory cytokines
observed in severe COVID-19 and CSS (2,10,11,26) (Table 1). This phenotype of elevated
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Tul/Tnl7 responses, hyperactivation of CD8" T cells, and decreased regulatory T cells has
been described in the development of multiple autoinflammatory and autoimmune diseases
2,11).

The elevation of IL-1B and IL-18 in COVID-19 (Table 1) points to an additional
mechanism of hyperinflammation: inflammasome activation. Assembly of inflammasomes—
multiprotein complexes of the innate immune system—activates inflammatory cytokines IL-
1p and IL-18, while inducing pyroptosis of the cell. SARS-CoV-2 infection has been
documented to activate the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3)
inflammasome in peripheral blood mononuclear cells (PBMCs) and tissues of infected
patients, positively correlating with the severity of COVID-19 (27). In essence,
inflammasome activation contributes to the hyperinflammatory state in COVID-19.

TABLE 1 Elevated cytokines and chemokines identified in COVID-19 patients.

UJEMI

Proinflammatory responses

Immunosuppressive responses

Immune Innate immune o
. Adaptive immune system
recruitment system
lnflammz.ltory lnﬂamn‘latory Thl Tul7 ‘Nl‘( ?e‘ll Treg cell inhibition
chemokines cytokines responses responses inhibition
CCL22’9‘10 IL-1B2‘9’10 IL-1ﬁ2’9‘10 IL-1B2‘9’10 NKG2A2 IL_1B2,9,10
CCL32,9 IL_62,9,10 IL_22,9 IL_62,9,10 IL_62,9,10
CCL4* 1L-8? IL-7>° IL-7%°
CCL5>10 IFNa?'0 IL-12%10 1L-82
CCL7? IFNy?? IL-18'0 IL-17%10
CXCL2? TNF-02° IL-3310 IL-2110
CXCLS? G-CSF>® IFNy>9-10 IL-2210
CXCL9? M-CSF° TNF-a2%10 IL-3310
CXCL10?*10 GM-CSF?’ GM-CSF?° TNF-0>°
G-CSF>?
GM-CSF?°
Abbreviations
CCL CC-chemokine ligand
CXCL CXC-chemokine ligand
G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
IFN Interferon
IL Interleukin
MIP Macrophage inflammatory protein
NKG2A Natural killer group 2 member A
TNF Tumour necrosis factor
Current studies are identifying a growing collection of autoantibodies in COVID-19
patients, implicated in autoimmune diseases that have been documented following infection
(Table 2) (11,19-22). Certain autoantibodies occur with alarming frequency in severe
COVID-19. Anti-phospholipid antibodies were found in 52% of hospitalized COVID-19
patients - diagnostic of the life-threatening thrombophilia, antiphospholipid syndrome (21).
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Franke et al. found that all study patients with neurological manifestations of COVID-19

possessed autoantibodies against neural or endothelial tissues (22). While there is abundant

evidence for autoimmune antibody responses, autoreactive T cells induced by SARS-CoV-2

have yet to be identified.

TABLE 2 Autoantibodies and associated autoimmune diseases documented in COVID-19 patients.

Autoantibodies Associated autoimmune diseases in COVID-19 patients
Anti-annexin V IgM/IgG!%?? Autoimmune coagulopathy (hypo-/hypercoagulation)!®!
Anti-cardiolipin!®2!-?? Autoimmune cytopenia!®?!
Anti-CCP" Autoimmune neurological disease!*??
Anti-GD1b"° Autoimmune thyroid disease!’
Anti-heparin/PF4 complex'® Autoimmune vasculitis'">"’
Anti-interferon (type )% Dampened interferon responses®
Anti-MDAS5" Dermatomyositis'®
Anti-myelin?? Inflammatory arthritis'®
Anti-NMDAR IgG?? Psoriasis!®
Anti-nuclear antigen (ANA)"° Sarcoidosis'®
Anti-phosphatidylserine IgM/IgG'*?! Systemic lupus erythematosus'®
Anti-prothrombin IgM ! Type I diabetes"’
Anti-RBC"
Anti-Yo?

Anti-B2 glycoprotein 1 (ap2GP1)!92122
Lupus anticoagulant!®

pANCA and cANCA"

Abbreviations
(p/c)ANCA (Perinuclear/cytoplasmic) anti-neutrophil cytoplasmic antibodies
CCP Cyclic citrullinated peptide
GD1b Ganglioside GD1b
Ig(A/D/E/G/M) Immunoglobulin
MDAS Melanoma differentiation-associated protein 5
PF4 Platelet factor 4
RBC Red blood cell

Lastly, the SARS-CoV-2 spike (S) glycoprotein bears a striking similarity to known
superantigens. Superantigens potently activate CD4*/CD8" T cells by binding to T cell
receptors (TCRs) in an antigen-independent manner. This ability to broadly and non-
specifically activate T cells leads to the excessive release of proinflammatory cytokines,
resulting in a cytokine storm (CSS, MIS-A/C, or toxic shock syndrome). A unique
PssiRRAgs4 insertion in SARS-CoV-2—just prior to the furin cleavage site—is not found in
other SARS B-coronaviruses. This insertion has created a motif of ~20 amino acids with
strong sequence and structural similarity to the superantigen staphylococcal enterotoxin B
(SEB). Effectively, the S glycoprotein may induce a cytokine storm via superantigen T cell
activation in COVID-19 (28).
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In conclusion, dysregulation of the immune system by SARS-CoV-2 induces
autoinflammation during infection, with the potential to cause lasting inflammatory damage,
autoimmune disease, and death. The virus shifts innate and adaptive immune responses
towards a proinflammatory state while simultaneously suppressing immune regulation,
consequently provoking an autoinflammatory response.

How does immune dysregulation contribute to the development of autoimmune disease
in COVID-19? Given that immune dysregulation by SARS-CoV-2 induces
autoinflammation, it is also pertinent to investigate the development of autoimmune disease
following infection. SARS-CoV-2 has been proposed to cause autoimmunity via four main
mechanisms: 1) molecular mimicry, 2) bystander activation with epitope spreading, 3)
breakdown of self-tolerance, and 4) inflammasome activation.

Molecular mimicry occurs when viral antigens share similarity to self-antigens,
provoking a cross-reactive adaptive immune response against host tissues (11,29). Studies
have identified numerous SARS-CoV-2 penta-/hexapeptides (epitopes) with identical
matches to human proteins. These peptides could be displayed on MHC I and II complexes
during viral infection, subsequently inducing cross-reactive autoimmune responses.
Antibodies against the SARS-CoV-2 S glycoprotein have strong immune cross-reactions
(>33% binding efficiency relative to S glycoprotein) with the human proteins
transglutaminase (tTG) 2, tTG3, extractable and anti-nuclear antigen (ENA/ANA), myelin
basic protein (MBP), mitochondria, a-myosin, thyroid peroxidase (TPO), collagen, claudin
5, claudin 6, and S100B. With antibodies against SARS-CoV-2 nucleoprotein, comparable
cross-reactions (>33% binding efficiency relative to nucleoprotein) occur with tTG6, a-
myosin, ENA/ANA, mitochondria, and TPO (30). Additionally, computational analysis
identified viral peptides that potentially cross-react with pulmonary surfactant (and related)
proteins to induce autoimmune lung damage. Other SARS-CoV-2 peptides bear similarity to
the pre-Botzinger complex (brainstem respiratory pacemaker) - this cross-reaction is
hypothesized to account for the central respiratory depression observed in ARDS (2).

Bystander activation is the antigen-independent activation of the adaptive immune system
via cytokines, leading to the diversification of epitope specificity (epitope spreading) (2,11).
Gregorova et al. identified a patient with bystander activation of T cells specific against
SARS-CoV-2 during recurrent microbial infections (31). This indicates that T cells specific
against the virus are capable of activation in the absence of viral antigens, simply by the
elevated presence of inflammatory cytokines. Of note, inflammatory cytokines are elevated
in COVID-19 (2,9,10), and the elevated cytokine IL-2 has been shown to mediate bystander
activation (2). This antigen-independent activation of T cells could result in the cloning of
other T cell epitopes, with the eventual diversification of their specificity to include host
tissues. In essence, the inflammatory cytokine profile of COVID-19 creates the ideal
environment for bystander activation and epitope spreading.

As discussed earlier in this article, breakdown of self-tolerance can occur by the depletion
of CD28" cytotoxic suppressor and Treg cells in COVID-19, permitting autoimmune T and B
cell responses to persist unchecked (2). This manifests as autoantibodies (11,19-22),
hyperactivated T cells (2,26), and potentially autoreactive T cells in COVID-19.

Activation of the NLRP3 inflammasome by SARS-CoV-2 (27) provokes an inflammatory
cascade and activates naive T cells. Notably, excessive activation of NLRP3 has been
implicated in the pathogenesis of autoimmune diseases such as systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA), Behget's disease, Sjogren's syndrome, gout, and anti-
neutrophil cytoplasmic antibody (ANCA )-associated vasculitis (32). Thus, it is reasonable to
conclude that inflammasome activation by SARS-CoV-2 could potentially contribute to the
development of autoimmunity. In summary, immune responses against SARS-CoV-2 have
the potential to cross-react with human tissues, inducing lasting autoimmune disease.

What are the therapeutic implications of autoinflammatory and autoimmune responses
in COVID-19? Understanding immune dysregulation in COVID-19 allows us to direct the
development of immunomodulatory therapeutics against the disease. Potential therapies
include treatment with type I and III IFNs (33), antibodies against the virus (37,40) or

September 2021 Vol. 5:1-11 Undergraduate Research Article * Not refereed

UJEMI

https://jemi.microbiology.ubc.ca/

6



Sokolovska

inflammatory immune pathways (33-35,39), corticosteroids (36), cell therapies, immune
checkpoint inhibitors (33), and superantigen therapy (28).

As type I and III IFNs are downregulated in COVID-19, treatments with IFN-o, IFN-f,
and IFN-A have entered phase I-IV clinical trials. IFN therapy has the potential to stimulate a
potent antiviral response in early infection, but is contraindicated in later severe infection
(33).

Immunomodulatory treatments for the management of severe COVID-19 include
antibody blockade of cytokine and complement pathways, as well as immunosuppression by
corticosteroids. Elevated IL-1p, IL-6, and TNF-a are critical in the development of CSS, and
antibody inhibitors against these and other proinflammatory targets (Janus kinase (JAK),
GM-CSF, IL-17, IFN-y, complement C3/C5) have entered phase I-IV clinical trials (33).
Given the current clinical data, the National Institutes of Health’s (NIH) treatment guidelines
recommend the use of a corticosteroid (dexamethasone), IL-6 inhibitor (tocilizumab), and/or
JAK-inhibitor (baricitinib) in severe COVID-19 (34). Systematic meta-analyses showed that
COVID-19 patient mortality significantly decreases with the use of IL-6 inhibitors (27 trials,
pooled odds ratio [OR] 0.86) (35) and JAK-inhibitors (11 studies, pooled relative risk [RR]
0.42) (36). The use of corticosteroids such as dexamethasone is indicated in severe COVID-
19 for the treatment of hyperinflammation and ARDS. A meta-analysis of 44 studies found
that corticosteroids significantly reduce the risk of COVID-19 mortality (pooled OR 0.72)
(37). Corticosteroids, IL-6 inhibitors, and JAK-inhibitors tentatively appear most effective in
treating hyperinflammation and CSS, however this may change as new research emerges.

Passive antibody-based immunotherapies have been widely used to treat SARS-CoV-2
infection. Convalescent plasma is commonly used in patient treatment, however a recent
meta-analysis found that its use is not associated with significant clinical improvements or a
decrease in mortality (38). Intravenous immunoglobulin (IVIG) therapy—consisting of
pooled polyclonal IgG antibodies from many donors—has entered phase I-IV clinical trials
(33). IVIG therapy dampens hyperactive immune responses while also potentially
neutralizing viral particles (39). Monoclonal antibodies against the SARS-CoV-2 S
glycoprotein receptor-binding domain (RBD) have been granted Emergency Use
Authorization, and significantly reduced viral load in clinical trials (40). Monoclonal antibody
therapy appears promising thus far.

Several cell therapies have entered early clinical trials in the treatment of COVID-19:
macrophage, dendritic, NK, T, and mesenchymal stem cell therapy (33). Widespread use of
cell therapy does not appear feasible at this time: challenges of cellular expansion and
transplantation include time, resource, and cost requirements. In addition, there are safety
concerns regarding the genomic instability and regenerative capacity of expanded cells (41).
Immune checkpoint inhibitors of proteins such as VEGF, CD14, and T cell exhaustion
markers (PD1, Tim3, NKG2A) are also under consideration for COVID-19 (33). Given the
research described in this article, it should be noted that inhibition of T cell exhaustion
markers could worsen autoinflammation and autoimmunity in COVID-19, as this may
promote the development of hyperactivated and autoreactive T cells (2).

The research in this review suggests additional therapies that could be developed in the
treatment of COVID-19. The implication that the S glycoprotein may act as a superantigen
indicates the potential benefit of superantigen therapies: treatments against SEB-mediated
TSS and inhibition of the S glycoprotein-TCR interaction may reduce hyperinflammation in
COVID-19 (28). There are also implications about the potential risks of existing therapies.
Patients using drugs that impair B cell function and neutralizing antibody production (e.g.
CD20, IL-17A inhibitors) are at increased risk of severe COVID-19 (2).

Studies have identified numerous SARS-CoV-2 epitopes with matches to human proteins,
suggesting that autoimmune cross-reactions can occur via molecular mimicry (2). Given this
information, it would be reasonable to hypothesize that the S glycoprotein conformation in
certain vaccines may induce anti-PF4 autoantibodies (i.e. VITT). Notably, SARS-CoV-2 has
been implicated in the production of anti-PF4/heparin autoantibodies, as well as the
development of thrombosis and autoimmune thrombocytopenia (19). Despite this, a recent
study (preprint) has countered S glycoprotein molecular mimicry as a potential cause of
VITT: antibodies against the viral protein do not cross-react with PF4 (42). Reports have
alternatively speculated that free DNA and RNA in these vaccines could be responsible for
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the generation of anti-PF4 autoantibodies (24). In conclusion, the component of certain
SARS-CoV-2 vaccines that results in the development of VITT remains an important
question for future investigation.

CONCLUSIONS

As the mechanisms of immune dysregulation in COVID-19 emerge, additional questions
arise. Which host factors influence susceptibility to severe immunopathology in COVID-19?
Immune factors such as HLA polymorphisms have been implicated in the severity and
susceptibility to SARS-CoV-2 infection (43). Additionally, are certain variants of SARS-
CoV-2 associated with more severe immunopathology? This would require further research
into how specific viral factors contribute to the immune dysregulation observed in COVID-
19.

This article exposes the necessity for longitudinal studies investigating the prevalence and
persistence of autoinflammatory and autoimmune manifestations of COVID-19. However, it
may be challenging to conclusively prove viral-induced autoimmune disease. Proposed
strategies include: 1) cross-referencing severity of infection with incidence of autoimmune
disease; 2) comparing the incidence of autoimmune disease in vaccinated versus unvaccinated
individuals; and 3) testing patients with autoimmune disease for T cells and antibodies that
cross-react between SARS-CoV-2 and self-antigens (e.g. myelin).

Given that the elevation of certain proinflammatory cytokines and chemokines is
associated with severe COVID-19, there is potential to use these molecules as prognostic
markers. Recent studies suggest using IL-6, IL-10, and TNF-a levels as the primary predictors
of disease severity and death (44,45). With further research, these markers could be routinely
employed in hospital testing.

Immunodeficient or immunocompromised individuals are vulnerable to severe COVID-
19, and this is generally accounted for in immunization plans. Based on the research described
in this article, there is a need to prioritize additional populations for vaccination. Such
populations include individuals taking B-cell inhibitors (2) and individuals with pre-existing
lymphopenia (46), as severe COVID-19 is characterized by (T/B/NK cell) lymphopenia.
Additionally, 10.2% of critically ill COVID-19 patients possess pre-existing autoantibodies
against type I IFNs, and thus individuals with this immune vulnerability should also be
prioritized for vaccination (20).

In conclusion, immune dysregulation in COVID-19 is responsible for many of the
autoinflammatory and autoimmune manifestations observed during and after infection. The
viral infection shifts immune responses towards a proinflammatory state while suppressing
immune regulation, provoking a hyperinflammatory state. Immune dysregulation and
molecular mimicry by SARS-CoV-2 has the potential to break down immunological tolerance
and induce lasting autoimmune disease in some individuals. Fortunately, emerging
immunomodulatory drugs and vaccination show promise in the treatment and prevention of
COVID-19. It is crucial for virologists to collaborate closely with immunologists and
rheumatologists on future COVID-19 research: the pathology of COVID-19 is intricately
linked to immune dysregulation.
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