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ABSTRACT

Introduction: Innate immunity plays a critical role in the host response following SARS-CoV-2 infection. The
innate immune mechanism has gained prominence for its aberrant responses, known as cytokine storm syndrome.
Methods: A thorough search of medical databases was conducted to synthesize information in a tabulated and
narrative review. Results: Combined with evasive viral responses, innate immunity plays a critical role in the
morbidity and mortality related to COVID-19 infection. Trained innate immunity, particularly myeloid cell
progeny, is a confounder that needs to be explored further. Vaccinations and endemic infections play a critical role
in enhancing trained innate immunity. Conclusion: Our findings collate relevant insight into innate immune
mechanisms as well as explain the potential role of environmental priming, known as epigenetics, as a contributor
to variable innate immunologic responses based on geographic differences.
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INTRODUCTION

Innate immunity is a key component that leads to
morbidity and mortality during severe acute respiratory
coronavirus-2 (SARS-CoV-2) infections. When the virus
enters humans, pattern recognition receptors (PRRs) get
activated that are directly associated with pathogen-
associated molecular patterns (PAMPS), specific to the
SARS-CoV-2 virus. Following this, active recruitment
of monocytes and macrophages occurs at the local site,
e.g. lungs.”? The innate immune responses have been
noted to direct how the adaptive immunity responds to
SARS-CoV-2 infection. Prominent cytokines involved in
innate immunological responses such as interleukin-6
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(IL-6), interleukin-10 (IL-19) have been reported with
SARS-CoV-2 infection.”! The phenomenon of innate
immunity during SARS-CoV-2 infection has been cited
as the cytokine storm syndrome (CSS), conferring a poor
prognosis.

Notably, there are key differences in the manner by
which innate immunity functions. The concept of trained
innate immunity was first coined in 2011."! This
phenomenon is associated with the adaptive
characteristics of humans that are part of the natural
human defense mechanisms.® Endemic infections and
vaccinations have been cited to induce trained innate
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immunity mechanisms. These characteristics are defined
as long-term functional reprogramming of the natural
innate  immunity which occurs  within  similar
geographical regions. For instance, the Bacillus
Calmette-Guerin (BCG) vaccine has been shown to
induce varying degrees of trained immunity in the
literature.®™! The role of epigenetic reprogramming has
also been observed as a mediator of trained innate
immunity.®! Typically, trained immunity has been shown
to last up to 1 year. However, the transgenerational
inheritability of trained immunity has been proven.[
Our review sheds light on the innate immune
mechanisms of SARS-CoV-2 infection. We also review
current immunotherapy candidates being observed for
their efficacy during COVID-19 infection. Further, we
also collate information on trained innate immunity and
the correlates of protection that it offers based on
regional differences.

METHODOLOGY

The following databases were reviewed including
Pubmed/MEDLINE, Scopus, and Google Scholar. Only
articles in English were reviewed. There were no
restrictions on the data search. All articles from inception
until June 18, 2021, were reviewed. The keywords used
included  “immunology”, “innate”, “COVID-19”,
“trained innate”, and “BCG”. There were no exclusion
criteria with regards to the type of study. Specific well-
known journals were also reviewed including the New
England Journal of Medicine, the Journal of the
American Medical Association, and the British Medical
Journal. Three investigators found relevant studies for
inclusion and a fourth investigator solved any
discrepancies for the narrative synthesis of data.

Host Innate Immune Responses

Innate immunity is known as the first line of defense
against infectious diseases. Three key components of
innate immunity include dendritic cells, myeloid cells
including monocytes, macrophages, and neutrophils, and
natural killer cells."” These cells carry specialized
receptors known as pathogen recognition receptors
(PRRs) which recognize a specific pattern of protein,
carbohydrate moiety present on pathogens known as
pathogen-associated molecular patterns (PAMPs).M The
identification of PAMPs by PRRs promotes a cascade of
events including transcription of pro-inflammatory
cytokine genes regulated by the NF-kB pathway.™ The
activation of macrophages releases cytokines that either
interfere  with viral replication or recruit more
macrophages and immune cells at the site of
activation.™ Host innate immune signaling is mainly
initiated by toll-like receptors (TLRs), RIG-I-like
receptors (RLRs), and NOD-like receptors (NLRs) but
other PRRs and free-molecule receptors also have minor
contributions (1). Viral ssRNA is sensed by intracellular
TLR7 receptor, which recruits a series of intracellular
signaling molecules MyD88, IRAK-4, IRAK-1, TRAF6,
and IRAF-7. IRAF7 upregulates the expression of Type
1 IFN. Collectively, intracellular PRRs attaching to
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PAMPs dictate the host's immune response to
successfully abrogate infections of SARS-CoV-2 and
prevent severe disease manifestations.™

1.1. Toll-like receptors

Toll-like receptors (TLRs) are extracellular PRRs found
on the cell membrane and in endosomes and among the
largest classes of PRRs. The transcription factors
including NF-kB and mitogen-activated protein kinases
(MAPKSs) influence two signaling pathways: MyD88-
dependent  pathway, which activates immune-
inflammatory factors, and the TRIF-dependent pathway
that activates type | interferons and inflammatory
factors.™ Polymorphisms of TLRs, particularly TLR2
and TLR4, are risk genotypes for severe SARS-CoV
infection.*?

1.2. Retinoic-acid inducible Gene-I-like receptors
Retinoic acid-inducible gene | (RIG-I)-like receptors
(RLRs) are cytosolic PRRs that contribute to the
detection of RNA viruses to regulate inflammasome,
type | and type Il interferons and pro-inflammatory
cytokines through downstream induction of interferon
regulatory factor-3 (IRF-3), interferon regulatory factor-
7 (IRF-7) and NF-kB.'*¥ During the SARS-CoV-1
epidemic, RLRs were reported to induce pro-
inflammatory cytokines including 1L-6, IL-8, and type |
interferons in vitro through interferon-stimulation genes
(1SGs).">1 While SARS-CoV has been associated with
the release of ISGs, the mechanisms have not been
understood for SARS-CoV-2 causality and ISG signaling
responses.

1.3. Nucleotide-binding and oligomerization binding-
like receptors
Nucleotide-binding and  oligomerization  domain
(NOD)-like receptors (NLRs) are cytosolic PRRs that
form multi-protein complexes known as inflammasomes
and regulate the inflammatory signaling pathways of
IFNocand IFNA, thus regulating viral replication in
bronchial epithelial cells.™>*") It has been observed that
modulation of NOD signaling pathways using human B-
defensin 2 regulates and potentiates the induction of
antigen-specific and virus-neutralizing antibodies in vivo
in the receptor-binding domain (RBD) of MERS-CoV.!#

Dysfunctional immune-pathogenesis

There is microvascular damage induced on the
vasculature of human hosts in SARS-CoV-2 infection. In
addition, there is underlying apoptosis that is the result of
innate immune mechanisms, including pro-inflammatory
cytokines. While viral antigens mediate this, the human
hosts may develop an exaggerated response that leads to
the further activation of cytokines and chemokines.!**!
The clinical entity termed for a dysfunctional immune
response is the cytokine storm syndrome (CSS). Various
markers have been implicated in the development of the
aberrant immune responses against SARS-CoV-2
infection. A robust overview of the relevant elevated
markers in CSS is presented in Table 1.
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Table 1: Trends of immune-clinical parameters of COVID

patients on admission.

Marker Key Findings Reference
Mean ferritin level 1418.3 pg/L in non-survivors vs [20]
. 481.2 pg/L in survivors
Serum ferritin, pg/L Mean ferritin level 1435.3 pg/L in non-Survivors vs [21]
503.2 pg/L in survivors
Erythrocyte sedimentation rate Mean ESR level 38.5 mm/hr in non-survivors vs 28.0 [20]
(ESR), mm/hr mm/hr in survivors
Procalcitonin, ng/mL Mean procalcitonin level 0.33 ng/mL in non- 120]
survivors vs 0.05 ng/mL in survivors
Mean d-dimer level 4.6 mg/L in non-survivors vs 0.6 [20]
mg/L in survivors
Mean d-dimer level 4.14 mg/L in ICU patients vs <]
1.66 mg/L in non-ICU patients
D-dimer, mg/L Mean .d-dime_r level 5.2 mg/L in non-survivors vs 0.6 21
mg/L in survivors
Mean d-dimer level 2.4 mg/L in ICU patients vs 0.5 [23]
mg/L non-1CU patients
Mean d-dimer level 1.1 mg/L in non-survivors vs 0.5 [24]
mg/L in survivors
Mean CRP level 113.0 mg/L in non-survivors vs [20]
. . 26.2 mg/L in survivors
C-reactive protein (CRP), mg/L Mean CRP level 86.4 mg/L in non-survivors vs 36.0 [24]
mg/L in survivors
Mean LDH level 564.5 U/L in non-survivors vs [20]
268.0 U/L in survivors
Mean LDH level 435 U/L in ICU patients vs 212 [22]
Lactate dehydrogenase (LDH), U/L in non-ICU patients
U/L Mean LDH level 521 U/L in non-survivors vs 253.5 21
U/L in survivors
Mean LDH level 400 U/L in ICU patients vs 281 [23]
U/L in non-ICU patients
Interleukin-2 receptor (IL-2R), Mean IL-2R level 1189 U/L in non-survivors vs [20]
U/L 566.5 U/L in survivors
Mean IL-6 level 72.0 pg/mL in non-survivors vs 13.0 [20]
. pg/mL in survivors
Interleukin-6 (1L-6), pg/mL Mean IL-6 level 11.0 pg/mL in non-survivors vs 6.3 [21]
pg/mL in survivors
Interleukin-10 (IL-10), pg/mL Mean IL-10 Ie_vel 12.8 pg/mL in non-survivors vs 5.0 [20]
pg/mL in survivors

The dysfunctional immune response is associated with
widespread involvement and the development of
respiratory failure in severely infected patients.”™
Inflammatory markers that are being monitored closely
and serve as indicators of clinical severity include
ferritin, CRP, ESR, and LDH. However, certain
cytokines such as IL-2, IL-6, and IL-10 are also closely
associated with severity.?*?*! These findings demonstrate
the underlying inflammatory state of moderate-to-severe
patients and identify the relevance of anti-inflammatory
medications. It is important to note that only certain
patients develop cytokine storm syndrome. While
corticosteroids are not being routinely used in COVID-
19, dexamethasone has reduced the mortality of COVID-
19 by up to one-third in a recent trial.?® Combining anti
G-CSF antibodies with steroids has been observed to
work synergistically and ought to be considered to
improve the efficacy of therapeutic interventions and
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outcomes in COVID-19 patients.*”! Recent Interleukin-6
(IL-6) receptor blocker (tocilizumab) administered to
patients who have elevated IL-6 levels is shown to
reduce the risk of severe COVID-19 clinical phenotypes
and mortality.”® The monitoring of these markers is
relevant as the identification of at-risk patients will
determine necessary medical management. A thorough
understanding of the underlying immune mechanisms
provides the opportunity to adequately treat the infection
in severe patients who may be at higher risk of mortality.

Relevance of Trained Innate Immunity during SARS-
CoV-2 Infection

Innate immunity has multiple cell types that are
associated with pathogen recognition and resistance
against pathogens. Vaccinations such as BCG and
endemic infections confer and trigger antimicrobial
resistance, known as trained innate immunity. There has
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been evidence of the durable memory of myeloid cells
conferring trained immunity with their memory function.
This function has gained recognition with the hypothesis
that environmental contribution is paramount to
developing innate immunity throughout life. Innate
immunity is known to have originated through ontogeny.
However, epigenetic reprogramming has also been
observed with various responses against microbes such
as activation, priming, and tolerance. So far, DNA
methylation has been observed through epigenetic
reprogramming to impact the myeloid cell function and
trained immunity. There are multiple regulatory checks
during the DNA methylation and genomic imprinting
that may form the crux of the discussion of trained
immunity related to myeloid cell adaptability. During the
COVID-19 pandemic, BCG vaccination has found
attraction given its ability to impact the innate immunity
at the level of bone marrow progeny, specific to myeloid
cells. The myeloid cells are part of the first line of
defense and are relevant in trained immunity due to the
ability of hematopoietic stem cells of myeloid origin to
be primed. Similarly, an argument may be made in favor
of pediatric SARS-CoV-2 infection and the vaccination
programs received by children. As such, pediatric SARS-
CoV-2 infection has been observed to be less severe than
adult SARS-CoV-2 infection. While the angiotensin-
converting enzyme-2 levels are lower in children than
their adult counterparts, the relevance of trained innate
immunity is considerable. Similarly, tuberculosis (TB)
endemic regions have had a lower rate of COVID-19
mortality which may be explained by the underlying
latent TB burden in these geographical pockets.

Immunotherapy Agents for SARS-CoV-2 Infection
Immunotherapy has been approved for the treatment of
various cancers and viral infections. However, SARS-
CoV-2 infection presents with severe inflammation and a
dysfunctional immune response. The immunotherapy
agents that have had some efficacy with SARS-CoV-2
infections include plasma therapy and cytokine-based
immunotherapy.  With  plasma  therapy, either
convalescent serum or plasma of recovered patients is
used that contains a high level of antibodies.”! The
specific antibodies in the recovered SARS-CoV-2
patients can neutralize the pathogen in the patients
receiving plasma therapy. Plasma therapy has been used
in previous epidemics of coronaviruses as well as the
outbreak of Ebola virus in 2014 and H1N1 influenza
pandemic in 1918.5%% |n addition, plasma therapy was
observed to show efficacy during severe SARS-CoV-2
infection with the absorption of lung lesions in the
patients who received it.**!

Cytokine storm syndrome as a characterizing feature of
acute respiratory distress syndrome (ARDS) has been
reported in SARS-CoV-2 infection with the elevation of
proinflammatory chemokines and cytokines.
Interferon (IFN) based immunotherapy has been noted to
have some degree of efficacy during the severe phase of
SARS-CoV-2 infection when the cytokine storm is
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present.®  Evidence suggests that  IFN-based
immunotherapy can reduce viral replication and the
response to treatment depends on the age of infected
patients. IFN production is typically higher in adult
patients and might effectively reduce the progression of
SARS-CoV-2 infection.®* IFN-based therapy includes
IFN-a and -B with clinical trials that are being conducted
for the efficacy of recombinant forms of IFN-based
therapy in the early and late stages of SARS-CoV-2
infection.®® IFN-A has also gained some attraction for its
potential as a candidate for SARS-CoV-2 infection
management.*! However, as of now, there is insufficient
evidence to demonstrate the efficacy of IFN-based
immunotherapy, especially in acute infection, and these
therapies are being tested in clinical trial settings.®

CONCLUSION

Innate immunity during SARS-CoV-2 infection plays a
critical role to determine the disease course and
progression. The innate immune mechanisms by the host
are often countered by viral evasion responses. Trained
innate immunity is gaining prominence during the
ongoing pandemic. BCG vaccination has been cited as a
benchmark to determine the role of trained immunity in
TB endemic regions. However, the overall impact of
trained innate immunity is not clear. Thus, its relevance
in the current and upcoming infectious disease outbreaks
is considerable. Our findings demonstrate various aspects
that contribute to the pathological host innate immune
responses, inadvertently leading to dysfunctional
adaptive immune responses. The immunotherapy agents
have shown minimal efficacy with some benefit in more
severe patients. With an effort to decipher the underlying
mechanisms and longevity of trained immune responses
across the globe, immunological responses to SARS-
CoV-2 will help guide the management of morbidity and
mortality due to severe infection. To conclude, the
relevance of innate immunity is paramount, yet there are
variances across the globe that need to be better
elucidated.
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