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SUMMARY
Plasmacytoid dendritic cells (pDCs) are specialized cells of the immune system that are thought to be the
main cellular source of type I interferon alpha (IFNa) in response to viral infections. IFNs are powerful antivi-
rals, whereas defects in their function or induction lead to impaired resistance to virus infections, including
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19. IFN pro-
duction needs to be controlled, because sustained IFN production can also have detrimental effects on dis-
ease outcome. As such, pDCs are likely important for acute antiviral protection against SARS-CoV-2 infection
but could potentially also contribute to chronic IFN levels. Here, we provide a historical overview of pDC
biology and summarize existing literature addressing their involvement and importance during viral infections
of the airways. Furthermore, we outline recent reports focused on the potential role of pDCs during SARS-
CoV-2 infection, as well as the potential for this cellular subset to impact COVID-19 disease outcome.
INTRODUCTION

Over the past century, viral pandemics have detrimentally

affected health worldwide. The deadliest of them have been

caused by a singlemember of theOrthomyxoviridae family: influ-

enza A virus (IAV) (Kilbourne, 2006). This changed in late 2019,

when a non-influenza pandemic was triggered by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), the causa-

tive agent of coronavirus disease 2019 (COVID-19) (Wu et al.,

2020; Zhu et al., 2020). The SARS-CoV-2 pandemic highlighted

the vulnerability of the worldwide population to pandemics

caused by respiratory viral infections. This has driven efforts to

improve our understanding of the mechanisms of viral clearance

and the immunopathology that accompanies COVID-19.

Early clinical reports describing SARS-CoV-2 infection and

the development of COVID-19 indicated that disease severity

was strongly associated with a dysregulated innate immune

response, which was characterized by excessive production of

pro-inflammatory cytokines and a limited or delayed release of

antiviral type I and type III interferons (IFNs) (Del Valle et al.,

2020; Lowery et al., 2021). Limited IFN responses may result in

insufficient induction of antiviral protection, while the excessive

pro-inflammatory cytokines can cause increased cell and tissue

damage. During the early stages of the pandemic, many reports

suggested that the virus could cause the immune system to go

into ‘‘overdrive’’ in some individuals, primarily in the respiratory

tract during acute infection, and later systemically (Azkur et al.,

2020; Mahmudpour et al., 2020; Mortaz et al., 2020; Nowill and

De Campos-Lima, 2020; Sa Ribero et al., 2020; Weatherhead

et al., 2020; Zhang et al., 2022). It is still unclear what types of

immune cell are responsible for the inflammatory signature

observed in severe COVID-19 patients. Multiple studies have re-
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ported that plasmacytoid dendritic cells (pDCs), a cell type

known to have strong antiviral functions because of production

of IFN, declined in numbers during disease development (Liao

et al., 2020; Zhou et al., 2020c). We hypothesize that pDCs

may play a role in the development of severe COVID-19, as a

result of dysfunctionality in their cytokine production. Here, we

provide a brief overview of the development of pDCs and their

antiviral mechanisms in different virus infection models. We

discuss recently published original research and examine

whether pDCs constitute an intrinsic part of the host response

that may affect COVID-19 disease outcome.

THE INFLAMMATORY SIGNATURE OF COVID-19

Clinical manifestations of COVID-19 range from asymptomatic

to mild or severe (Kim et al., 2020). Mild infections are character-

ized by symptoms such as fever, cough, malaise, dyspnea, and

fatigue, and they can be cleared without medical intervention (Da

Rosa Mesquita et al., 2021). A minority of COVID-19 patients

develop severe pneumonia, and these patients can develop

acute respiratory distress syndrome, which often requires hospi-

talization and oxygen treatment (Attaway et al., 2021). The likeli-

hood of developing severe COVID-19 increases with age and

with pre-existing comorbidities, such as cardiovascular disor-

der, hypertension, and diabetes (Del Sole et al., 2020; Romero

Starke et al., 2020; O’driscoll et al., 2021). Some reports state

that disease severity associates with decreased and/or delayed

levels of type I and III IFNs, as well as increased levels of

pro-inflammatory cytokines, such as TNF-a, interleukin-1b

(IL-1b), IL-8, and IL-6, and this reveals a disproportionate im-

mune response following SARS-CoV-2 infection (Del Valle

et al., 2020; Galani et al., 2021; Lowery et al., 2021; Bastard
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et al., 2020; Carvalho et al., 2021; Zhang et al., 2020; Zhou et al.,

2020c; Bastard et al., 2021; Pairo-Castineira et al., 2021; Wang

et al., 2021). Other reports indicate that prolonged or excessive

IFN production may also contribute to severe COVID-19 (Broggi

et al., 2020; Carvalho et al., 2021; Lee et al., 2020; Lucas et al.,

2020; Major et al., 2020; Sposito et al., 2021), suggesting that

the presence of IFN during acute infection is beneficial, whereas

sustained IFN production can lead to complications (Wack,

2021). The complexity of IFN in the pathogenesis of SARS-

CoV-2 has been reviewed extensively by others (Wong and Perl-

man, 2022; Zanoni, 2021; Zhang et al., 2022).

Importantly, determining the immune cells involved in the in-

flammatory response during COVID-19 may assist with the

development of therapies that aim to boost (e.g., early IFN) or

reduce (e.g., IL-6/IL-8/TNF-a/chronic IFN) the production of

pro-inflammatory cytokines. This information might also facili-

tate the development of targeted screening strategies to identify

COVID-19 patients who are more likely to develop severe dis-

ease. The key focus of this review is the potential antiviral role

of pDC, which is an important, but not sole, producer of IFNs.

Furthermore, pDCs can fulfill other immunological functions,

such as the activation of cytotoxic T cells and immunosuppres-

sive regulatory T cells (Swiecki and Colonna, 2015), which may

play a role for controlling SARS-CoV-2 infection.

THE HISTORICAL ANGLE OF pDCs

pDCs are a central part of the innate immune system. After

sensing the presence of pathogens, pDCs release high levels

of different IFNs, cytokines, and chemokines, and combined

with their ability to present antigen, pDCs support shaping the

adaptive antiviral immune response (Mathan et al., 2013;

Mckenna et al., 2005; Swiecki and Colonna, 2015). As such,

pDCs are often referred to as a bridge between the innate and

adaptive immune systems. Unfortunately, studying pDCs in dis-

eases such asCOVID-19 is amajor challenge. Notably, pDCs are

an extremely rare cell type, they are difficult to collect from blood

or tissue specimens, there are challenges maintaining viable

pDCs in culture outside the body, and pDCs have a high degree

of phenotypic plasticity making it difficult to characterize them in

detail.

pDCs were originally described by multiple groups in the

1980s (Fitzgerald-Bocarsly et al., 1988; Perussia et al., 1985;

Ronnblom et al., 1983). They portrayed a cell population with a

remarkable phenotype and functionality by (1) extremely low fre-

quency in peripheral blood (less than 0.1%), (2) expression of

MHC class I and class II and lack of various lineage markers

(i.e., CD3, CD14, CD16, CD19, CD20, CD56), and (3) potent pro-

duction of IFNa when exposed to viruses. Due to the latter

feature, these cells were originally termed ‘‘natural interferon

producing cells’’ (NIPCs). Ten years after their discovery,

NIPCswere redefined as a subgroup of dendritic cells and, partly

because of themorphology, renamed to pDCs (Cella et al., 1999;

Siegal et al., 1999).

The characterization of pDCs as DCs has been reassessed

within recent years through multi-omics approaches (i.e., sin-

gle-cell RNA transcriptomics) and multi-parameter flow cytome-

try. These studies have provided a detailed understanding of
2 Cell Reports 40, July 26, 2022
pre-pDC and pDC populations in the bone marrow and the pe-

riphery. Attempts to identify progenitor cells in the bone marrow

have primarily been performed in murine models, although the

translatability to human pDC biology remains unclear. The earlier

studies inmice suggested that pDCs originate from bothmyeloid

and lymphoid progenitor cell populations, and that various tran-

scription factors determine the developmental path of the pDC

lineage from a common precursor DC cell population (Naik

et al., 2007; Onai et al., 2007). pDC development seems to be

driven by the growth factor FMS-like Tyrosine Kinase 3 Ligand

(Flt3L), which activates its receptor FLT3 (CD135) (Brawand

et al., 2002; Gilliet et al., 2002), and the transcription factor

E2-2 (Cisse et al., 2008). However, a recent paper by Rodrigues

et al. (2018) suggested an alternative path of pDC lineage devel-

opment. Rodrigues et al. (2018) established that murine pDCs do

not advance from amyeloid precursor but originate solely from a

lymphoid progenitor, defined as an IL-7 receptor-positive (IL-

7R+) lymphoid precursor cell, which they named a ‘‘pre-pDC.’’

The development of pDCs from this precursor stem cell is

dependent on their capacity to express the transcription factors

IFN Regulatory Factor 8 (IRF8), E2-2, and Runt-related transcrip-

tion factor 2 (Runx2, also known as core-binding factor subunit

alpha-1 [CBFa1]) (Rodrigues et al., 2018). Dress et al. (2019)

further refined this development path, demonstrating that

pre-pDCs are characterized by a Ly6D+IL-7Ra+Flt3+SiglecH+

CD2intCD81intCD115� phenotype, and that they originate from

a Ly6D+IL-7Ra+ CLP-like progenitor population.

An important distinction between murine and human pDCs is

that human pDCs exhibit high expression of the IL-3R alpha

chain (CD123), which combined with the IL-3 beta chain subunit

(CD131) supports cell survival and the immunological functions

of pDC (Grouard et al., 1997; Grzes et al., 2021; Fanning et al.,

2006). However, CD123 is not expressed on murine pDCs (Ley-

lek et al., 2019). Murine pDCs express an orthologue called

AIC2A (Hara and Miyajima, 1992) with comparable function to

humanCD123. A thorough description of the human pDC lineage

has recently been detailed by Cytlak et al. (2020). These investi-

gators implemented comprehensive immunophenotyping com-

bined with RNA sequencing (RNA-seq) profiling and demon-

strated that human pDCs exhibit a high degree of plasticity,

but that IRF8 expression is crucial for pDC maturation in bone

marrow. This research effort, as well as the efforts of two addi-

tional teams of investigators, has generated a comprehensive

panel of surface markers (CD123, CD33, CX3CR1, CD2, CD5,

CD327, Siglec6, and AXL) that are essential for distinguishing hu-

man precursor DCs and DCs from pDCs (See et al., 2017; Villani

et al., 2017). Both the See et al. (2017) and Villani et al. (2017)

studies highlighted that pDCs are actually unable to produce

IL-12. This is contradictory to earlier studies describing IL-12

production as a feature that DCs and pDCs share.

The path from the discovery of pDCs to what we know today

highlights the challenges the field has met when studying these

cells during steady-state conditions and disease. However,

technological advancements have clarified that pDCs have a

unique lineage/specific developmental path, immunological

function (e.g., induction of specific cytokines and IFNs), and

phenotypic profile (cellular surface markers) that set them aside

from other known DC subsets. More importantly, advances in
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our fundamental understanding of pDC biology have made it

possible to explore the potential role of pDCs in emerging viral

infections, such as SARS-CoV-2.

pDCs ARE SENTINELS OF THE INNATE IMMUNE
SYSTEM

A central feature of pDCs is their ability to sense pathogens

and mediate a rapid and strong IFN response. pDCs sense a

broad range of danger/pattern-associated molecular patterns

(DAMPs or PAMPs) through a variety of pattern recognition re-

ceptors (PRRs). pDCs can alsomediate direct cell killing in a nat-

ural killer cell-like manner (Chaperot et al., 2006; Hardy et al.,

2007) and facilitate the generation of adaptive immune re-

sponses through the process of antigen uptake and presentation

to T cells (Oberkampf et al., 2018; Van Beek et al., 2020; Tel et al.,

2010, 2013a, 2013b). In other words, pDCs possess great immu-

nological flexibility and functionality (Karrich et al., 2014).

pDCs are often defined as themost powerful NIPC. Themean-

ing of this label was addressed by Ito et al. (2006), who compared

the immunological responses of highly purified human CD11c+

myloid (mDCs) versus pDCs. The investigators demonstrated

that over the first 12 h following viral sensing, pDCs dedicate

approximately 60% of their transcriptional activity to the produc-

tion of type I IFNa isoforms. Compared with mDCs, pDCs pro-

duced at least 150 times more type I IFNa. Another relevant

feature of pDCs is the endogenous high expression levels of

the endosomal Toll-like receptors (TLRs) 7 and 9. This confers

pDCs with the potential to rapidly respond to endosomal uptake

of nucleic acids, including both single/double-stranded RNA and

DNA (Ito et al., 2006; Bruni et al., 2015; Bao and Liu, 2013).

Importantly, this enables pDCs to sense a very broad range of vi-

ruses, including cytomegalovirus (CMV), influenza, hepatitis C vi-

rus (HCV), HIV, rotavirus, and various coronaviruses (Deal et al.,

2013; Thomas et al., 2014; Yun et al., 2021). On activation via

either TLR7 or TLR9, pDCs produce IFNa through a dedicated

pathway that involves MyD88-IRAK1/4 and TRAF6 signaling

cascades and eventually induces phosphorylation of the tran-

scription factor IRF7 (Liu, 2005). Constitutive high expression

of IRF7 in pDCs also facilitates their strong and rapid IFNa pro-

duction. Following IFNa production by pDCs, paracrine and au-

tocrine activation of the type I IFN receptor (IFNAR) drives a pos-

itive-feedback loop andmaximizes the delayed but full activation

status of the pDCs (Abbas et al., 2020; Kim et al., 2014). In some

situations, pDCsmay also produce type I IFNb, IFNu, and type III

IFNl1 in addition to IFNa, as demonstrated by exposure to

HSV-1, influenza, and SARS-CoV-2 (Ito et al., 2006; Onodi

et al., 2021; Severa et al., 2021).

pDCscanengulf extracellularmaterial throughendocytosisand

cellular and viralmaterial throughphagocytosis (Bruni et al., 2015;

Tel et al., 2010) and perform ‘‘self’’ sensing via intracellular

autophagy (Frenz et al., 2014; Lee et al., 2007). These processes

facilitate activation of cytosolic sensors, for example, the double-

stranded RNA sensor retinoic acid-inducible gene I (RIG-I) (Yo-

neyama and Fujita, 2008). Although some studies suggest that

pDCs have low RIG-I expression (Kato et al., 2005; Kumagai

et al., 2007), others suggest that on TLR7/9 activation RIG-I

expression increases rapidly in an IFNa-independent manner
(Szabo et al., 2014) and enables cytosolic RNA sensing in pDCs.

There are also reports describing the capacity of pDCs to sense

cytosolic DNA (Deb et al., 2020; Paijo et al., 2016) by constitutive

expressionof theDNAsensors cyclicGMP-AMPsynthase (cGAS)

andStimulator of IFNgenes (STING). However, the levels of these

DNA sensors in pDCs are not upregulated by IFN stimulation

(Paijo et al., 2016), as has been noted to occur in other cell types

(Ma et al., 2015). Nevertheless, exposure of pDCs to double-

stranded DNA, or the specific STING ligand 2030-cGAMP, drives

pDCs to generate high concentrations of IFNa in an IRF3-depen-

dentmanner,which is distinct fromTLR-mediated sensing,where

IFNa production is regulated by IRF7 (Deb et al., 2020; Paijo et al.,

2016; Bode et al., 2016; Laustsen et al., 2018).

There are opposing views as to whether pDCs express cell sur-

face TLRs. Stimulation of pDCs with lipopolysaccharides (LPS)

does not induce activation, suggesting non-functional or absent

TLR4 (Piccioli et al., 2009). It has been shown that pDCs isolated

from peripheral blood can express TLR1/2 and respond to lipo-

protein ligands by both secreting IFNa and increasing expression

of activation markers (Raieli et al., 2019). This is highly relevant for

viral sensing, because TLR2 senses glycoproteins from multiple

viruses when combined in a heterodimer with TLR1 or TLR6 (Bie-

back et al., 2002; Boehmeet al., 2006; Leoni et al., 2012; Zhu et al.,

2007; Zheng et al., 2021b). In summary, pDCs are equipped with

various means to sense pathogen danger signals from both the

intracellular and the extracellular environment, as well as the ca-

pacity to initiate antiviral responses.

pDCs AND THE VIRAL SYNAPSE

In addition to their ability to sense and respond to immunostimu-

latory PAMPs, some data suggest that pDCs can respond

directly to virus-infected cells (Donaghy et al., 2009; Yun et al.,

2021). Both Assil et al. (2019) and Yun et al. (2021) demonstrated

pDC sensing of virally infected cells occurs through cell-to-cell

contact. The pDC and virally infected cell form a virus-sensing

synapse that is composed of integrin complexes, such as

lymphocyte function-associated antigen 1 (LFA-1) and intracel-

lular adhesion molecule 1 (ICAM-1). Synapse involving cells in-

fected with both RNA (Assil et al., 2019) and DNA viruses (Yun

et al., 2021) initiated pDC signaling. Signaling is facilitated by

the transfer of virus-derived PAMPs across the synapse and their

endocytosis by pDCs. The endocytosed PAMPs subsequently

activate TLR7/9 and induce an antiviral response. Interestingly,

following viral sensing, pDCs diversify into three distinct popula-

tions based on the expression of PD-L1 and CD80 (Alculumbre

et al., 2018). These populations include P1 (PD-L1highCD80low;

IFNa producing), P2 (PD-L1highCD80high), and P3 (PD-

L1lowCD80high; antigen presentation). For example, recognition

of cell-free SARS-CoV-2 skews the pDC population toward an

IFN-producing P1 population, as compared with what has

been observed for influenza-stimulated pDCs (Onodi et al.,

2021). Furthermore, pDCs sensing virus-infected cells will push

more cells toward the P1 population, as compared with pDCs

sensing free virions, and this correlates with a stronger type I

IFN signal (Yun et al., 2021; Alculumbre et al., 2018). These ob-

servations indicate that only a proportion of pDCs are equipped

to produce IFNa on viral sensing. This contention has also been
Cell Reports 40, July 26, 2022 3
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supported by studies using droplet-based microfluidic ap-

proaches, where only a limited fraction of pDCs seems to be

capable of secreting IFNa. Importantly, this initial IFNa response

then primes additional pDCs, via an autocrine feedback mecha-

nism, ultimately enlarging the population of IFNa-producing

pDCs (Van Eyndhoven et al., 2021; Wimmers et al., 2018). In

summary, pDCs have evolved mechanisms to sense and

respond to both cell-free and cell-associated viruses via a vi-

rus-sensing synapse.

pDCs AND THE GENERATION OF ANTIVIRAL IMMUNITY

Various attempts have been made to determine the in vivo impor-

tance of pDCs for the generation of immunity to viral infections.

Many of these studies have implemented antibodies targeting

the cell surface markers Gr-1 (also known as Ly-6G/Ly-6C) and

bone marrow stromal antigen 2 (BST-2, also known as pDC

antigen-1 [PDCA-1]) to achieve in vivo depletion of murine pDCs.

Importantly, these markers are also expressed by additional cell

types, making it difficult to attribute any observed reductions in

antiviral to the elimination of pDCs (Asselin-Paturel et al., 2001,

2003; Blasius et al., 2006; Krug et al., 2003). More conclusive evi-

dence has since been presented in a study by Wang et al. (2006),

who demonstrated the recruitment of pDCs to the lungs during the

early stages of infection with respiratory syncytial virus (RSV).

Here, depletion of pDCs by a pDC-specific antibody cocktail led

to an increase in viral replication and decreased resistance to

infection (Wang et al., 2006). Further evidence of a role for pDCs

in promoting the generation of antiviral immunity has been pro-

vided by data from the Colonna laboratory, which used a diph-

theria toxin (DT)-basedmodel to specifically ablate pDCs (Swiecki

et al., 2010). In this model, pDCs were demonstrated to be impor-

tant for the induction ofNKcell activation, aswell as the expansion

of virus-specific cytotoxic T cells in two separate virus infection

models (Swiecki et al., 2010). Other investigators have found that

the induction of CD4 andCD8 T cells is diminishedduring lympho-

cytic choriomeningitis virus (LCMV) infection in a pDC-deficient

mouse strain. Interestingly, in this model, the induction of CD8

T cells, but not CD4 T cells, could be rescued by administration

of exogenous type I IFN (Cervantes-Barragan et al., 2012).

Although pDCs appear to facilitate the generation of antiviral

immunity, in most animal models this role appears to be redun-

dant. For example, IFN from pDCs is important for resistance to

infection with Newcastle disease virus (NDV) in a murine model

only when alveolar macrophages, which are the main IFN pro-

ducers in this model, are eliminated (Kumagai et al., 2007). Like-

wise, ablation of pDCs resulted in loss of antiviral immunity to

Ross River virus infection only inmitochondrial antiviral-signaling

protein (MAVS)-deficient mice and not in wild-type mice (Haist

et al., 2021). Infection models of coronavirus and herpes simplex

virus (HSV) are, however, important exceptions. Ablation of

pDCs with antibodies against the surface marker PDCA-1 re-

duces resistance to infection with the mouse hepatitis virus

(MHV) coronavirus (Cervantes-Barragan et al., 2007). Further-

more, ablation of murine pDCs using the DT-based model mildly

increased susceptibility to infection with HSV-2, although the

pDC protective effect is not mediated through inhibition of viral

replication at the site of infection (Swiecki et al., 2013). In support
4 Cell Reports 40, July 26, 2022
of pDCs playing a non-redundant role in HSV infection, ablation

of pDCs leads to increased viral loads in an HSV-1 intravenous

infection model (Takagi et al., 2011).

Besides their role in T cell stimulation and the induction of IFN-

stimulated genes (ISGs), multiple examples highlight a complex

antiviral role of pDCsduring early viral infections. However, future

studies arewarranted to confirm this and to reach a better under-

standingof thedirect and indirect effects of pDCviral sensing and

activation on the establishment of antiviral immunity.

pDCs AND INFLAMMATION DURING VIRUS INFECTION

Besides the release of substantial amounts of IFNa, pDCs also

release a series of pro-inflammatory cytokines that are important

for the recruitment of antiviral effector cells to the site of infection.

This has been elegantly shown in a mouse model of SARS-CoV

infection, where pDCs are recruited to the lungs after intranasal

challenge with SARS-CoV. pDC recruitment is followed by an in-

crease in chemokine secretion and a subsequent infiltration of

various immune cells to the site of infection (Chen et al., 2010).

Whether the inflammation induced by pDCs is protective or path-

ogenic is difficult to assess, and this is likely to be different de-

pending on the virus and tissue. However, in the case of RSV,

depletion of murine pDCs increased inflammatory responses

and pathology, suggesting that pDC-induced inflammation is

mainly protective (Wang et al., 2006). Evidence of pDCs as early

promoters of inflammation during virus infection is rare, but

extensive research with bacterial infection models and with

models of non-infectious diseases suggests that pDCs are

important inducers of inflammation. For example, pDC ablation

reduces in vivo inflammatory responses after infection with Liste-

ria monocytogenes and following systemic stimulation with TLR

agonists (Takagi et al., 2011). This is at least partially due to

pDCs inhibiting anti-inflammatory T regulatory cells (Tregs). The

notion that pDCs can suppress Tregs is supported by research

showing pDCs subdue the recruitment of a specialized Treg sub-

set into adipose tissue in obesemice, which promotes the inflam-

matory phenotype of metabolic diseases such as diabetes (Li

et al., 2021a). Contrary to the early recruitment of pDCs into the

lungs during SARS-CoV infection in mice, the recruitment of

pDCs into the central nervous system (CNS) in experimental

autoimmune encephalitis (EAE), a commonmousemodel of mul-

tiple sclerosis, seems to bedelayed and follows Tcell recruitment

and not vice versa (Gao et al., 2009). This indicates that pDCs are

not always the first immune cell to infiltrate inflamed tissue.

Despite their pro-inflammatory properties in a series of inflam-

mation models, and despite their ability to release mainly T help-

er 1 (Th1)-associated cytokines, there is rather limited evidence

to support the hypothesis that pDCs are strong drivers of exces-

sive pathogenic inflammation during viral infections. To the con-

trary, pDC function seems to be mostly directed at producing

antiviral IFNs, which promote Th1 differentiation and protective

antiviral immunity.

THE ROLE OF pDCs IN SARS-CoV-2

Because SARS-CoV-2 has a positive sense single-stranded RNA

genome, PRRs triggered by RNA, including TLR7 and RIG-I,



Figure 1. Sensing of SARS-CoV-2

SARS-CoV-2 genomic RNA can be sensed by different RNA-driven pattern recognition receptors. Which RNA sensor is activated is determined by the mech-

anisms of viral entry: membrane fusion (indicated for the epithelial cell on the left) or viral particle uptake (indicated for the pDC on the right). Fusion of the SARS-

CoV-2membrane with the cellular membrane of epithelial cells requires the cellular receptors ACE2, TMRPSS2, and in some cases, NRP1/CD304. This allows the

viral RNA to be detected by cytosolic RNA sensors RIG-I/MDA5, whichwill activate transcription factors IRF3 and nuclear factor kB (NF-kB), leading to production

of type I IFNa, type III IFNl1, and various pro-inflammatory cytokines and chemokines. SARS-CoV-2 utilizes several mechanisms to counter sensing via the RIG-I/

MDA5 pathway and subsequent IFN production, which is reviewed in detail elsewhere (Min et al., 2021). Uptake of viral particles, for example, by endocytosis,

does not require the receptors that mediate fusion of the viral and cellular membranes. Instead, the virus is engulfed into a cellular vesicle, where it triggers TLR7,

starting a signaling cascade that includes MyD88 and IRAK4, ultimately activating the transcription factors IRF7 and NF-kB that will facilitate production of type I

IFNa, type III IFNl1, CXCL10, and other cytokines and chemokines. The interaction of SARS-CoV-2 with NRP1/CD304 can inhibit IFNa production by pDCs, but

themolecular mechanisms are currently unknown. pDCs can also sense SARS-CoV-2’s glycosylated envelope protein via TLR2, and this leads specifically to IL-6

production in pDCs. Figure was created with BioRender.com.
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dominate the early response. As highlighted previously, TLR7 and

RIG-I are functional pathways within pDCs. Importantly non-RNA

PRRs, like TLR2,may also contribute to the early response against

the virus (discussed in detail below). As such, pDCs have the po-

tential for strong antiviral sensing of SARS-CoV-2. In the following

sections, we will review the current understanding of the role of

pDCs during SARS-CoV-2 infection (Figure 1).

SARS-CoV-2 enters cells via two mechanisms: membrane

fusion and viral particle uptake. Depending of the mode of entry,

different innate immune PRRs could be triggered. Fusion of the

viral and cellular membranes requires the cellular receptors

angiotensin-converting enzyme 2 (ACE2), transmembrane pro-

tease serine 2 (TMPRSS2), and in some cases, neuropilin 1

(NRP1) (Wu et al., 2020; Zhou et al., 2020a; Cantuti-Castelvetri

et al., 2020; Daly et al., 2020; Hoffmann et al., 2020). Following

fusion, the viral genome is released into the cytoplasm of the
host cell. As reported for epithelial cells, viral genome release

can trigger RIG-I and MDA5 (Sampaio et al., 2021; Yin et al.,

2021; Thorne et al., 2021; Yamada et al., 2021). However,

some studies suggest that the virus antagonizes intracellular

RNA PRRs. This is mediated by Nsp5 (Liu et al., 2021) and other

viral proteins (Oh and Shin, 2021). Importantly, it has been shown

that lung epithelial cells in culture can sense SARS-CoV-2 and

produce type I IFNb and type III IFNl1, but this occurred only af-

ter the initiation of virus replication (Wahl et al., 2021; Yin et al.,

2021; Hatton et al., 2021; Vanderheiden et al., 2020). This might

indicate that multiple rounds of viral replication are needed

before innate antiviral defense mechanisms are initiated. The

relevance of this in vitro observation to the antiviral environment

following viral exposure in vivo remains unclear.

In general, viruses are unable to easily infect and replicate in

macrophages and DCs. This is also the case for SARS-CoV-2,
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and several studies have now shown that these innate immune

cells express little to no ACE2 and TMPRSS2 (Abassi et al.,

2020; Dalskov et al., 2020; Lu et al., 2021; Onodi et al., 2021;

Severa et al., 2021; Van Der Sluis et al., 2022). However, DCs

and macrophages are specialized in the uptake of foreign mate-

rial, which usually leads to the triggering of PRRs located in their

endosomal compartments. Myeloid cells can take up SARS-

CoV-2 via several C-type lectins, including Dendritic Cell-Spe-

cific ICAM-3 (DC-SIGN), C-type lectin domain family 10 member

A (CLEC10A), and Tweety family member 2 (TTYH2) (Lu et al.,

2021). However, there are conflicting reports regarding the ability

of myeloid cells to elicit the production of pro-inflammatory and

antiviral cytokines in response to SARS-CoV-2 (Niles et al., 2021;

Zheng et al., 2021a). Alveolar macrophages seem incapable of

sensing SARS-CoV-2 (Dalskov et al., 2020). It has also been sug-

gested that lung epithelial cells are needed for macrophages to

produce antiviral cytokines after paracrine IFNb feedback

(Thorne et al., 2021). Others suggested that human lymphatic

endothelial cells are needed for myeloid DCs to produce antiviral

cytokines, possibly by sensing double-stranded RNA intermedi-

ates via TLR3 (Sposito et al., 2021). However, it has been hypoth-

esized that myeloid cells play a major role in the overall pulmo-

nary inflammatory response by contributing to local cell

damage and innate sensing via the cGAS-STING pathway (Do-

mizio et al., 2022) or via FcgR-mediated uptake (Junqueira

et al., 2022).

pDCs can clearly sense SARS-CoV-2 and produce different

pro-inflammatory cytokines and IFNs (Asano et al., 2021; Onodi

et al., 2021; Severa et al., 2021; Van Der Sluis et al., 2022),

although they are not permissive to virus infection because

they lack expression of ACE2 and TMPRSS2 (Onodi et al.,

2021; Severa et al., 2021; Van Der Sluis et al., 2022). As such,

viral uptake by pDCs is likely mediated via endocytosis, although

this has not been formally demonstrated. By using pDCs from

patients carrying deleterious mutations in specific genes or

genetically edited stem cell-generated pDCs, we and others

have identified several critical factors required for pDCs to sense

SARS-CoV-2 (Figure 1). Importantly, TLR7 allows pDCs to detect

SARS-CoV-2 RNA (Asano et al., 2021; Fallerini et al., 2021; Van

Der Sluis et al., 2022). Viral detection through TLR7 requires

UNC93B1, possibly because of its role in controlling TLR7 traf-

ficking (Onodi et al., 2021) followed byMyD88 and IRAK4 activa-

tion (Onodi et al., 2021; Van Der Sluis et al., 2022). Next, IRF7 is

activated, which is needed for IFNa production by pDCs. How-

ever, SARS-CoV-2 sensing via TLR7 also induces production

of CXCL10 and other cytokines (Mantovani et al., 2022; Onodi

et al., 2021; Van Der Sluis et al., 2022). The RIG-I pathway that

is important for SARS-CoV-2 sensing in epithelial cells seems

not to play a role in the pDCs (Van Der Sluis et al., 2022). In

contrast, TLR2, which has been reported to sense the SARS-

CoV-2 envelope protein (Zheng et al., 2021b), seems to induce

strong IL-6 production independent of TLR7 sensing (Van Der

Sluis et al., 2022).

SARS-CoV-2 ANTAGONIZES IFN PRODUCTION BY pDCs

Innate sensing of SARS-CoV-2 should result in the production of

IFNs and the protection of permissive cells from infection.
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Indeed, SARS-CoV-2 induces IFN and ISG expression in the up-

per and lower respiratory tract in humans (Cheemarla et al.,

2021; Delorey et al., 2021; Desai et al., 2020; Lieberman et al.,

2020; Ziegler et al., 2021), and IFN production is associated

with protection against SARS-CoV-2 (Bastard et al., 2020,

2021; Pairo-Castineira et al., 2021; Wang et al., 2021). In line

with this, viral replication studies have shown that SARS-

CoV-2 is highly sensitive to IFN-induced antiviral mechanisms

both in vitro and in vivo. For example, rhinovirus-induced IFN

protects human epithelial organoids from SARS-CoV-2 infection

(Cheemarla et al., 2021). Pharmacological provision of IFN either

by direct nasal IFN administration (Bessiere et al., 2021; Hatton

et al., 2021) or indirect induction by innate immune agonists tar-

geting the STING pathway (Li et al., 2021b) can also protect mice

against primary infection. However, IFN administration offers

less protection when administered after primary infection, as

demonstrated in clinical trials that investigated the potential of

subcutaneous injection of type III IFNl1 (Feld et al., 2021; Jagan-

nathan et al., 2021) and type I IFNb (Ader et al., 2021; Consortium

et al., 2021). Importantly, type I IFNb can be correlated to a more

severe disease outcome when administered to patients who

required high-flow oxygen at time of hospitalization (Kalil et al.,

2021). This indicates that clinical administration of IFN needs

to be timed carefully in relation to disease development (Anjum

et al., 2021; Sodeifian et al., 2022). Interestingly, inhaled nebu-

lized IFNb enhances the odds of survival in a randomized, dou-

ble-blind, placebo-controlled, phase 2 pilot trial (Monk et al.,

2021). Follow-up studies and similar trials with nebulized type I

IFNa2b are in progress (ClinicalTrials.gov: NCT04988217,

NCT05381363, and NCT04469491); the latter has given prom-

ising results in an uncontrolled exploratory study (Zhou et al.,

2020b).

Multiple antiviral evasion strategies are employed by SARS-

CoV-2, and these have been extensively reviewed elsewhere

(Lowery et al., 2021; Kasuga et al., 2021; Kim and Shin, 2021).

However, it is important to note that SARS-CoV-2 seems to

employ a particular unusual evasion strategy to avoid the anti-

viral functions of pDCs. NRP1, also known as CD304, is a pheno-

typic marker of pDCs, and its engagement by anti-CD304 anti-

bodies reduces pDC IFN production (Fanning et al., 2006;

Grage-Griebenow et al., 2007; Van Der Sluis et al., 2022).

Because SARS-CoV-2 also binds to CD304 (Cantuti-Castelvetri

et al., 2020; Daly et al., 2020), the virus can exploit this pathway

and dampen IFN production to promote viral replication. We

recently showed that removal of CD304 from pDCs, using

CRISPR-Cas9, enhanced IFN production by pDCs exposed to

SARS-CoV-2 (Van Der Sluis et al., 2022). The exact mechanism

behind this phenomenon is still unclear. However, our data indi-

cate a link between viral spike proteins binding to CD304 and

intracellular signaling that impairs IFN production.

FATE OF pDCs DURING COVID-19: THE pDC DESERT
PHENOMENON

In theory, pDCs are ideal candidates to sense and protect

against a respiratory viral infection such as SARS-CoV-2. How-

ever, pDCs could also potentially contribute to lung pathology

through excessive or prolonged production of type I IFN.



Table 1. Fate of pDCs during COVID-19

Article

Description of COVID-19 disease stage

and other study participants Sample collection Observations regarding pDCs

Arunachalam et al. (2020)

d mild/moderate (n = 34)

d severe (n = 29)

d critical (n = 11)

d HC (n = 45)

blood was collected

d reduced pDC frequency (from CD45+ cells) in infected

cases, as compared with HCs

d no association between pDC frequency and time since

symptom onset and with clinical severity

d reduced pS6 (a target for mTOR) expression levels in

pDC from infected cases, as compared with HCs

d reduced frequency of IFNa+, TNF-a+, and IFNa+TNF-a+

pDCs after ex vivo poly(I:C)+R848 (TLR3+TLR7/8)

stimulation in pDCs from infected cases (n = 17), as

compared with HCs (n = 14)

Bénard et al. (2021)

d mild (n = 32)

d severe (n = 32)

d recovered (n = 42)

d non-COVID-19 pulmonary disease

(n = 12)

blood collection at symptom onset

(%24 h) and 1–7 days thereafter,

or after recovery

BALF was collected from non-COVID-19

individuals with other pulmonary diseases

d reduced pDC counts in blood of mild compared with

severe cases

d pDC counts in blood increase over time (7 days) in

survivors, but not in non-survivors

d reduced plasma IL-3 levels in severe compared with

mild cases

d patients with high IL-3 plasma levels (R20 pg/mL)

had higher rate of survival than patients with low levels

(<20 pg/mL) (n = 64)

d high IL-3 enhances pDC lung infiltration during

non-COVID-19 pulmonary disease

d plasma IL-3 declines with age

d pDC count correlates with T cell count in blood and

BALF from non-COVID-19 pulmonary disease

Hadjadj et al. (2020)

d mild/moderate (n = 14)

d severe (n = 15)

d critical (n = 17)

d HC (n = 18)

blood samples from 8–12 days after

symptom onset were analyzed d reduced pDC frequency (from PBMCs) in blood from

critical cases, as compared with HCs

d reduced frequency (but not significant statistically) in

blood from mild and severe cases, as compared

with HCs

d no change in pDC frequency and count between mild,

severe, and critical cases
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Table 1. Continued

Article

Description of COVID-19 disease stage

and other study participants Sample collection Observations regarding pDCs

Kreutmair et al. (2021)

d mild (n = 86)

d severe (n = 35)

d non-COVID-19

hospitalized-acquired

pneumonia (HAP; n = 25)

d HC (n = 21)

first blood sample (t1) was collected at

0–2 days after hospital admission,

t2 after 3–5 days, t3 after 6–9 days,

t4 after 11–15 days, and t5 after

19–96 days

d reduced pDC frequency (from PBMCs) in mild and

severe cases, as compared with HCs, at all time points

d reduced pDC frequency in severe cases, as compared

with mild cases

d enhanced expression of Fas receptor CD95 on pDCs

from mild cases, as compared with HCs

d enhanced expression of Fas receptor CD95 on pDCs

from severe cases, as compared with mild cases

and HCs

Kulkarni-Munje et al. (2021)

d mild (n = 35)

d severe (n = 25)

d HC (n = 10)

blood was collected at time of

hospitalization d reduced pDC frequency (from PBMCs) in mild cases,

as compared with HCs

d reduced pDC frequency in severe cases, as compared

with mild cases

d enhanced expression levels of CD86 on pDCs in severe

cases, as compared with mild cases

Kvedaraite et al. (2021)

d moderate (n = 10)

d severe (n = 17)

d HC (n = 16)

blood was collected at a mean of 12.9

(range 6–19) days for moderate and 14.6

(5–24) days for severe cases after

symptom onset

d reduced pDC numbers in moderate and severe cases,

as compared with HCs

d reduced pDC numbers in severe cases, as compared

with moderate cases

d no change in CD123 expression on pDCs between

moderate cases, severe cases, and HCs

d reduced CD45RA expression on pDCs from moderate

and severe cases, as compared with HCs

d pDCs from severe cases express lower levels of

HLA-DR, as compared with moderate cases

d pDCs from severe cases express lower levels of

CD38 and higher levels of CD147, as compared

with HCs

d pDCs from moderate cases express higher levels of

CD38, as compared with HCs

Laing et al. (2020)

d mild (n = 6)

d moderate (n = 26)

d severe (n = 31)

d recovered (n = 23)

d non-COVID-19 LRTI (n = 10)

d HC (n = 55)

blood collection within 24 h

of study recruitment and at

days 3 and 9 thereafter

d reduced pDC counts in blood of severe as compared

with moderate cases and HCs

d no change in pDC count between HCs and recovered

individuals

d reduced blood pDC counts in moderate COVID-19

compared with non-COVID-19 LRTI
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Table 1. Continued

Article

Description of COVID-19 disease stage

and other study participants Sample collection Observations regarding pDCs

Li et al. (2021c)

d recovered mild (n = 16)

d recovered severe (n = 6)

d HC (n = 19)

blood was collected at 27–47

days after symptom onset or

after positive PCR result; all

patients were in the recovery

stage and without symptoms

at time of sample collection

d increased pDC frequency (from PBMCs) in mild

recovered cases, as compared with recovered

severe cases and HCs

d no change in pDC frequency between recovered

severe cases and HCs

d increased frequency of HLA-II + pDC in recovered

severe cases, as compared with recovered mild

cases and HCs; however, HLA-II signaling is reduced

d no difference in pDC frequency between males and

females (all study participants combined)

d frequency of pDC correlates negatively with age (all

recovered cases combined)

d enhanced inflammation status (based on expression

of 200 inflammatory genes) in pDCs from mild

recovered cases, as compared with HCs; no change

between severe

recovered cases and HCs

d enhanced ISG status (based on expression of 97

ISGs) in

pDCs from severe recovered cases, as compared with

HCs; no difference between mild recovered cases

and HCs

d enhanced cytokine status (based on expression of

approximately 153 cytokine genes) in pDCs from severe

recovered cases, as compared with HCs; reduced

cytokine status in mild recovered cases, as compared

with HCs

d pDCs from recovered severe cases may have reduced

antigen processing and presentation abilities

Liao et al. (2020)

d moderate (n = 3)

d severe (n = 2)

d critical (n = 8)

d HC (n = 4)

BALF was collected

d increased pDC numbers in BALF from moderate cases,

as compared with HCs and severe cases

d decreased pDC numbers in BALF from severe cases,

as compared with mild cases

d no change in pDC numbers between severe cases

and HCs

Matic et al. (2020)

d mild/moderate (n = 30)

d severe/critical (n = 27)

d HC (n = 5)

blood was collected the first

day of hospitalization d reduced pDC frequency (from PBMCs) in blood of

severe cases, as compared with HCs

d no change in pDC frequency between mild cases

and HCs

(Continued on next page)
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Table 1. Continued

Article

Description of COVID-19 disease stage

and other study participants Sample collection Observations regarding pDCs

Perez-Gomez et al. (2021)

d acute mild (n = 17)

d acute severe (n = 16)

d 7-month follow-up hospitalized

(n = 17)

d 7-month follow-up not hospitalized

(n = 21)

d HC (n = 27)

blood was collected at a median

of 3 (IQR 2–23) days after

hospitalization and 14 (9–31)

days after symptom onset

for 7-month follow-up, blood

was collected at a median of 201

(181–221) days after hospitalization

and 208 (189–230) days after

symptom onset

d reduced pDC frequency (from PBMCs) and pDC/mDC

ratio in blood of APs (n = 33) as compared with HCs

d no difference in pDC frequency between acute mild

and acute severe cases

d reduced pDC frequency after 7 months of contracting

COVID-19, as compared with HCs

d reduced frequency of pDCs with P2 (CD86+PD-L1+)

and P3 (CD86+PD�L1�) phenotype in APs, as

compared with HCs

d pDCs from APs express lower levels of Beta7, CD86,

and PD-L1, and higher levels of CCR7, as compared

with HCs

d reduced pDC frequency and pDCs expressing Beta7,

IDO, and PD-L1 in hospitalized and not-hospitalized

cases at 7-month follow-up, as compared with HCs

d reduced frequency of pDCs expressing CD4 and

increased frequency of CCR7+ pDCs in hospitalized

cases at 7-month follow-up, as compared with HCs

Peruzzi et al. (2020)

d mild (n = 9)

d moderate (n = 20)

d severe (n = 11)

d HC (n = 8)

blood was collected

d reduced pDC counts in blood of COVID-19 individuals

as compared with HCs (all stages grouped together)

d reduced pDC counts in blood of severe cases as

compared with mild cases

d pDC blood counts negatively correlate with plasma

CRP level

Rebillard et al. (2021)

d hospitalized (n = 50)

d non-COVID-19 hospitalized (n = 22)

d HC (n = 49)

first blood sample was collected

at a median of 12 (range 3–23)

days, and the follow-up sample

11.5 (3–23) days after symptom

onset, and 6.5 (range 2–23) and

6 (2–23) days after positive PCR

test result

d decreased frequency (but not statistically significant)

of CD123+ cells (presumably pDCs) among

CD3�CD19CD14CD56� cells (presumably DCs) in

blood of COVID-19 cases, as compared with

non-COVID-19 hospitalized cases

d decreased frequency of CD123+ cells among

CD3�CD19CD14CD56� cells in blood of COVID-19

cases, as compared with HCs

d no change in pDC frequency between severe and

mild COVID-19 cases

d decreased pDC frequency in cases with a bad (n = 14)

outcome, as compared with cases with a good (n = 36)

outcome at 30 days according to the NIH scale
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Table 1. Continued

Article

Description of COVID-19 disease stage

and other study participants Sample collection Observations regarding pDCs

Saichi et al. (2021)

d moderate (n = 5)

d severe (n = 10)

d HC (n = 4)

blood was collected at time of

hospital admission (approximately

10–12 days after symptom onset)

and 4 days thereafter

d pDCs from severe cases were enriched for the TNF-a,

IL-2-STAT5, and hypoxia signaling pathways, as

compared with moderate cases and HCs

d pDCs from severe cases were enriched for the

IL-6-JAK-STAT3, P53, and mTORC signaling pathways,

as compared with moderate cases

d pDCs from moderate cases were enriched for

IFN-related and MYC-related signaling pathways, as

compared with severe cases

d innate sensing (12 genes), antiviral effector molecules

(23 genes), and cytotoxicity (12 genes) signaling were

upregulated in pDCs from moderate cases and

decreased in severe cases, as compared with HCs

d TLR9 was decreased in pDCs from severe cases,

as compared with moderate cases and HCs

Sanchez-Cerillo et al. (2020)

d mild (n = 19)

d severe (n = 21)

d critical (n = 24)

blood was collected from all patients

BALF sample was collected from

23 of the 24 critical patients

d reduced pDC frequency (from total blood cells) and

cell count in blood of COVID-19 individuals as

compared with HCs (all stages grouped together)

d no pDCs were found in BAL samples

Schulte-Schrepping

et al. (2020) d mild (n = 5)

d severe (n = 4)

d critical (n = 15)

blood was collected

d reduced (but not statistically significant) pDC

frequency (from PBMCs) in severe cases, as

compared with mild cases and HCs

Severa et al. (2021)

d asymptomatic (n = 8)

d hospitalized (n = 6)

d HC (n = 5)

blood was collected

d reduced pDC frequency (from total PBMCs) and cell

count in blood of asymptomatic patients, as compared

with HCs

d reduced pDC frequency and cell count in blood of

hospitalized patients, as compared with asymptomatic

patients and HCs

d pDC from asymptomatic patients expressed more PD-L1,

CD86, CXCR3, CXCR4, CCR7, and CD62L, as compared

with HCs

d pDCs from hospitalized patients expressed more PD-L1,

CD80, CD86, CXCR3, CXCR4, CCR7, and CD62L, as

compared with HCs

d pDCs from hospitalized patients expressed more CD80

but less CD86 and CD62L, as compared with

asymptomatic patients
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Table 1. Continued

Article

Description of COVID-19 disease stage

and other study participants Sample collection Observations regarding pDCs

Shi et al. (2021)

d APs (n = 5; moderate: n = 1,

critical/severe: n = 4)

d CPs (n = 4; moderate: n = 4,

severe: n = 2)

d HCs (n = 4)

blood was collected

d increased expression of CD123 on pDCs in APs, as

compared with CPs and HCs

d no change in pDC frequency between APs, CPs, and HCs

Van Der Sluis et al. (2022)

d mild (n = 43)

d moderate (n = 65)

d severe (n = 5)

d HC (n = 16)

blood was collected at time of

hospitalization (0–4 days after

symptom onset, n = 22; 5–8 days,

n = 39; 9–12 days, n = 39;

and R13 days, n = 16) and

5 days thereafter

d frequency of pDCs (from PBMCs) decreased during early

time points of infection (5–8 and 9–12 days after symptom

onset, as compared with 0–4 days) and restored at later

time points (R13 days after symptom onset)

d reduced pDC frequency and cell count 5 days after

hospital admission, as compared with the day of

admission (irrespective of symptom duration and severity,

n = 93)

d reduced pDC frequency at time of hospital admission, as

compared with HCs

d pDC frequency correlates negatively with COVID-19 severity

Vono et al. (2021)

d mild adults (n = 21, median age

37 years, range 20–62)

d mild children (n = 16, range

0.8–16 years)

blood was collected at 5 visits:

v1, 0–5 days after symptom

onset; v2, 6–14 days; v3,

15–22 days; v4, 23–35 days;

v5, 36–81 days

d fewer symptoms, and of shorter duration, were reported

by children, as compared with adults

d at time of diagnosis, viral load in nasal swaps was similar

between adults and children and there were no significant

differences in time to viral clearance

d adults display higher levels of plasma IFNa early

postinfection, as compared with children

d reduced pDC frequency (from PBMCs) during days 0–5

after symptom onset, and this increased in time for both

children and adults

d compared with adults, children had higher pDC counts

during the course of infection

Wilk et al. (2020)

d COVID-19 (n = 7)

d HC (n = 6)

blood was collected %48 h after

hospital admission and ventilation

status included in some of the

analyses; from 1 patient, 2 samples

were included, of which the first was

without ventilation and the

second with ventilation

d reduced pDC frequency (from PBMCs) in all COVID-19

cases, as compared with HCs

d no change in pDC frequency between ventilated (n = 4)

and not-ventilated (n = 4) cases

d no correlation between pDC frequency and days after

symptom onset and days after first fever
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Table 1. Continued

Article

Description of COVID-19 disease stage

and other study participants Sample collection Observations regarding pDCs

Winheim et al. (2021)

d mild/moderate (n = 39)

d severe (n = 18)

d recovered (n = 11)

d HC (n = 11)

blood collection within 3 weeks of

positive PCR test result and at

various time points thereafter

d reduced pDC frequency (from total DC) in blood of

moderate cases as compared with HCs

d reduced pDC frequency (from total DCs) in blood of

severe cases as compared with moderate cases

and HCs

d no difference in pDC frequency (from total DCs) in

blood of recovered cases and HCs

d pDC frequency (from total DCs) reduced significantly

at earlier time points (%3 days postdiagnosis) and

increased over time (up to 60 days)

d pDCs of moderate (n = 20) and severe (n = 6) cases

express higher levels of CD86, CD40, PD-L1, Siglec-1,

and lower levels of CCR2 and CXCR3, as compared

with HCs (n = 11); in addition, pDCs from severe

cases express higher levels of CD163, as compared

with HCs

d pDCs from severe cases more frequently expressed

Ki67, as compared with HCs (n = 12 and n = 16,

respectively)

Xu et al. (2020)

d mild (n = 7)

d severe (n = 13)

d HC (n = 3)

blood was collected from all cases

BALF was collected from 4 mild and

10 severe cases

d reduced (but not statistically significant) pDC

frequency (of total PBMCs) in blood of severe

cases as compared with mild cases and HCs

d no data shown on pDCs in BALF

Zhou et al., 2020c

d mild (n = 11)

d severe (n = 6)

d HC (n = 20)

d APs (n = 17; n = 11 mild, and

n = 6 severe)

d CPs (n = 24; n = 22 mild and

n = 2 severe)

blood was collected at a median of 9 and

15 days after symptom onset for mild

and severe cases, respectively

blood was collected at a median of

13 and 30 days after symptom onset

for APs and CPs, respectively

d reduced (but not statistically significant) pDC

frequency (of total DCs) in blood of severe as

compared with mild cases

d reduced ratio of pDCs to cDCs in severe as compared

with mild cases

d reduced (but not statistically significant) pDC frequency

(of total DCs) in blood of CPs and APs as compared

with HCs

d reduced ratio of pDCs to cDCs in APs as compared

with CPs and HCs

Zingaropoli et al. (2021)

d non-ARDS (n = 17)

d ARDS (n = 28)

d HC (n = 19)

blood was collected on hospital admission

d reduced pDC frequency in blood in ARDS cases, as

compared with non-ARDS cases and HCs

d no significant reduction in pDC frequency in

non-ARDS cases, as compared with HCs

(Continued on next page)
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Type I IFN-induced pathology has been shown in the context

of SARS-CoV-2 (Broggi et al., 2020; Carvalho et al., 2021;

Lucas et al., 2020; Major et al., 2020; Sposito et al., 2021; Domi-

zio et al., 2022) and other viral infections like influenza (Davidson

et al., 2015; Lee and Ashkar, 2018;Mcnab et al., 2015). The detri-

mental effects can include tissue damage (Broggi et al., 2020;

Major et al., 2020) and a state of IFN desensitization (Sandler

et al., 2014). As described earlier, data from murine models indi-

cate that pDC subsets mainly provide protection during viral in-

fections, including infections with coronaviruses (Cervantes-

Barragan et al., 2012; Chen et al., 2010; Swiecki et al., 2010;

Wang et al., 2006). Speculations regarding the role of pDCs dur-

ing SARS-CoV-2 are primarily based on correlations between

cell numbers and disease severity, aswell as studies that explore

the functionality of pDCs isolated from COVID-19 patients

ex vivo. For the purpose of this review, we have summarized ar-

ticles with information pertaining to pDCs andCOVID-19. This in-

formation is provided in alphabetical order in Table 1. A plurality

of articles report on the frequency of pDCs in blood, from various

disease stages, determined by flow cytometry or their unique ge-

netic signature in, for example, RNA sequence analysis. Of the

23 articles that quantified pDC frequencies or cell counts in pe-

ripheral blood during COVID-19, 19 observed a significant

reduction in circulating pDCs in infected individuals (Arunacha-

lam et al., 2020; Benard et al., 2021; Hadjadj et al., 2020; Kreut-

mair et al., 2021; Kulkarni-Munje et al., 2021; Kvedaraite et al.,

2021; Laing et al., 2020; Li et al., 2021c; Matic et al., 2020;

Perez-Gomez et al., 2021; Peruzzi et al., 2020; Rebillard et al.,

2021; Severa et al., 2021; Van Der Sluis et al., 2022; Vono

et al., 2021; Wilk et al., 2020; Winheim et al., 2021; Zingaropoli

et al., 2021; Sanchez-Cerrillo et al., 2020). Three studies

observed a similar trend that was not statistically significant

(Schulte-Schrepping et al., 2020; Xu et al., 2020; Zhou et al.,

2020c), and one study observed no change (Shi et al., 2021).

When grouped by severity of disease, 10 studies observed that

pDC numbers declined more in patients with severe disease

than with mild/moderate disease (Benard et al., 2021; Kreutmair

et al., 2021; Kulkarni-Munje et al., 2021; Kvedaraite et al., 2021;

Laing et al., 2020; Peruzzi et al., 2020; Severa et al., 2021; Van

Der Sluis et al., 2022; Winheim et al., 2021; Zingaropoli et al.,

2021), whereas three studies did not observe this trend (Hadjadj

et al., 2020; Rebillard et al., 2021; Wilk et al., 2020). In general,

this information strongly suggests that pDC numbers decline in

peripheral blood during SARS-CoV-2 infection, and that this is

augmented during severe disease, resulting in a phenomenon

we call ‘‘the pDC desert’’ (Figure 2). The mechanisms underlying

the induction of the ‘‘pDC desert’’ are currently unclear. Howev-

er, ‘‘the pDC desert’’ has also been reported during infection with

other RNA viruses, such as HIV and HCV (Kanto et al., 2004; Van

Der Sluis et al., 2022; Ulsenheimer et al., 2005). The ‘‘pDC

desert’’ can also persist throughout the chronic stage of infec-

tions with hepatitis B virus (HBV), HCV, or HIV. As such, it will

be interesting to evaluate the pDC population in people suffering

from long COVID.

If the pDCs are no longer in peripheral blood, where do they

go? One possibility is that pDCs migrate to the lungs to

contribute to the antiviral defense. The presence of pDCs in

bronchoalveolar lavage fluid (BALF) of COVID-19 patients has



Figure 2. Fate of pDCs during COVID-19 and the pDC desert phenomenon

During a mild/moderate infection with SARS-CoV-2 (blue panel), the early acute phase of viral infection is characterized by the decline of pDCs from peripheral

blood (orange/yellow line), as they migrate to the lungs (green line) to aid in the respiratory tract’s antiviral mechanisms to inhibit virus replication and reduce viral

loads (red line). After mounting adaptive immunity and antibody production (blue line), the virus will be cleared and the recovery phase begins. This includes

disappearance of pDCs from the lungs, by unknown mechanisms, and increased peripheral numbers facilitated by replenishment from the bone marrow. With a

severe SARS-CoV-2 infection (red panel), pDC numbers decline in peripheral blood to lower levels, as comparedwith amild/moderate infection. At the same time,

pDCs seem to be absent from the lungs (green dotted line). During this time of severe disease, pDC numbers remain low, akin to a ‘‘pDC desert’’ (gray rectangle),

until the recovery phase begins and peripheral pDC numbers increase. Figure was created with BioRender.com.
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been investigated. Here, pDC frequencywas noted to increase in

the lungs during mild COVID-19 (Liao et al., 2020), and this has

also been observed during non-COVID-19 pulmonary disease

(Benard et al., 2021). In contrast with these observations, pDC

frequency in the lungs drastically declines during severe

COVID-19 (Liao et al., 2020; Sanchez-Cerrillo et al., 2020).

Collectively, this suggests that early pDC infiltration into the

lungs is beneficial during SARS-CoV-2 infection.

Most investigators have reported that pDC numbers increase

during COVID-19 recovery (i.e., between 7 and 42 days after

symptom onset) (Benard et al., 2021; Laing et al., 2020; Li

et al., 2021c; Perez-Gomez et al., 2021; Shi et al., 2021; Van

Der Sluis et al., 2022; Winheim et al., 2021; Zhou et al., 2020c).

Some studies have even reported that pDC numbers are

restored to levels similar to uninfected controls (Laing et al.,

2020; Li et al., 2021c; Shi et al., 2021; Winheim et al., 2021),

with the exception of one study that reported that pDC numbers

remained reduced for up to 7 months postinfection (Perez-Go-

mez et al., 2021). The reasons for these different observations

are currently unclear.

Additional unresolved issues are the temporal association be-

tween severe COVID-19 and lower pDC numbers, potential de-

fects in pDCmigration, or pDCs that are more prone to undergo-

ing cell death on SARS-CoV-2 infection. Interestingly, one study

reported that pDCs from severe cases displayed increased pro-

apoptotic pathways (Saichi et al., 2021). Another study reported

that pDCs from mild COVID-19 cases express higher levels of

the Fas receptor CD95, as compared with pDCs from uninfected

people, and Fas expression increased with disease severity

(Kreutmair et al., 2021). It is not known if other cells, such as

lung epithelial cells, upregulate the ligand for Fas during

COVID-19 and induce pDC apoptosis.

Not only are pDC numbers negatively affected during COVID-

19, their function is also altered. This indicates pDC exhaustion

or anergy. Ex vivo stimulation of pDCs isolated from severe
COVID-19 cases results in reduced IFNa and TNF-a production

(Arunachalam et al., 2020). Single-cell RNA-seq has shown that

pDCs from severe cases are enriched for inflammatory signaling

pathways, such as TNF-a, IL-6, p53, and mTORC, whereas IF-

Na-related and MYC-related signaling pathways are reduced

(Saichi et al., 2021). This suggests that pDCs remaining during

severe disease are more likely to produce pro-inflammatory cy-

tokines and less likely to produce antiviral IFNs. This response

pattern potentially contributes to the development of severe

COVID-19. One study has reported that pDCs from older (i.e.,

R60 years) COVID-19 patients more frequently express both

TNF-a and IL-6 after stimulation with various TLR ligands, as

compared with pDCs from younger (i.e., <60 years) COVID-19

patients (Zulu et al., 2021). Interestingly, increased TNF-a/IL-6

and decreased IFN production correlated positively with body

mass index (BMI). As such, pDCs in older and obese SARS-

CoV-2-infected individuals appear to be more likely to produce

pro-inflammatory cytokines than younger and leaner individuals.

This is consistent with known risk factors for severe COVID-19.

In some cases, functional changes in pDCs have been noted

to persist for up to 27–47 days postinfection, even after symp-

toms have disappeared (Li et al., 2021c).

An important question pertaining to pDC migration is: are

pDCs a second line of immune cell sensors? Because the entry

route of SARS-CoV-2 is through the respiratory tract, multiple

immune cells might initiate antiviral detection and release factors

facilitating pDC infiltration (Lommatzsch et al., 2007). Benard

et al. (2021) suggested that increased IL-3 levels in the lungs

could be the main driver for pDC recruitment. They supported

this contention using murine models, showing that pDCs are re-

cruited to the lungs via an IL-3- and CXCL12-dependent mech-

anism. The authors also found that IL-3 was associated with

COVID-19 survival (Benard et al., 2021). Furthermore, the IL-3 re-

ceptor, CD123, has been shown by others to be expressed at

higher levels during the acute phase of COVID-19 (Shi et al.,
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2021). Moreover, IL-3 and pDC numbers decline with age (Be-

nard et al., 2021; Li et al., 2021c; Garbe et al., 2012), which is

one of the risk factors for severe COVID-19. However, it is also

possible that low numbers of pDCs reside in the lungs under

steady-state conditions prior to infection, and they facilitate a

feedback response that supports pDCmigration from peripheral

blood to the lungs. Future studies on human pDC migration may

be able to answer this question.

Following viral sensing through TLR7, pDCs can become func-

tionally exhausted (Macal et al., 2018). In mice infected with

LCMV, pDCs rapidly produce type I IFN. However, during

chronic infection, TLR7-mediated type I IFN signaling limits de

novo pDC generation in the bone marrow and supports the

self-renewal of exhausted pDCs in the periphery. The lack of

pDC replenishment and their loss of function caused by exhaus-

tion are linked to downregulation of the E2-2 transcription factor.

It has been hypothesized that these mechanisms may explain

the decreased pDC numbers in the periphery during chronic

infection with viruses such as HBV, HCV, and HIV. Thus, it may

be informative to assess pDC exhaustion in severe COVID-19.

Sex-related hormones can also account for differences in pDC

function, and pDCs obtained from healthy female donors pro-

duce more type I IFN in response to TLR7 stimulation than

pDCs obtained from men (Griesbeck et al., 2015; Guery, 2021;

Webb et al., 2018). This appears to be beneficial during the acute

phase of viral infection but can have detrimental effects when the

infections persists (Meier et al., 2009) or may increase the likeli-

hood of developing IFN-mediated diseases (Webb et al., 2018).

Similarly, sex-related differences have been described in the

context of COVID-19, where mortality is reported to be higher

among males than females (O’driscoll et al., 2021; Gebhard

et al., 2020). Although pDCs may provide some additional pro-

tection via increased IFN production during acute infection, other

factors between males and females are also likely to contribute,

such as immunological differences in non-classical monocyte

and T cell activation (Takahashi et al., 2020) or behavioral differ-

ences (Galasso et al., 2020). This suggests that it may be bene-

ficial to include sex- and gender-sensitive analysis in the ongoing

therapeutic treatment studies of COVID-19 (Gebhard et al.,

2020).

The role of IFN during COVID-19 is complex and extensively

reviewed by others (Wong and Perlman, 2022; Zanoni, 2021;

Zhang et al., 2022). Although pDCs are important producers of

IFN, they also fulfill other immunological functions, such as the

activation of cytotoxic T cells and anti-inflammatory regulatory

T cells (Swiecki and Colonna, 2015). Unfortunately, these func-

tions have not yet been studied in the context of COVID-19. Cur-

rent literature indicates that on infection with SARS-CoV-2,

pDCs migrate from peripheral blood into the respiratory tract

and contribute to the suppression of SARS-CoV-2 replication

via their IFN production. However, it is unclear whether and

how pDCs could contribute to the sustained detrimental IFN pro-

duction that accompanies severe disease. We know that pDC

numbers decline drastically in severe disease, and the pDCs

that remain seem to be impaired when it comes to IFN produc-

tion (see Table 1). Interestingly, the remaining pDCs appear to

be more prone to produce other inflammatory cytokines, such

as TNF-a and IL-6, and it is possible that such effect could
16 Cell Reports 40, July 26, 2022
contribute to a limited extent to COVID-19 severity via non-IFN

pro-inflammatory cytokines (see Table 1).

CONCLUDING REMARKS

Despite pDCs having pro-inflammatory properties, there is

limited evidence that pDCs drive pathogenicity during COVID-

19. Instead, pDCs appear to play a beneficial role, likely through

their ability to produce high amounts of type I IFNs that restrict

SARS-CoV-2 spread during the acute phase of infection. Future

studies should determine whether the low frequency of pDCs in

the respiratory tract, as observed in some cases of severe

COVID-19, contributes to COVID-19 pathogenicity.
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Paijo, J., Döring, M., Spanier, J., Grabski, E., Nooruzzaman, M., Schmidt, T.,

Witte, G., Messerle, M., Hornung, V., Kaever, V., and Kalinke, U. (2016).

cGAS senses human cytomegalovirus and induces type I interferon responses

in human monocyte-derived cells. PLoS Pathog. 12, e1005546.
20 Cell Reports 40, July 26, 2022
Pairo-Castineira, E., Clohisey, S., Klaric, L., Bretherick, A.D., Rawlik, K.,

Pasko, D., Walker, S., Parkinson, N., Fourman, M.H., et al. (2021). Genetic

mechanisms of critical illness in COVID-19. Nature 591, 92–98.
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