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ARTICLE INFO ABSTRACT

Keywords: Innate Lymphoid Cells (ILCs) are a class of innate immune cells that form the first line of defense against internal

Innate lymphoid cells or external abiotic and biotic challenges in the mammalian hosts. As they reside in both the lymphoid and non-

IS\III\(RS lclov-z lymphoid tissues, they are involved in clearing the pathogens through direct killing or by secretion of cytokines
cells

that modulate the adaptive immune responses. There is burgeoning evidence that these cells are important in
clearing viral infections; therefore, it is critical to understand their role in the resolution or exacerbation of the
disease caused by severe acute respiratory syndrome coronavirus (SARS-CoV-2). In this review, we summarize

the recent findings related to ILCs in response to SARS-CoV-2 infections.

1. Introduction

Innate lymphoid cells (ILCs) arise from the Hemopoietic stem cells
(HSCs) in the bone marrow and perform similar functions as the cells of
the adaptive immune system but do not express the specific antigen
receptors (Constantinides et al., 2014; Klose et al., 2014; Eberl et al.,
2015; Kiessling et al., 1976). Like the CD8" cytotoxic T cells of the
adaptive immune system, one subset of the ILCs, the natural killer (NK)
subset, perform lytic functions, and like the type 1 helper (Th1), Th2,
and Th17 subsets of CD4" T cells, ILC1, ILC2, and ILGC3 cell subsets
perform helper functions through secretion of cytokines (Klose and
Artis, 2020; Mortha and Burrows, 2018). Similar to regulatory T cells
(Tregs), regulatory subsets of ILC (ILCregs) that can modulate ongoing
adaptive immune responses are now being described in the literature
(Crome et al., 2017; O’ Connor et al., 2021). While some mature NK
subsets and ILC precursors circulate through the blood, ILCs, for the
most part, reside in the mucosal epithelia (Klose and Diefenbach, 2014).
They are the first responders who encounter the incoming pathogen to

initiate and modulate innate and adaptive immune responses soon after
pathogen recognition. Thus, ILCs play a pivotal role in immune sur-
veillance and form the front-line of immune defense (Nabekura and
Shibuya, 2021a, 2021b).

The ongoing coronavirus disease 2019 (COVID-19) pandemic,
caused by a highly transmissible and pathogenic severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), has been posing a signifi-
cant challenge to humanity worldwide. The disease is prevalent
globally, with 123 million confirmed cases and 2.70 million deaths
(Dong et al., 2020). There have been 36.1 million confirmed cases in the
United States alone, with 616,459 deaths as August 10, 2021 (CDC,
2021). SARS-CoV-2, a respiratory pathogen, is a positive-sense single--
stranded RNA virus that attacks the host respiratory tract by primarily
engaging the angiotensin-converting enzyme 2 (ACE2) receptor
expressed on the airway epithelial cells (Ehre, 2020). The ACE2 receptor
is identified as the primary receptor for viral entry, although the
tyrosine-protein kinase receptor UFO (AXL) can also function as a re-
ceptor in the absence of ACE2 (Wang et al., 2021). Within hours after
viral entry, numerous virions are produced, which bud into the airways
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Abbreviations

HSC hematopoietic stem cell

CMP common myeloid progenitor

CLP common lymphoid progenitor

CHILP  common helper innate lymphoid precursors

ILCp Innate lymphoid cells progenitor
NKmem Natural killer memory cells

NCR natural cytotoxicity receptor

CRTH2 Chemoattractant receptor expressed on Th2 cells
Eomes Eomesodermin

GATA3 GATA binding protein 3

IFN Interferon

ILCs Innate lymphoid cells

LTi Lymphoid tissue-inducer cells

NKs Natural killer cells

PLZF Promyelocytic leukemia zinc finger

ROR-a, Retinoic acid receptor-related orphan receptor-a;
ROR-yt Retinoic acid receptor-related orphan receptor-yt
TCF1 T cell factor 1

Th2 T helper 2 cells
TNF Tumor necrosis factor
TSLP Thymic stromal lymphopoietin

leading to the virus’s spread in the lung tissue (Cevik et al., 2020). As the
first line of defense, epithelial cells, neutrophils, dendritic cells, and
macrophages actively participate in mounting innate and facilitate
adaptive responses to SARS-CoV-2 (de Candia et al., 2021; O’Connell
and Aldhamen, 2020; Sette and Crotty, 2021). The ILCs resident in the
respiratory epithelial tissue play a seminal role in immune surveillance
and contribute substantially to lung defense, pathology, and disease in
response to an incoming pathogen or microenvironmental changes
(Stehle et al., 2018). Since ILCs lack antigen-specific receptors, it is
speculated that they can be activated by inflammatory mediators or by r
some yet to be identified specific receptor/s. It is possible that ILC are
activated by direct or indirect interactions of pathogen-associated mo-
lecular patterns (PAMPs) with pathogen recognition receptors (PRRs)
that are either membrane-bound, vesicular or cytosolic (Ranjan et al.,
2009).

1.1. Overview of the ILC subsets

In humans, based on the expression of the transcription factors, cell
surface phenotypic markers, and signature cytokine production profiles
the mature subsets of ILCs have classically been categorized into the
cytokine-secreting or cytotoxic NK subset, helper ILC1, ILC2, ILC3 sub-
sets, and the lymphoid tissue inducer (LTi) subset (Krabbendam et al.,
2021). In contrast to these ILCs, the regulatory ILCs have not yet been
classified into a separate subset (Crome et al., 2017; O’Connor et al.,
2021). We have denoted the ILC (regs) as a class of its own for the
purposes of this review. The origin of all classes of ILCs can be traced to
the HSCs in the bone marrow, which in response to microenvironmental
cues, differentiate into several subsets of ILCs through multiple stages as
schematized in Fig. 1. ILC differentiation begins with the mobilization of
the bone marrow-derived CD34"CD45RA ™ HSCs circulating in the blood
to the lymphoid organs, where they differentiate into the common
lymphoid progenitor (CLP) and the common myeloid progenitor (CMP)
cells. The CLPs give rise to T and B lymphocytes, NK cells, and ILCs
subsets, while the CMPs differentiate into granulocytes, monocytes,
dendritic cells, erythrocytes, and platelets (Zipori, 1992). Further dif-
ferentiation of these progenitor cells into the different subsets of ILCs is
regulated by the expression of several transcription factors highlighted
in Fig. 1. Increasing evidence provides proof that the classification of the
ILC subsets into the five classes described below are plastic in nature
because, in response to changes in the inflammatory milieu or viral and
bacterial challenges, ILC subsets can transdifferentiate (Bal et al., 2020).

The NK cells, the first identified ILC subsets, develop from the
common innate lymphoid cell precursor (CILP) that arises from the CLPs
in the bone marrow. The CILPs, under the influence of transcription
factors, T-bet and eomesodermin (Eomes), differentiate into the NK cell
precursors (NKp), which gives rise to CD56"8™ and further to
CD56™8"CD16'°"and  CD56'°"CD16" 8" subsets. While CILPs are
considered to be the primary precursors to NKp, there is evidence that
CMPs give rise to NKp cells as well (Grzywacz et al., 2011). NK cells

originally detected in the spleen, peripheral blood, and bone marrow are
found in the liver, uterus, and lymph nodes. NK cells primarily originate
in the bone marrow. They can rapidly migrate to the site of infection or
inflammation, where they are involved in defensive roles against path-
ogens or immunosurveillance against tumors (Del Zotto et al., 2017). NK
cells also circulate in the blood of which 90% are CD56'°"CD16"" and
10% are CD56"8MCD16!°% (Simoni and Newell, 2018; Swann et al.,
2007). These subsets can be activated by PRR ligands, and their levels
and functions under homeostasis are regulated by type I interferon (IFN)
(Pende et al., 2019a; Walzer et al., 2005). The functionality of the NK
cells is regulated by the expression of several inhibitory and activation
receptors that integrate signals to govern NK cells’ responses. The
inhibitory receptors expressed on the surface of NK cells, primarily
members of killer immunoglobulin-like receptors (KIRs), namely
2DL1/L2/L3, 3DL1/L2/L3, NKG2A/CD94, and CD85j (ILT2, LIR1), can
recognize the expression of class I MHC (HLA A, B, G, E, F, and G) on
normal cells to attenuate NK cell response thereby preventing NK cells
from killing normal cells (Del Zotto et al., 2017; Pende et al., 2019b). On
the other hand, virus-infected and tumor cells express reduced levels of
class  MHC, leading to failure to engage inhibitory receptors resulting in
NK cell-mediated killing through the release of perforin and granzymes
(Ikram et al., 2021). In addition to expressing inhibiting receptors, NK
cells also express killer activation receptors (KAR) which include some
members of the Kkiller cell Ig-like receptor (KIR) family, namely
2DS1/S82/54, 3DS1, and NKG2C (Rajalingam, 2011). KARs recognize
MHC class I polypeptide-related sequences A (MICA) and B (MICB)
expressed only on infected or tumor cells but not on normal cells (Liu
et al., 2019). CD56"8"CD16'°" KIR * NK subsets predominantly secrete
IFN-y and do not exhibit cytotoxicity (Poli et al., 2009) after receptor
activation. On the other hand, CD56'°¥CD16"#"KIR ~ NK subsets express
FcRyIlll (CD16), engage in antibody-dependent cellular toxicity
(ADCC)-mediated clearance of virus-infected cells by expressing high
levels of granzyme and perforin with little or no expression of IFN-y
(Wang et al., 2015) when stimulated with cytokines, interleukin (IL)-12,
IL-15, and IL-18. In human lungs, the vast majority of the NK cells
display the CD56%™CD16" phenotype like the circulating subset, and
express CD69, CD49a, and CD103 once they become tissue-resident
(Marquardt et al., 2017; Dogra et al., 2020; Cooper et al., 2018). A
subset of programmed cell death protein-1 (PD-11) NK cells were
detected in the peripheral blood of approximately one fourth of healthy
subjects which is characterized by the CD56%™NKG2A KIR"CD57"
phenotype (Pesce et al., 2017). This NK subset displays low proliferative
responses and impaired antitumor activity (Pesce et al., 2017; Della
Chiesa et al., 2016). PD-1 expression can also be induced on NK cells
upon many viral infections including murine hepatitis virus strain-3
(MHV-), chronic HIV-1 and murine CMV infection (Quatrini et al.,
2018; Norris et al., 2012; Chen et al., 2011). An additional NK subset
with regulatory functions has been identified from high-grade serous
tumors as CD56"'CD16~CD94 *NKG2D*KIR*NKP30"NKp46" that can
produce IL-22 and limit T cell cytokine production and expansion
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Fig. 1. Human innate lymphoid cells (ILCs) development. Differentiation from the hemopoietic stem cells (HSCs) giving rise to natural killer (NK) cells and various subsets of ILC occurs through multiple steps as
detailed in the text. The subsets are color-coded to indicate their localization in the bone marrow (orange), in the peripheral blood (red), or the tissue (green). The indicated transcription factors and cytokines facilitate
the differentiation into specific subsets with distinct functions. Broken arrows indicate a potential pathway of differentiation.
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(Crome et al., 2017). Viral infections with human cytomegalovirus
(HCMV), human immunodeficiency virus (HIV), vesicular stomatitis
virus (VSV), influenza virus generate tissue-resident memory/adaptive
NK cells under the influence of cytokines IL-12, IL-15, and IL-18 (Cooper
et al., 2009, 2018). (Crome et al., 2017; Della Chiesa et al., 2016;
Quatrini et al., 2020)- NK memory cells, like memory T cells, undergo
clonal-like expansion upon subsequent encounter with the same antigen
to generate memory cells that are activated to lyse the target cells
(Gabrielli et al., 2016).

The CILPs also give rise to the common helper innate lymphoid cell
precursors (CHILP) that further differentiate into three distinct lineages,
ILC1, ILC2, and ILC3 subsets via a common precursor, ILCp. ILC1, ILC2,
and ILC3 subsets require distinct cytokines for maturation to secrete
Thl, Th2, and Th17 cytokines, respectively. These subsets primarily
populate mucosal surfaces and are replenished from the bone marrow-
derived precursors (Klose and Artis, 2016). ILC1 constitutively ex-
presses the T-box transcription factor (T-bet) and responds to IL-12,
IL-15, and IL-18 to produce IFN-y and tumor necrosis factor (TNF-o)
(Fuchs et al., 2013). ILC1 cells are present in the liver, gut, salivary
glands, and adipose tissue and mediate immune responses to intracel-
lular pathogens like CD8" and CD4*" Th1 cells. In addition to the orig-
ination of ILCs in the lymphoid organ, studies in mouse models present
evidence that there is a feedback loop between the ILC1 development
and the HSC residing in the liver controlled by ICL-1 driven interferon—y
production (IFN-y) (Bai et al., 2021). The ILC2 development from the
ILCp cells requires the IL-7 mediated expression of the transcription
factor GATA binding protein 3 (GATA3) (Hoyler et al., 2012; Sheikh and
Abraham, 2019). ILC2 are found at the mucosal tissue sites, including
lung, small intestine, colon, and mesenteric lymph node (MLN), as well
as in the bone marrow, spleen, liver, kidney, and adipocyte tissue and
are activated by cytokines including IL-33, IL-25, thymic stromal lym-
phopoietin (TSLP), prostaglandin Dy (PGD3) to produce high levels of
IL-4, IL-5, IL-9, IL-15. IL-13 and the epidermal growth factor, amphir-
egulin (Herbert et al., 2019; Mjosberg et al., 2012). Like CD4 T helper 2
(Th2) cells, ILC2 promotes protective immunity to helminth infections,
allergic reaction, tissue remodeling, and metabolic homeostasis (Moro
et al., 2010; Price et al., 2010). ILC3 express the transcription factor
retinoic acid receptor-related orphan receptor yt (ROR-yt) and produce
IL-17A, IL-22, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and/or tumor necrosis factor a (TNF-) in response to IL-1p,
IL-6, IL-23, and aryl hydrocarbon receptor (AHR) ligands (Ardain et al.,
2019). ILC3 ranks the second most frequent subsets of the human pul-
monary ILCs (Simoni et al., 2017). There are two subsets of ILC3 pop-
ulations which express different levels of natural cytotoxicity receptor
(NCR). NCR™ and NCR" subsets are the innate equivalent of Th17 and
Th22 cells, respectively (Vacca et al., 2015). Like Th17 cells, these cells
respond to extracellular microbial (fungi, bacteria) infections (Ardain
et al., 2019).

The CLIPs are also precursors to the LTi precursor (LtiP) cells which
ultimately give rise to the LTi subset (Cherrier and Eberl, 2012). Like the
ILC3 subset, the LTi subset strictly depends on transcription factor
RORyt for development but functions mainly in the fetal stages (Eberl
et al., 2004), although LTi-like cells can also be generated during
adulthood (Cherrier and Eberl, 2012; van de Pavert). LTi cells can pro-
duce cytokine IL-22 and provide protective immune responses against
extracellular bacteria (Zhong et al., 2018). LTi cells are required for
lymphoid organogenesis (Scandella et al., 2008) and directly influence
the development and function of adaptive immune cells (Sonnenberg
and Hepworth, 2019).

In addition to the above classified sub types of ILCs that mirror the
Th1/Th2 type T cells, another category of innate cells that are becoming
increasingly important are the ILC (regs). ILC (regs) initially identified in
the lamina propria of small intestine are Lin~CD45"CD127'IL-10" cells,
do not express markers associated with ILC1, ILC2, and IL3 subsets, and
produce IL-10. The lineage of these cells can be tracked to CHILP (Wang
etal., 2017). A recent study reports describes a similar type of regulatory
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cells in the tonsils (O’Connor et al., 2021). Follicular regulatory ILC
(ILCpg) is a unique population identified by flow cytometry of tonsillar
mononuclear cells from individuals with repeated chronic tonsillar in-
fections, but who were uninfected at the time of tissue collection
(O’Connor et al., 2021). These cells are
Lin~CD161~CD457CD127°CD74" ID3*CXCR5" and lacking IL7RA),
exhibiting very low expression of ILC1 (NKp44, CD56, Tbet), ILC2
(KLRG1, GATA3), and ILC3 (NKp44) markers, therefore, these cells are
now classified in their own class. ILCgg while identified in tonsils are also
found in lymph nodes with primary residence in the germinal center
(GC) follicles where they modulate T cell-B cell interactions to attenuate
IgG production from GC-B cells. Comparison of transcriptional profiles
ILCpg with other ILC subset showed that ILCpg lack expression of tran-
scriptional factors, RORyt, Tbet, GATA3, associated with development
of the ILC1, ILC2, and ILC3 subsets but express transcriptions factors
inhibitor of differentiation (ID)3, ID2 and NFIL3. These cells produce
robust amounts of TGF-$ upon activation and are expanded during HIV
infection in the lymph nodes. An expansion of ILCgg has been observed
during chronic HIV infection suggesting that they could play a key role
in the dysfunction observed in virus-modulated microenvironments.
Since the origin of the cells is not delineated, we have denoted this
category of cells as originating the CHILP by broken lines in Fig. 1,
however, additional research needs to be conducted with these cells for
further elaboration on their origin, functions and markers.

The majority of ILCs found in the lung are bona fide tissue-resident
cells locally maintained through self-renewal (Gasteiger et al., 2015).
In human lungs, under steady-state conditions, ILCs exist in much lower
numbers and are characterized as CD45™, Lin(i.e., CD3, CD19, CD11c,
CD11b), and CD127" cells (De Grove et al., 2016; Yu et al., 2016). The
majority of the ILC subsets in the human lungs comprise the NCRILC3
followed by the ILC2 and ILC1 subsets (De Grove et al., 2016). Although
ILC2 is detectable in human fetal lungs as early as gestational week 14,
they are rare in newborns’ lungs. Still, in response to IL-33 secreted by
lung epithelial and stromal cells, they can quickly expand to reach the
levels detected in adults by postnatal day 8 (Saluzzo et al., 2017;
Dahlgren et al., 2019). In addition, these cytokines enable the neonatal
ILC2s to reside longer in the adult lung and respond efficiently to
challenges in adult life ((Nussbaum et al., 2013), (Molofsky et al.,
2015)). Resting lung ILC2s can serve as a rapid source of IL-5, IL-13,
IL-17A, IL-22, or IFN-y which is important to manage allergic lung dis-
eases (Nussbaum et al., 2013; Barlow and McKenzie, 2019).

1.2. Clinical symptoms of SARS-CoV-2 infections

The ongoing pandemic by the SARS-CoV-2 virus causes a range of
clinical symptoms, from asymptomatic, to moderate cases who recover
within weeks, to severe pneumonia, acute respiratory distress syndrome
(ARDS), multi-organ failure, and an in-hospital mortality reported to
range from 12% to 28% (Wiersinga et al., 2020; Finelli et al., 2021). The
observed disparity in clinical symptoms can be in part explained by age
of the patients, a hyperactive immune response, viral loads or underly-
ing medical conditions. Various inflammatory cytokines and chemo-
kines (IL-1, IP-10, and MCP-1) are upregulated in the serum from
patients with COVID-19 in proportions with viral load and lung injury
(Jamal et al., 2021; Ombrello and Schulert, 2021; Xu et al., 2020). Pa-
tients with the severe progression of COVID-19 also demonstrate lym-
phopenia, increased serum ferritin, D-dimer, C-reactive proteins (CRP),
and lactic dehydrogenase (LDH) with severe elevation in TNF-a, IL-1,
IL-6, IL-18, IL-8, IL-10, and MCP-1 (Ponti et al., 2020). In addition to
the dysregulation in cytokines, using a cohort of 32 patients, Galani et al.
demonstrate that IFN-y and type I IFN production are both diminished
and delayed and induced in only a fraction of the critically ill patients
(Galani et al., 2021). The altered cytokine pattern correlates with longer
hospitalization and higher incidences of severe disease and mortality
(Galani et al., 2021). As patients recover, the observed imbalance in
immune cells and cytokine profiles are reset to levels as observed in
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healthy individuals (Kuri-Cervantes et al., 2020; Jesenak et al., 2020).
The altered expression of cytokines reveals important insights into im-
mune dysregulation and suggests different ILC subsets in the disease
pathology and severity outcomes. Alterations in the frequency of
circulating innate and adaptive immune cells are the hallmark of severe
disease caused by SARS-CoV-2 (de Candia et al., 2021; Chen and John
Wherry, 2020; Diao et al.,, 2020; Mathew et al., 2020). COVID-19
severity is associated with an about 1.8-fold reduction in ILCs and
2.31-fold reduction in CD16™" NK cells. Further, ILCs abundance nega-
tively correlates with the odds of being hospitalized and other observed
correlates of clinical symptoms such as decreased blood C-reactive
protein, D-dimer, and erythrocyte sedimental rate (Silverstein et al.,
2021). Fig. 2 and the section below highlights the observed changes in
the ILC subsets in response to SARS-CoV-2 infection.

1.3. NK cells in COVID-19

The importance of NK cells in clearing viral infection is supported by
observations that patients with NK cell deficiencies are predisposed to
severe recurrent viral infections (Biron et al., 1989; Orange, 2002). The
role of NK cells indirectly killing infected cells or influencing T cell re-
sponses is also established with several other viruses like influenza A,
dengue virus, or after vaccination with live-attenuated yellow fever
virus (van Erp et al., 2019; Hammer et al., 2018). While some activated
NK cells can directly recognize viral-infected cells to kill and promote
viral clearance, NK cells have the potential to secrete cytokines such as
IFN-y, TNF-q, IL-10, IL-5, and IL-13, and chemokines, IL-8, MIP-1a, and
MIP-1B that can drive inflammation (Horowitz et al., 2011; Zitti and
Bryceson, 2018; Fauriat et al., 2010). Patients with severe SARS-CoV-2
infection show reduced levels of circulating NK cells, particularly
CD56P8M cells, which correlates with disease severity 4-11 days
post-onset compared to healthy individuals (Maucourant et al., 2020).
Since NK cells do not express the ACE2 receptor, it is debatable how the
virus causes the depletion or sequestration or altered circulation of the
NK subset. While CD56""8" cells have an increased capacity to produce
cytokines and proliferate, CD56%™ cells are primarily cytolytic and have
a role in directly killing the virus-infected cells. A sharp decline in the
cD56%™CD16" subset is observed in pediatric patients infected with
SARS-CoV-2 compared to adults (Vella et al., 2021). In patients with
late-stage melanoma or HIV infection it is observed that hyperstimula-
tion of the CD564™ population causes terminal differentiation of the
cells into a phenotype that mimics the phenotype of exhausted cells and
memory T cells (Amand et al., 2017; Hong et al., 2010). These terminally
differentiated NK cells (PD17NK) express markers such as PD-1 and
CD57 and have lower effector functions (Fig. 1). Consistent with this

NK subsets
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finding, an increase in CD56%™CD57% NK cells are observed in fatal
cases with COVID-19 (Varchetta et al., 2021). NK cells expressing CD16
mediate ADCC; however, a marked decrease in the CD567CD16™ pop-
ulations correlate with the severity of the disease (Maucourant et al.,
2020; Varchetta et al., 2021; Hu et al., 1995; Li et al., 2020). Increased
frequency of KIR' (especially NKG2A) NK cells are observed in
COVID-19 patients, which returns to normal frequency after clinical
recovery (Zheng et al., 2020a). In the future, it would be interesting to
investigate if the reduced frequency of CD16" NK cells that participate
in ADCC and the increased expression of KIR™ NK cells which inhibit the
direct killing of virus-infected cells, are one of the elusive viral mecha-
nisms or unintended consequence of the host cytokine storm observed in
COVID-19 patients.

Alterations in levels of activation and homing markers in the circu-
lating NK populations correlate with the severity of the disease. This
suggests that NK cells migrate from the peripheral blood to the lungs
during infection (Zheng et al., 2020a). In addition to changes in acti-
vation makers, NK cells in patients with advanced stages of the disease
are functionally defective and exhibit exhaustion phenotype, expressing
PD1 (Li et al., 2020). Varchetta et al. (2021) demonstrate that in pa-
tients, IFN-y production by NK cells was significantly downregulated,
along with a reduction in degranulation of cytotoxic granules in
CD56P 8" cells. Further, there was a negative correlation between
degranulating (CD107a"), and IFN-y-producing NK cells and serum CRP
values (Varchetta et al., 2021). Similarly, negative correlation between
the cytotoxic activity of NK cells and serum IL6 levels was reported in
ICU patients and off-label treatment of tocilizumab, a humanized
monoclonal antibody against the IL-6 receptor restored the cytotoxic
potential of NK cells (Mazzoni et al., 2020). These findings suggest that
SARS-CoV-2 infection leads to reduced circulating NK, altered subset
composition and function, which impact the severity of the disease
resulting in fatalities. This notion is further supported by the evidence
that SARS-CoV-2 survivors had higher levels of NK cells than the
non-survivors (Yan et al., 2020).

1.4. Helper ILCs in COVID-19

Unlike several studies that have characterized the populations of NK
cells in COVID-19 patients, studies describing the impact of SARS-CoV-2
on the frequency and functionality of other ILCs subsets are limited.
Although helper ILC subsets are primarily tissue-resident, they can also
circulate in the blood. Therefore, our understanding of these cells during
COVID-19 is mainly limited to population changes in the peripheral
blood. In the lungs, the ILC2 subsets limit the viral- and allergen-induced
type 2 responses, recruitment of eosinophils, termination of

Helper ILCs

ILCp ILc2

( ) CD117- CRTH2*

CD117* CRTH2

( ) cp127+

Moderate Severe Moderate Severe
CD69+ (+) CD69+ (++) NKG2D* (+) NKG2D* (++)
HLA-DR* (+) HLA-DR* (+) cKit* (+) cKit* (+)
CXCR3 (- -) CXCR3 (- -) CD25 (-) €D25 (- -)
KLRG1*(-) KLRG1*(--)
Ki-67* (-) Ki-67" (-)
CD62L* (-) cD62L* (-)
CXCR3* (-} CXCR3"* ()

Fig. 2. Human ILCs in COVID-19. Subsets of ILCs identified in moderately and severely ill COVID-19 patients that are differentially regulated when compared to
healthy individuals. Inhibitory (PD-1), cytotoxic (CD16), chemokine receptors (CXCR3), homing (CD62L), activation (CD69, HLA-DR, Ki-67), and markers identified
within each subset are shown in a box below each subset. Differentiation markers used to mark the populations in COVID-19 patients are displayed to the right of
each subset. The plus (+) and minus (—) indicate the level of change observed in severe and moderate COVID-19 patient samples compared to the levels in healthy

individuals.
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inflammatory responses, and tissue repair (van der Ploeg et al., 2020).
Similar to the NK subset, there is a decrease in total levels of the three
ILCs subsets and the ILCp subsets in peripheral blood of moderate and
severe COVID-19 patients; however, when calculated as percent of total
ILCs, only the ILC2 subset increases in peripheral blood of patients with
the moderate disease when compared to healthy controls (Garcia et al.,
2020; Gomez-Cadena et al., 2021) The levels of the helper ILC subsets in
samples from patients who have recovered are similar to those observed
in healthy controls (Garcia et al., 2020; Gomez-Cadena et al., 2021). The
SARS-CoV-2 genome relies on the activity of papain-like proteases
(PLpro) to generate a functional replicase complex that regulates viral
spread and innate immunity (Shin et al., 2020). Papain is shown to
induce pulmonary fitness of ILC2 cells in the lungs during allergic
inflammation and asthma (Halim et al., 2014). Administration of
SARS-CoV-2 PLpro in mice lungs increases the frequency of
IL5-secreting ILC2 in the lungs (Garcia et al., 2020). Like these obser-
vations in mice, patients exhibiting moderate disease have an increased
level of IL-33, IL-5, IL-13 and an increase in the levels of ILC2
(Gomez-Cadena et al., 2021).

The ILC2 population is further divided based on the expression of
CD117 (Garcia et al., 2020) into CD117"8" and CD117'° subsets. The
CD117' subset secrete more type 2 cytokines and is expanded in
COVID-19 patients (Gomez-Cadena et al., 2021; Hochdorfer et al.,
2019). There is not only a general decrease in the total ILC population
but also alternations in the expression of activation, migration, and
differentiation markers that correlate with the severity of the disease in
the COVID-19 patients (Silverstein et al., 2021). ILC2 and ILCp express
enhanced levels of CD69 expression and reduced levels of CXCR3 and
CCR4 (Garcia et al., 2020; Gomez-Cadena et al., 2021). In severe
COVID-19 patients, there is an increase in the activating receptors
NKG2D" in the ILC2 subset and a significant decrease in inhibitory re-
ceptors CD25 and KLRG1 (Garcia et al., 2020; Gomez-Cadena et al.,
2021). These data suggest that COVID-19 modulates the levels of the
total ILC population in the peripheral blood, with most changes occur-
ring in the ILC2 subset. These changes in the ILC subsets in the pe-
ripheral blood correlate with increased expression of cytokines, IL-5,
IL-13 that are secreted by the ILC2 (Gomez-Cadena et al., 2021) (See
Fig. 1). Further, the severity of disease, requirement for hospitalization,
and increased duration of hospital stay correlate with reduced numbers
of ILCs, indicating the vital role played by ILCs in SARS-CoV-2 infections
(Silverstein et al., 2021). It is not known yet, if SARS-CoV-2 infection
impacts the phenotype, differentiation, migration and functionality of
the LTi subset.

1.5. Changes in molecular signatures of ILCs populations by scRNA-seq

In addition to the changes in ILC subsets explored using the tradi-
tional flow cytometry methods described above, single-cell RNA
sequencing (scRNA-seq) is also considerably advancing our knowledge
of ILC subsets and providing important insights into the biology and role
of ILCs in infectious diseases (Ziegenhain et al., 2017; Stuart et al., 2019;
Papalexi and Satija, 2018). The scRNA-seq analysis enables an unbiased
alternative workflow grouping of cells based on their transcriptional
signatures, which allows the sequencing of cells without prior knowl-
edge of genes and/or proteins. The analysis depends on a robust un-
derstanding of the transcriptional signatures of distinct developmental
stages and categories of ILCs across different tissues. However, the
transcriptional markers that can be used to identify the ILC subsets are
not identified and defined.

The vast majority of studies published thus far with the scRNA-seq
analysis used peripheral blood mononuclear cells (PBMC) or bron-
choalveolar lavage fluid (BALF) from COVID-19 patients and found a
reduction in the transcriptional expression of tyrosine kinase binding
protein (TYRPBP) and Fc Fragment Of IgG Receptor IIla (FCGr3A) (Yao
et al., 2021), granulysin (GNLY)- CD56 (Bernardes et al., 2020), killer
cell lectin-like receptorF1 (KLRF1)+ (Zhu et al., 2020), killer cell
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lectin-like receptorsC1, C2 and KLRC1, and Spondin-2 (SPON2) (Zheng
et al., 2020b) in NK cells; however, the populations were identified
without corresponding flow cytometric analyses or with barcoded an-
tibodies against surface antigens, and hence transcriptional markers for
NK grouping are not conclusive. Furthermore, there is considerable
overlap between transcriptional profiles within ILC subsets and T-cells
(Zheng et al., 2020b; Mazzurana et al., 2021; Li et al., 2019). Hence, we
limit our discussions to the studies in which barcoded antibodies are
used on sorted ILC populations in conjunction with the scRNA-seq
analysis.

A study in which scRNA-seq analysis was conducted on CD3~/*
sorted cells from the BALF and PBMC from 9 patients with COVID-19
and 5 patients with non-viral infection-associated pneumonia, innate-
like cells were identified in the blood and BALF of COVID-19 patients.
Still, differences in the levels of these populations were not established
in the study (Zhao et al., 2021). The presence of NK cells in BALF sug-
gests a role for these cell types in COVID-19. Furthermore, NK cells from
infected patients were more responsive to type 1 interferon and showed
a transcriptome correlated with an increased viral response (Yao et al.,
2021). These data, although preliminary, suggest that NK and ILC sub-
sets are present in the lungs of the COVID-19 patients, where they may
contribute to the observed inflammation and recovery/injury.

1.6. Activation of ILC as a prevention strategy for COVID-19

The severity of the COVID-19 illness, requirement for hospitaliza-
tion, duration of symptoms, and increased duration of hospital stay
correlate with reduced numbers of ILCs (Silverstein et al., 2021).
Conversely, convalescent COVID-19 patients tend to have higher
numbers of ILCs when compared to those who succumbed to infection
(Garcia et al., 2020; Gomez-Cadena et al., 2021). These findings suggest
that induction and activation of ILCs could potentially prevent and
reduce disease severity with favorable outcomes. Studies conducted in
our laboratory using either the in vivo animal model or with human
PBMCs in vitro show that ligands of pathogen sensors as well as
replication-defective adenoviruses induce/activate different ILC subsets
as compared to unstimulated controls (unpublished results). TLR7
agonist, imiquimod, is a FDA approved drug for external application
against actinic keratosis, external genital warts and certain forms of skin
cancer (Baird et al., 2017; Eisen et al., 2021). Additionally, in influenza
mouse model of viral infection, intranasally administered imiquimod
reduces viral replication, airway and pulmonary inflammation, weight
loss, and lung neutrophils levels (To et al., 2019). Furthermore, imi-
quimod also reduced cytokines and chemokines and prevented influenza
virus-induced lung pathology. In our assays, TLR7 agonist stimulated
activation of the ILC subsets, ILC1, ILC2, ILC3, and NK cells, in human
PBMCs (unpublished results). Additionally, using a mouse model of
infection we observed that ILCs confers protection against influenza
infection in the absence of influenza-specific adaptive immunity (un-
published results). Since there are no specific drugs against SARS-CoV-2
either for prophylactic or therapeutic use and the Phase III clinical trials
with remdesivir in patients with SARS-Cov-2 produced mixed results
(Goldman et al., 2020; Wang et al., 2020), repurposing imiquimod for
prophylactic and therapeutic intervention against SARS-CoV-2 infection
is an attractive option.

2. Conclusions

We are making strides in understanding the role of ILC cell pop-
ulations in infectious diseases, cancer, autoimmune diseases, allergy,
and homeostasis. As the first line of defense, ILCs play an important role
in eliminating the insult and initiation of adaptive immune responses.
While ILCs are required to clear the virus, the viruses, in turn, must have
developed strategies to counteract the functionality of the ILCs through
several mechanisms, highlighting the complex interplay between viruses
and ILCs. The mechanism producing lymphopenia in COVID-19 and



A. Kumar et al.

altered ILC activation and/or function leading to disease severity are yet
to be determined. Detailed investigations are required to address the
role of host factors, such as age, genetic conditions, nutrition, diet, un-
derlying medical conditions, on ILCs function and COVID-19 severity
outcomes.
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