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Abstract

, Often referred to as the bridge between innate and adaptive immunity, dendritic
Regeneron Pharmaceuticals, Inc, . . . . .

Tarrytown, New York, USA cells (DCs) are professional antigen-presenting cells (APCs) that constitute a unique,

yet complex cell system. Among other APCs, DCs display the unique property of
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inducing protective immune responses against invading microbes, or cancer cells,
while safeguarding the proper homeostatic equilibrium of the immune system and

NY, USA. maintaining self-tolerance. Unsurprisingly, DCs play a role in many diseases such
Email: leonia.bozzacco@regeneron. as autoimmunity, allergy, infectious disease and cancer. This makes them attractive
com

but challenging targets for therapeutics. Since their initial discovery, research and
Senior author: Leonia Bozzacco understanding of DC biology have flourished. We now recognize the presence of

Funding information multiple subsets of DCs distributed across tissues. Recent studies of phenotype and

Regeneron Pharmaceuticals, Inc. gene expression at the single cell level have identified heterogeneity even within the
same DC type, supporting the idea that DCs have evolved to greatly expand the flex-
ibility of the immune system to react appropriately to a wide range of threats. This
review is meant to serve as a quick and robust guide to understand the basic divisions
of DC subsets and their role in the immune system. Between mice and humans, there
are some differences in how these subsets are identified and function, and we will
point out specific distinctions as necessary. Throughout the text, we are using both
fundamental and therapeutic lens to describe overlaps and distinctions and what this

could mean for future research and therapies.
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INTRODUCTION

Ralph Steinman and Zanvil Cohn are credited with the
discovery of DCs in 1973 [1]. In recognition of his pivotal
findings, Ralph Steinman was awarded several presti-
gious prizes, including the Nobel Prize in Physiology or
Medicine in 2011. Historically, scientists had previously

encountered some of the subtypes without appreciating
the significance. In 1868, Paul Langerhans had described
Langerhans’ cells (LCs) for the first time, although he
originally believed they were nerve cells [2], and in 1964,
Miller and Nossal observed that within the lymph node
follicles, there were specific cells, which kept antigens
presented on the surface, only later named follicular DCs

Abbreviations: AD, atopic dermatitis; APC, antigen-presenting cell; BM, bone marrow; cDC, conventional DC; CNS, central nervous system; DC,
dendritic cell; FDC, follicular DC; GC, germinal centre; IFN, type I interferons; LC, Langerhans’ cell; MO, monocyte; M®, macrophage; pDC,
plasmacytoid DC; SCS, subcapsular sinus ; FcR, Fc receptor; SLE, systemic lupus erythematosus; Th, T helper; Treg, T regulatory; TSLP, thymic

stromal lymphopoietin.
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(FDCs) [3]. Then, to compare DCs with other APCs and
understand the signals that modulate their function, it be-
came fundamental to establish an in vitro cell culture sys-
tem. In 1994, Sallusto and Lanzavecchia described an in
vitro protocol to generate human DCs from blood mono-
nuclear cells in the presence of GM-CSF and IL-4 [4] and
this methodological advance allowed research in this field
to propel and thrive until today.

DCs only make up to 0-1-1% of mononuclear cells
but multiple subsets exist and are differentially distrib-
uted across the body, blood, skin, organs and lymphoid
tissue with CD11c™ DCs also reported in the central
nervous system (CNS) [5]. These different DC subsets
are equipped with unique features to present antigens
and initiate T cell-mediated responses but also maintain
immunological tolerance [6]. Initially, DCs were very
simplistically classified into two broad subsets: conven-
tional DCs (cDCs), which primarily function as APCs,
and plasmacytoid DCs (pDCs), which are specialized
producers of type I interferons (IFNs) that respond to
viruses [7]. Subsequently, the cDC subset was further
divided into ¢cDC1 and cDC2 (classical DCs) based on
the identification of specific surface receptors that

perform well across species (DEC-205, CLEC9a, CD8a,
human CD141/BDCA-3 for ¢cDC1 and CD11b, CD11c
and SIRPa/CD172a for CDI1c*/BDCA-1*¢DC2) and
function (antigen cross-presentation to CD8 T cells or
priming of CD4 T helper (Th) cells, respectively) (Table
1). More recent studies based on an increasing level
of resolution of phenotype and gene expression have
identified pre-cDC populations in human blood. See
et al. [8] characterized a population containing AXL*
SIGLEC6" cells as ‘early pre-DC’ with the ability to de-
velop into cDC1 and ¢DC2. Villani et al. also identified a
CD34" CD100" DC precursor in human blood. This cell
population expresses lower level of CD123 compared
to AXL" SIGLEC6" pre-cDC and appears to develop
earlier. In the same report, CD1c* DCs were shown to
express unique markers (e.g. CD1c, CLEC10A, FceR1A,
FcyR2B and CD1d) and yet be distributed across two
separate clusters—DC2 with low levels of MHC-II, and
DC3 cells that express CD14 and exhibit a strong in-
flammatory signature [9].

Therefore, with the advent of single cell sequencing
and high-dimensional flow cytometry, it is now also possi-
ble to elucidate DC origin and development.

TABLE 1 Phenotype of human and mouse DC subsets. Summary of the phenotype, pathogen receptor expression profile, key cytokines

of human DC subsets and the mouse DC equivalent. Note that mouse equivalent of human AXL* DCs is missing because they are

considered ‘transitional’, and therefore, authors have not defined a specific set of receptors for their identification
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Human Mouse Human Mouse Human Human Mouse
Th1 and Th2, and Th17 Naive T cell IFN type |
cross-presentation, CD4 priming, priming, production,
CD8 priming B cell response tissue-resident antiviral
T cell response,
differentiation, T regs
cDC2/MO
intermediate
Specific CLEC9a*  CD8X  cpcicr  cD11br CD1ct CD123* CD 141
markers BDCA3*  CD103*  pgpcat+  cD172a CD163* CDCA2'  Ly6C*
XCR1*  CLEC9"  cpi1cr  CD301b* CD14°™ — BpcaA2: CD11c
cDi1er  XCR1™ cpi72at CD8g AXI
CADM1 CADM1  FCER1a Siglec6™
FLT3L FLT3L CD11c
FLT3L
Pattern TLR3 TLR3 TLR TLR Responsive TLR7 TLR7
recognition TLR9 TLR4 1,2,3,4, 5,6,7,9,13 to a mix of TLR9 TLR9
receptors TLR10 TLR11 5,6,7,8 TLR3,
CLEC9a TLR13 CLEC6a TLR7/8
CADM1 CLEC9a DEC205 and TLR4
IFIH1 DEC205 DCIR agonists
DEC205
RLR, NLR STING MDAS5, MDAS5,
RIG-I RIG-I
NOD, NOD,
(STING) (STING)
Main IFNy IFNy IL-12, 1L-23, IL-23, Typel Typel
cytokines (Type Il (Type lll IL-23, IL-1B TNF-a IFN IFN
IFN) IFN) IL-18 IL-12 IL-12
IL-12 IL-12

Human Human Mouse Human Mouse Human Mouse
pDC-like Th1/Th2/Th17, Th17/Th22/Th1/Th2, Antibody
(phenotype), Inflammatory T regs production
and cDC2 response (germinal center)
like response
(function)
AXI* AXI DC-SIGN  cpqqpr  CD207*  cp2o7*  CR1* CR1*CR2*
Siglec6®  Siglece® ~ CD11c’ et CD45* Birbek CR2* FCyR*
Siglec1®  Siglect® ~ CD206"  cpggr  Birbek  granyles  FCyR*  FDC-M2
CcD22* CcD22* CD14* granules FDC-M2 FDC-M1
CDCA2*  CDCA2:  CD11b* CD11c* FDC-M1  ICAM-1*
BDCA2'  BDCA2' SLAN* Cb1a* ICAM-1*  VCAM-1*
CcD123*  CD123° CDh1a VCAM-1*
CD11c’™  CD11c*
CcD123
TLR7 TLR7 TLR1 TLR1 CD207 TLR1 TLR4 TLR4
TLR9 TLR9 TLR2 TLR2 TLR1 TLR3 TLR2 TLR2
TLR4 TLR3 TLR3 TLR3 TLR5 TLR7
TLR8 TLR8 TLR5 TLR7
CD-SIGN TLR7 TLR8
CD206 TLR8
Dectin-2
DEC205
IL-8 IL-12, IL-23, IL-23, IL-17, IL-17,  CXCL13 CXCL13
IL-6, IL-1p IL-1p IL-23, IL-23, Mfeg8 Mfeg8
TNF IFNy IFNy BAFF BAFF

GM-SCF
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DC DEVELOPMENT

Tracing back the origin of DCs is an ever-evolving field. It
was largely accepted that murine DCs stem from a com-
mon myeloid progenitor, which becomes a macrophage
(M®)/DC progenitor that can then split into a common
DC progenitor to give rise to the cDC and pDC subsets
[10-12] (Figure 1). Similarly, a common monocyte (MO)
intermediate from the macrophage (M®)/DC progeni-
tor would differentiate into MO-derived M® or MO-DC
line [13]. However, it has been recently established that
also common lymphoid progenitors can generate pDC
and cDC1 subsets, perhaps more efficiently than the
traditional myeloid lineage [14-16]. The murine com-
mon lymphoid progenitor precursor identified as Ly6Dhi,
IL-7Ra*, CD81" and CD2" distinguishes pDC lineage
very early as these cells divergence from the cDC lineage
[17,18].

For FDCs and LCs, the lineage differs from this path-
way. Indeed, the majority of LCs derive from the fetal
liver-derived MO lineage [19], and a fraction from yolk sac
progenitors [20]. Historically considered representatives
of the DC lineage, LCs are now seen more as a specialized
subset of tissue-resident M®s, considering their cellular
development, and tissue residency properties. As dis-
cussed in the next section, LCs also display a remarkable
profile common to DCs, such as migratory capacity and
antigen presentation.

Despite having a dendritic morphology, FDCs are un-
related to DC and pDC lineages and, as we will see next,
they play a unique function as APCs for B cell activation,
rather than T cell responses. To date, most scholars accept
that FDCs originate from stromal cells of mesenchymal
derivation [21-23] rather than from a bone marrow (BM)
precursor [24].

DC differentiation is regulated by environmental cues,
and key growth factors are FIt3L, GM-CSF and M-CSF
[25,26]. It is proposed that FIt3L is necessary for influ-
encing differentiation of ¢cDC and pDC subsets, but not
LC [27,28]. Overexpression of human FIt3 is sufficient to
rescue or enhance DC differentiation potential in FIt3™ or
F1t3* hematopoietic progenitors, respectively [29]. Itis also
known that administration of FIt3L dramatically expands
¢DC and pDC subsets in mice and in healthy human sub-
jects [25,30-32]. Initial data from GM-CSF-deficient mice
showed marginal impact on DCs and other myeloid sub-
sets [33]. Only in later studies, mice lacking GM-CSF or
its receptor (GM-CSFR) were shown to have substantially
reduced numbers of DCs in skin and gut [34-36]. It is now
widely appreciated that GM-CSF can induce the differen-
tiation of DCs in vitro and in vivo; however, GM-CSF is not
detectable at steady state in serum and it increases during
response to a pathogen and inflammation [37].

M-CSF, or Csf-1, regulates the differentiation of M®
populations [38]. The receptor, Csf1R or CD115, is ex-
pressed on MO and MO-derived M® populations, and
also on common DC progenitors, but it is gradually lost
in some DC lineages and maintained in CD11¢* ¢cDCs and
pDCs [39,40]. These data indicate that the dual action of
FIt3L and Csf-1 determines the differentiation of progeni-
tors into DCs rather than into a MO/ M® line. Work from
Wang et al. indicated that LCs and microglia are present
in Csf-1-deficient mice but absent from Csfl1R-deficient
mice. They also showed that IL-34, a ligand of CsfIR se-
creted by keratinocyte and neurons, is indeed required for
the development of both cell types [41].

Studies of human DC progenitors and development
pathways have been more challenging than the same stud-
ies with murine DCs. Only with an ad hoc cell system, it
is possible to identify and characterize human equivalents
of M®/DC and common DC progenitors, and pre-DC cells
[42-44]. There is overall a significative degree of conserva-
tion for DC developmental pathway between mouse and
human. However, the nature of human DC progenitors re-
sulted to be more heterogeneous than anticipated. Within
the same population, human progenitor cells undergo dis-
tinct developmental pathways while sharing a common
transitional phenotype. In human BM and cord blood
samples, at least three subpopulations can be identified as
early hematopoietic pools with DC potential and sequen-
tial progenitor-progeny relationship [43-45]: one popu-
lation having granulocyte, monocyte and DC potential; a
second population that differentiates into MOs and DCs;
and a third population that produces only DCs, which will
further produce committed pre-DCs. These pre-DCs can
be found in the BM, blood and other peripheral lymphoid
organs where they will differentiate in cDC1 and cDC2
subsets.

TRANSCRIPTIONAL CONTROL OF
DC DEVELOPMENT

Extracellular signals are also responsible for modulat-
ing the action of several transcription factors that control
DC development and commitment [46-48] (Figure 1).
Mouse genetic models used to compare DC progenitors
and differentiated subpopulation revealed that multiple
transcription factors interact sequentially to drive DC de-
velopment and specification of distinct subsets.

The transcription factors Gfi-1, PU. 1 and STAT3 are ac-
tive in all DCs and largely responsible for DC commitment
and differentiation from a very early stage. Rathinam et al.
[49] showed that Gfil~/~ mice have reduced myeloid and
lymphoid DCs, whereas skin LC numbers were enhanced.
PU.1, encoded by the Sfpil gene, has been shown to have
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FIGURE 1 Development of DC lineages. In the BM, a hematopoietic stem cell can differentiate into a common myeloid progenitor

or a common lymphoid progenitor. Common myeloid cells become M®/DC progenitors and can give rise to pDCs and to a final pre-DC
stage leading to conventional DC1 (cDC1) and cDC2, whereas MOs would give rise to MO-derived M®s or moDCs via a DC3 intermediate.
Common lymphoid progenitor cells give rise to NK, B and T cells, and also to pDCs and the cDC1 subset. The majority of LCs derive from
fetal liver-derived MOs; however, some LCs can derive from yolk sac progenitors. FDCs are thought to originate from stromal cells of
mesenchymal derivation. The illustration depicts also the major transcription factors expressed during the differentiation of the different DC

lineages

disparate roles in haematopoiesis, while Kueh et al. [50]
proposed that divergence between the lymphoid and my-
eloid lineages is determined by either low or high levels
of PU.1, respectively. Common progenitors of the myeloid
and lymphoid lineages from PU.17/~ mice could not differ-
entiate into DCs [51], suggesting that PU.1 lies upstream
of Flt3 and GM-CSFR and is required for differentiation of
steady state DC and MO subsets.

Several models of DC development predict pDCs di-
verge from cDC lineages at the common DC progenitor
stage (Figure 1). In general terms, expression of E2-2,
encoded by the Tcf4 gene, favours pDC differentiation in
mice and humans [52], while overexpression of ID fam-
ily proteins, which bind E2-2, inhibited development of
CD123" pDCs but did not affect development of myeloid
DCs [53]. A balanced action of E2-2 and ID2 is a mech-
anism proposed for pDC/cDC divergence. However, the
basis for lineage divergence between pDCs and cDCs is
not fully explained at present.

Common DC progenitors give rise also to pre-DC pop-
ulations, which will lead to two types of ¢cDCs named
IRF8" BATF3™, and IRF4" ¢DCs because their differen-
tiation is critically driven by IRF8 and IRF4. These, to-
gether with other transcription factors such as KLF4,
Notch2, E2.2 and ID2 represent a core genetic signature
that differentiates the pDC from DC1 and cDC2 lineages.
IRF8-deficient animals lack spleen-resident CD8ca"™ and
peripheral CD103" ¢DCs, and LCs [54,55]. Cells isolated
from IRF8~/~ spleens were unable to produce type I IFN
in response to viral stimulation. Very recently, Cytlak et al.
reported that pDC, cDC1 and cDC2 cells are strictly de-
pendent on IRF8. These subsets are believed to develop
from an IRF8" progenitor and differential IRF8 expres-
sion would impact different lineages in a dose-dependent
manner [56]. During differentiation from pre-DCs to
CD11b* ¢DCs, IRFS is lost and replaced by IRF4 expres-
sion. It was suggested that in CD11b* ¢DCs, IRF4 serves
as the binding partner with PU.1 to turn on expression of
CD80, CD86 and CCR7 necessary for antigen presenta-
tion [57]. IRF4-deficient mice have reduced numbers of
splenic CD4* CD11b™ ¢DCs [58] but no defects in CD8*
¢DC development [59,60].

Interestingly, IRF4* cDC population presents addi-
tional heterogeneity with CD8~ CD11b* c¢DCs that are
dependent on the transcription factors Notch2 and KLF4.
Notch2 plays an important role in the maintenance of the

splenic CD11b* ¢DC compartment. Mice that lack Notch2
in the CD11c* compartment have a survival disadvantage
in CD11b* splenic ¢cDCs against C. rodentium infection.
Functionally, TL-23 production by Notch2 IRF4* ¢DCs is
required for effective Th17 responses [61]. Pre-cDCs ex-
press high level of KLF4, which is downregulated in ma-
ture splenic cDCs. KLF4 deletion in early hematopoietic
progenitors reduced the expression of IRF4 in pre-cDCs
without affecting IRF8* and IRF4* ¢DC differentiation
[62,63]. KLF4 IRF4* cDCs appear to be required for func-
tional type 2 responses [64]. For practicality, we note that
IRF8* cDCs express XCR1 and IRF4" ¢cDCs express SIRPo
[65,66]. Alternatively, XCR1" IRF8" cDCs are also referred
to as cDC1 and SIRPa* IRF4" ¢cDCs as cDC2.

The transcriptional network composed by ID2 to-
gether with BATF3, and IRF8 is critical for differentiation
of cross-presenting cDCs, also termed ‘BATF3-IRFS8-
ID2-dependent DCs’ [67]. BATF3 is known for its exclu-
sive role in the development of the CD8x * DC subset.
BATF3~/~ mice lack CD103" DCs and have reduced num-
bers of CD8a* DCs in the spleen [68]. Importantly, CD8c*
DCs present in BATF3™/~ mice have reduced capabilities
for cross-presentation [69]. Nevertheless, compensatory
effects of other BATF factors that interact with IRF8 are
in place and promote differentiation of CD8a" DCs [70].

All these observations are emblematic of lineage spec-
ification and functionally divergent DC subsets conferred
by cytokine-driven transcription factors.

We note that the transcription factors associated with
human progenitors and their development are still little
defined when compared to the extensive information ac-
quired for murine DCs. However, human genetic obser-
vations are very helpful to point out the significance of
some of these transcriptional regulators during human
DC development. Namely, heterozygous mutations of
GATA2 (a zinc finger transcription factor involved in the
homeostasis of hematopoietic stem cells) cause DC, MO,
B and NK lymphoid deficiency, combined with mononu-
clear cell deficiency and absence of blood and interstitial
tissue DCs [71]. IRF8 mutations are reported in humans
[72]. These defects appear to block the transition of early
progenitors to the M®/DC progenitor stage, and as a re-
sult, MOs and DCs fail to develop in these patients. These
subjects show susceptibility to Mycobacteria, including
the Bacillus Calmette—-Guérin vaccine strain. A patient
with the IRF8 K108E mutation manifested complete loss
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of blood myeloid DCs, pDCs, and MOs, while another
patient with the IRF8 T80A mutation lacked CD1c* DCs
[72]. Worthy to note, these human phenotypes are differ-
ent from the phenotype of IRF8-deficient mice discussed
above. In spite of discordant phenotypes, these observa-
tions support a critical role of IRF8 for keeping DC ho-
meostasis in both mice and humans.

IDENTIFICATION OF DC SUBSETS

Recent advances in multiparametric flow cytometry and
single cell RNA technologies revealed the great heteroge-
neity of DCs, even within the same subset. Nonetheless,
these sophisticated methods still support the initial clas-
sification of DC populations defined by surface receptor
expression (Figure 2).

Classical cell markers for murine and human cDCls
are CADM1 ([73], CLEC9a (DNGR-1), BDCA-3/CD141,
XCR1 and CD11c [74]. The markers CD103 and CD8a are
specific for murine models, although it should be noted
that cDC1s in human spleen may express CD8x while res-
ident murine cDC1s express CD8a, but migratory cDCls
(CD103™) are lacking [75,76]. Murine cDC1 cells express
langerin (CD207) in the spleen and have higher expression

of TLR4 and TLRY, whereas human c¢DC1s do not express
langerin and tend to have higher expression levels of TLR3
for detecting double-stranded RNA [77] (Table 1). The
cDC2 subtype in humans is distinguished by the expression
of CDI1c, CD11c and SIRPa/CD172a and can be addition-
ally screened for receptors like CD11b, Dectin-1 (CLEC7a),
Dectin-2 (CLEC6a) and DEC-205. These same receptors
are expressed by other subtypes, although expression levels
may vary (Figure 2, Table 1). The murine cDC2 equivalent
is defined by CD11b, CD172a and CD11c, with markers like
CD206 indicating whether the DC is migratory or resident
[78,79]. Their functional flexibility may be further explained
by their wide range of surface markers and TLR receptors.
Human cDC2s express nearly every TLR except TLR9 [8].

Several groups have independently demonstrated that
cDC2s are very heterogeneous. Specifically they include
CD5* DC2s and CD5~ CD163%~ CD14* DC3s, the latter
with a pro-inflammatory profile that correlated with sys-
temic lupus erythematosus (SLE) progression in patients
[80] and expansion of tissue-resident memory T cell in
primary breast cancer [81] (Table 1).

The human pDC subset is characterized by CD123/
IL3RA expression, BDCA-2/CLEC4c/ CD303, Siglec6 and
DCIR/CLEC4a. Murine pDCs can be marked by B220,
CDllIc, SiglecH, and CD317 [7,82,83] although they may
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FIGURE 2 Schematic of human DC subsets, their markers, key cytokines and corresponding T cell function. Dashed lines represent

weaker associations or places where more research is needed to further define the role of the subset in the given response


https://onlinelibrary.wiley.com/

REVIEW OF DENDRITIC CELL SUBSETS

British Society

Immunology immu'ﬁ'olog@" | a0

The Journal of cells, molecules, systems and technologies

also display detectable levels of TLR5 and are particu-
larly enriched in TLR7 and TLR9 [84]. Two groups inde-
pendently reported the presence of a unique, novel DC
subset that shares traditional markers of pDCs and cDC2s.
This subset was identified as AXL"/Siglec6™ and when re-
moved from the bulk pDC population, the remaining pDC
induced very low levels of T cell proliferation in response
to TLR stimulation [8,9] (Figure 2, Table 1).

Observations of a new cell type in adult mice, with sim-
ilarities between pDC and cDC2, were recently made by
Leylek et al. using high-dimension mass-cytometry and
transcriptomic analysis. The authors named this murine
homolog of human AXL* cells as ‘transitional DCs’ and
demonstrated that they efficiently activate T cells. Like
murine pDCs, these transitional DCs are characterized
by CX3CR1 expression and are recruited to the site of in-
fection, however they are inefficient producers of IFN-I
[85]. In accordance with their transitional phenotype, the
authors could not identify specific markers that would
unambiguously distinguish them, indicating that more
research on this newly defined subset is needed to de-
termine to what extent these cells play in pDC plasticity.
Contrary to this model of pDC plasticity, Abbas et al.
demonstrated with a comprehensive analysis that during
MCMYV infection, pDCs undergo different and sequential
activation states, and that the same pDC can secrete IFN-I
and promote T cell activation but sequentially in time and
in different microenvironments [86].

Sometimes referred to as inflammatory DCs, moDCs
are marked by the expression of CD11lc, CD16, CD14,
CD11b, CD172a, and CD209 (DC-SIGN), although the ex-
pression of CD14 and CD16 may vary depending on the
MO subset [87]. Murine moDCs can be marked by Ly6C,
CD11b and CD115 [88], and like cDC2s, moDCs express a
wide range of TLRs, and produce multiple cytokines [89]
(Figure 2, Table 1).

Unlike the other subsets, FDCs do not express their
own MHC-II but may obtain small amounts from exo-
somes [90,91] and can be marked by expression of CR1/
CD35, CR2/CD21, FcyRIIb/CD32 and FceR2/CD23 [92-
94]. Expression of LTR, TNFR1, VCAM, BP-3 and ICAM
is shared with fibroblast reticular cells and marginal re-
ticular cells, and while these receptors are important for
function and development, they are not specific markers
for FDCs [94,95] (Figure 2, Table 1).

LCs are specialized cells of the skin and mucosal tis-
sues. They express low levels of MHC class II, CDla,
CD24, intermediate levels of CD11c, CD207 (langerin),
the epithelial cell adhesion molecule (EpCAM), SIRPa. To
note that human LCs are negative for the lineage mark-
ers (CD14, CD16, CD3, CD56 and CD19) and M® marker
F4/80, while murine LCs are CD11b* F4/80% and lack
CX3CRI1 expression [73,96] (Figure 2, Table 1). Human

LCs isolated from skin expressed mRNA for TLR1, TLR2,
TLR3, TLR5, TLR6 and TLR10, and they are extremely
flexible in function.

MULTI-FACETED IN VIVO DC
FUNCTION AND ORGANIZATION
IN LYMPHOID TISSUE

We might wonder why does the immune system allow for
this redundancy? One answer to this question lays in the
location, abundance and organization of the different DC
subsets in the lymphoid tissue (Figure 3).

cDCl1s promote Thl immunity and are capable of
cross-presentation of exogenous antigens to CD8" T cells,
and therefore, cDC1 are particularly geared to help fight
tumours and viral threats. AlcAntara-Hernandez et al. es-
timated that cDC1s are <10% in blood, tonsil and skin, but
are nearly a fifth of all DCs in the spleen.[6] Studies have
shown that cDC1s can bind necrotic cells via CLEC9a
when near the subcapsular sinus (SCS) M®s [97,98]. Van
Dinther et al. [99] showed that CLEC9a on cDCls en-
hanced CD8* T cell cross-priming of antigens targeted
to CD169" M®s. Mohapatra et al. similarly showed how
CD8a* DCs captured cell-associated antigens from both
live and apoptotic tumour cells, whereas CD169* M®s
picked up antigens mostly from apoptotic cells [99,100].
These data together suggested that cell interactions be-
tween ¢cDCls and M®s and cross-presenting CD8a™ DCs
are all mechanisms in place to maximize a rather ineffi-
cient event of antigen cross-presentation (Figure 3).

The c¢DC2 subset is the most abundant of all DC sub-
sets representing approximately half of the DC population
in the blood, spleen and skin, but only about 15% of DCs
in the tonsils [6,101]. The majority of cDC2s can be found
in the interfollicular zone, whereas a small population
occupies the T cell zone [102]. Human cDC2s are capa-
ble of coordinating Th1 and Th17 responses, and cross-
presenting exogenous antigens to CD8"* T cells, whereas
this function is not well defined in mice [103,104].
Recently, Bosteels et al. [105] demonstrated that during in-
flammation, cDC2s acquire an inflammatory phenotype,
sharing a transcription profile and function with ¢DCls
and moDCs, that optimally boost CD4 and CD8 T cell im-
munity via Fc receptors (FcR).

The pDC subset is estimated to represent about a third
of DCs in the blood, about a fifth in the spleen, absent in
skin and nearly 80% of DCs in tonsils [6]. The presence
of rare pDCs in healthy skin is debatable; however, pDCs
have been found in various skin diseases, suggesting an
active mechanism of pDC recruitment under pathologi-
cal conditions. pDCs are found ubiquitously across the
lymph node, in both the T cell and the interfollicular zone
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FIGURE 3 Schematic of DC organization in the lymph node. The majority of the cDC1 subset is advantageously positioned in the
paracortex. The remaining cDCl1s are found in the interfollicular zone. cDC2 can be found in the interfollicular zone, whereas a small
population occupies the T cell zone. The pDC subset is found ubiquitously across the lymph node, in both the T cell and the interfollicular
zone. cDC1, ¢cDC2, pDC, LC and moDC populations all respond to CCR7, the most relevant chemotactic signal, which is typically generated
by a gradient of CCL21/CCL19 ligand cytokines secreted by stromal cells, T cell zone reticular cells and fibroblast reticular cells. To note that
moDCs are recruited to sites of inflammation via CCR2. During viral infection, pDCs migrated either to the site of CD8" T cell priming via
CCRS5, or to subcapsular infected M®s via CXCR3. pDCs were also found to respond to CCL3 and CCL4 chemokines produced in the context
of productive XCR1* ¢cDC1 and CD8" T cell interactions. B cells and FDCs find themselves in a peculiar loop as FDCs need B cells to mature
and B cells need interaction from FDCs to survive and generate antibodies. FDCs secrete Mfge8 important for antigen uptake. IC larger than
70 kDa can enter the lymph node via afferent lymphatic vessels, whereas those smaller can directly enter the conduit network. The large

ICs will be met by SCS M®s, who will pass them to non-cognate B cells, which will relay to the FDCs for uptake, recycling and prolonged
epitope presentation

[106]. These cells are known for promptly producing large
amounts of type I IFN upon viral challenge and a study
conducted by Brewitz et al. [107] observed that upon in-
jecting modified vaccinia virus Ankara in the footpad of
mice, the cDCs interacting with OT-I T cells were sur-
rounded by pDCs, highlighting the critical role of those
IFN-I producing cells for cDC functionality. The ability
of pDCs to produce abundant type I IFN quickly helps
to drive maturation the XCR1* DCs, promoting antigen
cross-presentation. More recently, Fu et al. [108] demon-
strated that pDCs enabled cDC1 cells to cross-prime CD8*

T cells by transferring antigens to cDCs in the form of
pDC-derived exosomes.

LCs are capable of orchestrating a Th response or T
regulatory (Treg) response [109,110]. Due to their loca-
tion in the skin, they are often the first DC subtype sens-
ing the external environment, which is consistent with
their functional plasticity. Seré et al. [111] showed that
after UV light exposure, two waves of LC recruitment
were observed one wave of short-lived LCs, involving
MOs and the second wave of steady state BM precursors.
In response to an invading pathogen in skin, dermal DCs
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and LCs migrate to the lymph node to recruit and prime
T cells. These effector T cells secrete cytokines to differ-
entiate MOs in moDCs for a second wave of response;
however, it remains unclear whether these MO-derived
LC-like cells replace the yolk sac LCs temporarily or are
long lived [111]. Likewise, moDCs appear at sites of in-
flammation, and can induce multiple responses including
Th1, Th2 and Th17 responses [112,113]. moDCs are also
able to transfer their MHC-I complex to other DC subsets
in both mice and humans and can cross-present to CD8”"
T cells.

FDCs are found strictly in the follicles and germinal
centres (GCs) in the spleen and lymph nodes and secrete
CXCL13, a known chemoattractant to B and follicular Th
cells [114], as well BAFF, which is critical to B cell survival
and affinity maturation [115]. Ablation of FDCs leads to
complete disappearance of GCs [89]. Recently, TLR7 ac-
tivation on FDCs was found to be mediated by antigen
uptake and resulted in sustained levels of IFNa secretion
[116]. A unique function of FDCs is the presentation of
immune complexes (ICs), which involves a step where the
subcapsular M®s take the incoming ICs and pass them
through non-cognate B cells, to FDCs [117] (Figure 3).
Heesters et al. described how FDCs take ICs into recycling
endosomal compartments preventing antigen degrada-
tion and presenting it for long periods of time, even weeks
[117,118]. Thus, FDCs have evolved to provide a large va-
riety of antigenic epitopes on their surface for B cell anti-
body responses.

TEAMWORK FOR HUMORAL
AND CELL-MEDIATED IMMUNE
RESPONSES

We appreciate that when it comes to immune responses
to different pathogens, the specific role and function of
DC subsets are critical. The balance of Th2 versus Thl
immunity relies greatly on the activity of the cDC1 sub-
set. Jongbloed et al. [119] demonstrated that upon chal-
lenge with human CMV and poly I:C, human cDC1s were
more effective than the cDC2 counterparts at producing
IL-12 and Thl cytokines. Genetic deletion of XCR1" DCs
in Baft3™/~ in vivo decreased CD8" T cell response but
had no effect on CD4" T cell activation upon LPS +OVA
stimulation [102]. Of note, Ferris et al. [120] proposed that
cDCl1s prime and are licensed by CD4™ T cells to induce
anti-tumour immunity, showing that MHC-II expression
and CD40 signalling on ¢DC1 cells are needed for CD4* T
cell priming in response to cell-associated antigens, and
for rejection of fibrosarcoma.

The route of antigen exposure also determines the
involvement of a specific DC subset and not another.

Via intranasal injection, for example, cDC1s and cDC2s
could obtain Ag comparably, but when Ag was injected
subcutaneously, only migrating CD11b* cDC2s took up
the antigen efficiently [121]. Deletion of the cDC2 sub-
set or impairing of their migration reduced Tth cell re-
sponses to OVA and influenza virus [121]. Interestingly,
during allergic airway Th2 responses, thymic stromal
lymphopoietin (TSLP) enhances cDC2-mediated activa-
tion of allergen-specific CD4" T cells, while cytokines
secreted by Th2 cells reduce TSLP-mediated CCR7 in-
duction on c¢DC2s, thus inhibiting migration of cDC2s
to the draining lymph nodes [122]. This results in the
retention of cDC2s in situ and further exacerbation of
local inflammation. Similarly, moDCs appear at sites of
inflammation, and can induce multiple responses in-
cluding Th1, Th2 and Th17 responses [112,113,123]. By
transfer of their MHC-I complex to other DC subsets,
mouse and human moDCs can cross-present to CD8”"
T cells [124]. Studies in F1t31”~ mice, lacking all cDCs,
revealed that moDCs were sufficient to induce Th2 cell-
mediated immunity but only when high doses of house
dust mite were given [125].

The type of invading pathogen determines the type of
response mediated by DCs. For example, Staphylococcus
aureus and Corynebacterium bovis, are commonly ob-
served in atopic dermatitis (AD). When experimentally
inoculated in mice to reproduce the dysbiosis seen in AD
patients, S. aureus prominently drove the eczema pheno-
type, while C. bovis induced a robust Th2 response. In this
model, Langerhans’ cells were shown to mediate Th17 im-
mune responses specifically against S. aureus inoculation
[126]. Recently, a CD11c" DC subset residing in the lower
layer of the epidermis, and resembling cDC2s, was identi-
fied in humans, showing better capability at transferring
HIV to CD4* T cells [127]. In another study [128], it was
shown that skin CD103" DCs are capable of inducing
CXCR5™ Tth cells; however, they are significantly less effi-
cient than skin LCs in inducing GC B cells and IgG1 titres.
Both dermal cDC1s and LCs have demonstrated efficient
antigen cross-presentation [129]. Some of these findings
have been challenged because, at the time of study, it
was not known that dermal cDCl1s also express langerin.
Indeed, when keratinocytes were induced to express OVA
antigens, the dermal cDC1s were surprisingly effective in
cross-presenting keratinocyte-derived antigen, even in the
absence of LCs [130]. It is unknown whether the hetero-
geneity of LC populations can help explain some of the
discrepancies in recent data.

In conclusion, while some subsets are more potent
inducers of a certain response and take charge in certain
settings, they appear to work as a team. In the event that
the antigen is not accessible to cDC1s, T cell immunity can
still be carried out by cDC2s, moDCs, or LCs, and as we
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will see in the next paragraph, in the absence of pDCs, LCs
can construct immune tolerance.

IMMUNE TOLERANCE—HOW TO
MAKE IT OR BREAK IT

DCs have evolved to identify tissue damage or invad-
ing pathogens to promptly mediate protective immune
responses. However, DCs are also essential to maintain
immune tolerance to self and contribute to tissue home-
ostasis. Early on, it was shown that when dying TAP~/~
cells loaded with OVA were given with immature DCs,
they induced an antigen-specific tolerance with an initial
burst of OT-1 CD8* T cells followed by their deletion [131].
The ability of immature DCs to continuously phagocytize
apoptotic cells and present antigenic peptides without un-
dergoing maturation is key to maintaining self-tolerance.

Lutz et al. have very recently revised some of the his-
torical assumptions about steady state and tolerance. The
authors discussed that there is little evidence for a tolero-
genic function in vivo of immature DCs. Contrary, tolero-
genic DCs undergo molecular changes—upregulation
of MHC and costimulatory molecules, CCR7, RelB, and
IL-12p40 secretion, that differ quantitatively, and not
qualitatively, from immunogenic DCs. These molecular
changes together with different transcriptional activities
(NF-xB (RelA/p50) and c-Rel for immunogenic DCs) bet-
ter define the tolerogenic or immunogenic activation sta-
tus of DCs [132].

Regarding specific DC subsets, finer details on the
function of pDC in maintaining immune tolerance have
been investigated only in recent years. One study found
that upon pDC activation via CpG, there was a heteroge-
neity of responses depending if the CpG structure was
multimeric or monomeric, influencing whether IFNa was
secreted or pDC maturation was induced, respectively
[133]. The ability of pDCs to reverse Treg anergy requires
cell contact and is partially CD86 dependent and IL-2 in-
dependent [134].

The LC subset has been long studied for their es-
tranged abilities of inducing tolerance despite initial an-
tigen presentation to CD8" T cells [135]. Strandt et al.
[136] showed that in the steady state, LCs were capa-
ble of stimulating a CTL response to OVA but upon re-
challenge the authors observed induction of Tregs and
resistance to immunization. In addition, they reported
that when LCs were activated with anti-CD40 and the
TLR3 agonist poly I:C, a memory CTL response was
efficiently developed. Similarly human LCs, when co-
cultured with T cells, expanded a Treg subset that inhib-
ited proliferation of T effector memory cells in a mixed
lymphocyte reaction [137]. This same study also showed

that in the presence of Candida albicans, LCs induced
both Treg and T effector memory cells in an antigen dose-
dependent manner. At low dose of antigen, Treg function
dominated, while at high dose T effector memory cells
proliferated vigorously.

It is evident how pDCs and LCs complement each
other in their role of maintaining tolerance; while in phys-
iological conditions LCs are absent in blood, lymphoid tis-
sue and other organs, pDCs are absent in the skin in the
steady state but abundant elsewhere.

THERAPEUTIC APPLICATIONS

DCs are attractive therapeutic tools to manipulate
adaptive T cell-driven immune responses in patients
or healthy subjects for vaccine purposes. Most of
the clinical trials (e.g. NCT00576537, NCT04335890,
NCT00833781, NCT01734564, NCT04078269) testing
DC-based vaccines were conducted with ex vivo moDCs
matured with the standard cocktail of TNF-a, IL-1f,
IL-6 and PGE2. Unfortunately, this approach presents
limitations due to the laborious ex vivo cell manipulation
required and, more importantly, the risk of infection to
patients. Immunization with FLt3L mobilized antigen-
loaded DCs was already long ago showed to induce
CD8* cytotoxic T cells that recognized tumour cells [58].
In 2015, Anandasabapathy et al. [32] found that treat-
ment of healthy volunteers with FIt3L expanded and
mobilized specific subsets of DCs such as CD34" pre-
cursors, myeloid and pDC subsets up to 20-fold in vivo.
Phase I/II clinical trials are being conducted to assess
how well FIt3L works in combination with other adju-
vants or radiation therapy in treating patients with ad-
vanced malignancies.

Currently, efforts have shifted into targeting the DC re-
ceptors to initiate an immune response [138]. CDX-1401
is a vaccine composed of a monoclonal antibody to DEC-
205 fused with tumour antigen NY-ESO-1 in combination
with resiquimod (TLR7/8 agonist) and Hiltonol (TLR3).
Data from a clinical study showed humoral and cell-
mediated immunity and the authors also reported tumour
regression in patients who received a combination with
immune-checkpoint inhibitors [139]. In 2020, Bhardwaj
et al. [140] evaluated the ability of FIt3L to enhance re-
sponses to CDX-1401 in a phase II trial (NCT02129075).
The clinical study reported significant T cell responses to
NY-ESO after only one vaccination in patients receiving
FIt3L.

To overcome traditional allergen immunotherapy,
Sirvent et al. [141] used DC targeting in mice and human
studies and observed that glutaraldehyde-polymerized al-
lergoids conjugated to non-oxidized mannan generated
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blocking antibodies to the native allergen and induced
Tregs specifically via PD-L1.

If the goal is to orchestrate a Th1 type immunity, target-
ing cDC1s through the XCR1 or CLEC9a receptor seems
an attractive option [142]. The recent results of Oba et al.
[143] demonstrate that in situ induction and activation of
cDC1s by FIt3L and TLR3/CD40 stimulation facilitates
priming, expansion and infiltration of tumour-specific T
cells in poorly infiltrated tumours and renders those tu-
mours responsive to anti-PD-L1 therapy. Also note that
murine pDCs express CLEC9a, so it is therefore possible
to observe tolerogenic effects when the CLECYa is tar-
geted in the absence of adjuvant [144]. Kato et al. [145]
more recently showed that targeting antigens to CLEC9a
enhances early B cell activation and Ab responses. This
occurs independently of T cell help and would facilitate
B cell migration to the T-B cell zone in the lymph node,
where priming of T cell-dependent humoral responses
is taking place. These new data suggest that follicle-
associated B cells are activated by native antigen displayed
via CLEC9a on c¢DCls.

Targeting cDC1s via the XCR1-XCL1 axis with chime-
ric fusion vaccines may be another great way to enhance
a CD8" T cell response [146,147]. XCL1-HA DNA vaccine
protected mice against a lethal challenge with influenza
virus [148], while Hartung et al. [149] showed that vac-
cination with XCR1-OVA or XCL1-OVA fusion monoclo-
nal antibody prevented the outgrowth of OVA-expressing
tumours. In comparison with CLEC9a, XCR1 is also ex-
pressed in a subset of skin cDC1s, while CLEC9a protein
expression is almost undetectable in the same compart-
ment [6]. As a consequence, in one study anti-XCR1
monoclonal antibody was captured more efficiently by
human skin cDC1s when compared to anti-CLEC9a [6].

Targeting antigens through BDCA-2 on pDCs were
shown to promote a tolerogenic effect [150], and it is cur-
rently being studied in clinical trials as a functional antag-
onist in SLE and related diseases [151]. pDCs may not be
the only suitable therapeutic target for SLE because evi-
dence has shown that TLR7 activation is critical for FDC
antigen uptake and IFNa secretion [116]. This is consid-
ered important for self-reactivity, as TLR7~/~ mice had a
significant reduction in autoimmunity to self-antigens.
Moreover, lack of Mfge8 results in a deficiency for clearing
apoptotic cells in the GC [152,153], ultimately contribut-
ing to the release of self-antigens which play a pathogenic
role in SLE [154]. Their role in long term antigen presen-
tation, B cell survival, and IFN production makes FDCs
a great potential target for therapeutics in autoimmune
disease.

Research targeting CD1a has been limited in the past
due to the lack of receptor expression by murine LCs
though it is abundantly expressed by human skin LCs

[155]. In an effort to study the effect of CD1a in LC func-
tion, Kim et al. used transgenic mice to induce CDla
expression on mouse LCs. They showed convincing evi-
dence for the receptor’s role in inducing Th17 responses
in models of poison ivy and psoriatic inflammation [155].
In addition, the authors reported that that blocking CD1a
reduced inflammation significantly, illustrating this re-
ceptor's potential in therapeutics for inflammatory and
allergic skin disease.

Finally, to choose the best molecular target, it is im-
portant to understand the biology of the DC receptor and
the specific cell subset that is ‘marked’ by this receptor.
Also, DC-based vaccines require adjuvants to reduce their
tolerogenic profile, and to enhance DC activation and vac-
cine potency. Exploring the research data on adjuvants to
preferentially modulate the activity of certain DC subsets
is critical to advance our understanding of antigen presen-
tation in disease states.

CONCLUSIONS

DC subsets are heterogenous distinguished by surface re-
ceptors, TLR subtype and cytokine expression, and their
ability to coordinate adaptive responses. While DC subsets
can be simplified for practicality by clear-cut functions
-cDC1s directed towards Thl and cross-presentation,
c¢DC2s and moDCs for Th2/Th17, pDCs for IFN secretion,
LCs for Th2/Th17/Treg, and FDCs for B cell antigen pres-
entation, these strict definitions do not accurately reflect
the multi-faceted biology of each subset. With the grow-
ing interest in using DCs as therapeutic targets, it is criti-
cal that the conversation about a given subset accounts
for the functional plasticity observed. The consequences
of reducing each subset can be seen in cases like DEC-
205 or CLEC9Ya targeting, where opposing responses of
either inflammation or tolerance are common across the
literature. This is not to dismiss the unique qualities of a
given subset. Distinctions between the subsets, like XCR1
expression on cDC1, BDCA-2 expression on pDC or the
location of the subsets and other characteristics discussed
throughout the review, should all be considered as viable
ways to specific targeting. We also expect that future DC
targeting studies will yield research tools and high-quality
molecules that will add to the definition of DC heteroge-
neity and will offer innovative translational opportunities
for DC approaches to medicine.
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