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Dendritic cells (DCs) play important roles in orchestrating host immunity against invading
pathogens, representing one of the first responders to infection by mucosal invaders.
From their discovery by Ralph Steinman in the 1970s followed shortly after with
descriptions of their in vivo diversity and distribution by Derek Hart, we are still
continuing to progressively elucidate the spectrum of DCs present in various anatomical
compartments. With the power of high-dimensional approaches such as single-cell
sequencing and multiparameter cytometry, recent studies have shed new light on the
identities and functions of DC subtypes. Notable examples include the reclassification
of plasmacytoid DCs as purely interferon-producing cells and re-evaluation of intestinal
conventional DCs and macrophages as derived from monocyte precursors. Collectively,
these observations have changed how we view these cells not only in steady-state
immunity but also during disease and infection. In this review, we will discuss the current
landscape of DCs and their ontogeny, and how this influences our understanding of their
roles during HIV infection.

Keywords: HIV, dendritic cells, in trans, myeloid, plasmacytoid

INTRODUCTION

The first description of a dendritic cell originated from Paul Langerhans in 1868 based on his
identification of skin-based cells (now known as Langerhans cells) that had a striking dendritic or
“tree-like” morphology (1). Following the study and characterization of the mononuclear phagocyte
system, seminal work by Ralph Steinman and Zanvil Cohn led to the identification of phagocytic
cells in the spleen that could also induce antibody responses, which were then formally named
“dendritic cells” (DCs) in 1973 (2). DCs were further shown to express high levels of surface major
histocompatibility complex (MHC) molecules and potently induced proliferation of naive T cells
(3). In addition to the spleen, DCs were described across multiple peripheral tissue compartments
by Hart and Fabre (4), and antigen-retaining cells also identified within B-cell follicles by Szakal
and Hanna (5) and Nossal et al. (follicular DCs) (6). The DC family was subsequently expanded in
1994 to include a plasma-like cell (plasmacytoid DC) first described in 1958 (7) found to develop
DC-like features upon culture by O’Doherty in the Steinman lab (8), and later identified in 1999 as
the principal type I interferon-producing cell in blood by Cella et al. (9) and Siegal et al. (10). It was
also discovered in the late 1980s that DCs (then described as veiled accessory cells) could be derived
from cultured monocytes (11), meaning by the turn of the century the variety of DCs encompassed
Langerhans cells and interstitial DCs in non-lymphoid tissue, Steinman-Cohn DCs, and follicular
DCs in lymphoid tissue, Steinman-Cohn DCs, and pDCs in circulation and monocyte-derived DCs.
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What defines a DC has been subject to extensive change
over time but typically refers to their ability to take up antigens
and present them to antigen-specific naive T cells, leading to
activation and proliferation of the T cell. As the complexity of DC
subsets has grown, so too has our appreciation of their various
functions outside of T cell priming and within different disease
contexts, such as during infection with a viral pathogen such
as human immunodeficiency virus (HIV). In this review, we
attempt to summarize the current repertoire and ontogeny of
DCs in peripheral blood and tissue of the anogenital tract (sites
where the sexual transmission of HIV occurs) and provide an up-
to-date look into their role in propagating and defending against
HIV infection.

DENDRITIC CELL SUBSETS AND
ONTOGENY

The ability to define and describe key immune cells has
rapidly improved in recent years due to advances in single-
cell technologies, which allow us to accurately discern subtle
transcriptional and functional differences in the highly diverse
cells of the immune system. Although microscopy and flow
cytometry approaches have provided a wealth of information
about immunity during steady-state and disease, they are
constrained by a limited number of assessible parameters
and require prior knowledge about specific antigens of
interest. The advent of increasingly high-parameter techniques,
particularly single-cell RNA sequencing which captures the entire
transcriptome (17,000+ genes) of a single cell at a precise
moment in time, has enabled rigorous and unbiased classification
of immune cells (12-20) and their developmental processes (21—
24). A large number of studies leveraging the power of these
high-dimensional single-cell technologies have focused on the
landscape of DCs given their rarity and reported heterogeneity
across peripheral blood and tissue.

Dendritic Cells in Peripheral Blood

Traditionally, the DC population in peripheral blood has
been classified into two lineages based on phenotypic and
functional characteristics. Conventional DCs (cDCs), also known
as myeloid DCs, can be defined as CD1lct CD123™ and
are specialized at antigen uptake and presentation to naive
T cells, thus representing the “typical” antigen-presenting DC
that primes adaptive immunity. ¢cDCs have previously been
subdivided into two subsets (cDC1 and c¢cDC2) based on
homology to murine equivalents (CD8a/CD103" and CD11b*
DCs respectively) (25) and the differential expression of key
transcription factors that drive their development; interferon
regulatory factor (IRF)8, basic leucine zipper transcriptional
factor ATF-like 3 (BATF3) and DNA-binding protein inhibitor
2 (ID2) for ¢cDC1 and IRF4, Neurogenic locus notch homolog
protein 2 (Notch2) and Kruppel-like factor 4 (KLF4) for cDC2
(26, 27). In contrast, plasmacytoid DCs (pDCs) are CD11c~
CD1237 cells best characterized for their type I interferon (IFN-
I) production during viral infection but can also perform a

variety of other functions including T cell stimulation and pro-
inflammatory cytokine and chemokine secretion (28). Other
populations of peripheral blood DC (either distinct from or
further subsets of ¢cDCs and pDCs) have also been described
based on the expression of various other markers including
CD2, CD5, CD16, CD34, and Slan (29-35) but have not
been confirmed as distinct subsets by detailed transcriptomic
or lineage analyses to date. By extensively profiling the DC
population through unbiased single-cell RNA sequencing and
flow/mass cytometry, several key studies have identified 6 distinct
populations of blood DCs, spanning four putative cDC subsets,
one subset of pDCs, and one intermediary subset that spans
both cDC and pDC-like gene expression (Figure 1A and Table 1)
(14,17, 36).

Conventional DC1

Peripheral blood ¢DCls are a single and discrete population of
DC and can be best identified by expression of C-type lectin-like
receptor (Clec)9A and cell adhesion molecule 1 (CADM1) (found
almost exclusively on cDC1) (14, 36), and also express high levels
of CD141 and XCR1, which is how they have commonly been
identified (37, 38). cDCls represent a rare population of DC
[~0.05% of peripheral blood mononuclear cells (PBMCs)] (39)
and are mainly noted for their superior cross-presentation ability
compared to other DC subsets (37, 39), efficiently priming CD8+
T cells against extracellular antigens such as bacterial and viral
pathogens that DCs cannot become infected by. In addition,
cDCls can efliciently present necrotic antigens to T cells (39),
in part mediated by the binding of Clec9A to extracellular actin
exposed during the process of cellular necrosis (40, 41). cDCls
also express high levels of Toll-like receptor (TLR)3, TLRY, and
TLR10 (14, 42, 43) which allows them to detect intracellular
dsRNA and DNA, and leads to IRF3-dependent production of
type I IFNs and interleukin (IL)-12 (37, 44).

Conventional DC2

In contrast to a single population of ¢DCls, peripheral blood
cDC2s can be further subdivided into two subsets: cDC2-A and
cDC2-B [referred to as DC2 and DC3, respectively by Villani
et al. (14)]. Although both ¢cDC2 subsets can be characterized by
CDIc expression, cDC2-A (CD32b™) are distinguished by higher
levels of CD11c, CDI1c¢, and MHC class II genes, whilst cDC2-
B (CD36% CD163") have increased expression of inflammatory
genes and a similar expression signature to that of CDI14"
classical monocytes (14). These two subsets appear to match
previous reports of cDC2s divided into CD5M/1° populations (31)
(corresponding to cDC2-A/B, respectively) as well as putative
CD14" and CD163" subsets of CDIc-expressing cells (cDC2-
B) (45, 46). Furthermore, from their mass-cytometry-based
examination of human blood DCs, Hernandez et al. also describe
several populations of cDC2s separated by CD163 and signal
regulatory protein o (SIRPa) expression (cluster 3-5) (17),
with cluster 3 (CD11ct™ CD1637) and cluster 5 (CD11c™
CD163") loosely corresponding to cDC2-A/B. Interestingly,
cluster 4, as defined by intermediate CD163 expression and
high levels of CD11c (like cDC2-A) but low CDlc (like cDC2-
B), may represent innate plasticity between ¢cDC2-A/B, which
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FIGURE 1 | Overview of peripheral blood DC subsets and ontogeny. (A) Highly proliferative and self-renewing CD341 hematopoietic stem cells produce early
progenitors each primed toward distinct cell fates. These progenitors pass through several shared phenotypes to create heterogenous populations of
macrophage/DC progenitors, common DC progenitors, cDC progenitors to eventually generate functional DCs (pDCs, AxIT DCs, cDC1, cDC2-A, cDC2-B, and
CD16% DC). Whether these DCs represent fully-differentiated cells is contentious—AxI™ DCs have been separately described to be a fully functional end-stage cell,
be capable of acquiring a cDC2-like phenotype, or represent a more mature cDC progenitor that can further differentiate into cDC1 and cDC2. Their relationship to a
primitive cDC progenitor (C:D34im CD1007) is also not clear. The relationship between cDC2-B and CD161 DC with monocytes is also ambiguous at the present
time. (B) pDCs (CD123+ BDCA2™) have previously been ascribed both IFN-I production and antigen (Ag) presentation properties. The identification of AxIt DCs
which also express typical pDC markers has clarified these functions, which can now be separately attributed to AxI~ pDCs and AxIt DCs, respectively. However,
AxI~ pDCs can also differentiate into Ag-presenting pDCs following stimulation (P2 and P3 pDCs) that have limited capacity for IFN-I production, creating some
complication for accurately demarcating cells with IFN-I ability and T cell stimulation in the CD123%+ population.

is unsurprising given the high interindividual variation in the
circulating cDC2 population (17).

cDC2s represent the major subset of myeloid DC in blood
and act as potent stimulators of naive T cells. They also express
a wide range of lectins such as Clec4A, Clecl10A, Clecl12A, and
DEC205 (Clec13B) (47-50). They also express TLR2, 4-6, 8 &
9 and correspondingly produce a wide range of soluble factors
in response to TLR stimulation such as tumor necrosis factor
(TNF)- a, IL-1, IL-6, IL-8, IL-12, and IL-18, and chemokines
such as CCL3, CCL4, and CXCL8 (14, 51). Consistent with
their DC-like gene signature, CD5™ cDC2-A appear to undergo
increased CCR7-dependent migration, stimulate higher naive T
cell proliferation and produce higher levels of innate cytokines
than cDC2-B (14, 31). cDC2-A/B also appear to induce different
T helper (Th) cell polarization [Th2, Th17, Th22, and regulatory

T cell (Treg) vs. Thl, respectively] (31), thus directing the
immune system in quite distinct directions.

CD16* DC

A fourth subset of CD11c-expressing DC has also been identified
which lacks expression of either CD141 or CDlc and can
instead be identified by CD16 expression [referred to as DC4
by Villani et al. (14)]. These DCs may be similar to the CD16™
DCs described earlier by MacDonald et al. (34) which have
high CD86 and CD40 expression but lower levels of HLA-
DR and possess potent T cell stimulatory capacity. CD16™
DCs have previously been reported to produce large amounts
of inflammatory cytokines in response to TLR agonists such
as TNF-a, IL-6, and IL-12 (51-53), and so appear to occupy
a pro-inflammatory role. However, it is important to note
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TABLE 1 | Human blood and tissue dendritic cell phenotypes.

Blood Tissue
Population Subsets Markers Population Subsets Markers
cDCA cDCH HLA-DR* Clec9at cDCH1 Dermal cDCA HLA-DR* CADM1+
CcDi1clo cD141t cD141++ Clec9a™
CD33+ XCR1+ CD1c~/low XCR1+
CADM1t CcD11clow CD103 (intestinal)
(IRF8, CD14~ SIRPa™
BATF3, ID2) Langerin—
cDC2-A cDC2-A HLA-DR*+ CD1ct+ cDC2 Dermal Langerin™ ¢cDC2  HLA-DRT Langerin™
CD11ctt CD32b* CD1at DC-SIGN™
CD33+ cosh cD1ict CD11bt
CD11bt HLA-DR-like CD141~ CD1c™t
(R4, SIRPat gene set SIRPa+ CD103™ (intestinal)
Notch?, KLF4) cDC2-B HLA-DR* CD1ct Dermal Langerint ¢cDC2  HLA-DRT Langerint
CD11ct cD36t CD1at DC-SIGN™
CcD33+ CD163% CD11ct CD11b*
CD11b* CD14-mono-like CD141~ CDhict
cbsl gene set SIRPa+ CD103% (intestinal)
CcD16+ DC CD167 DC HLA-DR* cDi6t CD14% cells CD14+ MDM HLA-DR* Autofluorescence™
CD1i1ct Slan* CDic~/low CD11ct
CD141~ coseh CcD14% CD11b™
CD1c™ CD16-mono-like CD16™~ DC-SIGN*
cD33int gene set CD14* CD1ct HLA-DR* Autofluorescence™
CD1ct CD11ct
cD14t CD11b™
CD16~ DC-SIGNT
CD14* macrophages HLA-DR* Autofluorescence™t
FXINAT CcDhe4t
cD14t DC-SIGNt
AXIT DC CD123* AxIt HLA-DR* AxIt+ LCs HLA-DR* Birbeck granules™
2 DC CcD11chnt Siglec6t+ CD1att E-Cadherin®
CD1c™ Siglec1t Langerint DC-SIGN~
CD123+ Siglec2t CD11cl EpCAM*
0 BDCA-2+ CD45RAT CD1c?t
(D2, TCF4) BDCA-4int CD33int
cpa2ni pDC-like gene
CD5* set
CDh1at CD1at VEDCs HLA-DR* Birbeck granules™
VEDCs cp1at DC-SIGN-
CD11ct AxIt HLA-DR*+ AxIt Langerint CD14~
DC CD1 1_04r SiglecG_‘" CD11ct
CD1cint/+ Siglec1nt
CcDh12aint Siglec2t
BDCA-2int CD45RAIN
BDCA-4'° CcD33+
co2" cDC2-like gene IDECs IDECs HLA-DR* Birbeck granules™
opst set cD1at/o  CD3e*
cD1ict CD32t/10
FCeR1™ CD11pt/l0
(Continued)
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TABLE 1 | Continued

Blood Tissue
Population Subsets Markers Population Subsets Markers
pDC pDC HLA-DRP cD123N Intestinal MF1 HLA-DR* CD11bt
. />> CD11c™ BDCA-2" Macrophages cbi4t CD206~
: CcD33~ BDCA-4t CD11ct CD1ct/lo
(TCF4,
IRF7, IRF8) chelo/hi AXI™ MF2 HLA-DR*+ CD11b*
CD5~ Siglec6™ CcD14t CcD206+
CD45RAT CCR7+ CD11ct CDict
MF3 HLA-DR+ CD11b~
CcD14t CD206+
CD11c™ CDic™
MF4 HLA-DR* CD11b+
CcD14+ CD206+
CD11c™ CDic™

Known transcription factors in brackets. Key distinguishing markers highlighted in bold.

that CD16" CD1lc" cells may not represent actual DCs
but rather a subset of CD16" non-classical monocyte. DC4s
identified by Villani et al., (14) have marked differences in IFN-I
signaling/viral response and leukocyte migration gene expression
to CD16™ non-classical monocytes despite other similarities
in transcriptional profile. Based on surface marker expression
however, such as comparative levels of CD16, CD11b, CD14, and
CD36, DC4s may also describe Slan™ cells (previously thought
to be a CD16-expressing DC, but now associated with monocyte
identity) (54-56). Recent work examining DC4 phenotype and
T cell stimulatory function also suggests they represent a
subset of Slan-expressing (73%) CD144™/~ CD16%" monocyte
(57). Regardless, further studies are needed to understand
the phenotypic and functional nuances of this cell subset,
particularly due to the exclusion of CD14 and CD16-expressing
cells in most other recent high-dimensional studies of the DC
repertoire (17, 36).

Plasmacytoid DC

Traditionally defined as CD123" BDCA-27 cells, pDCs have also
been redefined by single-cell RNA sequencing as encompassing
two DC subsets. “Bona-fide” pDCs are presently defined as a
single population of IFN-I-producing cells lacking the capacity
to stimulate T cell responses whilst in an immature state and
are distinct from a small proportion of “contaminating” CD123%
myeloid DCs (referred to as AxlI™ DCs hereafter) which are
unable to produce IFN-I but can potently activate T cells
(14, 17, 36). Based on phenotype, AxI™ DCs match previous
descriptions of a CD2M CD5" CD81% “subset” of pDC that
produces little to no IFN-I but induces higher T cell stimulation
than CD2! counterparts (14, 36). Although pDCs express
slightly higher levels of typical pDC markers (CD123, BDCA-
2, and particularly CD304/BDCA-4) than Axlt DCs (14, 36),
this cannot be reliably used to separate the two populations.
Instead, pDCs can be gated as negative for specific AxIt DC
markers (Ax], Siglec6) as well as myeloid markers (CD11¢c, CD33,
CX3CR1) expressed by the AxI™ DCs. pDCs can also be easily

identified by their secretory morphology with a round shape,
eccentric nuclei, pronounced endoplasmic reticulum, and pale
Golgi zone (14, 36).

pDCs have previously been attributed a variety of functions
ranging from the production of antiviral type I and III IFN,
priming NK cell activation via IL-12 and IL-18 secretion, and
antigen presentation and priming of T cells [reviewed by Swiecki
and Colonna (28)]. With the discovery of contaminating myeloid
DCs within the CD123™" gate used to previously define pDCs,
many of these reported cDC-like properties such as T and B
cell activation potential and IL-12 production can no longer
truly be attributed to pDCs. “Bona-fide” pDCs still represent
key drivers behind type I and III IFN responses particularly to
viral pathogens through their endosomal expression of TLR7
and TLRY (which sense ssRNA and dsDNA, respectively) and
high constitutive expression of IRF7 (14, 58). Activation of
TLR7/9 also induces NF-kB expression, leading to the production
of TNF-a and IL-6 by pDCs, reviewed in Gilliet et al. (59).
Other soluble factors produced by “bona-fide” pDCs upon TLR
stimulation include the chemokines CCL3, CCL4, CCLS5, IL-
8, CXCL10, and CXCLI11 (14, 36). In contrast to the reported
inability of immature pDCs to stimulate T cells, several recent
studies have described allogeneic T cell proliferation potential
by Axl™ “bona-fide” pDCs activated with CD40L and IL-3,
influenza virus or CpG oligonucleotides (17, 60), suggesting
activated pDCs may be able to differentiate into cDC-like cells.
Indeed, Alculumbre et al. identified three stable subpopulations
of activated Axl™ pDCs defined by PD-L1 and CD80 expression;
PD-L1" CD80™ cells retained a plasmacytoid morphology and
high IFN-I production whilst PD-L1~ CD80" cells developed
a dendritic morphology, had increased CCR7 expression and
were capable of T cell activation and Th2 polarization but were
unable to produce IFN-I (Figure 1B) (60). PD-L1T CD80"
cells represented an intermediate state between typical pDC
and cDC-like functions. Altogether, this suggests that even
the AxI™ “bona-fide” pDC compartment has a large degree
of heterogeneity and is consistent with previous reports that
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only a small fraction of pDCs produce IFN-I in response to
stimuli (61, 62).

AxIT DC

The newly described CD123" myeloid DCs can be defined by
the expression of unique discriminatory markers (Axl, Siglec6)
as well as a blend of typical pDC (CD123, BDCA-2, BDCA-4, and
CD45RA) and ¢cDC2 markers (CD11¢, CD33, CX3CRI1, CDlg,
CD2). They have been alternatively identified as AxI* Siglec6™
AS DCs by Villani et al. (14), CD33" CD45RA™ CD123" pre-
DCs by Zoccali et al. (36) and AxI™ cells expressing either CD11c,
CD123 or CDlc (or a combination thereof) by Alcantara-
Hernandez et al. (17). Clustering analysis indicates that they
span a continuum of pDC-like and cDC2-like states which
can be identified through CD123/CDl11c expression: CD123h
CD11c! cells have a transcriptomic profile more similar to
pDCs, and CD123° CD11cM cells appear more closely related
to cDC2s (14). This is consistent with variation across the AxI™
DC population in TCF4 and ID2 expression, key transcription
factors responsible for maintaining pDC and ¢cDC commitment,
respectively. Despite their phenotypic similarity with pDCs, AxI™
DCs cells are unable to produce IFN-I and resemble ¢cDC2s in
terms of basic function and morphology. Consistent with their
potent allostimulatory potential, they express high levels of CD86
and HLA-DR, but also express a unique pattern of glycan-binding
lectins (Siglecl, Siglec2, and Siglec6) and Axl, which binds
apoptotic cells, indicating they have distinct functions outside of
antigen presentation and T cell stimulation (14, 33). Like cDC2s,
AxIT DCs express TLR4 and TLR5, as well as IRF4 and IRFS,
indicative of the capacity to respond to bacterial pathogens with
cytokine and chemokine production. However, they have limited
expression of TLR7, IRF7 and other genes expressed by pDCs
associated with IFN-I production and secretion (DERL3, LAMP5,
and SCAMPS5), which corresponds with their inability to produce
IEN-I in response to TLR7/9 stimulation (14, 36). Given their
recent discovery, the full spectrum of their immune functions
remains to be elucidated.

Dendritic Cell Ontogeny
Under the traditional model of haematopoiesis via progressive
fate “decisions,” both cDCs and pDCs develop from CD34%
haematopoietic stem cells (HSC) which transition into the
common myeloid progenitor (CMP), excluding lymphoid lineage
potential, which then differentiates into the macrophage-DC
progenitor (MDP) and excludes granulocyte potential (63—
68). The MDP further differentiates into the common DC
progenitor (CDP), thus excluding monocyte and macrophage
lineages, with the expression of zinc finger and BTB domain
containing 46 (ZBTB46) and ID2 driving specification into a
cDC-precursor whilst transcription factor 4 (TCF4) expression
leads to pDC commitment (69-72). Further differentiation of
the cDC-precursor into ¢cDCls and cDC2s is dependent on
the expression of key transcription factors associated with each
subset (BATF3 and IRF8 for cDC1 or IRF4 and KLF4 for cDC2
as previously mentioned) (73-76).

With the identification of several new DC subsets (cDC2-A/B,
CD16" DCs, and Axlt DCs), the process that might generate

these cells and its relation to existing notions of DC development
is unclear (Figure 1A). Given the transcriptional relationship
between ¢DC2-B and CD16" DCs with CD14%/CDl16"
monocytes, respectively, it is tempting to speculate they may
be derived from a monocytic origin. DC-like cells can be
generated by differentiation of monocytes into monocyte-
derived DCs (MDDCs), which can occur in vitro via IL-4 and
granulocyte-macrophage colony stimulatory factor (GM-CSF)
supplementation or in vivo at tissue sites during inflammation
(77-79), but whether MDDCs form in circulation during
homeostasis is unclear. CD16T MDDCs generated in vitro
express several key genes associated with the DC4s described by
Villani et al. (14), namely SERPINA1, CD97, ITGAL, and TCF7L2
(80), but CD14™ MDDCs appear to transcriptionally align with
CD14" DCs in skin rather than CD14™ blood monocytes (50).
Further fate mapping and lineage tracing studies adopting the
exact gating strategy used to describe these subsets would be
valuable for confirming their exact ontogeny.

The origin and relationship of AxI™ DCs to other DCs
remains controversial, particularly as to whether they represent
a fully differentiated and functional DC or whether they exist as
precursor cells to cDC1/2. Villani et al. identified that AS DCs in
their study had a limited capacity for further proliferation, and
functionally and morphologically resembled fully differentiated
c¢DC2s (14). In addition, AS DCs were found to transition toward
a ¢cDC2 but not cDC1 phenotype over culture, indicating they
do not represent a general cDC precursor. The distribution of
AxI™ DCs also does not appear to correspond with previously
identified cDC precursors, given AxlIt DCs cannot be identified
in skin but are present in secondary lymphoid organs (17).
In contrast, Zoccali et al. demonstrate that CD33% CD45RA™
CD123" cells (corresponding to AxI™ DCs), are cDC precursors
(preDCs) and can differentiate into functional cDC1 and ¢DC2,
and further identified committed pre-cDC1 (CADMI™) and
pre-cDC2 (CD1ct) subsets of preDC (36). All of the preDC
populations were capable of IL-12 and TNF-a production
in response to TLR stimulation and induced robust T cell
proliferation, reflecting that a precursor status does not preclude
effector DC function. Interestingly, AxIt DCs were examined in
the CD141~ gate by Villani et al. and so it may be that pre-cDCls
were not captured in their analysis of AS DC differentiation
potential leading to the observation that these cells could not
transition into a ¢cDC1 phenotype. As suggested by Bassler
et al. (81), these uncertainties in AxI™ DC development and
differentiation potential could be resolved by further examination
of (1) whether AS DCs and preDCs completely overlap, and
then using a unified sorting strategy for (2) differentiation
assays and (3) comparative transcriptome and lineage mapping
analysis. Finally, Villani et al. identified a CD34"* CD100*
circulating ¢cDC progenitor, which appears morphologically
primitive and lacks the ability to respond to FMS-like tyrosine
kinase 3 ligand (FIt3L) or GM-CSF (both required for pre-
cDC development) but is capable of producing both cDCl1
and cDC2 (14). The potential relationship between this ¢cDC
progenitor and CD34" haematopoietic stem cells remains
intriguing, as is the observation that these cDC progenitors
do not upregulate Axl or Siglec6 gene expression at any time
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over culture and differentiation, thus further complicating our
understanding of the cellular origins of AxI™ DCs and their role
in DC ontogeny.

Furthermore, recent studies have cast uncertainty over the
myeloid progenitor identity of DCs, particularly pDCs given
their morphological similarity to plasma B cells. pDCs have
traditionally still been associated with a myeloid lineage, with
evidence to show pDC commitment within common DC
progenitors (82-85). However, the generation of pDCs from
CDPs appears to be insufficient to account for the frequency of
pDCs compared to cDCs in vivo, suggesting there may be other
developmental pathways for pDCs. Several recent studies have
described the generation of pDCs from a lymphoid lineage—
Rodrigues et al. (24) demonstrate that the majority of IFN-I-
producing pDCs (70-90% of immature splenic pDCs) are derived
from a pDC-committed lymphoid progenitor (IL-7R*T CD1157)
in mice that produces substantially more pDCs than CDPs (IL-
7R~ CD115"). Furthermore, pDCs (Bst2™ CD45RA™) generated
from these CDPs could only weakly produce IFN-I and were
instead efficient antigen-presenting cells, and also expressed a
combination of pDC and cDC-associated genes, leading to their
description by Rodrigues et al. (24) as pDC-like cells rather
than real pDCs. Indeed, these cells appear more reminiscent of
Axl™ DCs and/or P3 CD80" PD-L1~ pDCs. The pDC-biased
lymphoid progenitors were also shown to contain a Ly6D™
SiglecH™ subset capable of generating both pDCs and B cells
(24), consistent with a recent study using human adult bone
marrow and single-cell RNA sequencing to demonstrate pDCs
share a common progenitor population with B cells (23), further
confirming a possible lymphoid lineage for pDCs. In contrast to
these findings, recent single-cell tracking studies have reinforced
a myeloid developmental pathway for pDCs; lineage tracing of
CD115" CDPs shows that most pDCs develop from this myeloid
progenitor (86), and pDCs show similar development kinetics to
other myeloid cells whereas pDC-biased progenitors arise before
lymphoid counterparts (87, 88). Overall, increasing evidence
suggests that pDCs can have a dual myelo-lymphoid origin which
may dictate their functions when fully differentiated.

Studies across both humans and mice have increasingly
shown that ¢DCs and putative AxI™ DCs can also be
derived from both myeloid and lymphoid progenitors
(89-91). This collectively reflects a paradigm shift in our
understanding of haematopoiesis, moving away from a
model of homogenous multipotent progenitors that bifurcate
into distinct but rigid cell fates (i.e., MDP bifurcation into
macrophage or dendritic cell fate) and instead toward
one where lineage is imprinted early during development
in early progenitors, possibly prior to the emergence of
distinctive phenotypes (92-99). As such, progenitors tend
to follow predetermined differentiation pathways and most
demonstrate uni-lineage potential, with some bi- and multi-
lineage progenitors capable of multiple fates (97). Thus, stages
of DC development, such as a “common DC progenitor” likely
represent a mixture of progenitors following pre-determined
pDC or c¢DC1/2 commitment (Figure1A), rather than a
homogenous population that subsequently undergoes a fate
decision. In summary, the complexity and subtlety in early

haematopoiesis makes it difficult to accurately trace or predict
DC development, and understanding the transcriptional
programming that is required or sufficient to imprint DC
subset-specific fates will be crucial to a complete appreciation of
DC ontogeny.

Dendritic Cells in Tissue
The Human Anogenital Tracts
The human genital and anorectal tracts (hereafter collectively
referred to as the anogenital tract) are made up of three distinct
tissue types that sexually transmitted pathogens such as HIV may
encounter upon sexual transmission; skin, type I mucosa, and
type II mucosa. These physical barriers differ in their physical,
chemical, and biological makeup and therefore their permeability
to infection. The different subsets of mononuclear phagocytes
(MNPs) within these tissues are still being characterized but will
be reviewed below and are summarized in Figure 2 and Table 1.
The skin is made up of two distinct layers, the outer epidermis
and the underlying connective tissue layer called dermis, and
covers the outer foreskin, glans penis, labia major & labia minora
and the anal verge. It is made up of a thick stratified squamous
epithelium with an outer layer of cornified cells, making it a
formidable barrier to HIV infection. The vagina, ectocervix,
inner foreskin, anal canal, and penile fossa navicularis are all
covered by a type II mucosa, which similar to the skin, contains
an outer epidermal layer with an underlying connective tissue
layer called lamina propria. Unlike the skin, the type IT mucosa
lacks an outer layer of cornification and therefore has been shown
to be more susceptible to HIV infection. The type I mucosa
is considered the most susceptible tissue type of the human
anogenital tract to HIV infection. Covering the endocervix,
urethra, rectum, and colon, it is made up of a single layer of
columnar epithelium overlaying the lamina propria.

Method of Extraction of Dendritic Cells

From Human Tissue

It is extremely important to note that the method of extraction
of immune cells from tissue can have significant effects on
the isolated cells functional state and also surface expression
marker profile and therefore classification, causing potential
conflicts in the literature. A notable example of this has
been the correct identification of human tissue ¢cDC1 (100-
103). Botting et al. recently thoroughly tested a range of
extraction techniques including a number of tissue dissociation
enzymatic digestions and migration assays specifically looking
at mononuclear phagocytes (104). They were able to show
that a number of key surface identification markers and HIV
entry receptors were enzymatically cleaved (e.g., CD11c, CDlc,
CD14, CD4, CCR5), up-regulated (e.g., CD80, CD83, CD141) or
down-regulated [e.g., Clec9A, mannose receptor (MR), dendritic
cell-specific intercellular adhesion molecule-3-grabbing non-
integrin (DC-SIGN)] depending on the method of extraction.
This highlights the importance of taking note of the isolation
methodology when investigating tissue mononuclear phagocytes
and may help explain the ever-changing classification of these
cells and conflicting results in the literature.
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FIGURE 2 | Overview of mononuclear phagocyte subsets in human tissue. (A) Within healthy skin, it is believed Langerhans Cells (LCs) are the solitary population,
however the underlying connective tissue of the dermis contains a range of subsets including cDC1, cDC2 (langerin expressing and langerin negative populations),
and CD14 expressing cells including tissue resident Macrophages, Monocyte-Derived Macrophages (MDMs), and an uncharacterized CD1c™ population. Upon
inflammation these cells are also present however a number of other subsets of MNPs migrate in, including Inflammatory Dendritic Epidermal Cells (IDECs) in the
epidermis, as well as pDCs, SLANT DCs, TIP DCs, and CD16~ BDCA1™ cells in the dermis. (B) Within the vagina another novel population has been identified in
epithelial layer, termed CD1a™ VEDCs, while the underlying lamina propria has not been thoroughly characterized, with both macrophages and DCs present however
exact subsets have not been extensively defined. (C) Within the lamina propria of intestinal tissue four separate CD14+ Macrophage populations (MF1-4) have been
characterized by their CD11ct expression, while undefined CD14% cells have been shown to extend dendrites through the epithelium to sample luminal microbes.
Finally, CD103 and SIRP« can define three population of DCs which align with blood cDC1s, cDC2s, and CD14+ monocytes.

Epidermal Dendritic Cells

The dendritic cells of the epidermis are one of the first cells to
encounter incoming pathogens such as HIV. Historically it was
believed that only a single population of human dendritic cells
resided in this outer layer of tissue, however recent research has
suggested this may not be the case.

Langerhans Cells

Since their discovery in 1868 the exact classification of
Langerhans cells (LCs) has been controversial. While they are
no longer considered to be a nerve cell as was first thought,
it is still heavily debated whether LCs should be classified as
DCs or macrophages. Functionally speaking LCs act as DCs,

as they pick up foreign antigens, migrate out of tissue to the
lymph node and present this antigen to naive T cells, a process
that macrophages do not undertake. However, ontogenically
speaking LCs are more macrophage like, both sharing a
common precursor with embryonic origins as well as having
self-renewing abilities (105-107). Furthermore, while early in
vitro studies reported the potential of monocytes to develop
into LCs under GM-CSF and transforming growth factor beta
(TGF-p) stimulation (108), it has more recently been shown
that blood ¢DC2s have the potential to develop an LC-like
phenotype under GM-CSF or thymic stromal lymphopoietin
(TSLP) and TGF-p or bone morphogenetic protein 7 (BMP7)
stimulation (109, 110).
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LCs are characterized by their high expression of CD1la and
Langerin as well as the presence of distinct Birbeck granules
in their cytoplasm helping distinguish them from Langerin
expressing dermal cDC2 (111) (Figure 2A). Being one of the
first cells of the immune system coming into contact with
invading pathogens, LCs are efficient at identifying foreign
antigens, picking them up and presenting them to CD4 T-cells.
This process is coordinated by the pattern recognition receptors
(PRRs) they express including Langerin and TLRs 1, 2, 3, 5, 6,
and 10 (112). Activated LCs have been shown to extend dendrites
through keratinocyte tight junctions to sample and process
antigens, while still maintaining barrier integrity by forming
tight junctions themselves with the surrounding keratinocytes
(113,114). They have the ability to stimulate Th1, Th2, Th,17, and
Th22 responses (115-118) making them highly immunogenic
and adaptable to the wide range of antigens they encounter,
while also showing immunosuppressive abilities under particular
inflammatory conditions (119, 120).

CD1at Vaginal Epidermal Dendritic Cells (VEDCs)
More recently, while investigating HIV and its interactions with
vaginal epidermal dendritic cells (VEDCs) Pena Cruz et al.
identified a DC subset within healthy human epidermis of the
vagina distinct from LCs (121) (Figure 2B). Like LCs, these
cells were characterized as CDla™ Langerin™ DC-SIGN™ but
lacked Birbeck granules, thus distinguishing them from LCs.
Given Langerin drives Birbeck granule formation (122, 123),
the presence of Langerin without the latter feature is curious
and supports other mechanisms for the formation of these LC-
specific structures in addition to Langerin alone. Furthermore,
these VEDCs expressed high levels of CCR5, CXCR4, and CD4
which are all key entry receptors for HIV infection. Due to their
recent identification the ontogeny and functionality of these cells
is yet to be further characterized in humans.

Inflammatory Dendritic Epidermal Cells (IDECs)

Work done by Wollenberg et al. in the late 1990’s identified
a novel epidermal DC subset present within inflamed skin
which they termed inflammatory dendritic epidermal cells
(IDECs) (124) (Figure 2A). Using biopsies from inflammatory
skin conditions including atopic dermatitis and eczema,
they phenotyped these novel cells as CDIlat Langerin™,
lacking Birbeck granules and having increased FceR expression,
distinguishing them clearly from the LCs which were also present
(124, 125). They have also been shown to express CD11b, CD11c,
MR, and DC-SIGN (CD209).

Based on the lack of Birbeck granule and surface molecule
expression it is possible that these cells are similar to VEDCs,
however, despite these cells being characterized two decades ago,
limited work has been done to determine their ontogeny or
function. While their function still remains unknown, functional
differences have been reported between IDECs and LCs, with
the former showing no signs of dendritic extensions through
tight junctions to process antigens unlike what has been shown
by LCs (126). Furthermore, both IDECs and LCs within atopic
dermatitis skin have been shown to have markedly lower TLR2
expression compared to LCs in healthy skin, while IDECs and

not LCs have markedly higher levels of the maturation marker
CD83 and MHC class I and class IT molecules (127).

Dermal/Lamina Propria Dendritic Cells

The dendritic cells in the underlying dermis/lamina propria are
also of importance within the context of HIV infection. If the
physical barrier of the epidermis is compromised such as by
physical trauma or inflammation, HIV can come into direct
contact with these cells. While a lot of research has focused on
skin dermal DCs, recent studies in mucosal sites such as the gut
and female genital tract have determined new classifications of
the cells that reside there.

Tissue cDC1
As previously described in blood, cDCls in both lymphoid and
non-lymphoid tissues carry a similar phenotype suggesting
a precursor-progeny relationship (103). Here they are
characterized by their high expression of CD141, moderate
levels of Clec9A, XCR1, and CADMI1 and low to negative levels
of CD11c, CD14, CDlc, CD11b, and SIRPa (103, 128). They
have continuously been shown to have an increased capacity
for cross presentation of antigens compared to other dermal
DC subsets which is further increased with TLR3 stimulation
(103). Tissue cDCls produce high levels of TNF-o and CXCL10
following stimulation, while showing limited production of IL-1,
IL-6, IL-8, IL-10, IL-12, and IL-23 (103) and have been shown to
weakly promote a Treg response in intestinal tissue (128).
Previously in the literature, ¢cDCls have been identified
by CD141 and CADMI1 expression and lower expression of
CDl1c. However, Botting et al. recently showed that all skin
mononuclear phagocytes express CADMI, and during the
process of spontaneous migration cDC2s upregulate CD141
and c¢DCls upregulate CD11c (104). Thus, cDC1 are almost
impossible to confidently identify using this method of isolation.
These findings further emphasize the importance of isolation
methods to ensure correct identification of DC subsets in tissue
and when analysing data in the literature.

Tissue cDC2

cDC2s in tissue express more C-type lectins (CLRs) than their
blood counterparts (e.g., Mannose receptor), and have a more
activated phenotype expressing higher levels of the maturation
markers CD80, CD83 and CD86 (103, 128, 129). In tissue, cDC2s
express CDla, CDlc, CD1lc, and SIRPa (49, 74). Similar to
epidermal LCs, cDC2s have also been shown to be DC-SIGN™,
which helped support the idea that DC-SIGN is not a pan DC
marker (130). The absence of Birbeck granules as well as higher
CDl11c and CD11b expression on cDC2s in the dermis helps
distinguish these cells from LCs (50, 111, 131). They express TLRs
1-9 (50, 132) while producing a range of cytokines including IL-
18, IL-6, IL-8, IL-10, IL-23, CXCL-10, and TNF-a (103) and have
shown to stimulate a Th17 response in intestine (128).

Recently, a Langerin-expressing subset of cDC2s were
identified in the dermis of the skin distinct from LCs (50, 111).
These cells are phenotypically and genotypically related to cDC2s
expressing moderate levels of CD11b, CD11¢, and CD13 which
are all absent or lowly expressed by LCs, whilst also expressing
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lower levels of CD1a and Langerin compared to LCs (50, 111).
Further distinguishing them from LCs that have migrated from
the epidermis is their replacement kinetics (111) and presence
in sites where LCs are not found, including the lungs (111)
and intestine (133). Further investigation is needed to determine
if this Langerin expressing subset differs in its functionality
compared to Langerin™ cDC2s.

CD14-Expressing Cells

Cells expressing CD14 make up a large proportion of the
mononuclear phagocyte population in human tissues. Until
recently it was thought this population was made up of two
distinct subsets, tissue resident autofluorescent macrophages
and non-autofluorescent DCs (134). In 2014 McGovern et al.
showed that the non-autofluorescent CD14% cells were actually
monocyte-derived macrophages (135). Replacement kinetics and
transcriptomic studies suggest a precursor-progeny relationship
between these cells and CD14" monocytes (135). Furthermore,
McGovern et al. showed these cells have limited induction of
naive T cells compared to tissue cDC2s, while being strong
stimulators of memory CD4" T cells comparable to both tissue
¢DC2s and macrophages (135). However, it is of note that skin
CD147 cells can be split into two subsets according to CD1c
expression and it is the CD14" CDIlc™ cells that McGovern
defined as monocyte-derived macrophages. It is still unclear
whether the CD14"7 CDI1c" cells are more macrophage or
dendritic cell like. Interestingly, it is CD14-expressing cells only
that express DC-SIGN, which was previously believed to be a
DC marker. Thus, DC-SIGN is likely to in fact be a marker
of macrophages.

Recent publications investigating CD14-expressing cells in the
mucosa of the gut have shown this cell compartment to be made
up of four distinct macrophage populations, termed Mf1-4 (136)
(Figure 2C). These four subsets cans be distinguished by their
expression of CD11c, HLA-DR and CD11b: Mfl and Mf2 are
CD11c" with the former having lower expression of HLA-DR
compared to the latter, while Mf3 and Mf4 are CD11c™ with
the former being CD11b™~ and the latter CD11b™. Furthermore,
from the transcriptomic and replacement kinetic analysis of
these four subsets, Bujko et al. suggested that these cells are
derived from incoming peripheral blood monocytes which
progressively differentiate to Mfls and Mf2s as an intermediate
before further differentiation to either Mf3s or Mf4s. Whether
this characterisation is relevant in other non-lymphoid tissues
where these cells have been more thoroughly studied, such as the
skin or mucosal tissue such as the cervix and vagina, has yet to
be determined.

Intestinal Dendritic Cells

Using CD103 and SIRPa, Watchmaker et al. characterized three
distinct DC populations within healthy human small intestine,
each of which could be related to previously studied human
blood DCs and mouse tissue DCs (128) (Figure 2C). Within
this tissue the dual positive population (CD103" SIRPa™) was
the dominant subset and was shown to be closely related to
blood ¢DC2s, sharing common transcription factors IRF4 and
PR domain zinc finger protein 1 (PRDM1). The single positive

CD103% SIRPa~ population was shown to be closely related
to blood ¢DCls with conserved expression of IRF8 and B-cell
lymphoma 6 (BCL6), and the CD103~ SIRPa™ subset shared
common transcripts with CD14" monocytes. Watchmaker et al.
then went on to show distinct differences in the functionality of
these cells, with the dual positive population and the CD103~
SIRPa™ subset showing much higher levels of T cell proliferation
compared to the single positive CD103" population. The dual
positive population also induced significantly higher levels of
Foxp3 expression in these proliferating cells suggestive of a Treg
phenotype. Furthermore, it was shown that the dual positive
and single positive CD103" population induced higher levels of
IL-17-producing Th17 cells while the CD103~ SIRPat subset
produced Th1 interferon-y-producing cells.

More recently these intestinal DCs have been investigated
in more detail, confirming the relationships with their blood
counterparts suggested by Watchmaker et al. (128) but also
highlighting the importance of using CD14 as a marker to
differentiate monocyte-derived cells (CD14") from bona-fide
DCs (CD147), suggesting that previous analysis of these cells
likely included a mix of the two (137). This was underscored by
extensive RNA sequencing analysis which showed both the
CD14*/° dual positive CD103+ SIRPat and CD14™/1° single
positive CD103™ cells had monocyte lineages, clustering with
subsets of the CD14" Mfs described by Bujko et al. whereas
the CD14~ subsets aligned with a bona-fide cDC2 signature.
This was further supported by their antigen uptake abilities,
with the CD14%/1°% subsets showing increased ability to take
up Escherichia coli by PHrodo analysis compared to the CD14~
populations, consistent with previous findings that show human
small intestine macrophages are more efficient at antigen uptake
than DCs (136). Finally, the migratory kinetics of these cell
were assessed, with the dual positive population showing the
highest rate of CCR7-dependent migration out of the tissue,
whereas the single positive population had the lowest. Richter
et al. hypothesized that these results suggested the single
positive CD103™" population was therefore made up of a larger
proportion of monocyte-related cells compared to the double
positive population.

Inflammatory Dendritic Cells

In inflammatory conditions, a number of distinct tissue DCs
have been identified including CD16~ CD1c" DCs (138), TNF-«
and inducible nitric oxide synthase (iNOS)-producing DCs (TIP-
DCs) (139, 140) and Slan™ DCs (141, 142) (Figure 2A). CD16™~
CDI1ct DCs have been described in inflammatory conditions
including within synovial fluid of arthritis patients and tumor
ascites, expressing CD14, CD11c, CD1a, CD11b, MR, SIRPq, and
FceR1. These cells were shown to have a DC like morphology
and a transcriptomic approach showed this subset to be distinct
from known DC subsets while still sharing common gene
signatures with in vitro monocyte-derived DCs. Furthermore,
these cells were able to produce a high Th17 response in naive
CD4" memory T cells. With their CD14~ CDIc™ phenotype
both TIP-DCs and Slan™ DCs can be distinguished from the
CD16~ BDCA™ DCs. Both TIP-DCs and Slan™ DCs have been
identified in psoriatic skin, while Slan™ cells have also been
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identified in lupus erythematosus (141), steady state skin (143),
and tonsil (144) and been shown to produce a range of cytokines
upon stimulation including IL-6, IL-23, TNF-a, IL-12, and IL-
1B (53, 141, 142, 144). Whether any of these cell subsets are
present in inflamed tissue of the human anorectal tract is yet to
be determined.

THE ROLE OF DENDRITIC CELLS IN HIV
INFECTION

When a cell is identified as a viral substrate, often a whole
continuum of phenotypes and subsets is branded in a similar
manner. Whilst it is clear that CD4" T cells are the primary
substrate of HIV, not all subsets are equally permissive to
infection and each subset can have very different outcomes
when infected. The same can also be applied to the unique
continuum of mononuclear phagocytes in the form of their
phenotype and what specific subset they have differentiated into.
HIV interactions with DCs can rarely be described as one size fits
all. Our attempts as a field to do this with the identification of
DC-SIGN as a HIV receptor on in vitro monocyte-derived DCs
is an example where we lose the bigger picture in the context
of DC-HIV interactions (145, 146). Rather than one receptor-
HIV envelope interaction, the interactions of HIV with DCs is
complicated and informs us of a sentinel immune network that
is built for distinct roles in vivo—that is, there is a division
of labor and no one DC subset behaves the same (130, 147).
As a consequence, no single DC subset interacts with HIV in
an identical manner. Whilst the first contact of HIV with the
virus is complicated, so too are the outcomes. Over time, many
investigators have staked their position in one of two camps: the
first is that DC subsets need to become infected with HIV to
mediate viral spread or the second, where DC subsets simply
carry HIV to enable safe passage and transfer to a secondary
lymph node where a contacting resident CD4% T cell is the
unfortunate recipient (Figure 3). In reality, both camps are
correct, yet depending on the DC subset there can indeed be
bias with which camp the observation sits in. As a field, we need
to be open to both and appreciate the continuum of outcomes,
however complex they turn out to be.

Historical Perspective of Dendritic Cells in
HIV Infection

From here on, it is important we outline the initial seminal
contributions of how DCs interact with HIV and how each DC
phenotype (often influenced by DC isolation) plays a significant
role in past observations. We will then fast forward to outline how
exponentially expanding/powerful technologies have now given
us further insights into how rich the DC subset landscape is and
importantly how this landscape sits in vivo and importantly in
the context of HIV pathogenesis.

The Dawn of the Interface of Dendritic Cell and HIV
Biology

Soon after the discovery of HIV as the causative agent of
Acquired Immunodefiency Syndrome (AIDS) were early and

successive reports of HIV antigens within lymph nodes of
patients with persistent generalized lymphadenopathy (148, 149).
In this setting, virus was observed in the context of germinal
centers and concentrated in association with follicular dendritic
cells (fDC). Whilst isolation and mechanistic dissection of the
role of fDCs was not initially possible, later studies on HIV-
fDC dynamics highlighted their role in endocytic capture and
preservation of HIV in the germinal centers of lymph nodes
(150). Thus, instead of their role in the preservation of native
antigens for B cell presentation, fDCs were saturated with
HIV virions and facilitating the preservation of virus. Shortly
following immunopathological studies of lymph nodes was the
observation of HIV in association with Langerhans cells in
skin biopsies of patients clinically presenting with AIDS (151).
Through the use of electron microscopy, these early studies could
readily pick up features of Langerhans cells through the presence
of Birbeck granules (151), with virus at times in association with
them (152) and evidence of viral budding and cytopathicity (151).
Whilst more recent work has resolved how LCs interact with
HIV, it was clear that these primary observations pointed to LCs
being directly infected with HIV (as evidenced by viral budding)
and capturing HIV in compartments enriched in receptors such
as the CLR Langerin (as evidenced by the presence of Birbeck
granules). Whilst many of these early seminal studies pointed to
a role of several dendritic cell subsets in HIV pathogenesis, lack
of dendritic cell markers and difficulties faced in their isolation
for in vitro studies limited the mechanistic understanding of how
each DC subset was encountering HIV.

Understanding HIV-DC Interactions Through the Early
Studies of Blood Dendritic Cells
Work in the laboratory headed by Knight and Patterson (153-
155) would start the journey on a preliminary understanding
of how HIV can interact with DC subsets, using DCs isolated
from blood. So as not to confuse the observations of early studies
on blood dendritic cell subsets and more contemporary studies,
it is important to outline early DC isolation techniques as they
often involved in vitro culture steps that led to distinctly different
phenotypes, as opposed to the freshly isolated DC subsets we now
have the power to isolate from human blood or from tissue (104).
In these early isolation methods, short-term culture of PBMCs
isolated by Ficoll gradients would primarily deplete monocytes
by adherence, and through subsequent and often intricate
metrizamide gradient separations, buoyant blood dendritic cell
populations could be isolated with purity assessed by the
lamellipodia/veils on what we now recognize as partially mature
DCs (maturation often resulting from the in vitro culture).
During the same time, work in the Steinman laboratory led by
Paul Cameron and colleagues further combined early immuno-
depletion methods with similar gradient based enrichment but
for the first time included stringent selection of dendritic cells
through fluorescence-based sorting for cells without immune
lineage markers; lineage being defined at the time as abundant
immune markers that could readily be used to detect monocytes
(CD14), NK cells (CD16), B cells (CD19), and T cells (CD3).
However, the outcome of these early studies was often not
consistent across laboratories, with the work led by Knight and
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FIGURE 3 | Schematic of HIV interactions with DCs in tissue. (A) Within the stratified squamous epithelium of skin and type Il mucosa epidermal DCs pick up
incoming HIV virions potentially through a wide array of receptors including CLRs, syndecans, and CD169. Virus is taken up into open vesicular compartments that
are more extensively formed in proinflammatory conditions. DCs harboring virus (yet not productively infected) can directly and immediately transfer the virus to tissue
resident CD4™ T cells or can migrate to the draining lymph node and transfer the virus to CD4™ T cells that reside there. For the latter to occur, maturation of DC
subsets will increase the half-life of HIV to enable efficient transfer. (B) Whilst in immature DCs, the half-life of captured HIV would not be conducive to transfer after
migration in draining lymph nodes. Given immature DCs are susceptible to infection, latter viral transfer may proceed if they are infected. From here the DC migrates to
the draining lymph node and productively infects CD4™ T cells. Of note, whilst DCs may not be highly susceptible to HIV infection, low frequency infections can still
lead to robust viral transfer when in contact with CD4+ T cells. This is analogous to communication of the immune response by DCs, where only limiting numbers can
still mediate a productive immunological outcome. Finally, in response to HIV infection epithelial cells can produce CCL20 which drives the migration of pDCs into the
tissue. These pDCs in turn produce high levels of CCL3, CCL4, and CCL5 which drive migration of CD4* T cells into the tissue, increases CCR5 expression and in
doing so further facilitates local HIV infection and spread.

Patterson highlighting the infection of dendritic cells whilst  first indications that not all DC-HIV interactions were equal.
observations by Cameron et al. culminated in the seminal Indeed,acrossbothlaboratories, the intricate isolation conditions
observation that DCs primarily capture HIV without being led to each lab’s DCs exhibiting different end-stage phenotypes.
infected and in such an efficient manner that it produces vigorous ~ For Patterson and Knight, a partially mature DC population that
cytopathic infection upon coculture of CD4" T cells with HIV-  could sustain HIV infection persisted, whilst for Steinman and
exposed DCs (156). This latter observation is what is now  Cameron, the stringent sorting of blood DCs resulted in the
referred to as infection “in trans.” Although the term “in trans”  isolation of a purer and more mature DC population. What we
was not coined by Cameron and Steinman, they provided the first ~ now know is that the primary discrepancy in the infection of
seminal evidence it could occur by culturing lineage™ murine  DCs vs. DCs simply carrying virus is a combination of their
DCs and observing they could be used to capture and transfer ~ maturation state (157, 158) and the source of viral inocula used
virus to human CD4™" T cells in a manner equivalent to human  for infection (159).

blood-derived DCs (156). Given the knowledge that murine cells

are refractory to HIV infection, this was the most stringent —Early Observations With Skin-Derived DCs

example of DCs binding, capturing and later transferring virions ~ Shortly following the seminal observations by Steinman and
to recipient CD4™ T cells without becoming infected themselves. ~ Cameron were observations by Melissa Pope and Steinman of
These differing observations in the research by Patterson and  resident dendritic cells that emigrated from skin which could also
Knight vs. that of Steinman and Cameron brought forward the  induce a vigorous cytopathic infection in T cells when exposed to
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virus (160). Unlike the early work by Cameron that highlighted
the first in trans transfer of HIV to T cells, the mechanism of
DC-HIV capture and transfer in skin DCs was initially unclear.
Follow up studies led by Pope et al. demonstrated that transfer
of virus from skin DCs required a low level of infection to
ensure efficient viral spread throughout the DC-T cell culture
(161). However, like the work that initially dissected mechanisms
in blood dendritic cells, it must be noted that emigrating DCs
have a phenotype that diverges from their resident immature
counterpart. In addition, as we will discuss in more contemporary
studies on DC-HIV interactions, the DCs used in these studies
would have been comprised of multiple populations of tissue
resident DCs. Whilst isolation of emigrating DCs from skin was
the method initially used to dissect DC-HIV interactions, follow
up studies by Reece et al. (162) and Kawamura et al. (163) would
take this closer to an in vivo snapshot through the inoculation
and infection of Langerhans cells in skin, ultimately proving that
transfer of virus from LCs exposed to HIV in situ was closely
linked to their ability to become infected by the virus (162).

The Introduction of the Monocyte-Derived Dendritic
Cell Model

The early observations of DC-HIV interactions were largely
constrained by a limited availability of DCs. Often representing
<1% of the tissue or blood immune population, isolation of
DCs and infection were considered “herculean” tasks. However,
an alternative to this limitation was achieved through the
identification by Sallusto et al. (77) and Romani et al. (164) in
1994 that a combination of GM-CSF and IL-4 could differentiate
abundant CD14™ monocytes into cells that closely resembled
DCs found in vivo, which could be further matured into a
terminally differentiated mature DC using pro-inflammatory
cytokines. Whilst many DC “purists” took observations of
MDDC-HIV interaction with caution, many studies using this
model could recapitulate the results observed using primary
DC subsets, namely that MDDCs could be infected (158),
could transfer virus once infected, and could also transfer virus
independent of infection (158, 165). Furthermore, it was evident
in the seminal work by Blauvelt et al., that DCs bound virus
in a very different manner to CD4™ T cells (165)—following
this work was the re-identification of a HIV gp120-binding CLR
(DC-SIGN) expressed at high levels on MDDCs (145) [initially
isolated from placental cDNA by Curtis et al. (166)]. Now named
DC-SIGN from its description on DCs in vitro and ability to
facilitate integrin binding during DC-T cell interactions, many
of the HIV-DC interactions were initially assigned to this HIV-
lectin interaction.

In vivo/Real DC Subsets and the Complexity Beyond
the MDDC Model

Shortly after the characterization of the C-Type lectin pathway
in MDDCs was the journey into understanding how each DC
subset uniquely bound and interacted with HIV. Whilst it was
clear that blood dendritic cells could bind and efficiently transfer
HIV to CD4™" T cells, it was readily assumed they expressed DC-
SIGN. Subsequent studies not only highlighted this was not the
case but further demonstrated that each DC subset had its own

unique repertoire of binding receptors, some of which would
enable transfer of HIV whilst other would mediate their infection
(130, 167-169). From here onwards, we will refer to recent
contemporary studies that have mapped the diverse landscape of
dendritic cells and how they interact with HIV.

Contemporary Understanding of DCs in

HIV Infection

Although it has been shown that the majority of HIV binding
and uptake in DCs occurs through CLRs (158), this process
is highly subset-dependent (not occurring in freshly isolated
DCs derived directly from blood) and can be heavily influenced
by the maturation state of the DC (130, 157, 158). The same
can be said for infection following CD4 and CCR5-dependent
entry, which varies across DC subsets and is also influenced by
maturation (158). The source and purity of viral inocula also
plays a significant role in the outcome of infection in DCs . While
many still make the commentary that DCs cannot be infected
or that HIV has evolved not to infect DCs, there are several
points that should be noted. Firstly, as outlined above, the earliest
studies of DC-HIV interactions could observe infection in vivo.
Secondly, the concept that lentiviral restriction factors such as
SAM domain and HD domain-containing protein 1 (SAMHD1)
do not enable HIV infection solely in DCs is not correct as
lentiviral restriction is also observed across many susceptible HIV
targets including T cells and macrophages (170, 171). Finally,
maturation of DCs can lead to significant blocks in HIV infection
and culture/inoculation conditions that favor maturation of DC
subsets will likely not reveal any HIV infection. Indeed, the
continuum of DC phenotypes that influence how HIV is captured
by DCs, through to if a DC subset can be infected, also modulates
its potential to disseminate and transfer virus following exposure
to HIV.

Transfer of HIV from DCs to CD4™ T cells appears occurs
in two stages, as determined by studies in both in vitro
MDDCs (158, 172) and ex vivo LCs (173). First-phase transfer
(within 24 h) relies on transient uptake of virus through pattern
recognition receptors (such as Langerin and other CLRs) which
either leads to proteolytic degradation of virus in the endosome
or immediate transfer across the virological synapse (174, 175)
(Figure 3a). Alternatively, second-phase transfer occurs over a
longer phase (around 96 h) and is mediated by initial CD4/CCR5
mediated neutral fusion at the DC membrane and productive
replication of HIV (158, 176, 177) (Figure 3b). De novo virus can
subsequently be transferred to CD4™ T cells across the virological
synapse, which uses adhesion factors such as intercellular
adhesion molecular 1 (ICAM-1) to stabilize DC-T cell contacts
(178), with infection being established more effectively than
direct infection by free virus (156).

The mechanism for uptake of virus in the first-phase
is complex—whilst initial studies supported recirculation
of virus from endosome networks (179), later studies have
revealed the virus for transfer is accessible to the surface
(180), but compartmentalized CD81-positive  open
membrane invaginations that appear to resemble endosome like
compartments (181). Curiously, whilst immature and mature

in
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DCs can both mediate this type of transfer, it is clear that
mature DCs can sustain larger reservoirs of virus for first-phase
transfer/trans infection (157, 158). This in trans infection trans
model has received much attention as it can be applied across
many DC subsets and does not rely on the intricacies of studying
low level infection of DCs over time. However, two concepts
should be emphasized for this form of transfer—firstly, in
immature DCs this phenotype is short-lived and independent
of the DC subset. For instance, immature Langerhans cells and
MDDC:s equally bind (and destroy) many incoming virions over
periods of ~24h (158, 182). Upon maturation, DCs can increase
the half-life of bound and trafficked virus, but eventual viral
decay and leading to an inability to HIV transfer proceeds (158).
Secondly, this process of transfer does not discriminate between
strains of HIV that utilize the CCR5 co-receptor or CXCR4
co-receptor for entry (known as R5 and X4 viruses, respectively)
whereas whilst it is clear that there is a distinction between them
in vivo (183). As such, while only a small percentage of DCs
become productively infected and can undergo second-phase
transfer compared to primary T cells, this still represents a
route of transfer as well as a potential mechanism for latent
infection of T cells. In addition, productive infection ensures
second-phase transfer of virus has a half-life far longer than virus
that is simply bound or trafficking through a cell, and in that
context provides greater transfer potential. In addition, many
studies have observed infected DCs have superior viral transfer
capacities than CD41 T cells and can often efficiently spread
infection even in limiting numbers (161, 184).

In vivo: First Contact

Due to their anatomical localization in the outer epidermis of the
human anogenital tract, LCs are thought to be the first cells to
capture HIV upon sexual transmission (185-187) and therefore
their interactions with HIV have been extensively studied. A large
amount of this work conducted on LCs has used cells isolated
from skin explants rather than anogenital tissue as they are
much easier to access and are much larger in size, allowing for
significantly higher cell yields and thus enables functional assays
to be performed. Early studies have consistently shown LCs to be
infected with HIV both in vivo (188-190) and ex vivo (173, 191~
194), suggesting an important role for these cells in transmission.
Furthermore Nasr et al. showed uptake and transfer of the virus
to CD4™ T cells from ex vivo LCs occurred in two phases as
described above (173). Furthermore, they went on to show this
was mediated by the CLR Langerin and could be efficiently
blocked using an anti-Langerin monoclonal antibody or soluble
Langerin, highlighting the differences in each specific DC subset
and their CLR profiles they use to interact with HIV (173).

LCs have also been investigated in penile tissue (195-200),
cervix (196), and vagina (201, 202) as a target cell for HIV
infection. It has been shown that within the male genital
tract (MGT) there is an increase of LCs found in the glans
penis compared to both inner and outer foreskin (195), while
other studies have shown increased HIV co-receptor CCR5
expression on LCs in the inner foreskin compared to the outer
foreskin (203). Explants on MGT tissue with HIV have shown
penetration of the virus to depths where LCs are abundant,

particularly within the inner foreskin and uncircumcised penis
(197). These findings were consistent with macaque model work
performed co-currently, suggesting these explant models are
representative of in vivo observations. Furthermore, explant and
in vitro modeling has shown cell-associated virus translocating
through inner foreskin keratinocytes can be sampled by LCs
which migrate toward the apical epithelium in response to the
invading pathogen (199, 200). These LCs quickly internalize
HIV and trans infect epidermal CD4™ T cells, with increased T
cell-LC conjugates following HIV infection confirmed by flow
cytometry. Exacerbating this infiltration of HIV via LCs is an
increased production of CCL5 (RANTES) by these LCs, driving
the migration of CD4™" T cells into the epidermis (198). In ex vivo
models vagina LCs are able to endocytose HIV (202) and then
proceed to trans infect CD4™ T cells without showing signs of
being productively infected themselves (201).

The recent identification by Pena Cruz et al. of CDla™
VEDCs, which express high levels of HIV receptors CD4, CCRS5,
and CXCR4, also require further investigation into what role
these cells play in the process of transmission. In their study, only
viruses which use the CCR5 co-receptor (known as R5 viruses)
and not those which use the CXCR4 co-receptor (known as X4
viruses) were found to replicate efficiently within these cells ex
vivo (121). However, it was shown that the decreased replication
with X4 virus was not due to decreased fusion of the virus to
the CD1a™ VEDCs, with levels of R5 and X4 viruses binding
and fusing at comparable levels. While both strains showed signs
of integration and reverse transcription, R5-enveloped virus had
significantly higher integration and reverse transcription levels
compared to X4 virus, which was shown to be influenced by the
HIV restriction factor SAMHDI. Finally, in vivo work showed
CD1a’ VEDCs harbored high levels HIV DNA in virologically
suppressed women and thus these novel cells may represent a
potential latent reservoir for HIV within vaginal tissue.

While a lot of work has been done on LCs and their
interactions with HIV, dermal, and lamina propria DCs have not
been as extensively investigated, particularly within the anorectal
tract. However, studies have been able to show intestinal DCs
taking up virus and trans infecting blood and intestinal CD4*
T cells (204-206). Cavarelli et al. used both an ex vivo and in vitro
model, to show that intestinal DCs (defined as CD11ct CD68~
to exclude macrophages) migrate toward R5 virus, extending
dendrites through the intestinal epithelium to capture R5-HIV
(204). This was driven by the R5-envelope itself engaging with
cellular CCR5, with no evidence of CCR5-binding chemokines
present in these models as a driving force for this migration.
Furthermore, these cells were shown to then efliciently trans
infect target CD4™ T cells. This trans infection to CD4™ T cells
has also been seen using small intestine explants (206) as well as
primary rectal mononuclear cells (205). However, with the ever-
changing re-classification of DC subsets, particularly within the
human intestine, it is unclear what subset these cells represent
and how these findings translate in vivo.

Lamina propria myeloid dendritic cells of the vagina (207-
210) and cervix (209-211) have also been shown to capture and
trans infect HIV efficiently, with no significant differences found
between different anatomical sites of the female reproductive
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tract (FRT) (209, 210). Using vaginal explant models, Shen et al.
showed HIV™ cells that had migrated out of the mucosa after 2 h
were of a myeloid DC phenotype expressing CD11c and CD13,
while macrophages (CD11¢™, CD13") and lymphocytes (CD3 ")
were HIV™ (207, 208). Moreover, cervical myeloid dendritic cells
(CD14™ CD11c*) have been shown to efficiently take up R5-HIV
strain, more so than lymphocytes (CD4+/1°") and macrophages
(CD14" CD11c™) but do not show signs of productive infection
at a later time point, unlike the lymphocyte population (211).
Following HIV infection of tissue of the FRT, lamina propria
DCs show increased secretion of CCL2, CCL3 and CCL4 as well
as a moderate increase in IL-8, while there is no difference in
secretion of pro-inflammatory cytokines including IL-6, IL-18,
and TNF-a (209, 210). Furthermore, these cells show a short-
lived increase in secreted antimicrobials including elafin, CCL5
and secretory leukocyte peptidase inhibitor (SLPI) following
infection. It must be noted however that the CD14™ CD11c™ cells
looked at within the mucosal tissue in these studies may in fact be
a subset of macrophage as has been recently identified in the small
intestine (136) and therefore will have to be characterized further.

While it is quite well documented that anogenital
inflammation is a major risk factor for the sexual transmission of
HIV (212-214), it is still not well characterized what DC subsets
are present in the human anogenital tract in these conditions and
what role these cells may play. While a number of DC subsets
have been identified in inflammatory conditions in other tissues,
further work needs to be done to confirm these cells reside
within the tissues HIV encounters upon sexual transmission,
and subsequently how these cells interact with HIV. However,
it has been extensively shown that upon inflammation there
is a large influx of HIV target cells including DCs as well as
CD4™ T cells and macrophages, suggesting that perhaps it is not
the occurrence of novel subsets of DCs but rather an increased
density of target cells for HIV to interact with.

The Role of pDCs and the Innate Response

During HIV Transmission and Infection
Although plasmacytoid DCs are not found constitutively in
peripheral tissues, they are recruited to sites of viral exposure
and inflammation through engagement of various chemokine
receptors, particularly CCR2, CCR5, CCR6, CCR9, CCRI10,
CXCR1, and CXCR3 (215-221). Within the context of HIV,
Shang et al. have demonstrated that CCL3, CCL20, and
CXCL8 are produced by cervical epithelium within 24h
of simian immunodeficiency virus (SIV) infection—CCL20
chemotactically recruits CCR6T pDCs to the underlying
endocervical mucosa, with CCR5T, CCR6", CXCRI™T, and
CXCR27" cervical macrophages also attracted through this
mucosal signaling axis (222). The cervical macrophages in turn
produce CCL3, CCL5, CXCL8, and CXCL10, further recruiting
CCR5T, CXCRIT, and CXCR3" pDCs to the mucosa. As such,
a chemotactic “sink” at the site of SIV/HIV exposure leads to
the rapid recruitment of pDCs within 1-2 days post infection
(222, 223), which then exert a large influence on the course of
early HIV infection.

Given their well-documented production of IFN-I in response
to HIV (particularly IFN-al/13, 2, 5, 8, and 14, IFN-B and
possibly IFN-w) (224-229), pDCs have typically been associated
with early antiviral responses that limit early viral replication
and dissemination. Although HIV completely inhibits the IRF3-
mediated IFN-I response in myeloid DCs, macrophages and
CD4% T cells upon uptake or infection (230-235), pDCs
constitutively express high levels of IRF7 and upon sensing
endosomal HIV ssRNA through TLR7, IFN-I production is
rapidly and potently induced (225). Consequently, the IFN
response during infection appears to be primarily dictated by
pDCs, particularly during acute HIV/SIV infection (223, 236,
237), despite their low frequency in circulation (~0.001%)
(9, 10, 238). The effects of early IFN production on HIV
infection appear to be mostly protective and are best observed in
rhesus macaque (Macaca mulatta) studies where disease outcome
can be more easily assessed. Blockade of the IFN-I receptor
for 3 days following acute rectal SIV infection accelerated
depletion of CD4" T cells and resulted in an expansion of
the viral reservoir due to abrogation of interferon-stimulated
gene (ISG) induction, eventually leading to increased and more
rapid progression to AIDS (239). Similar results have also been
reported upon blockade of IFN-a blockade prior to intravenous
SIV infection (240). Meanwhile, exogenous administration of
IFN-a2 prior to intrarectal SIV inoculation delayed systemic
infection, upregulating the expression of ISGs and necessitating
up to four additional challenges for transmission (239). This
apparent protection conferred by IFN-I during early infection
is also corroborated by a single topical application of IFN-
B being sufficient to protect a majority of vaginal simian-
human immunodeficiency virus (SHIV)-inoculated macaques
from infection (241). Studies of the transmitted/founder (TF)
virus that singularly establishes infection also indicate that IFN-
resistance is a key trait in most of these viruses, suggesting that
IFN-I are amongst the most important selective pressures exerted
by the host during transmission (242, 243).

Interestingly, IFN-Is have also been reported to induce T cell
activation—topical vaginal IFN-B application led to an increased
density of vaginal HLA-DR™ and CCR5" CD4™* T cells in rhesus
macaques and induced a highly pro-inflammatory state with
increased expression of CXCL1/10/11, CCL7/8/23, IL-1p, IL-6,
IL-8, TNF-a, and IFN-y within the female reproductive tract
(241). IFN-I produced by pDCs has also been shown to induce
CD69 and CD38 expression on peripheral blood CD4™" T cells
(244). Altogether, it appears that early IFN-I production exerts
an antiviral effect sufficient enough to play an overall protective
function despite increasing the susceptibility of local HIV target
cells to infection. pDCs are also known to produce IFN-III in
response to HIV, which can exert antiviral effects in infected
CD4™ T cell (245, 246) how this formally contributes to HIV
transmission and early infection is not known.

In addition to IFN-I, pDCs are known to produce other
soluble mediators when exposed to HIV inocula including TNEF-
o, IL-6, IL-13, and IL-12 (238). Both IFN-a and TNF-a have
both been shown to mature DCs (247, 248) which may have
important consequences for the spread of HIV infection in trans
by (1) enhancing DC-mediated viral transfer to CD4+ T cells at
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initial mucosal sites, (2) accelerating cellular transport of virus
to other lymphoid compartments, and (3) increasing the half-life
of virions bound and trafficking through DC (158) . In addition,
TNF-a is known to upregulate the expression of the transcription
factor NF-kB, which is required for HIV proviral transcription
in CD4™ T cells (249), and so likely accelerates the lytic HIV
lifecycle and CD4" T cell depletion during infection (250).
However, the in vivo relevance of these pro-inflammatory effects
of pDCs is unclear—during acute vaginal infection in rhesus
macaques, SIV-infected CD4" T cells at the vaginal mucosa
appear to predominantly reside in a resting state, typically not
expressing CD25 or other T cell activation markers (personal
communication with Ashley Haase). Beyond pro-inflammatory
cytokines, pDCs also play a key role in recruiting CD4" T
cells to mucosal sites of infection through the production
of the inflammatory CCR5-binding chemokines CCL3, CCL4,
and CCL5 (222, 223) (Figure 3b). The production of these
chemokines leads to an influx of CCR5" CD4™ T cells to sites
of infection and fuels the expansion of infected founder CD4™
populations during acute vaginal SIV infection, thereby allowing
foothold infection to be established. Intravaginal application of
glycerol monolaurate inhibits secretion of CCL20 and protects
against repeated high-dose vaginal SIV challenge, suggesting that
pDCs are key cells that underpin the permissive chemotactic
and inflammatory milieu during successful transmission events
(223). Of note, aside from pDCs and macrophages, other
leukocytes such as B cells and neutrophils do not appear to
accumulate in SIV-infected cervical tissue or co-localize with
clusters of SIV-RNA™ or CD4™" T cells (222, 223), suggesting
CD4™ T cell recruitment is the main chemotactic role pDCs have
during infection.

In addition to these multifaceted roles during early infection,
pDCs have also drawn interest due to their ability to reactivate
virus from latently-infected cells, having been associated
with decreases in CD4" T cell proviral load in suppressed
patients upon combined latency-reversal agent and TLR agonist
treatment (251-255). IFN-I signaling can lead to the induction
of IRF1 (256) which, like NF-kB, promotes transcription of HIV
proviral DNA. pDCs have also been reported to prevent the
establishment of HIV latency in primary resting CD4™ T cells
in an IFN-o-mediated process (257, 258). The deleterious role
of pDCs and IFNs during chronic HIV/SIV infection is also well
appreciated, where persistent IFN production and ISG expression
correlates with higher viral load, hyperimmune activation,
decreased CD4+ T cell counts, dysregulated thymopoiesis, and
disease progression (239, 259-262).

On a cellular level, HIV has been suggested to retain pDCs in
an immature state that chronically produces IFN-Is (263-265),
as part of a working model where pDCs become differentially
activated into IFN-producing or antigen-presenting cells based
on the subcellular compartment pathogens are sensed in (266).
Endosomal sensing, such as for HIV, triggers IRF7 signaling
and IFN induction leading to retention in an immature “non-
DC-like” state whilst engagement in the lysosomes leads to NF-
kB-mediated transcription of pro-inflammatory cytokines and
maturation into a professional antigen presenting cell (265,
266). How this corresponds with previous reports of (1) HIV

transfer to CD4™" T cells, (2) HIV antigen presentation to CD4*
T cells, and (3) HIV-induced increases in CD80, CD83, and
CD86 expression by pDCs (247, 248, 267-270) was initially
unclear, but may be explained by our new understanding of pDC
subsets (P1-P3) and separation from Axl™ DCs. P1 pDCs may
represent the majority of the IFN-producing cells during HIV,
responsible for the apparent protective but multifaceted effects
of early IFN-I during infection. P3 pDCs and AxIt DCs may
account for the cDC-like functions of pDCs during infection,
namely viral transfer and cross-presentation and production
of pro-inflammatory cytokines—upon TLR7 stimulation, AxI™
DCs are able to produce IL-12 but not pDCs, and it is unclear
whether P3 activated pDCs are also capable of this function
alongside their potential for T cell stimulation. P2 pDCs may
encompass the effects of both P1 and P3 pDCs as a functional
intermediate. It is worth noting all three pDC subsets are also
able to produce TNF-a following viral stimulation (60), and thus
are all likely to play a role in TNF-mediated inflammation during
HIV infection.

It is tempting to speculate about the early involvement Axl*
DCs may have during HIV infection, given they appear to
have similar migratory patterns to pDCs (absent in healthy
skin but present in lymphoid tissue) (17). CD11cM Axl+ DCs
have a ¢cDC-like gene signature (14), which suggests they may
play a similar role to other myeloid DCs in infection, namely
efficiently transferring virus to CD4™ T cells and disseminating
infection to other physical compartments such as the lymph
nodes. In contrast, CD123"M Axl* DCs have a gene signature
that aligns more closely with pDCs (14)—given they do not
produce IFNs in response to HIV, whether they resemble other
pDC functions during infection and still possess the potential
for viral transfer would be interesting to determine. Whether
AxI™ DCs experience productive HIV infection (and hence can
undergo second-phase transfer) like other myeloid DCs is also
unknown. The characterisation of the cytokines and chemokines
produced by P1-P3 pDCs and AxI™ DCs in response to HIV and
their susceptibility to infection will be critical for unraveling the
role of each of these cell types during early and later stages of
HIV infection.

CONCLUDING REMARKS

Dendritic cells have most commonly been recognized for their
ability to stimulate antigen-specific T cell responses, thereby
forming a strong link between innate and adaptive immunity.
Like the complexity of this role and other immunomodulatory
effects they exert, the repertoire of DCs across different
compartments has been difficult to comprehensively capture.
However, building on countless years of previous work, we
have seen great advances in our conceptualization of the
DC spectrum through the emergence of powerful single-cell
technologies (one of the most prominent being single-cell RNA
sequencing). In peripheral blood, what originally comprised of
3 key DC subsets (CD141" ¢DC1, CD1ct ¢DC2, and CD123™
pDC) has now been expanded to 6 putative subsets (cDCl,
cDC2-A/B, CD16" DC, AxIT DC, and pDC) which can be
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distinguished by expression of CD11c, CD16, Clec9a/CADMI,
CDl1c, CD32b, CD163, Axl, Siglec6, and CD123. Heterogeneity
of blood DCs also extends to their developmental relationships,
which will require further validation to accurately trace the
precursor identities of each fully-differentiated DC. In peripheral
tissue, each tissue site contains a discrete collection of DCs,
ranging from Langerhans cells and other DC subsets in the
outer epidermis of skin and Type II mucosa, to dermal
and lamina propria cDCls, cDC2s, and CD14" cells, as
well as their intestinal counterparts defined by CD103 and
SIRPa expression.

For a comprehensive understanding of their roles in
immunity, it is imperative that we begin to match and
dissect these new DC subsets to previous descriptions of their
immune functions particularly during disease and infection. In
the context of HIV, the relative contributions of Langerhans
cells and other epidermal DCs (such as VEDCs) to HIV
transmission at the earliest stages must be re-examined, and
similarly with pDCs and Axl™ DCs. Indeed, what are each
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