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Human Immunodeficiency Virus (HIV) infects cells from the immune system and has thus
developed tools to circumvent the host immunity and use it in its advance. Dendritic cells
(DCs) are the first immune cells to encounter the HIV, and being the main antigen (Ag)
presenting cells, they link the innate and the adaptive immune responses. While DCs
work to promote an efficient immune response and halt the infection, HIV-1 has ways
to take advantage of their role and uses DCs to gain faster and more efficient access
to CD4T T cells. Due to their ability to activate a specific immune response, DCs are
promising candidates to achieve the functional cure of HIV-1 infection, but knowing the
molecular partakers that determine the relationship between virus and cell is the key for
the rational and successful design of a DC-based therapy. In this review, we summarize
the current state of knowledge on how both DC subsets (myeloid and plasmacytoid
DCs) act in presence of HIV-1, and focus on different pathways that the virus can take
after binding to DC. First, we explore the consequences of HIV-1 recognition by each
receptor on DCs, including CD4 and DC-SIGN. Second, we look at cellular mechanisms
that prevent productive infection and weapons that turn cellular defense into a Trojan
horse that hides the virus all the way to T cell. Finally, we discuss the possible outcomes
of DC-T cell contact.

Keywords: dendritic cells, HIV-1, endocytosis, trans-infection, cis-infection, immune response

INTRODUCTION

Human Immunodeficiency Virus (HIV) infects cells from the immune system, its main target being
CD4™ T cells. For this purpose, the virus has developed tools to circumvent the host immunity and
even use it in its advance. The disease progression can differ dramatically depending on the first
interaction between the virus and the immune cells, and the early host response, which can produce
neutralizing antibodies and cytotoxic responses. HIV-1 hijacks the host’s immune mechanisms and
uses them to spread faster, resulting in a two-edged fight by the immune system, stuck between not
responding or responding and facilitating the viral spread.

Nowadays, and only for the lucky patients who have access to treatment, HIV-1 infection
is a chronic disease instead of a death sentence. However, less than 60% of the 37 million
people infected with HIV-1 are on antiretroviral therapy according to UNAIDS data. Adherence
to uninterrupted treatment is vital, as viral load and lymphocyte death rapidly increase upon
treatment interruption. Economic issues and a wide range of social and psychological side effects
result in scarcity of treatment available or lack of adherence to treatment. For these reasons, finding
a more accessible and long-lasting solution against HIV-1 is one of the biggest current challenges
of the biomedical community.
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Viral latency, high mutability and variability highly hinder
the finding of a cure or an efficient prophylactic vaccine (1-
3), making the possibility of either option controversial among
researchers (4, 5). Therefore, finding a functional cure appears
as a very appealing option. Functional cure means that HIV-
1 is still present in the host organism and remains latent in
the genome of many cells, but the host immune system keeps
the infection under control in the absence of treatment, which
requires a specific and efficient immune response.

The idea of modulating the immune system as a way to fight
disease was first formulated in the late 19th century by William
B. Coley, and it is now known as immunotherapy or biological
therapy. It is often successfully used in cancer therapies, which
use immune modulators to halt the growth of cancer cells, and to
enhance the cytotoxic immunity and cancer recognition to fight
the tumor. The protocols for ex-vivo (in a laboratory) or in-vivo
modulation of the patient’s immune cells are rapidly increasing
in the era of personalized medicine.

Due to their role as antigen presenting cells (APCs), dendritic
cells (DCs) are promising candidates to achieve the functional
cure of HIV-1 infection. DCs are innate immune cells that patrol
tissues, recognize Ag, participate in early immune response,
and, upon Ag uptake and processing, present Ag and activate
T cells, serving as a link between general innate immunity and
specific adaptive immune cells. DCs are localized in all tissues
in the body, and undergo maturation and migrate to the lymph
nodes upon encountering an Ag (6, 7). Once in the lymph
nodes, they connect with naive T cells through what is known
as immune synapse, which serves to both present Ag and activate
the lymphocyte. If this process is successful, it triggers a specific
immune response (8). However, HIV-1 also exploits DCs as a
means of transportation from the site of infection to the lymph
nodes, where the high density of CD4" T cells and direct cell-
to-cell contact through immune synapses ease the spread of the
virus and fast infection of a high number of cells.

In order to successfully design a DC-based immunotherapy,
it is essential to understand all the diverse interactions between
DCs and HIV-1, and the factors that determine the outcomes
of those interactions. In this review, we summarize the current
state of knowledge on DCs and their role and behavior during
HIV-1 infection.

DENDRITIC CELLS

Dendritic cells represent 0.5-2% of peripheral blood
mononuclear cells (PBMCs) (9). DCs are less susceptible to
HIV-1 infection than CD4™" T cells, as only around 1% of DCs
are infected (10), and the HIV-1 infection is less productive than
in CD4™ T cells. Nonetheless, DCs are of utmost importance for
the immune response to HIV-1 as they are among the first cells
to encounter the virus after the infection through the mucosa
and play a pivotal role in the establishment of HIV-1 infection,
and progression of the disease (11).

Immature DCs (iDCs) are located in the mucosa and
peripheral tissues, where they capture and process antigens. The
encounter of an iDC with the stimulus of an Ag causes the

maturation and the subsequent migration of the now mature DCs
(mDCs) to the secondary lymphoid tissues, where they present
the Ag to lymphocytes and prime naive T cells (12, 13).

As key immune cells, DCs secrete a diverse group of
interleukins, aimed to orchestrate the immune response. Most
of these cytokines, including IL-2, IL-7, IL-12, IL-15, IL-18, IL-
23, and IL-27, induce or enhance maturation, activation and
proliferation of Thl cells, and cytotoxic responses. DCs also
secrete the immunosuppressive IL-10 (14).

Classically, DCs were described as HLA-DR™ lineage™ cells,
due to the high expression of major histocompatibility complex
(MHC) class II (HLA-DR) and the lack of typical lineage markers,
such as CD3 (T cells), CD19/20 (B cells) and CD56 (Natural
Killer (NK) cells). However, more recently different subtypes
of DCs were identified, and a number of DCs lineage markers
were recognized (15). Nowadays, there is some consensus on
this topic, and, as it has been recently reviewed by Rhodes et al.
(16) and Collin and Bigley (17), DCs are divided in three well-
differentiated subsets with specific functions and characteristic
markers. This classification recognizes plasmacytoid DCs (pDCs)
and two types of “classical” or “conventional” DCs (cDCs),
previously known as myeloid DCs (15, 18, 19), known as cDC1
and cDC2 (Table 1).

cDCs express the myeloid antigen CDla, b, ¢, and d,
together with CD14, CD209 (Dendritic Cell-Specific Intercellular
adhesion molecule-3-Grabbing Non-integrin (DC-SIGN)), and
Factor XIIIA, at expression levels similar to those of monocytes.
A small subset of cDCs, the cross-presenting DCs, also expresses
CD141, CLEC9A, and XCR1. However, pDCs are characterized
by the expression of CD303 (CLEC4C), CD304 (neuropilin), and
CD123 (IL-3 receptor) (20).

Both pDCs and ¢DCs display characteristic surface markers
on their membrane whose expression levels correlate with their
maturation/activation state: CD83 is a maturation marker; CD80
and CD86 are activation markers involved in Ag presentation
and activation of T cells; and CCR7 is a chemokine receptor
up-regulated in mDCs implicated in migration to secondary
lymphoid organs (21). Furthermore, all DCs express the receptor
that participates in binding and internalization of HIV-1, CD4, as
well as the co-receptors CCR5 and CXCR4 (22).

Plasmacytoid Dendritic Cells
pDCs present a lack of lineage markers, CD19-, CD3-,
CDl1c-, CD14-, but express MHC-IT (HLA-DR™). pDCs can be
recognized among DCs because they express selective markers
including BDCA-4, BDCA-2, LILRA4, and CD123 (20).
Immature pDCs express the chemokine receptors CCRI,
CCR2, CCR5, CCR6, and CXCRI. Thus, pDCs are recruited to
areas of infection by chemokines such as MIP-3 alpha/CCL20
(23). After virus uptake via endocytosis, pDCs recognize RNA
viruses (like HIV-1) via TLR7, activating a signaling cascade
that results in pDCs maturation, IFN-a, IFN-, IL-6, and TNF-
a production, and changes in expression of membrane proteins,
including an increase in expression of chemokine receptor CCR7
(24) and CD40, CD80, and CD86 co-stimulatory molecules.
CCRY has a key role in driving the maturing DCs to the lymph
nodes. Expression of MHC-II and the co-stimulatory molecules
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TABLE 1 | Comparison between plasmacytoid and conventional DCs.

Plasmacytoid DCs

Myeliod/conventional DCs

cDC1 cDC2
Origin Plasmacytoid cells Myeloid precursor cells or AxI* cells
Markers CD303 (CLECAC) CD13, CD33 CD13, CD33
CD304 (neuropilin) CD11b,c (low) CD11b,c
CD123 (IL-3R) SIRPa (low) SIRPa
BDCA-2 CD1a,b,c, and d CD1c, CD2
BDCA-4 CD209 (DC-SIGN) FceR1
LILRA4 BDCA-3 Clec4A,10A,12A,13B
(Clec)9A VEGFA
CADM1 CD32a
FactorXIlA CD14
TLR expression TLR7, TLR9 TLR3, TLRY, TLR10 TLR2, TLR4, TLR5, TLR6, TLRS,
TLR9
Chemokine CCR1, CCR2, CCR5, CCR9 CCR1, CCR2, CCR4, CCR5, CCR6, CCR9
receptors CCRY7 (mature cells) CCR7 (mature cells)
CXCR1, CXCR3 CX3CR1
Cytokine IFN-a, IFN-B IFN (type 1) IL-1, IL-6, IL-8, IL-10, IL-12,
production IL-6, IL-8, IL-12, IL-18 IL-12 IL-15, IL-18, IL-23
TNF-a TNF-a
CCL3, 4,5 CCLS3, 4
CXCL10,11 CXCL8
CXCL11

Main function IFN production (activation of antiviral

immune response)

Antigen presentation via MHC
class | (priming and activation of
CD8* T cells)

Antigen presentation (lymphocyte
priming and activation)

Anti-HIV-1 Inhibition of viral replication (type I IFN) Generation of specific adaptive Generation of specific adaptive

functions immune response (Mmainly immune response (humoral and
cytotoxic) cytotoxic)

Pro-HIV-1 T cell recruitment to infection site HIV-1 transport to lymph nodes

functions T cell activation (increasing Cell-to-cell transfer to T cells

susceptibility to HIV-1 infection)
Long-term immune suppression
(IDO production)

allows pDCs to present Ags to CD4™ T cells, although not as
efficiently as cDCs (25, 26). However, the most characteristic
function of pDCs is type I IEN production, which stimulates
a strong anti-viral response, but may also contribute to the
chronicity of HIV-1 infection (27). Other soluble factors released
by pDCs upon activation are CCL3, CCL4, CCL5, IL-8, CXCL10,
and CXCL11 chemokines (28, 29). The multiple functions
attributed to pDCs including IFN production, NK cell activation
via IL-12 and IL- 18 secretion and Ag presentation have been
reviewed by Swiecki and Colonna (30).

pDCs are among the first cells to encounter HIV-1 after
infection (27). pDCs detect HIV-1 through TLR 7, which
leads to activation, but can also be infected by HIV-1,
due to the fact that they express CD4, CXCR4, and CCR5
(11). The role of pDCs in HIV-1 infection and disease
development is both beneficial and detrimental because HIV-
1 manipulates the anti-viral mechanisms of the cell to its
own benefit. The functions of pDCs in the HIV-1 infection
can be simplified in four steps (27): first, pDCs produce high
levels of type I IFN, inhibiting viral replication and inducing
bystander T cell activation which means to be a defensive

response but also leaves the lymphocytes susceptible to HIV-
1 infection. Second, pDCs release chemokines such as CCL5
that recruit CCR5T CD4" T cells to the site of infection
and thus facilitate the spread. However, it is also noteworthy
that CCL5, similarly to Maraviroc and other CCR5 ligands,
competes with HIV-1 protein gpl120 for binding to CCR5
co-receptor, thus having a inhibitory effect on HIV-1 entry
and infection (31). Third, during chronic HIV-1 infection,
the production of IFN persists, causing apoptosis of T cells
and contributing to decrease in CD4™" cell count. And fourth,
pDCs produce the enzyme indoleamine-pyrrole 2,3-dioxygenase
(IDO) that skews Treg/Th17 homeostasis toward the increase of
immunosuppressive Treg cells (32).

Although the number of pDCs in peripheral blood drops
during HIV-1 infection, in parallel with the drop of CD4™ T cells,
the remaining pDCs maintain their phenotype and are, in fact,
hyper activated. The decrease of pDC number in blood is believed
to be caused partially because of high cell death, but also because
they migrate to the lymph nodes and accumulate there, where
they keep a high activation state that eventually leads to their own
apoptosis (33, 34).
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It has been shown that DCs from blood from HIV-1-infected
individuals not only present elevated expression levels of TLR
and their downstream components, but also they are hyper-
responsive to TLR7 agonists and produce high levels of cytokines
after stimulation (24). In the same study, they showed that
pDCs from uninfected individuals up-regulate CCR7, CDA40,
and CD86 in response to TLR7/8 agonist R848 and aldrithiol-
2 (AT-2)-inactivated HIV-1, and pDCs from HIV-1-infected
individuals retain their capacity to up-regulate these receptors
(24). Moreover, it has been shown that when comparing HIV-
1-infected individuals and healthy controls, there is no difference
in the expression of CCR7, CD83, CD80, and CD86 after TLR7
stimulation, and likewise, there is no significant difference in
IEN-a production per cell (35).

Due to their role in IFN production, a dysregulation in pDC
function may result in uncontrolled viral infections (36). For
most viruses, a lower IFN production would result in a lower
antiviral response and a stronger infection, but in the opposite
case, when the IFN release is maintained in time, it would
result in T cell apoptosis, and a decrease in the host defenses.
More strongly, in the case of HIV-1 infection, IFN release is
also responsible for T cell activation, rendering them susceptible
to HIV-1 infection. Not only the IFN production, but also the
multiple roles of pDCs make a pivotal difference in the fate of
HIV-1 infection and viral spread or immune response.

Conventional Dendritic Cells

Unlike pDCs, which mainly respond to pathogens by secreting
large amounts of IFN-a, cDCs are specialized APCs that serve
as an important link between the innate immune system and the
adaptive immune response. Upon Ag recognition, cDCs produce
different inflammatory cytokines, including IL-12, IL-15, IL-23,
IL-6, TNFE and IL-1b (14). Similarly to pDCs, cDCs express the
chemokine receptors CCR1, CCR2, CCR5, CCR7, and CCRY,
and they also express CCR4, CCR6, and CX3CR1 (37). ¢cDCs
are rarely infected by HIV-1, but they capture and internalize
virus. As we will explain in the next sections, internalized virus
can be processed and presented in the cell surface for T cell
priming, or can on the contrary be transferred to CD4™" T cells,
promoting this way the HIV-1 infection and spread. Similar to
pDCs, cDCs play a dual role, simultaneously restraining and
potentiating HIV-1 infection (38).

During HIV-1 infection, cDCs are mostly depleted from the
blood, partially because of apoptosis and partially because they
migrate and accumulate in lymph nodes (39, 40). Moreover, the
differentiation of cDCs from monocytes, which usually happens
upon inflammation, may be impeded due to aberrant IFN-a
production (41). The functionality of the remaining circulating
cDCs is controversial. Some studies report that maturation of
cDCs is impaired (42-44), whereas other studies claim that cDCs
are not functionally defective, respond to TLR7 stimulation by
up-regulating CCR7, CD40, CD80, CD83, and CD86 (21, 24),
and may even be hyper-responsive to TLR stimulation (10).
Binding and internalization of HIV-1 is mediated by a variety
of DCs-expressed surface receptors. While activation of pDCs
by HIV-1 is mainly thought to involve intracellular members of
the TLR family, it has been shown that HIV-1 does not induce

maturation of cDCs by activating TLRs (45, 46). HIV-1 also
prevents the activating effect of cDCs on other cell types. In
normal conditions, cDCs mediate NK cell activation and fuel
its lytic activity, but HIV-1 disrupts cDC-NK cell cross talk,
weakening this innate line of defense (47).

The few c¢DCs that are infected by HIV-1 sustain a
substantial viral burden and have a relatively long half-life,
which suggests that they may have a role in latency. HIV-1
can signal through TLR-8, which initiates transcription from
integrated provirus via MAPK pathway and nuclear factor kB
(NF-kB) (48).

It has been observed that early HIV-1 infection induces
a strong and simultaneous increase of LILRB2 and MHC-I
expression on the surface of blood cDCs. Analysis of factors
involved indicates that HIV-1 replication, TLR7/8 triggering,
and treatment by IL-10 or type I IFNs increase LILRB2
expression (49). In vitro experiments suggest that strong LILRB2-
HLA binding negatively affects Ag-presenting properties of
DCs (50).

Although all ¢DCs share the same precursor cells and
many characteristics, they can be divided in two types: cDC1
and cDC2.

Conventional DC1 (cDC1)

Peripheral blood myeloid ¢cDC1 are a rare population of DCs
[0.05% of PBMCs (51) or one tenth the amount of cDC2 (52,
53)]. They are identified by the expression of high levels of
CD141 (BDCA-3) and XCR1 (54), together with expression of C-
type lectin-like receptor (Clec)9A and cell adhesion molecule 1
(CADM1) (28, 29). ¢cDC1 express CD13 and CD33 in common
with ¢cDC2, but lower CD11¢c, CDI11b, and SIRPa (CD172).
They detect intracellular dsRNA and DNA thanks to their high
expression levels of TLR3, TLR9, and TLR10 (28, 55, 56),
leading to IRF3-dependent production of type I IFNs and IL-
12 (57, 58). Secretion of IL-12 promotes Thl and NK cell
responses. However, cDC1 are most characterized by their
superior ability to cross-present and efficiently prime CD8"
T cells via MHC class I (51, 59). Interestingly, it has been
shown that ¢cDC1 are constitutively resistant to productive viral
infection (60).

Conventional DC2 (cDC2)

cDC2 cells are the major subset of myeloid DCs in blood, and
are characterized for being potent stimulators of naive T cells.
They are identified by the expression of specific markers such as
CDlc, CD2, FceR1, SIRPa, and myeloid antigens CD11b, CDl11c,
CD13, and CD33. Also, transcriptional profiling studies have
recently identified CLEC10A (CD301a), VEGFA, and FCGR2A
(CD32A) as cDC2 markers (60). cDC2 resemble monocytes in
the expression of a wide range of lectins, TLRs, and NOD-
like receptors (28). The lectins expressed by ¢DC2 include
Clec4A, Clecl0A, Clecl2A, and DEC205 (Clecl3B) (61, 62).
cDC2 express TLR2, 4-6, 8, and 9 and, upon stimulation, they
produce several soluble factors such as TNF-a, IL-1, IL-6, IL-8,
IL-10, IL-12, IL-18, and IL-23 (63, 64) and chemokines including
CCL3, CCL4, and CXCL8 (28, 65). Due to the wide range of
factors produced and strong cross-presenting abilities, cDC2

Frontiers in Immunology | www.frontiersin.org

October 2019 | Volume 10 | Article 2485


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Martin-Moreno and Mufioz-Fernandez

Dendritic Cells in the War Against HIV-1

promote a potent activation of Th1, Th2, Th17, and CD8™" T cell
responses (66).

Interestingly, a population of CD11c™ DCs has been found in
the anogenital tissue. These cells are transcriptionally very similar
to ¢cDC2, but present a higher expression of CD4 and CCRS5,
which could explain the higher susceptibility to HIV-1 productive
infection and consequent transmission to T cells (67). Their
presence in the anogenital tissues (where HIV-1 infection occurs)
may be key in the initial spread of the virus and establishment of
the infection during sexual transmission.

DCs can be obtained in vitro from CD14™ monocytes after
stimulating with granulocyte/macrophage colony-stimulating
factor (GM-CSF) and IL-4 (68). These cells express the same
maturation and function markers (69), and resemble the behavior
of cDC2.

ROLE OF DENDRITIC CELLS IN HIV-1
INFECTION

As it was mentioned before, DCs are the APCs par excellence.
Their most recognized role is to process Ags and present them
on MHC on the cell surface, together with co-stimulatory
molecules, aiming to present them to T cells and activate a
specific and efficient immune response. In order to achieve their
objective, once they find an Ag and become mature, they travel to
secondary lymphoid tissues, where most resting or naive T cells
are accumulated.

The APC role of DCs that have been in contact with
HIV-1 is a two-faced job. On one side, DCs can activate
an immune response against HIV-1 in very early stages of
infection, by presenting HIV-1 peptides to lymphocytes and thus
promoting differentiation, activation and proliferation of HIV-
1 recognizing T and B cells. However, HIV-1 also uses DCs to
travel to T cell clusters and boost infection of T cells, through
a process known as trans-infection which was first described in
1992 (70).

The pathway leading to DC-T cell contact can be divided
in three steps: HIV-1 capture by DCs (Figure 1), intracellular
processing and trafficking of captured virus (Figure2), and
connection with T cells (Figure 3).

HIV-1 Capture by Dendritic Cells

The recognition and capture of HIV-1 by DCs is a key step to
determine the interaction between virus and immune system.
The cell receptor that first recognizes HIV-1 and captures virus
will determine the fate of cell and virus (71) (Figure 1). The
main players are CD4 and DC-SIGN, leading the first one to
conventional infection and the latter to either trans-infection or
Ag presentation.

CD4 is the HIV-1 receptor par excellence. Binding of HIV-1
to this receptor, and a CCR5 or CXCR4 co-receptor will cause
the virus to enter the cell and follow its conventional viral cycle,
including retrotranscription of its genetic material, integration
in the host genome and eventually, viral production. Productive
infection of DCs is a rather rare event, 10- to 100-fold less
frequent in vivo than CD4" T cell HIV-1 infection (72). In fact,

an ex-vivo study using DCs from healthy donors found that on
average only 1-3% of both ¢cDCs and pDCs are susceptible to
HIV-1 infection, as observed by intracellular staining of HIV-1
protein p24 (10). However, even DC infection levels of <1% are
more than sufficient to cause an explosive viral infection in CD4
lymphocytes (73).

An alternative DCs-specific HIV-1 binding protein was first
described in 2000 (74). The C-type lectin receptor (CLR) DC-
SIGN, which is highly expressed on ¢DCs located in mucosal
tissues, recognizes mannose and fucose on a wide range of
pathogens, including the high-mannose oligosaccharides of HIV-
1 gpl120. DC-SIGN is the key to understanding the dual
and ambiguous role of DCs in HIV-1 infection. It acts both
as HIV-1 receptor, enhancing trans-infection, and as pattern
recognition receptor (PRR), enabling the development of a
specific adaptive immune response (75). The fate between
these two possibilities has been shown to depend on the N-
glycan composition of HIV-1 (76). This was first noted after
comparing the fate of normally glycosylated HIV-1 (containing a
heterogeneous glycan composition) with that of oligomannose-
enriched virus, and observing that the modified virus leads to
enhanced viral capture by DCs, enhanced viral degradation and
more efficient presentation to CD4™" T cells, instead of leading
to HIV-1 transmission. Different viral strains differ in their
glycan composition, and more recent studies have proven its
relevance, by showing that viral strains containing high-mannose
glycans were more efficiently bound to DC-SIGN, degraded and
presented as Ags (77, 78). Interestingly, the glycan composition
of the HIV-1 envelope, and consequent sensitivity to lectins,
also correlates with their sensitivity to neutralizing antibodies
(Abs) (78,79).

Binding of HIV-1 to DC-SIGN has been linked to trans-
infection rather than to productive HIV-1 infection of DCs. The
main mechanism for trans-infection is the transmission of viral
particles through the infectious synapse between ¢cDCs and T
cells, which will be explained in the next sections. Leukemia-
associated Rho guanine nucleotide exchange factor (LARG) is
essential for the formation of synapse and has been shown to
be activated by DC-SIGN triggered by HIV-1. LARG activation
then leads to recruitment and activation of the small GTPase Rho
A, but the consequences of this signaling have not been fully
understood yet (80). Accordingly, a recent study (81) showed
that blockage of DC-SIGN by binding to other proteins such
as surfactant protein D, which is secreted by epithelial cells to
mucosal surfaces, suppresses binding to gp120 and thus decreases
the transmission to lymphocytes.

On the other hand, DC-SIGN bound HIV-1 can be
internalized and processed for Ag presentation both to CD4™
T cells via MHC-II (82) and to cytotoxic T cells via MHC-
I (83). The signaling cascades initiated after HIV-1 binding
to DC-SIGN lead to an increase in IL-10 production, which,
due to its role in differentiation of naive T cells into helper
cells, is in concordance with the APC role of ¢DCs. DC-
SIGN triggering activates RAFI, a serine/threonine protein
kinase, which induces the phosphorylation of NF-kB subunit
p65 at Ser276. This phosphorylation enables the binding of
histone acetyl transferases CREB-binding protein (CBP) and
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FIGURE 1 | Receptors and pathways implicated in the entry of HIV-1 into DCs. HIV-1 binds several different DCs surface receptors, which determines the fate of the
virus. Binding to conventional HIV-1 receptor CD4, or DC-specific DCIR leads to productive infection of the cell in a very small percentage of DCs. In most cases,
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p300 to p65 and, thus, its acetylation, which results in
an increased activity of the NF-kB transcription factor, this
way increasing the transcription and expression of IL-8 and
IL-10 (84). Surprisingly, phosphorylated p65 recruits pTEF-
b, containing cyclin T1 and CDKY, to HIV-1 long terminal
repeats, promoting transcriptional elongation, and thus, favoring
productive replication if the viral genome has already been
integrated in the DC genome (85). Even though TLR signaling
is not required for RAF1 activation by DC-SIGN, NF-kB
translocates to the nucleus as a consequence of TLR-4 and TLR-3
signaling pathways, suggesting a crosstalk between DC-SIGN and
TLR signaling (84). The combined effects of Ag sensing by TLR-
3, TLR-4, NOD2, and DC-SIGN have been dissected in a recent
study (86) strongly proving that the ligand-driven triggering of
these PRRs reduces viral replication and increases the ability of
¢DCs to stimulate HIV-specific cytotoxic T cells. Although, RAF1
is a well-known component of the RAF1-MEK-ERK signaling
cascade (87) and HIV-1 has been linked to ERK activation (88),
binding of mannose-containing pathogens by DC-SIGN does not
trigger ERK activation, and to the extent of our knowledge, the
involvement of DC-SIGN in ERK activation has not been proven,
so it is unlikely that DC-SIGN is the initiator of the cascade
leading to ERK activation.

Additionally, other receptors could be implicated in the
binding of HIV-1 to DCs. For example, cell-surface heparan
sulfate proteoglycan, syndecan-3, has been shown to bind to HIV-
1 gp120 protein and to be involved in the capture of the virus (89).
Another recently discovered C-type lectin receptor, named DCIR
(for DCs immunoreceptor) has been demonstrated to bind to
HIV-1, to participate in its capture and to be involved in processes
leading to the productive infection of monocyte-derived DCs,
and thus, to cis-infection of T cells (90). Finally, the sialic
acid-binding immunoglobulin-like lectin Siglec-1 was shown to
bind the host-derived ganglioside GM3 that is incorporated
into the viral membrane and is a key interaction involved in
HIV-1 transfer to CD4T T cells via trans-infection (91-93).
Siglecs are immune modulatory transmembrane proteins that
bind sialylated carbohydrates and set the activation thresholds
for immune response. HIV-1, similar to many other pathogens,
has evolved to incorporate sialic residues on gp120, and can
not only bind to Siglec-1 on DCs and monocytes/macrophages
through gangliosides on the viral lipid envelope, but also to
Siglec-7 on NK cells and monocytes/macrophages (94), as has
been reviewed by Mikulak et al. (95). The binding of HIV-
1 to Siglec-1 also increases the entry to DCs, contributing to
HIV-1 dissemination.
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FIGURE 2 | Intracellular pathways and molecular partakers of HIV-1 trip inside DC. Only a small percentage of HIV-DC interactions lead to productive infection, thanks
to intracellular molecular defense at different stages of the infection, including and highlighting the antiviral effect of p21, SAMHD1, and APOBEC3G. Most of the
times, however, the virus enters the DC by endocytosis and accumulates in multivesicular bodies (MVB). If the MVB fuses with the lysosome, the virus is recognized as
antigenic and processed, resulting in viral peptides binding to MHC and showing in the membrane for AG presentation to T cells. The key and most interesting role of
DCs in HIV-1 infection is their function as Trojan Horse, as the virus in the endosome can use the cells as a mean of transportation to the lymph nodes, and then be

released either through the virological synapse, or via exocytosis.

The entry way of HIV-1 into cells has been historically
believed to be via membrane fusion after receptor and co-
receptor binding. However, recent studies have proven that
HIV-1 can enter the cell via dynamin-dependent endocytosis,
and that membrane fusion can occur inside the cell, starting
controversy (96). These different entry pathways could depend
on cell type, and in the case of DCs, there is consensus in
that the virus can either fuse at plasma membrane or be
endocytosed, leading to productive infection or internalization
and trans-infection of T cells, respectively (97). The endocytosed
virus has been demonstrated to cause productive infection
of CD4" T cells (98). HIV-1 entry to DC by endocytosis
is also the path leading to lysosomal fusion, processing and
Ag presentation.

Pritschet et al. (99) highlighted the importance of the
endocytic pathway in pDCs when they demonstrated that
endocytosis, but not membrane fusion, increased the IFN-
a production. They treated pDCs with dynasore, a GTPase
inhibitor that rapidly inhibits dynamin and thus, endocytosis, or

with fusion inhibitor T-20, and observed that only the former
decreased IFN-a production.

Interestingly, binding of HIV-1 particle to C-type lectin
receptors, mainly the aforementioned DC-SIGN, but also the
Langerhans cell specific langerin, preferentially route the HIV-
1 toward the endocytic pathway. Langerhans cells are DCs
that reside in the epithelium characterized by their expression
of langerin and the presence of endosome-related Birbeck
granules in their cytoplasm. Binding of HIV-1 to langerin
leads to internalization via caveolin-1 positive vesicles, linked to
lysosomal degradation pathway, thus representing a restriction
mechanism for HIV-1 infection (100).

The most recent studies in DCs, suggest that HIV-1 fusion
occurs mostly at cell surface, instead of endosomic vesicles,
and depends on the amount of CD4 expressed (101). Low
levels of CD4 expression limit the fusion and divert DCs-HIV-
1 interaction toward the competing binding to DC-SIGN and the
consequent not productive pathway. The interaction of DCs with
HIV-1 is strongly determined by the maturation state of the cells.
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Viral fusion is even lower and shows slower kinetics in mDCs
when comparing with iDCs (102).

Intracellular Trip

Dendritic Cell Infection or Lack Thereof

As it has been mentioned before, the interaction between HIV-
1 and host cell can lead to productive infection, but more
often than not, HIV-1 follows other alternative pathways. Some
intracellular factors that play a key role in determining the fate
of such interaction have been discovered (Figure 2). Intracellular
antiviral responses represent a first line of natural defense in
preventing infection as proved by the fact that HIV-1 has
developed efficient counteracting measures.

Similar to viral fusion, viral replication is less effective in DCs
than in CD4™ T cells, but can still occur in DCs. iDCs can be
productively infected, although only by R5 virus, while mDC can
internalize both R5 and X4 HIV-1 strains, but the replication
is blocked (103). It is controversial whether the transcription
in mDC is blocked at the step of reverse transcription (104) or
inhibited post-integration (105). A study from 1999 showed that
the transcription blockage in mDC is surpassed after binding
to T cells, via binding to CD40L, allowing and promoting
cis-infection (106).

Despite binding and internalization by DCs, HIV-1 fails to
induce a strong innate immune response or inflammation. The
mechanisms that HIV-1 uses to evade detection inside the DCs
are still to be fully understood. The inflammatory signaling
pathways in DCs are stimulated by HIV-1 after binding to TLR-
8. Using a phosphoproteomics approach followed by a siRNA
screen, a recent study found that HIV-1 exploits the dynein motor
protein Snapin, a natural cellular inhibitor of TLR-8 signaling
and a general regulator of endosome maturation, by enhancing
dynein expression. The increase in Snapin expression facilitates
the accumulation of HIV-1 particles in endosomes containing
low TLR-8, hence evading the sensing and inflammatory
response (107).

The low HIV-1 infection is presumably due to low expression
of CD4 receptor and co-receptors on the surface of the DCs, fast
and efficient degradation of internalized virus, limited availability
of dNTPs on non-cycling cells, and the expression of host factors
that could block HIV-1 infection and/or replication (108).

The fact that HIV-1 replicates inefficiently in non-dividing
cells, and the discovery that the infection can be enhanced
by Vpx [a protein encoded by HIV-2 and several lineages of
simian immunodeficiency virus (SIV)], pointed at the existence
of a cellular HIV-1 restriction factor (109). Sterile alpha motif
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and HD-domain containing protein 1 (SAMHDI1) was first
described in 2011 as the restriction factor that gives non-dividing
myeloid cells certain resistance against HIV-1 infection (110,
111). It was identified by mass spectrometry studies of proteins
immunoprecipitated from cells expressing or not Vpx. Vpx was
later shown to interact with the C-terminal domain of SAMHDI1,
driving it to E3 ubiquitin ligase complex, leading to proteosomal
degradation (112). SAMHDI is expressed in the majority of
the nucleated hematopoietic cells, and it is especially abundant
in the HIV-1 target cells residing in the anogenital mucosa
(113). Keeping in mind that HIV-1 does not contain Vpx, all
this information brings up the questions of how HIV-1 avoids
the SAMHDI1 barrier, what is the role of SAMHDI1 in HIV-
1 infection, and whether it could contribute to the inefficient
immune response against HIV-1 (114).

SAMHD1 is a phosphohydrolase (115) that dephosphorylates,
and thus depletes, the pool of deoxynucleotide triphosphates
(ANTP) (115, 116) to a level below that required for
HIV-1 reverse transcription (117). Structural studies have
shown that SAMHD1 works as a highly efficient catalytic
tetramer, which forms after binding to GTP and dGTP
(118-121). This allosteric regulation by GTP warrants a
close communication and coordinated regulation with the
ribonuclease reductase (the enzyme responsible for de novo
dNTP synthesis) in order to maintain balanced intracellular
dNTP levels. As can be intuited, SAMHD1 regulation is cell-
cycle dependent, and it has several means of control. Mainly,
it is inhibited by phosphorylation in Threonine 592 by the
complex of cyclin A with cyclin-dependent kinase 1 (CDKI)
and CDK2 (122-124). Binding of single-stranded nucleic acids to
dimerizing interface inhibit formation of the catalytic tetramer
(125), and also oxidation caused by proliferation-induced
hydrogen peroxide forms disulfide bonds and blocks catalytic
activity (126).

These regulatory mechanisms keep SAMHDI inactive during
the Gl and S phase of the cell cycle in proliferating
cells and explain why HIV-1 infects dividing cells more
efficiently. The same study that showed that SAMHDI1 is
expressed in most tissues and hematopoietic cells, also pointed
out that, predictably, activated CD4" T cells contain the
phosphorylated form pSAMHD1 (T592), whereas cells, which
are not HIV-susceptible such as resting T cells and macrophages,
carried the HIV-restrictive unphosphorylated protein (113).
In macrophages, cyclin L2 has been found to bind to
SAMHD]I, leading to its degradation and thus controlling its
abundance (127). Knockdown of cyclin L2 highly decreased
HIV-1 replication in macrophages, but not in cyclin cells,
which suggest the possibility that it might also be found
in DCs.

Several functions and roles related to immune response have
been attributed to SAMHDI, including down-regulating type
I interferon response, which depends on the residue G209 of
SAMHD1 (128), and blocking the replication of virus that uses
retrotranscription in their replication cycle (retroviruses and
hepatitis B virus) (129, 130). Although SAMHDI1 had been
reported as a type I interferon (IFN)-inducible protein, its
expression or phosphorylation levels have been demonstrated

to show no variation after IFN stimulation (131). However, its
relationship with IFN is still controversial. Other studies claim
that the constitutive signaling through the type-I IFN receptor
in pDC blocks the degradation of SAMHD1 and counteracts the
effect of Vpx (132).

SAMHDI1 has a dual enzymatic function, degrading not
only dNTPs (dNTPase activity) but also viral nucleic acids
(RNase activity). The nuclease activity is also implicated in
HIV-1 restriction (133), although there is no consensus about
whether it is required (134) or not (135) for HIV-1 restriction.
Recent studies on this topic showed that an increased expression
of cyclin-dependent kinase inhibitor p21Wal/CPl (p21) also
decreases the size of the intracellular ANTP pool by suppressing
several enzymes involved in ANTP synthesis. Interestingly, p21
blocks SAMHDI1 phosphorylation and promotes its dNTPase-
independent antiviral activity without affecting its dNTPase
activity (136). The expression of p2l is low in responding
iDC, and increases gradually during differentiation (137). This
correlates with the fact that some iDCs can be productively
infected, while the viral replication is blocked in the mDCs that
internalized the virus (103). Altogether, induction of p21 may
result in an effective inhibition of HIV-1 replication in DCs,
appearing to be a key regulator of HIV-1 infection and a potential
target for drug design.

Another innate antiviral factor was first isolated in 2002,
and identified as APOBEC3G (apolipoprotein B mRNA editing
enzyme catalytic polypeptide-like 3G) (138). It was then
described to act at the late stages of viral production and to
be counteracted by the HIV-1 protein Vif (139). Two other
components of APOBEC family, APOBEC3F, and APOBEC3B,
exhibit anti-HIV-1 activities (140). Interestingly, APOBEC3G,
together with APOBEC3E, can be encapsulated into HIV-1
virions, in absence of Vif, decreasing the infectivity of the virion
(141), and it has been long studied as a candidate target for
drug discovery (142). Both APOBEC3G and APOBECS3F are
expressed in cell populations susceptible to HIV-1 infection,
whereas APOBEC3B is not normally expressed in lymphoid cells
and has been shown to be resistant to HIV-1 Vif. Therefore,
activation of endogenous APOBEC3B gene in primary human
lymphoid cells has been proposed as a novel and effective strategy
for inhibition of HIV-1 replication in vivo (143).

APOBEC3G is a cytidinedeaminase of ssDNA, which means
that it binds to ssDNA and catalyzes the deamination of cytidine
to uridine, and it exerts its antiviral activity by interfering with
the proper replication of viruses. However, in the case of HIV-
1, it has been shown that APOBEC3G inhibits infection in
two previous steps of the viral cycle. First, it interferes with
reverse transcription, in a deaminase independent manner, by
blocking tRNAI;ys priming, thereby inhibiting the production
of early minus-sense ssDNA (144). This implies that it cannot
just bind to DNA, but also to RNA, through at least two
different described RNA binding sites (145). Nonetheless, five to
seven-fold reduction in viral DNA synthesis in the presence of
APOBEC3G and absence of Vif only partially accounts for the 35-
fold decrease in HIV-1 infectivity, which led to the discovery that
there is an additional role of APOBEC3G that results in a five-fold
decrease in the amount of integrated DNA. APOBEC3G modifies
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the processing and removal of tRNA by reducing its efficiency
and specificity, resulting in aberrant viral DNA ends, inefficient
for integration (146). Vif triggers the poly-ubiquitination of
APOBEC3G and targets it for proteasomal degradation (147).

Despite being present in most cell types, APOBEC3G has an
especially important role in DCs. Pion et al. (148) proved in 2006
that APOBEC3G levels correlate with HIV-1 infection in DCs.
They showed that the small subset of iDC susceptible to HIV-
1 infection were deficient in APOBEC3G, and they also noted
that APOBEC3G levels increased during maturation, which
further reduces susceptibility to infection. Likewise, APOBEC3G
expression is up-regulated by DCs stimulation with CD40 and
CCRS5 (149), and poly (I:C) and TNF-a (150), which are known
to induce DCs maturation.

Due to the importance of IFN-a in the innate immune
response against viral infections, including HIV-1, its effect on
APOBEC3G expression appears particularly interesting. A study
published in 2013, found that low amounts of IFN-a significantly
induced APOBEC3A, F and G expression in monocyte-derived
iDC, without causing maturation (151). In the same study, they
showed a significantly reduced transmission of HIV-1 from DCs
to autologous T cells in the presence of IFN-a, presumably caused
by the increased APOBEC expression levels. Similar results were
found in pDCs, in which IFN-a increases APOBEC3G, thus
decreasing HIV-1 infectivity (152).

APOBEC3G is only enzymatically active when in low
molecular mass (LMM) configuration, but its recruitment into
high molecular mass (HMM) RNA-protein complexes results
in a block in its deaminase function. Activation of CD4" T
cells enhances APOBEC3G expression and recruitment into
HMM, rendering the cells permissive to HIV-1 infection. On the
contrary, maturation of DCs leads to an increased expression and
accumulation of LMM APOBEC3G, which then contributes to
halting HIV-1 infection (150).

Another characteristic of APOBEC3G which differs in DCs
with regards to other cell types is the subcellular location.
In CD4" T cells, the expression APOBEC3G increases with
activation, but it translocated to the nucleus, which is compatible
with the increase in HIV-1 infection susceptibility. In DCs,
APOBECS3G is localized in the cytoplasm, where it performs its
functions, regardless of the maturation state of cells (153).

Although less efficient than SAMHD1 or APOBEC3G,
TRIM5a is another known HIV-1 restriction factor that was
first described as a rhesus macaque protein responsible for
blocking infection by HIV-1 (154). TRIM5a restricts HIV-
1 infection by disrupting the viral capsid and inducing its
proteasome-dependent degradation (155-157). Its function in
DCs is regulated by SUMOylation and nuclear sequestration
(158). Recent studies showed that IFN-o-mediated stimulation
of immunoproteasome facilitates the degradation of the viral
capsid and inhibition of HIV-1 DNA synthesis by TRIM5a (159),
thus suggesting a possible mechanism of action of this restriction
factor. However, TRIM5a does not have a strong role in DCs, as
it has been shown to only restrict HIV-1 infection upon C-type-
lectin-receptor-dependent uptake of HIV-1 (160). DC-SIGN
dependent entry of the virus leads to dissociation of TRIM5a
from DC-SIGN, and consequent abrogation of restriction.

Interestingly, the effect of HIV-1 productive or restrictive
infection on gene expression pattern depends on the maturation
state of DCs. A study based on whole-genome microarrays
recently found that expression of interferon-stimulated genes
involved in control of viral replication, was induced after
productive HIV-1 infection of iDCs with Vpx-loaded HIV-1
particles, thus inducing an antiviral state in surrounding cells. On
the contrary, in the case of mDCs, productive HIV-1 infection
decreased expression of interferon-stimulated genes CXCR3-
binding chemokines, suggesting a diminished trans-infection of
CD4 lymphocytes. Paradoxically, restrictive HIV-1 infection had
the opposite effect on mDCs, increasing the aforementioned gene
expression, which would result in lymphocyte attraction and
enhanced trans-infection (161).

Summing up, the currently known restriction factors and
their mechanisms of action may represent only the tip of the
iceberg of mechanisms evolved to protect eukaryotic cells from
HIV-1 infections, and to preserve the integrity of host cells
and of its genome. Equivalently, SAMHD1, APOBEC3G and
TRIM5a are well-known cellular factors that restrain HIV-1
from productively infecting and replicating in DCs, but further
research could shed light on other mechanisms or ways to take
advantage of these ones with a therapeutic or prophylactic aim.

Dendritic Cells as HIV-1 Carriers

Although DC infection is rare, HIV-1 frequently contacts DCs
and enters to the cell, harnessing cell migration to reach more
infection-prone cells. This pathway is the most favored after HIV-
1 binding to DC-SIGN or other C-type lectin receptors, or when
the virus enters via endocytosis. In this case, the virus uses the DC
as a mere mean of transportation. The endosomes develop into
multivesicular bodies (MVBs), and can then follow two paths:
lysosomal fusion and degradation, probably leading to antigen
presentation, or re-fusion with plasma membrane and release of
exosomes or viral particles, spreading the infection.

In the specific case of langerin mediated HIV-1 capture, the
viral particles have been shown to accumulate in vesicles in co-
localization with langerin and caveolin-1, which was related to
the lysosomal degradation pathway (100). A similar pathway
was described in pDCs, after dynamin-dependent endosomal
entry of HIV-1. The viral particles were found to localize in
vesicles containing caveolin; early endosomal Ag 1; RabGTPases
5,7, and 9, and lysosomal-associated membrane protein 1 (99).
These data suggest that HIV-1 containing endosomes also follow
the lysosomal pathway, thus triggering Ag presentation and an
adaptive immune response. Lysosome fusion and Ag degradation
is a key part of antigenic peptide binding to MHC-I or MHC-
IT and consequent Ag cross-presentation to CD8" or CD4" T
cells, respectively (162). Further research on this topic is needed,
as promotion of this pathway offers a potential road to anti-HIV
drug design.

Binding of HIV-1 peptides on MHC-I molecules is remarkably
interesting for the design of a therapeutic vaccine (163). The
cytotoxic responses triggered by MHC-I presentation to CD8"
T cells have a key role in the specific immune response against
HIV-1, and cDCs have been shown to process antigen, present it
on MHC-I and generate a specific anti-HIV-1 cytotoxic immune
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response (164). Intracellular processing is required for optimal
presentation, and the ability of DCs to process and present
antigen on MHC-I remains intact in DCs derived from HIV-1
infected patients on cART (165). This processing pathway could
be exploited for the design of DC-based therapies against HIV-1.

However, HIV-1 avoids lysosomal degradation and exploits
the endosomal pathway in DCs, turning it into an efficient and
dangerous way to spread to lymph nodes, where it transfers
to T cells, its favored target. HIV-1 transfer from DCs to T
cells is regulated by actin dynamics (166). Recent studies have
revealed the role of TSPAN7, a member of the tetraspanin family
which promotes actin nucleation and stabilization via the ARP2/3
complex, in halting HIV-1 internalization in the endosome,
keeping it close to plasma membrane, in actin-rich dendrites,
favoring an efficient transfer to T cells (167).

TSPAN7 increases the list of tetraspanins related with the
HIV-1 infection cycle (168). The HIV-1 budding sites, virological
synapses, and virions have long been known to be enriched
in the tetraspanin family members CD9, CD63, and CD81
(169). HIV-1 uses these host molecules for its own benefit. CD9
regulates trafficking of MHC-II and its surface expression levels,
thus affecting Ag presentation (170). CD81 is associated with
SAMHDI, decreasing its activity, increasing the availability of
dNTP, and thus enhancing HIV-1 infection (171). CD63 has a
dual activity and its function is still not clear. It regulates HIV-1
replication (172) and it is required for reverse transcription (173).

Finally, there is a group of proteins that is booming in the
last years, but whose role in the context of DCs and HIV-1
has been overlooked for now. The endosomal sorting complexes
required for transport (ESCRT) machinery consists on a group of
cytosolic protein complexes that enable membrane remodeling
and budding away from the cytoplasm, and thus orchestrate
cellular processes such as MVB and exosome biogenesis (174),
cytokinesis and viral budding (175). HIV-1 is not an exception,
and takes advantage of this tool to be released from infected
cells (176, 177). Briefly, HIV-1 gag has been shown to engage
tsgl01 (178, 179) or ALIX (180) in order to recruit the rest of
the ESCRT machinery to the assembly sites where they mediate
budding. High-throughput screening is a useful tool for finding
inhibitors for these interactions (181). When looking at DCs,
the ESCRT machinery has an extra function, as it regulates Ag
presentation by MHC class-II (182). The ESCRT proteins drive
MHC class-II complex to either lysosomal degradation in non-
activated DCs, or transfer to cell surface for Ag presentation
in activated DCs, thus standing out as key figures for DC
function. It would be interesting to study the specific role
of the ESCRT machinery in DCs in presence of HIV-1, as
a potential start point for the design of anti-HIV-1 drugs or
therapeutic vaccines.

Although the main questions that come to mind when in
the rational search of an HIV-1 therapeutic or prophylactic are
usually focused on virus-cell interactions and viral replication,
the multiple and diverse intracellular molecular players that
determine the fate of the virus and the outcome of infection also
form a rich and vastly unexplored field with a big potential for
drug design. Altering the HIV-1 intracellular pathway may serve
to modulate the immune response and control the consequences

of the infection, pointing out the importance of a detailed study
of all the implicated molecules.

Dendritic Cell-T Cell Contact

The ultimate function of DCs is to present Ag to the T
cells, for which they establish contact either in the mucosa or
after migration to the lymph nodes. HIV-1 subverts the Ag
presentation process to increase transmission and infection of T
cells (Figure 3). Although some DCs can retain viruses up to 6
days, most viruses are degraded within 24 h after exposure, which
does not match the timeline of T cell infection in co-culture. A
2-phase transmission pathway has been suggested, initiated by
iCD and mCD uptake and transmission of HIV-1 to T cells via
trans-infection that decays after 24 h, and followed by a long-
term second round of cis-infection after 48 h, when the infection
has resulted productive in iDCs, and a new generation of virus is
transmitted to T cells (183).

Dendritic Cell-T Cell Activation

As we have mentioned before, cDCs are mostly known for
their role as APCs. Although the molecular mechanisms remain
controversial, the accepted dogma is that cDCs capture Ag by
endocytosis, degrade it into peptides after fusion of the endosome
with the lysosome, and present it to T cells bound to MHC
complex. Recognition of MHC bound Ag, together with binding
to co-stimulatory molecules on the cDC surface, in a molecular
cluster known as the “immunological synapse,” induces specific
T cell responses, and thus, the adaptive immune response. The
state of knowledge about this process has been reviewed in other
recent publications (162, 184-186).

In spite of the extensive research and accumulated knowledge
in this field, there are still a lot of questions that remain to be
answered and are of great interest for therapy design, among
other things. Hence, more detailed molecular pathways and
alternative circumstances are being explained. A study from
2018, for example, described a new pathway leading to initiation
of adaptive immune responses in vivo, which occurs after the
infective agent has bypassed capture by the innate immune cells
at the infection site (187), providing evidence of the existence of
an alternative lymphocyte activating pathway that may function
in parallel or as a backup to the conventional pathway. They
found that the Ag can travel to lymph nodes, where it is
phagocytosed by macrophages, causing their death, and the
debris released activates Ag presentation by monocytes in the
blood. Further studies about the factors contained in the debris
that enhance Ag presentation could provide clues in the search of
an HIV-1 therapeutic vaccine.

In the case of HIV-1, cDCs from infected patients are
unable to generate lymphocyte activation and proliferation in
vitro, even when they show all the signs of activation (42).
However, ¢cDCs from elite controllers of HIV-1 infection have
been found to effectively prime T cell responses (188). These
recent results corroborate their previous findings that DCs from
elite controllers produced type I IFN in a rapid and sustained
way, expressed less SAMHDI, and accumulated viral reverse
transcripts after exposure to HIV-1. Those signs of improved cell-
intrinsic immune recognition of HIV-1 translated into a strong
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stimulation of a specific CD8" T cell response, suggesting that
improved DC-T cell Ag presentation contributes to control of
HIV-1 infection in elite controllers (189).

Recent studies are shedding some light on the mechanisms
of induction of HIV-1 specific T cell responses by DCs. The
programmed cell death ligand 1 (PD-L1) is highly expressed
in highly stimulatory ¢DCs, and it has been shown to have
an enhancing role in priming naive T cells and activation of
CD8*' T cells into effector T cells, while it has a negative
role in later phases, as it decreases the magnitude of memory
HIV-specific cytotoxic T cell responses (190). These findings
contradict the previous suggestion that PD-L1 expressing DCs
in the lymph nodes may hinder the generation of HIV-specific T
cell response (191).

Manipulating cross-presentation is a promising tool for
effective vaccine design against cancer and infectious diseases,
including HIV-1. For this reason, further exploring and
describing the mechanism and main molecular partakers of
DC-T cell crosstalk is indispensable in the search of DC
based vaccines.

Dendritic Cell-T Cell HIV-1 Transmission
Trans-infection via infectious synapse

The first studies about DC-T cell HIV-1 transmission claimed
that cell-to-cell contact was necessary for the T cell infection to
occur (192). This fact was corroborated by several later studies,
and the contact phase was named “infectious” or “virological”
synapse (193). Although the exact molecule composition and
structure of the infectious synapse has not been fully described
yet, it is believed to be similar to that of the immunological
synapse, through which the APCs present Ag and activate T cells
(194, 195). Interestingly, DC-SIGN is detected in and essential
for the formation of the infectious synapse, as demonstrated
by Arrighi et al. (196, 197) in several experiments suppressing
the expression of DC-SIGN and showing the lack of synapses
and inefficient HIV-1 transmission. However, it has been
reported that in this DC-SIGN mediated HIV-1 transmission,
the expression of MHC class II molecules on virus donor
cells is not required, setting considerable differences with the
immunological synapses (198).

Besides being essential for the formation of the synapse, DC-
SIGN binding to HIV-1 particle in the first place also sets a
signaling cascade that favors the trans-infection pathway over
productive infection or viral degradation. DC-SIGN is known
to associate with LARG, whose activation promotes activation
of RhoA and the focal adhesion molecules FAK, Pyk2, and
paxillin, all of them structural components of the infectious
synapse (199).

After binding to DC-SIGN, among other receptors, HIV-1
enters the cell via endocytosis, and remains in MVBs inside the
cell. Contact of cDCs with CD4™ T cells causes the internalized
vesicles containing the HIV-1 particles to migrate to cell-cell
junction, facilitating the transfer of virions across the synapse
(193). This appears to be more efficient with mature than
immature monocyte-derived DCs (183).

Studies comparing HIV-1 non-progressors with HIV-1-
infected progressors and HIV-1-seronegative donors showed

that cDCs from HIV-1 non-progressors failed to mediate trans-
infection, highlighting the importance of this process for HIV-1
infection and dissemination. They also linked the lack of trans-
infection to lower cholesterol levels and increased expression of
the reverse cholesterol transporter ABCA1 (ATP-binding cassette
transporter Al) in the DCs, but not in T cells, thus opening the
door to new therapeutic approaches involving lipid metabolism
enhancement (200).

Trans-infection via the virological synapse is more efficient
for R5-tropic HIV-1 than X4-tropic HIV-1 strains (201).
Independently of the viral entry to DCs or productivity of
the infection, co-culture of CD4" T cells with R5-infected
cDCs resulted in a higher viral expansion than co-culture with
X4-infected ¢DCs. These results were also found to depend
on T cell activation state. The maturation state of DCs also
dictates the efficiency and selectivity of the viral transmission.
mDCs are more efficient than iDCs in transferring HIV-1 to
T cells, partially due to the concentration of viral particles
at the virological synapse that is more frequently observed in
mDCs (202). Studies on DCs activated by different maturation
factors showed that iDCs and CD40L-induced mDCs were more
susceptible to productive infection and lead to cis-infection,
while LPS and TNF-a-induced mDCs mediated efficient trans-
infection of CD4™" T cells (203). One very important reason to
consider halting trans-infection in the search of new effective
anti-HIV-1 therapies is the fact that this mechanism of T cell
infection is insensitive to the antiretroviral drugs (204). So even
under cART or pre-exposure prophylaxis (PreP), HIV-1 could
spread to T cells and increase the reservoir, thus hindering the
so desired cure.

Trans-infection via infectious exosomes

Wiley and Gummuluru discovered an HIV-1 trans-infection
pathway mediated not by cell-to-cell contact but by DC-derived
exosomes (205). They reported that HIV-1 particles that were
captured by iDCs and rapidly endocytosed to tetraspanin-rich
compartments could be constitutively released to extracellular
milieu in association with exosomes (HLA-DR1T, CDI1b™,
CD9%, and CD63" vesicles). They also discovered that the HIV-
1 particles associated with exosomes from DCs could fuse with
target-cell membranes, and were 10-fold more infectious than
cell-free virus particles.

Exosomes are small vesicles (50-200 nm) containing genomic,
proteomic or lipid cargos, which are released to the extracellular
milieu by a broad range of cell types and facilitate cell-
cell communication (206). In particular, DC-derived exosomes
have been shown to be remarkably efficient at HIV-1 trans-
infection. This could be explained by the fact that the
exosomes carrying the virus also carry infection enhancing
factors, including T cell activators and binding molecules.
MHC class II molecules are detected in exosomes, which could
be sufficient to activate T cells, increasing their susceptibility
to HIV-1 infection (207). A comparative study demonstrated
that the presence of fibronectin and galectin-3 in exosomes
from DCs was key for HIV-1 trans-infection of T cells,
as blockage of both receptors significantly inhibited this
process (208).
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Recent studies suggest that exosomes from HIV-1 infected
DCs can not only activate and infect resting CD4™ T lymphocytes
via trans-infection, but also reach and reactivate the HIV-1
reservoir, further boosting the progression of infection (209).
Those studies further corroborate an almost contemporary
publication that describes how exosomes released by uninfected
cells already activate transcription of latent reservoirs (210).

Years before the exosome-bound HIV-1 trans-infection
pathway was described, exosomes were already in the spotlight of
retroviral infection through the widely accepted “Trojan exosome
hypothesis” (211). This hypothesis postulates that retroviruses,
including HIV-1, exploit the cell-encoded machinery of vesicle
traffic and exosome exchange for both the biogenesis of viral
particles and mode of infection and spread. Strong evidence
supporting this hypothesis is the huge similarity between
exosomes and HIV-1 particles regarding their host cell lipid
and protein composition and biogenesis. Both particles contain
higher levels of cholesterol and glycosphingolipids than the
plasma membrane (206, 212). Both exosomes and HIV-1 particles
are enriched in many protein components in comparison
with the plasma membrane, including tetraspannins (213),
GPI proteins and Lamps (214, 215). HIV-1 also exploits
the mechanisms that target proteins to MVBs, previous to
formation of exosomes. HIV-1 protein Gag not only binds to
exosome biogenesis factors, such as cyclophilin and tsgl01,
but it also forms aggregates. It is N-terminally myristoylated
and monoubiquitylated, which are known MVB targeting
mechanisms (216). Even more relevant evidence supporting
the Trojan exosome hypothesis is the observation of infection
independent of Env proteins and cell receptors (217, 218).
Although depletion of HIV-1 Env decreases its infectivity to
<1%, Env depleted HIV-1 particles still infect CD4" and CD4~
cells with the same efficiency. This could be explained by
the exchange of exosomes, especially common among immune
cells as a communication system for immune surveillance (219,
220), which after being released into the extracellular milieu
can fuse with membranes of neighboring cells by a clathrin-
mediated mechanism.

In spite of the many similarities regarding biogenesis and
molecular composition between HIV particles and exosomes, the
presence on exosomes of T cell activators and binding molecules,
such as HLA-DR, explains the higher infectivity of HIV carrying
exosomes in comparison with free HIV particles (207). As HIV-
1 can only infect dividing cells, T cell activators present on
exosomes allow the HIV-1 virus to retrotranscribe and infect
the T cell after exosome binding. On the other hand, binding
molecules increase the affinity of the particle for the host cell, and
also allow the HIV-1 virus to enter the T cell, sometimes without
even binding to its receptors.

The study of exosomes has increased exponentially recently,
and there is only new evidence of the multiple and ambiguous
role they play during HIV-1 infection. Some studies, for example,
suggest that exosomes carrying CD4 or DC-SIGN receptors
compete for binding to the virus, thus pointing to a protective
role of exosomes against HIV-1 spreading (221, 222). However,
most of the new findings are related to ways by which HIV-
1 hijacks the exosomal system and increases infection (223).

Surprisingly, HIV-1 binding to DCIR in DCs, which leads
to productive infection as explained before, also triggers the
release of exosomes containing the pro-apoptotic protein DAP-
3, which increased spontaneous apoptosis in uninfected CD4" T
cells (224).

Although the relative importance of this pathway remains to
be determined, it definitely also contributes to infectious synapse
mediated trans-infection by providing a pathway by which the
intracellular virus reaches the synapse, avoiding its degradation
in the lysosomal pathway.

Cis-infection after viral replication in dendritic cells
Trans-infection can persist up to 24 h after HIV-1 binding to the
surface of DCs, with a peak around 6 to 12 h, but the majority of
the virus is degraded after that time by fusion with the lysosomal
compartment in DC. As DCs require around 12-24 h to migrate
to the lymph nodes, some scientists claim that it is unlikely
that trans-infection is an effective “Trojan horse” for the virus,
and that it does not explain the peak of CD-T cell transmission
observed after 24h in co-culture. The second phase of HIV-1
transmission is believed to imply DC productive infection, which,
although less efficient than in CD4" T cells, has a key role in
long-term HIV-1 transmission (183). In vitro, cis-infection is
more efficient than trans-infection. This is probably due to a
combination of factors including a higher concentration of viral
particles in each donor cell, longer duration of HIV-1 transfer
(with a peak around 72-96 h), long duration of viral production
and cell survival up to 40 days (225), and the need for only less
than 0.1% HIV-1 infected DCs.

HIV-1 protein Nef plays an important role at enhancing
cis-infection. By inhibiting DC-SIGN endocytosis and thus
upregulating surface levels of DC-SIGN in HIV-1-infected DCs,
Nef promotes lymphocyte clustering and viral transmission
(226). Not only does Nef facilitate DC-T cell contact, but it
also promotes T cell activation, which is necessary for HIV-
1 infection. A study comparing the effect of WT HIV-1 vs.
Nef-mutated HIV-1 on the activation of resting CD4™ T cells
found that Nef was required for T cell activation and productive
HIV-1 infection (227). Contradictorily, Nef expression in HIV-
1 infected DCs induces the expression of the interferon-induced
protein tetherin (228), which restricts virion release (229-231)
and cell-to-cell infection (232).

One of the biggest challenges in studying de novo HIV-1
production is the lack of tools to distinguish between cytosolic
immature and endocytic mature virus. Turville et al. (233)
developed an assay that allows differentiating between the newly
synthesized viral particles and the mature virus traveling through
the endocytic path. They developed a modified infectious HIV-1
construct that could be stained with biarsenical dyes and allowed
the restricted observation of newly synthesized uncleaved gag
protein. Combination of this system with HIV-1 gag antibodies,
which stain mature virions, can be used to track viruses at
different maturation stages.

As it has been mentioned before, mDCs are more permissive
of HIV-1 replication than iDCs, and also display an increased
surface expression of CXCR4, favoring the infection by X4
tropic viruses. Thus, it seems logical that the maturation stage
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of DC plays a crucial role in HIV-1 infection, spreading of
viral strains and disease progression. This was shown by a
study promoting DC maturation, by treatment of DCs with
dectin-1/TLR2 and NOD?2 ligands, which resulted in an increase
of cis-infection of autologous CD4t T cells by X4-tropic
HIV-1 (234).

IMPLICATIONS AND CONCLUSIONS

The modification of DCs and their use as immunotherapy is
increasing in the last years, especially in the field of cancer
therapies (235). DC-based therapy has been shown to be safe
and feasible in several phase I/II clinical trials (236-238). Due to
their many implications and key role in adaptive immune system
activation and also in HIV-1 infection, DCs are also promising
immunotherapy candidates in the search of an HIV-1 functional
cure or vaccine.

Despite the growing knowledge in DC biology and HIV-
1 infection, the exact mechanisms that determine the type
of response generated are still poorly understood and further
research is required. Understanding these immune behaviors
would empower rational frameworks for the design of immune
modulators working on a systems level that serve a prophylactic
or therapeutic purpose.

Future therapies could work at any stage and take advantage
of the peculiarities of DCs for a highly specific and targeted
treatment. For example, specifically targeting DC-SIGN has been
achieved thanks to advances in drug design (239). This could be
useful for in vivo targeting of drugs to DCs. According to what
has been summarized in this review, harnessing certain entrance
mechanisms could determine the fate of the HIV-1 or Ag, and
could promote Ag presentation instead of viral spread (162).
Natural DC responses can be manipulated in order to create a
specific T cell response, both cytotoxic and humoral. In fact, DC
membrane vesicles are already being used as a delivery platform
for CD8™ activation (240).

REFERENCES

1. Hoth DF. Issues in the development of a prophylactic HIV vaccine. Ann N'Y
Acad Sci. (1993) 685:777-83. doi: 10.1111/j.1749-6632.1993.tb35943.x

2. Kippax S. HIV and technology: the issue of prophylactic vaccines. Dev Bull.
(2000) 52:24-5.
3. Xu W, Li H, Wang Q, Hua C, Zhang H, Li W, et al. Advancements in
developing strategies for sterilizing and functional HIV cures. Biomed Res
Int. (2017) 2017:6096134. doi: 10.1155/2017/6096134
. Liu C, Ma X, Liu B, Chen C, Zhang H. HIV-1 functional cure: will the dream
come true? BMC Med. (2015) 13:284. doi: 10.1186/s12916-015-0517-y
5. Davenport MP, Khoury DS, Cromer D, Lewin SR, Kelleher AD, Kent SJ.
Functional cure of HIV: the scale of the challenge. Nat Rev Immunol. (2019)
19:45-54. doi: 10.1038/541577-018-0085-4

6. Mildner A, Jung S. Development and function of dendritic cell subsets.
Immunity. (2014) 40:642-56. doi: 10.1016/j.immuni.2014.04.016

7. Worbs T, Hammerschmidt SI, Forster R. Dendritic cell migration in health

and disease. Nat Rev Immunol. (2017) 17:30-48. doi: 10.1038/nri.2016.116

8. Ugur M, Mueller SN. T cell and dendritic cell interactions in lymphoid

organs: More than just being in the right place at the right time. Immunol
Rev. (2019) 289:115-28. doi: 10.1111/imr.12753

All these steps of DC function should be exploited but
the design of controlled, safe and efficient DC-based therapies
require more molecular, and systems knowledge. Further studies
in the field of DC modulation, Ag presentation and DC-HIV-1
interaction are essential to set the bases for the so desired HIV-1
functional cure.

AUTHOR CONTRIBUTIONS

Both authors conceived the review and have participated in
writing, graphics, review, and discussion of the article. Both
authors read and approved the final version or article.

FUNDING

This work has been (partially) funded by the RD16/0025/0019,
projects as part of Accion Estratégica en Salud, Plan Nacional
de Investigacion Cientifica, Desarrollo e Innovacion Tecnoldgica
(2013-2016) and cofinanced by Instituto de Salud Carlos III
(Subdireccion General de Evaluacion) and Fondo Europeo de
Desarrollo Regional (FEDER), RETIC PT17/0015/0042, Fondo
de Investigacion Sanitaria (FIS) (grant number P116/01863) and
EPIICAL project. CIBER BBN is an initiative funded by the
VI National R&D&i Plan 2008-2011, Iniciativalngenio 2010,
the Consolider Program, and CIBER Actions and financed
by the Instituto de Salud Carlos III with assistance from the
European Regional Development Fund. This work has been
supported partially by a EUROPARTNER: Strengthening and
spreading international partnership activitiesof the Faculty of
Biology and Environmental Protection for interdisciplinary
research andinnovation of the University of Lodz Programme:
NAWA International Academic Partnership Programme. This
article/publication is based upon work from COST Action
CA 17140 Cancer Nanomedicine from the Bench to the
Bedside supported by COST (European Cooperation in Science
and Technology).

9. Kleiveland CR. Peripheral blood mononuclear cells. Impact Food Bioactives
Health. (2015) 2015:161-7. doi: 10.1007/978-3-319-16104-4_15

. Smed-Sorensen A, Lore K, Vasudevan ], Louder MK, Andersson ], Mascola
JR, et al. Differential susceptibility to human immunodeficiency virus type
1 infection of myeloid and plasmacytoid dendritic cells. J Virol. (2005)
79:8861-9. doi: 10.1128/JV1.79.14.8861-8869.2005

. Manches O, Frleta D, Bhardwaj N. Dendritic cells in progression
and pathology of HIV infection. Trends Immunol. (2014) 35:114-22.
doi: 10.1016/}.it.2013.10.003

. Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature. (1998) 392:245-52. doi: 10.1038/32588

. Banchereau ], Briere F, Caux C, Davoust ], Lebecque S, Liu Y], et al.
Immunobiology of dendritic cells. Annu Rev Immunol. (2000) 18:767-811.
doi: 10.1146/annurev.immunol.18.1.767

. Akdis M, Aab A, Altunbulakli C, Azkur K, Costa RA, Crameri R, et al.
Interleukins (from IL-1 to IL-38), interferons, transforming growth factor
beta, and TNF-alpha: Receptors, functions, and roles in diseases. ] Allergy
Clin Immunol. (2016) 138:984-1010. doi: 10.1016/j.jaci.2016.06.033

. Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, et al.
Nomenclature of monocytes and dendritic cells in blood. Blood. (2010)
116:€74-80. doi: 10.1182/blood-2010-02-258558

Frontiers in Immunology | www.frontiersin.org

14

October 2019 | Volume 10 | Article 2485


https://doi.org/10.1111/j.1749-6632.1993.tb35943.x
https://doi.org/10.1155/2017/6096134
https://doi.org/10.1186/s12916-015-0517-y
https://doi.org/10.1038/s41577-018-0085-4
https://doi.org/10.1016/j.immuni.2014.04.016
https://doi.org/10.1038/nri.2016.116
https://doi.org/10.1111/imr.12753
https://doi.org/10.1007/978-3-319-16104-4_15
https://doi.org/10.1128/JVI.79.14.8861-8869.2005
https://doi.org/10.1016/j.it.2013.10.003
https://doi.org/10.1038/32588
https://doi.org/10.1146/annurev.immunol.18.1.767
https://doi.org/10.1016/j.jaci.2016.06.033
https://doi.org/10.1182/blood-2010-02-258558
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Martin-Moreno and Mufioz-Fernandez

Dendritic Cells in the War Against HIV-1

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rhodes JW, Tong O, Harman AN, Turville SG. Human dendritic cell subsets,
ontogeny, and impact on HIV infection. Front Immunol. (2019) 10:1088.
doi: 10.3389/fimmu.2019.01088

Collin M, Bigley V. Human dendritic cell subsets: an update. Immunology.
(2018) 154:3-20. doi: 10.1111/imm.12888

Dzionek A, Fuchs A, Schmidt P, Cremer S, Zysk M, Miltenyi S, et al.
BDCA-2, BDCA-3, and BDCA-4: three markers for distinct subsets of
dendritic cells in human peripheral blood. | Immunol. (2000) 165:6037-46.
doi: 10.4049/jimmunol.165.11.6037

MacDonald KP, Munster DJ, Clark GJ, Dzionek A, Schmitz J, Hart DN.
Characterization of human blood dendritic cell subsets. Blood. (2002)
100:4512-20. doi: 10.1182/blood-2001-11-0097

Collin M, McGovern N, Haniffa M. Human dendritic cell subsets.
Immunology. (2013) 140:22-30. doi: 10.1111/imm.12117

Ebner S, Lenz A, Reider D, Fritsch P, Schuler G, Romani N. Expression
of maturation-/migration-related molecules on human dendritic
cells from blood and skin. Immunobiology. (1998) 198:568-87.
doi: 10.1016/S0171-2985(98)80079-X

van Montfort T, Thomas AA, Pollakis G, Paxton WA. Dendritic cells
preferentially transfer CXCR4-using human immunodeficiency virus type
1 variants to CD4" T lymphocytes in trans. ] Virol. (2008) 82:7886-96.
doi: 10.1128/JV1.00245-08

Dieu MC, Vanbervliet B, Vicari A, Bridon JM, Oldham E, Ait-Yahia S,
et al. Selective recruitment of immature and mature dendritic cells by
distinct chemokines expressed in different anatomic sites. ] Exp Med. (1998)
188:373-86. doi: 10.1084/jem.188.2.373

Sabado RL, O’Brien M, Subedi A, Qin L, Hu N, Taylor E, et al. Evidence
of dysregulation of dendritic cells in primary HIV infection. Blood. (2010)
116:3839-52. doi: 10.1182/blood-2010-03-273763
Villadangos ~ JA,  Young L.  Antigen-presentation
of plasmacytoid dendritic cells. Immunity. (2008)
doi: 10.1016/j.immuni.2008.09.002

Reizis B, Bunin A, Ghosh HS, Lewis KL, Sisirak V. Plasmacytoid dendritic
cells: recent progress and open questions. Annu Rev Immunol. (2011)
29:163-83. doi: 10.1146/annurev-immunol-031210-101345

O’Brien M, Manches O, Bhardwaj N. Plasmacytoid dendritic
cells in HIV infection. Adv Exp Med Biol. (2013) 762:71-107.
doi: 10.1007/978-1-4614-4433-6_3

Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher
J, et al. Single-cell RNA-seq reveals new types of human blood
dendritic cells, monocytes, and progenitors. Science. (2017) 356:6335.
doi: 10.1126/science.aah4573

Zoccali C, Moissl U, Chazot C, Mallamaci E, Tripepi G, Arkossy O, et al.
Chronic fluid overload and mortality in ESRD. | Am Soc Nephrol. (2017)
28:2491-7. doi: 10.1681/ASN.2016121341

Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic
cells. Nat Rev Immunol. (2015) 15:471-85. doi: 10.1038/nri3865

Secchi M, Vassena L, Morin S, Schols D, Vangelista L. Combination of
the CCL5-derived peptide R4.0 with different HIV-1 blockers reveals wide
target compatibility and synergic cobinding to CCR5. Antimicrob Agents
Chemother. (2014) 58:6215-23. doi: 10.1128/AAC.03559-14

Manches O, Munn D, Fallahi A, Lifson J, Chaperot L, Plumas J, et al. HIV-
activated human plasmacytoid DCs induce Tregs through an indoleamine
2,3-dioxygenase-dependent mechanism. J Clin Invest. (2008) 118:3431-9.
doi: 10.1172/JCI34823

Fitzgerald-Bocarsly P, Jacobs ES. Plasmacytoid dendritic cells in HIV
infection: striking a delicate balance. J Leukoc Biol. (2010) 87:609-20.
doi: 10.1189/j1b.0909635

Reeves RK, Evans TI, Gillis ], Wong FE, Kang G, Li Q, et al. SIV infection
induces accumulation of plasmacytoid dendritic cells in the gut mucosa. J
Infect Dis. (2012) 206:1462-8. doi: 10.1093/infdis/jis408

Kaushik S, Teque E Patel M, Fujimura SH, Schmidt B, Levy JA. Plasmacytoid
dendritic cell number and responses to Toll-like receptor 7 and 9 agonists
vary in HIV Type 1-infected individuals in relation to clinical state. AIDS
Res Hum Retroviruses. (2013) 29:501-10. doi: 10.1089/aid.2012.0200

Miller E, Bhardwaj N. Dendritic cell dysregulation during HIV-1 infection.
Immunol Rev. (2013) 254:170-89. doi: 10.1111/imr.12082

properties
29:352-61.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors:
positioning cells for host defense and immunity. Annu Rev Immunol. (2014)
32:659-702. doi: 10.1146/annurev-immunol-032713-120145

Derby N, Martinelli E, Robbiani M. Myeloid dendritic cells
in HIV-1 infection. Curr Opin HIV AIDS. (2011) 6:379-84.
doi: 10.1097/COH.0b013e3283499d63

Macatonia SE, Lau R, Patterson S, Pinching AJ, Knight SC. Dendritic
cell infection, depletion and dysfunction in HIV-infected individuals.
Immunology. (1990) 71:38-45.

Donaghy H, Pozniak A, Gazzard B, Qazi N, Gilmour J, Gotch F, et al. Loss of
blood CD11c* myeloid and CD11c™ plasmacytoid dendritic cells in patients
with HIV-1 infection correlates with HIV-1 RNA virus load. Blood. (2001)
98:2574-6. doi: 10.1182/blood.V98.8.2574

Kodama A, Tanaka R, Zhang LF, Adachi T, Saito M, Ansari AA, et al.
Impairment of in vitro generation of monocyte-derived human dendritic
cells by inactivated human immunodeficiency virus-1: Involvement of type
I interferon produced from plasmacytoid dendritc cells. Hum Immunol.
(2010) 71:541-50. doi: 10.1016/j.humimm.2010.02.020

Donaghy H, Gazzard B, Gotch F Patterson S. Dysfunction and
infection of freshly isolated blood myeloid and plasmacytoid dendritic
cells in patients infected with HIV-1. Blood. (2003) 101:4505-11.
doi: 10.1182/blood-2002-10-3189

Granelli-Piperno A, Golebiowska A, Trumptheller C, Siegal FP, Steinman
RM. HIV-1-infected monocyte-derived dendritic cells do not undergo
maturation but can elicit IL-10 production and T cell regulation. Proc Natl
Acad Sci USA. (2004) 101:7669-74. doi: 10.1073/pnas.0402431101
Martinson JA, Roman-Gonzalez A, Tenorio AR, Montoya CJ, Gichinga
CN, Rugeles MT, et al. Dendritic cells from HIV-1 infected individuals are
less responsive to toll-like receptor (TLR) ligands. Cell Immunol. (2007)
250:75-84. doi: 10.1016/j.cellimm.2008.01.007

Beignon AS, McKenna K, Skoberne M, Manches O, DaSilva I, Kavanagh
DG, et al. Endocytosis of HIV-1 activates plasmacytoid dendritic cells via
Toll-like receptor-viral RNA interactions. J Clin Invest. (2005) 115:3265-75.
doi: 10.1172/JCI26032

Hertoghs N, van der Aar AM, Setiawan LC, Kootstra NA, Gringhuis
SI, Geijtenbeek TB. SAMHDI1 degradation enhances active suppression
of dendritic cell maturation by HIV-1. ] Immunol. (2015) 194:4431-7.
doi: 10.4049/jimmunol.1403016

Altfeld M, Fadda L, Frleta D, Bhardwaj N. DCs and NK cells: critical effectors
in the immune response to HIV-1. Nat Rev Immunol. (2011) 11:176-86.
doi: 10.1038/nri2935

Schlaepfer E, Speck RF. TLR8 activates HIV from latently infected cells
of myeloid-monocytic origin directly via the MAPK pathway and from
latently infected CD4™ T cells indirectly via TNF-alpha. J Immunol. (2011)
186:4314-24. doi: 10.4049/jimmunol.1003174

Alaoui L, Palomino G, Zurawski S, Zurawski G, Coindre S, Dereuddre-
Bosquet N, et al. Early SIV and HIV infection promotes the LILRB2/MHC-
I inhibitory axis in cDCs. Cell Mol Life Sci. (2018) 75:1871-87.
doi: 10.1007/s00018-017-2712-9

Bashirova AA, Martin-Gayo E, Jones DC, Qi Y, Apps R, Gao X, et al. LILRB2
interaction with HLA class I correlates with control of HIV-1 infection. PLoS
Genet. (2014) 10:e1004196. doi: 10.1371/journal.pgen.1004196

Jongbloed SL, Kassianos AJ, McDonald KJ, Clark GJ, Ju X, Angel CE,
et al. Human CD1417 (BDCA-3)* dendritic cells (DCs) represent a unique
myeloid DC subset that cross-presents necrotic cell antigens. | Exp Med.
(2010) 207:1247-60. doi: 10.1084/jem.20092140

Guilliams M, Dutertre CA, Scott CL, McGovern N, Sichien D,
Chakarov S, et al. Unsupervised high-dimensional analysis aligns
dendritic cells across tissues and species. Immunity. (2016) 45:669-84.
doi: 10.1016/j.immuni.2016.08.015

Granot T, Senda T, Carpenter DJ, Matsuoka N, Weiner ], Gordon CL, et al.
Dendritic cells display subset and tissue-specific maturation dynamics over
human life. Immunity. (2017) 46:504-15. doi: 10.1016/j.immuni.2017.02.019
Poulin LE Salio M, Griessinger E, Anjos-Afonso F, Craciun L, Chen
JL, et al. Characterization of human DNGR-1* BDCA3" leukocytes as
putative equivalents of mouse CD8alpha™ dendritic cells. ] Exp Med. (2010)
207:1261-71. doi: 10.1084/jem.20092618

Frontiers in Immunology | www.frontiersin.org

15

October 2019 | Volume 10 | Article 2485


https://doi.org/10.3389/fimmu.2019.01088
https://doi.org/10.1111/imm.12888
https://doi.org/10.4049/jimmunol.165.11.6037
https://doi.org/10.1182/blood-2001-11-0097
https://doi.org/10.1111/imm.12117
https://doi.org/10.1016/S0171-2985(98)80079-X
https://doi.org/10.1128/JVI.00245-08
https://doi.org/10.1084/jem.188.2.373
https://doi.org/10.1182/blood-2010-03-273763
https://doi.org/10.1016/j.immuni.2008.09.002
https://doi.org/10.1146/annurev-immunol-031210-101345
https://doi.org/10.1007/978-1-4614-4433-6_3
https://doi.org/10.1126/science.aah4573
https://doi.org/10.1681/ASN.2016121341
https://doi.org/10.1038/nri3865
https://doi.org/10.1128/AAC.03559-14
https://doi.org/10.1172/JCI34823
https://doi.org/10.1189/jlb.0909635
https://doi.org/10.1093/infdis/jis408
https://doi.org/10.1089/aid.2012.0200
https://doi.org/10.1111/imr.12082
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1097/COH.0b013e3283499d63
https://doi.org/10.1182/blood.V98.8.2574
https://doi.org/10.1016/j.humimm.2010.02.020
https://doi.org/10.1182/blood-2002-10-3189
https://doi.org/10.1073/pnas.0402431101
https://doi.org/10.1016/j.cellimm.2008.01.007
https://doi.org/10.1172/JCI26032
https://doi.org/10.4049/jimmunol.1403016
https://doi.org/10.1038/nri2935
https://doi.org/10.4049/jimmunol.1003174
https://doi.org/10.1007/s00018-017-2712-9
https://doi.org/10.1371/journal.pgen.1004196
https://doi.org/10.1084/jem.20092140
https://doi.org/10.1016/j.immuni.2016.08.015
https://doi.org/10.1016/j.immuni.2017.02.019
https://doi.org/10.1084/jem.20092618
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Martin-Moreno and Mufioz-Fernandez

Dendritic Cells in the War Against HIV-1

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Hemont C, Neel A, Heslan M, Braudeau C, Josien R. Human blood mDC
subsets exhibit distinct TLR repertoire and responsiveness. ] Leukoc Biol.
(2013) 93:599-609. doi: 10.1189/j1b.0912452

Colletti NJ, Liu H, Gower AC, Alekseyev YO, Arendt CW, Shaw MH. TLR3
signaling promotes the induction of unique human BDCA-3 dendritic cell
populations. Front Immunol. (2016) 7:88. doi: 10.3389/fimmu.2016.00088
Nizzoli G, Krietsch J, Weick A, Steinfelder S, Facciotti F, Gruarin P,
et al. Human CDIc* dendritic cells secrete high levels of IL-12 and
potently prime cytotoxic T-cell responses. Blood. (2013) 122:932-42.
doi: 10.1182/blood-2013-04-495424

Liu S, Cai X, Wu J, Cong Q, Chen X, Li T, et al. Phosphorylation of innate
immune adaptor proteins MAVS, STING, and TRIF induces IRF3 activation.
Science. (2015) 347:aaa2630. doi: 10.1126/science.aaa2630

Bachem A, Guttler S, Hartung E, Ebstein F, Schaefer M, Tannert A, et al.
Superior antigen cross-presentation and XCR1 expression define human
CD11ctCD1417 cells as homologues of mouse CD8* dendritic cells. J Exp
Med. (2010) 207:1273-81. doi: 10.1084/jem.20100348

Silvin A, Yu CI, Lahaye X, Imperatore F, Brault JB, Cardinaud S, et al.
Constitutive resistance to viral infection in human CD141" dendritic cells.
Sci Immunol. (2017) 2:eaai8071. doi: 10.1126/sciimmunol.aai8071

Harman AN, Bye CR, Nasr N, Sandgren KJ, Kim M, Mercier SK,
et al. Identification of lineage relationships and novel markers of
blood and skin human dendritic cells. J Immunol. (2013) 190:66-79.
doi: 10.4049/jimmunol.1200779

Vu Manh TP, Elhmouzi-Younes ], Urien C, Ruscanu S, Jouneau L, Bourge
M, et al. Defining mononuclear phagocyte subset homology across several
distant warm-blooded vertebrates through comparative transcriptomics.
Front Immunol. (2015) 6:299. doi: 10.3389/fimmu.2015.00299

Nizzoli G, Larghi P, Paroni M, Crosti MC, Moro M, Neddermann P, et al.
IL-10 promotes homeostatic proliferation of human CD8" memory T cells
and, when produced by CD1c* DCs, shapes naive CD8™ T-cell priming. Eur
J Immunol. (2016) 46:1622-32. doi: 10.1002/€ji.201546136

Sittig SP, Bakdash G, Weiden ], Skold AE, Tel J, Figdor CG, et al. A
comparative study of the T cell stimulatory and polarizing capacity of
human primary blood dendritic cell subsets. Mediators Inflamm. (2016)
2016:3605643. doi: 10.1155/2016/3605643

Piccioli D, Tavarini S, Borgogni E, Steri V, Nuti S, Sammicheli C,
et al. Functional specialization of human circulating CD16 and
CDlc myeloid dendritic-cell subsets. Blood. (2007) 109:5371-9.
doi: 10.1182/blood-2006-08-038422

Di Blasio S, Wortel IM, van Bladel DA, de Vries LE, Duiveman-de Boer
T, Worah K, et al. Human CD1c" DCs are critical cellular mediators of
immune responses induced by immunogenic cell death. Oncoimmunology.
(2016) 5:€1192739. doi: 10.1080/2162402X.2016.1192739

Bertram KM, Botting RA, Baharlou H, Rhodes JW, Rana H, Graham JD, et al.
Identification of HIV transmitting CD11c* human epidermal dendritic cells.
Nat Commun. (2019) 10:2759. doi: 10.1038/s41467-019-10697-w

Sallusto F Lanzavecchia A. Efficient presentation of soluble antigen by
cultured human dendritic cells is maintained by granulocyte/macrophage
colony-stimulating factor plus interleukin 4 and downregulated
by tumor necrosis factor alpha. | Exp Med. (1994) 179:1109-18.
doi: 10.1084/jem.179.4.1109

Zhou LJ, Tedder TF. CD14% blood monocytes can differentiate into
functionally mature CD83™" dendritic cells. Proc Natl Acad Sci USA. (1996)
93:2588-92. doi: 10.1073/pnas.93.6.2588

Cameron PU, Freudenthal PS, Barker JM, Gezelter S, Inaba K, Steinman RM.
Dendritic cells exposed to human immunodeficiency virus type-1 transmit
a vigorous cytopathic infection to CD4" T cells. Science. (1992) 257:383-7.
doi: 10.1126/science.1352913

Jan M, Arora SK. Innate sensing of HIV-1 by dendritic cell-specific ICAM-
3 grabbing nonintegrin on dendritic cells: degradation and presentation
versus transmission of virus to T cells is determined by glycan
composition of viral envelope. AIDS Res Hum Retroviruses. (2017) 33:765-7.
doi: 10.1089/aid.2016.0290

Mcllroy D, Autran B, Cheynier R, Wain-Hobson S, Clauvel JP, Oksenhendler
E, et al. Infection frequency of dendritic cells and CD4" T lymphocytes
in spleens of human immunodeficiency virus-positive patients. J Virol.
(1995) 69:4737-45.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

Kawamura T, Gatanaga H, Borris DL, Connors M, Mitsuya H, Blauvelt A.
Decreased stimulation of CD4™ T cell proliferation and IL-2 production
by highly enriched populations of HIV-infected dendritic cells. J Immunol.
(2003) 170:4260-6. doi: 10.4049/jimmunol.170.8.4260

Geijtenbeek TB, Kwon DS, Torensma R, van Vliet SJ, van Duijnhoven
GC, Middel J, et al. DC-SIGN, a dendritic cell-specific HIV-1-binding
protein that enhances trans-infection of T cells. Cell. (2000) 100:587-97.
doi: 10.1016/50092-8674(00)80694-7

Geijtenbeek TB, Gringhuis SI. Signalling through C-type lectin receptors:
shaping immune Nat  Rev Immunol. (2009) 9:465-79.
doi: 10.1038/nri2569

van Montfort T, Eggink D, Boot M, Tuen M, Hioe CE, Berkhout B, et al. HIV-
1 N-glycan composition governs a balance between dendritic cell-mediated
viral transmission and antigen presentation. ] Immunol. (2011) 187:4676-85.
doi: 10.4049/jimmunol.1101876

Jan M, Upadhyay C, Alcami Pertejo ], Hioe CE, Arora SK.
Heterogeneity in glycan composition on the surface of HIV-1 envelope
determines virus sensitivity to lectins. PLoS ONE. (2018) 13:20194498.
doi: 10.1371/journal.pone.0194498

Hioe CE, Jan M, Feyznezhad R, Itri V, Liu X, Upadhyay C. HIV-1 envelope
glycan composition influences virus-host interaction. J Immunol. (2019) 202
(Suppl. 1):117-97.

Wagh K, Kreider EF, Li Y, Barbian HJ, Learn GH, Giorgi E, et al
Completeness of HIV-1 envelope glycan shield at transmission
determines neutralization breadth. Cell Rep. (2018) 25:893-908.e897.
doi: 10.1016/j.celrep.2018.09.087

Hodges A, Sharrocks K, Edelmann M, Baban D, Moris A, Schwartz O,
et al. Activation of the lectin DC-SIGN induces an immature dendritic cell
phenotype triggering Rho-GTPase activity required for HIV-1 replication.
Nat Immunol. (2007) 8:569-77. doi: 10.1038/ni1470

Dodagatta-Marri E, Mitchell DA, Pandit H, Sonawani A, Murugaiah V,
Idicula-Thomas S, et al. Protein-protein interaction between surfactant
protein D and DC-SIGN via C-type lectin domain can suppress HIV-1
Transfer. Front Immunol. (2017) 8:834. doi: 10.3389/fimmu.2017.00834
Engering A, Geijtenbeek TB, van Vliet SJ, Wijers M, van Liempt E,
Demaurex N, et al. The dendritic cell-specific adhesion receptor DC-SIGN
internalizes antigen for presentation to T cells. J Immunol. (2002) 168:2118-
26. doi: 10.4049/jimmunol.168.5.2118

Moris A, Nobile C, Buseyne E, Porrot E, Abastado JP, Schwartz O. DC-SIGN
promotes exogenous MHC-I-restricted HIV-1 antigen presentation. Blood.
(2004) 103:2648-54. doi: 10.1182/blood-2003-07-2532

responses.

. Gringhuis SI, den Dunnen J, Litiens M, van Het Hof B, van Kooyk

Y, Geijtenbeek TB. C-type lectin DC-SIGN modulates Toll-like receptor
signaling via Raf-1 kinase-dependent acetylation of transcription factor NF-
kappaB. Immunity. (2007) 26:605-16. doi: 10.1016/j.immuni.2007.03.012
Gringhuis SI, van der Vlist M, van den Berg LM, den Dunnen J, Litjens
M, Geijtenbeek TB. HIV-1 exploits innate signaling by TLR8 and DC-SIGN
for productive infection of dendritic cells. Nat Immunol. (2010) 11:419-26.
doi: 10.1038/ni.1858

Cardinaud S, Urrutia A, Rouers A, Coulon PG, Kervevan J, Richetta C, et al.
Triggering of TLR-3,—4, NOD2, and DC-SIGN reduces viral replication and
increases T-cell activation capacity of HIV-infected human dendritic cells.
Eur ] Immunol. (2017) 47:818-29. doi: 10.1002/€ji.201646603

Wellbrock C, Karasarides M, Marais R. The RAF proteins take centre stage.
Nat Rev Mol Cell Biol. (2004) 5:875-85. doi: 10.1038/nrm1498

Shan M, Klasse PJ, Banerjee K, Dey AK, Iyer SP, Dionisio R, et al.
HIV-1 gpl20 mannoses induce immunosuppressive responses from
dendritic cells. PLoS Pathog. (2007) 3:e169. doi: 10.1371/journal.ppat.00
30169

de Witte L, Bobardt M, Chatterji U, Degeest G, David G, Geijtenbeek TB,
et al. Syndecan-3 is a dendritic cell-specific attachment receptor for HIV-1.
Proc Natl Acad Sci USA. (2007) 104:19464-9. doi: 10.1073/pnas.0703747104
Lambert AA, Gilbert C, Richard M, Beaulieu AD, Tremblay MJ. The C-type
lectin surface receptor DCIR acts as a new attachment factor for HIV-1 in
dendritic cells and contributes to trans- and cis-infection pathways. Blood.
(2008) 112:1299-307. doi: 10.1182/blood-2008-01-136473

. Izquierdo-Useros N, Lorizate M, Puertas MC, Rodriguez-Plata MT, Zangger

N, Erikson E, et al. Siglec-1 is a novel dendritic cell receptor that mediates

Frontiers in Immunology | www.frontiersin.org

16

October 2019 | Volume 10 | Article 2485


https://doi.org/10.1189/jlb.0912452
https://doi.org/10.3389/fimmu.2016.00088
https://doi.org/10.1182/blood-2013-04-495424
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1084/jem.20100348
https://doi.org/10.1126/sciimmunol.aai8071
https://doi.org/10.4049/jimmunol.1200779
https://doi.org/10.3389/fimmu.2015.00299
https://doi.org/10.1002/eji.201546136
https://doi.org/10.1155/2016/3605643
https://doi.org/10.1182/blood-2006-08-038422
https://doi.org/10.1080/2162402X.2016.1192739
https://doi.org/10.1038/s41467-019-10697-w
https://doi.org/10.1084/jem.179.4.1109
https://doi.org/10.1073/pnas.93.6.2588
https://doi.org/10.1126/science.1352913
https://doi.org/10.1089/aid.2016.0290
https://doi.org/10.4049/jimmunol.170.8.4260
https://doi.org/10.1016/S0092-8674(00)80694-7
https://doi.org/10.1038/nri2569
https://doi.org/10.4049/jimmunol.1101876
https://doi.org/10.1371/journal.pone.0194498
https://doi.org/10.1016/j.celrep.2018.09.087
https://doi.org/10.1038/ni1470
https://doi.org/10.3389/fimmu.2017.00834
https://doi.org/10.4049/jimmunol.168.5.2118
https://doi.org/10.1182/blood-2003-07-2532
https://doi.org/10.1016/j.immuni.2007.03.012
https://doi.org/10.1038/ni.1858
https://doi.org/10.1002/eji.201646603
https://doi.org/10.1038/nrm1498
https://doi.org/10.1371/journal.ppat.0030169
https://doi.org/10.1073/pnas.0703747104
https://doi.org/10.1182/blood-2008-01-136473
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Martin-Moreno and Mufioz-Fernandez

Dendritic Cells in the War Against HIV-1

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

HIV-1 trans-infection through recognition of viral membrane gangliosides.
PLoS Biol. (2012) 10:¢1001448. doi: 10.1371/journal.pbio.1001448

Pino M, Erkizia I, Benet S, Erikson E, Fernandez-Figueras MT, Guerrero D,
et al. HIV-1 immune activation induces Siglec-1 expression and enhances
viral trans-infection in blood and tissue myeloid cells. Retrovirology. (2015)
12:37. doi: 10.1186/s12977-015-0160-x

Hammonds JE, Beeman N, Ding L, Takushi S, Francis AC, Wang JJ,
et al. Siglec-1 initiates formation of the virus-containing compartment and
enhances macrophage-to-T cell transmission of HIV-1. PLoS Pathog. (2017)
13:e1006181. doi: 10.1371/journal.ppat.1006181

Varchetta S, Lusso P, Hudspeth K, Mikulak J, Mele D, Paolucci S, et al.
Sialic acid-binding Ig-like lectin-7 interacts with HIV-1 gp120 and facilitates
infection of CD4pos T cells and macrophages. Retrovirology. (2013) 10:154.
doi: 10.1186/1742-4690-10-154

Mikulak J, Di Vito C, Zaghi E, Mavilio D. Host immune responses in HIV-1
infection: the emerging pathogenic role of siglecs and their clinical correlates.
Front Immunol. (2017) 8:314. doi: 10.3389/fimmu.2017.00314

Miyauchi K, Kim Y, Latinovic O, Morozov V, Melikyan GB. HIV enters cells
via endocytosis and dynamin-dependent fusion with endosomes. Cell. (2009)
137:433-44. doi: 10.1016/j.cell.2009.02.046

Janas AM, Dong C, Wang JH, Wu L. Productive infection of human
immunodeficiency virus type 1 in dendritic cells requires fusion-mediated
viral entry. Virology. (2008) 375:442-51. doi: 10.1016/j.virol.2008.01.044
Clotet-Codina I, Bosch B, Senserrich ], Fernandez-Figueras MT, Pena
R, Ballana E, et al. HIV endocytosis after dendritic cell to T cell viral
transfer leads to productive virus infection. Antiviral Res. (2009) 83:94-8.
doi: 10.1016/j.antiviral.2009.03.009

Pritschet K, Donhauser N, Schuster P, Ries M, Haupt S, Kittan NA, et al. CD4-
and dynamin-dependent endocytosis of HIV-1 into plasmacytoid dendritic
cells. Virology. (2012) 423:152-64. doi: 10.1016/j.virol.2011.11.026

van den Berg LM, Ribeiro CM, Zijlstra-Willems EM, de Witte L, Fluitsma
D, Tigchelaar W, et al. Caveolin-1 mediated uptake via langerin restricts
HIV-1 infection in human Langerhans cells. Retrovirology. (2014) 11:123.
doi: 10.1186/s12977-014-0123-7

Chauveau L, Donahue DA, Monel B, Porrot E Bruel T, Richard L, et al. HIV
fusion in dendritic cells occurs mainly at the surface and is limited by low
CD4 levels. ] Virol. (2017) 91:01248-e01217. doi: 10.1128/JV1.01248-17
Cavrois M, Neidleman J, Kreisberg JF, Fenard D, Callebaut C, Greene WC.
Human immunodeficiency virus fusion to dendritic cells declines as cells
mature. ] Virol. (2006) 80:1992-9. doi: 10.1128/JV1.80.4.1992-1999.2006
Granelli-Piperno A, Delgado E, Finkel V, Paxton W, Steinman RM.
Immature dendritic cells selectively replicate macrophagetropic (M-tropic)
human immunodeficiency virus type 1, while mature cells efficiently transmit
both M- and T-tropic virus to T cells. J Virol. (1998) 72:2733-7.

Canque B, Bakri Y, Camus S, Yagello M, Benjouad A, Gluckman JC. The
susceptibility to X4 and R5 human immunodeficiency virus-1 strains of
dendritic cells derived in vitro from CD34 " hematopoietic progenitor cells is
primarily determined by their maturation stage. Blood. (1999) 93:3866-75.
Bakri Y, Schiffer C, Zennou V, Charneau P, Kahn E, Benjouad A,
et al. The maturation of dendritic cells results in postintegration
inhibition of HIV-1 replication. ] Immunol. (2001) 166:3780-8.
doi: 10.4049/jimmunol.166.6.3780

Granelli-Piperno A, Finkel V, Delgado E, Steinman RM. Virus
replication begins in dendritic cells during the transmission of HIV-
1 from mature dendritic cells to T cells. Curr Biol. (1999) 9:21-9.
doi: 10.1016/S0960-9822(99)80043-8

Khatamzas E, Hipp MM, Gaughan D, Pichulik T, Leslie A, Fernandes
RA, et al. Snapin promotes HIV-1 transmission from dendritic
cells by dampening TLR8 signaling. EMBO J. (2017) 36:2998-3011.
doi: 10.15252/embj.201695364

Wu L, KewalRamani VN. Dendritic-cell interactions with HIV: infection and
viral dissemination. Nat Rev Immunol. (2006) 6:859-68. doi: 10.1038/nri1960
Goujon C, Arfi V, Pertel T, Luban J, Lienard J, Rigal D, et al. Characterization
of simian immunodeficiency virus SIVSM/human immunodeficiency virus
type 2 Vpx function in human myeloid cells. J Virol (2008) 82:12335-45.
doi: 10.1128/JV1.01181-08

Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka M,
Srivastava S, et al. Vpx relieves inhibition of HIV-1 infection of

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

macrophages mediated by the SAMHD1 protein. Nature. (2011) 474:658-61.
doi: 10.1038/nature10195

Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C,
Segeral E, et al. SAMHDI is the dendritic- and myeloid-cell-specific
HIV-1 restriction factor counteracted by Vpx. Nature. (2011) 474:654-7.
doi: 10.1038/nature10117

Ahn ], Hao C, Yan J, DeLucia M, Mehrens J, Wang C, et al
HIV/simian immunodeficiency virus (SIV) accessory virulence factor
Vpx loads the host cell restriction factor SAMHDI1 onto the E3
ubiquitin ligase complex CRLADCAF1. ] Biol Chem. (2012) 287:12550-8.
doi: 10.1074/jbc.M112.340711

Schmidt S, Schenkova K, Adam T, Erikson E, Lehmann-Koch J, Sertel S,
et al. SAMHD1’s protein expression profile in humans. J Leukoc Biol. (2015)
98:5-14. doi: 10.1189/jlb.4HI0714-338RR

Antonucci JM, St. Gelais C, Wu L. The dynamic interplay between HIV-1,
SAMHDYI, and the innate antiviral response. Front Immunol. (2017) 8:1541.
doi: 10.3389/fimmu.2017.01541

Goldstone DC, Ennis-Adeniran V, Hedden JJ, Groom HC, Rice
GI, Christodoulou E, et al. HIV-1 restriction factor SAMHDI1 is a
deoxynucleoside  triphosphate triphosphohydrolase. (2011)
480:379-82. doi: 10.1038/nature10623

Powell RD, Holland PJ, Hollis T, Perrino FW. Aicardi-Goutieres syndrome
gene and HIV-1 restriction factor SAMHDI1 is a dGTP-regulated
deoxynucleotide triphosphohydrolase. J Biol Chem. (2011) 286:43596-600.
doi: 10.1074/jbc.C111.317628

Lahouassa H, Daddacha W, Hofmann H, Ayinde D, Logue EC, Dragin L,
et al. SAMHDI restricts the replication of human immunodeficiency virus
type 1 by depleting the intracellular pool of deoxynucleoside triphosphates.
Nat Immunol. (2012) 13:223-8. doi: 10.1038/ni.2236

Ji X, Tang C, Zhao Q, Wang W, Xiong Y. Structural basis of cellular ANTP
regulation by SAMHDI. Proc Natl Acad Sci USA. (2014) 111:E4305-4314.
doi: 10.1073/pnas.1412289111

Koharudin LM, Wu Y, DeLucia M, Mehrens ], Gronenborn AM,
Ahn J. Structural basis of allosteric activation of sterile alpha motif
and histidine-aspartate domain-containing protein 1 (SAMHDI)
by nucleoside triphosphates. ] Biol Chem. (2014) 289:32617-27.
doi: 10.1074/jbc.M114.591958

Miazzi C, Ferraro P, Pontarin G, Rampazzo C, Reichard P, Bianchi V.
Allosteric regulation of the human and mouse deoxyribonucleotide
triphosphohydrolase ~ sterile alpha-motif/histidine-aspartate ~ domain-
containing protein 1 (SAMHDI). J Biol Chem. (2014) 289:18339-46.
doi: 10.1074/jbc.M114.571091

Li Y, Kong J, Peng X, Hou W, Qin X, Yu XF. Structural insights into
the high-efficiency catalytic mechanism of the sterile alpha-motif/histidine-
aspartate domain-containing protein. J Biol Chem. (2015) 290:29428-37.
doi: 10.1074/jbc.M115.663658

Cribier A, Descours B, Valadao AL, Laguette N, Benkirane M.
Phosphorylation of SAMHDI by cyclin A2/CDK1 regulates its
restriction activity toward HIV-1. Cell Rep. (2013) 3:1036-43.
doi: 10.1016/j.celrep.2013.03.017

Pauls E, Ruiz A, Badia R, Permanyer M, Gubern A, Riveira-Munoz E,
et al. Cell cycle control and HIV-1 susceptibility are linked by CDK6-
dependent CDK2 phosphorylation of SAMHDI in myeloid and lymphoid
cells. J Immunol. (2014) 193:1988-97. doi: 10.4049/jimmunol.1400873

St. Gelais C, de Silva S, Hach JC, White TE, Diaz-Griffero E, Yount JS, et al.
Identification of cellular proteins interacting with the retroviral restriction
factor SAMHDI. ] Virol. (2014) 88:5834-44. doi: 10.1128/JV1.00155-14
Seamon KJ, Bumpus NN, Stivers JT. Single-stranded nucleic acids
bind to the tetramer interface of SAMHDI and prevent formation
of the catalytic homotetramer. Biochemistry. (2016) 55:6087-99.
doi: 10.1021/acs.biochem.6b00986

Mauney CH, Rogers LC, Harris RS, Daniel LW, Devarie-Baez NO, Wu
H, et al. The SAMHD1 dNTP triphosphohydrolase is controlled by a
redox switch. Antioxid Redox Signal. (2017) 27:1317-31. doi: 10.1089/ars.201
6.6888

Kyei GB, Cheng X, Ramani R, Ratner L. Cyclin L2 is a critical HIV
dependency factor in macrophages that controls SAMHD1 abundance. Cell
Host Microbe. (2015) 17:98-106. doi: 10.1016/j.chom.2014.11.009

Nature.

Frontiers in Immunology | www.frontiersin.org

October 2019 | Volume 10 | Article 2485


https://doi.org/10.1371/journal.pbio.1001448
https://doi.org/10.1186/s12977-015-0160-x
https://doi.org/10.1371/journal.ppat.1006181
https://doi.org/10.1186/1742-4690-10-154
https://doi.org/10.3389/fimmu.2017.00314
https://doi.org/10.1016/j.cell.2009.02.046
https://doi.org/10.1016/j.virol.2008.01.044
https://doi.org/10.1016/j.antiviral.2009.03.009
https://doi.org/10.1016/j.virol.2011.11.026
https://doi.org/10.1186/s12977-014-0123-7
https://doi.org/10.1128/JVI.01248-17
https://doi.org/10.1128/JVI.80.4.1992-1999.2006
https://doi.org/10.4049/jimmunol.166.6.3780
https://doi.org/10.1016/S0960-9822(99)80043-8
https://doi.org/10.15252/embj.201695364
https://doi.org/10.1038/nri1960
https://doi.org/10.1128/JVI.01181-08
https://doi.org/10.1038/nature10195
https://doi.org/10.1038/nature10117
https://doi.org/10.1074/jbc.M112.340711
https://doi.org/10.1189/jlb.4HI0714-338RR
https://doi.org/10.3389/fimmu.2017.01541
https://doi.org/10.1038/nature10623
https://doi.org/10.1074/jbc.C111.317628
https://doi.org/10.1038/ni.2236
https://doi.org/10.1073/pnas.1412289111
https://doi.org/10.1074/jbc.M114.591958
https://doi.org/10.1074/jbc.M114.571091
https://doi.org/10.1074/jbc.M115.663658
https://doi.org/10.1016/j.celrep.2013.03.017
https://doi.org/10.4049/jimmunol.1400873
https://doi.org/10.1128/JVI.00155-14
https://doi.org/10.1021/acs.biochem.6b00986
https://doi.org/10.1089/ars.2016.6888
https://doi.org/10.1016/j.chom.2014.11.009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Martin-Moreno and Mufioz-Fernandez

Dendritic Cells in the War Against HIV-1

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

White TE, Brandariz-Nunez A, Martinez-Lopez A, Knowlton C, Lenzi G,
Kim B, et al. A SAMHDI1 mutation associated with Aicardi-Goutieres
syndrome uncouples the ability of SAMHDI to restrict HIV-1 from its
ability to downmodulate type I interferon in humans. Hum Mutat. (2017)
38:658-68. doi: 10.1002/humu.23201

Gramberg T, Kahle T, Bloch N, Wittmann S, Mullers E, Daddacha W, et al.
Restriction of diverse retroviruses by SAMHDI. Retrovirology. (2013) 10:26.
doi: 10.1186/1742-4690-10-26

Chen Z, Zhu M, Pan X, Zhu Y, Yan H, Jiang T, et al. Inhibition of Hepatitis
B virus replication by SAMHDI. Biochem Biophys Res Commun. (2014)
450:1462-8. doi: 10.1016/j.bbrc.2014.07.023

St. Gelais C, de Silva S, Amie SM, Coleman CM, Hoy H, Hollenbaugh
JA, et al. SAMHDI restricts HIV-1 infection in dendritic cells (DCs)
by dNTP depletion, but its expression in DCs and primary CD4" T-
lymphocytes cannot be upregulated by interferons. Retrovirology. (2012)
9:105. doi: 10.1186/1742-4690-9-105

Bloch N, O’Brien M, Norton TD, Polsky SB, Bhardwaj N, Landau NR. HIV
type 1 infection of plasmacytoid and myeloid dendritic cells is restricted by
high levels of SAMHDI1 and cannot be counteracted by Vpx. AIDS Res Hum
Retroviruses. (2014) 30:195-203. doi: 10.1089/aid.2013.0119

Beloglazova N, Flick R, Tchigvintsev A, Brown G, Popovic A, Nocek B, et al.
Nouclease activity of the human SAMHDI protein implicated in the Aicardi-
Goutieres syndrome and HIV-1 restriction. ] Biol Chem. (2013) 288:8101-10.
doi: 10.1074/jbc.M112.431148

Ryoo ], Choi J, Oh C, Kim S, Seo M, Kim SY, et al. The ribonuclease activity
of SAMHDL is required for HIV-1 restriction. Nat Med. (2014) 20:936-41.
doi: 10.1038/nm.3626

Antonucci JM, St. Gelais C, de Silva S, Yount JS, Tang C, Ji X, et al. SAMHD1-
mediated HIV-1 restriction in cells does not involve ribonuclease activity.
Nat Med. (2016) 22:1072. doi: 10.1038/nm.4163

Valle-Casuso JC, Allouch A, David A, Lenzi GM, Studdard L, Barre-
Sinoussi E et al. p21 restricts HIV-1 in monocyte-derived dendritic cells
through the reduction of deoxynucleoside triphosphate biosynthesis and
regulation of SAMHDI antiviral activity. J Virol. (2017) 91:e01324-17.
doi: 10.1128/jvi.01324-17

Liu WM, Scott KA, Thompson M, Dalgleish AG. Dendritic cell phenotype
can be improved by certain chemotherapies and is associated with alterations
to p2l(wafl/cipl.). Cancer Immunol Immunother. (2013) 62:1553-61.
doi: 10.1007/s00262-013-1456-0

Sheehy AM, Gaddis NC, Choi JD, Malim MH. Isolation of a human gene that
inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature.
(2002) 418:646-50. doi: 10.1038/nature00939

Richards CM, Li M, Perkins AL, Rathore A, Harki DA, Harris RS. Reassessing
APOBEC3G inhibition by HIV-1 Vif-derived peptides. | Mol Biol. (2017)
429:88-96. doi: 10.1016/j.jmb.2016.11.012

Zheng Y-H, Irwin D, Kurosu T, Tokunaga K, Sata T, Matija Peterlin
B. Human APOBEC3F is another host factor that blocks
immunodeficiency virus type 1 replication. J Virol. (2004). 78:6073-76.
doi: 10.1128/JV1.78.11.6073-6076.2004

Ara A, Love RP, Follack TB, Ahmed KA, Adolph MB, Chelico L.
Mechanism of enhanced HIV restriction by virion coencapsidated cytidine
deaminases APOBEC3F and APOBEC3G. ] Virol. (2017) 91:¢02230-€02216.
doi: 10.1128/JV1.02230-16

Greene WC, Debyser Z, Ikeda Y, Freed EO, Stephens E, Yonemoto W,
et al. Novel targets for HIV therapy. Antiviral Res. (2008) 80:251-65.
doi: 10.1016/j.antiviral.2008.08.003

Doehle BP, Schafer A, Cullen BR. Human APOBEC3B is a potent inhibitor
of HIV-1 infectivity and is resistant to HIV-1 Vif. Virology. (2005) 339:281-8.
doi: 10.1016/j.virol.2005.06.005

Guo F, Cen S, Niu M, Saadatmand J, Kleiman L. Inhibition of tRNA(3)(Lys)-
primed reverse transcription by human APOBEC3G during human
immunodeficiency virus type 1 replication. J Virol. (2006) 80:11710-22.
doi: 10.1128/JV1.01038-06

human

Pan Y, Sun Z, Maiti A, Kanai T, Matsuo H, Li M, et al
Nanoscale Characterization of Interaction of APOBEC3G with
RNA. Biochemistry. (2017) 56:1473-81. doi: 10.1021/acs.biochem.
6b01189

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Mbisa JL, Barr R, Thomas JA, Vandegraaff N, Dorweiler IJ, Svarovskaia
ES, et al. Human immunodeficiency virus type 1 cDNAs produced in the
presence of APOBEC3G exhibit defects in plus-strand DNA transfer and
integration. J Virol. (2007) 81:7099-110. doi: 10.1128/JV1.00272-07
Donahue JP, Vetter ML, Mukhtar NA, D’Aquila RT. The HIV-1 Vif
PPLP motif is necessary for human APOBEC3G binding and degradation.
Virology. (2008) 377:49-53. doi: 10.1016/j.virol.2008.04.017

Pion M, Granelli-Piperno A, Mangeat B, Stalder R, Correa R, Steinman
RM, et al. APOBEC3G/3F mediates intrinsic resistance of monocyte-
derived dendritic cells to HIV-1 infection. ] Exp Med. (2006) 203:2887-93.
doi: 10.1084/jem.20061519

Pido-Lopez J, Whittall T, Wang Y, Bergmeier LA, Babaahmady K,
Singh M, et al. Stimulation of cell surface CCR5 and CD40 molecules
by their ligands or by HSP70 up-regulates APOBEC3G expression
in CD4%t T cells and dendritic cells. J Immunol. (2007) 178:1671-9.
doi: 10.4049/jimmunol.178.3.1671

Stopak KS, Chiu YL, Kropp J, Grant RM, Greene WC. Distinct patterns
of cytokine regulation of APOBEC3G expression and activity in primary
lymphocytes, macrophages, and dendritic cells. J Biol Chem. (2007)
282:3539-46. doi: 10.1074/jbc.M610138200

Mohanram V, Skold AE, Bachle SM, Pathak SK, Spetz AL. IFN-
alpha induces APOBEC3G, E and A in immature dendritic cells and
limits HIV-1 spread to CD4" T cells. J Immunol. (2013) 190:3346-53.
doi: 10.4049/jimmunol.1201184

Wang FX, Huang J, Zhang H, Ma X. APOBEC3G upregulation by alpha
interferon restricts human immunodeficiency virus type 1 infection in
human peripheral plasmacytoid dendritic cells. ] Gen Virol. (2008) 89 (Pt
3):722-30. doi: 10.1099/vir.0.83530-0

Oliva H, Pacheco R, Martinez-Navio JM, Rodriguez-Garcia M, Naranjo-
Gomez M, Climent N, et al. Increased expression with differential subcellular
location of cytidine deaminase APOBEC3G in human CD4" T-cell
activation and dendritic cell maturation. Immunol Cell Biol. (2016) 94:689—
700. doi: 10.1038/icb.2016.28

Stremlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, Sodroski J. The
cytoplasmic body component TRIM5alpha restricts HIV-1 infection in Old
World monkeys. Nature. (2004) 427:848-53. doi: 10.1038/nature02343

Yap MW, Nisole S, Lynch C, Stoye JP. Trim5alpha protein restricts both HIV-
1 and murine leukemia virus. Proc Natl Acad Sci USA. (2004) 101:10786-91.
doi: 10.1073/pnas.0402876101

Wu X, Anderson JL, Campbell EM, Joseph AM, Hope TJ. Proteasome
inhibitors uncouple rhesus TRIMb5alpha restriction of HIV-1 reverse
transcription and infection. Proc Natl Acad Sci USA. (2006) 103:7465-70.
doi: 10.1073/pnas.0510483103

Black LR, Aiken C. TRIMb5alpha disrupts the structure of assembled
HIV-1 capsid complexes in J Virol. (2010) 84:6564-9.
doi: 10.1128/JV1.00210-10

Portilho DM, Fernandez ], Ringeard M, Machado AK, Boulay A, Mayer M,
et al. Endogenous TRIM5alpha function is regulated by SUMOylation and
nuclear sequestration for efficient innate sensing in dendritic cells. Cell Rep.
(2016) 14:355-69. doi: 10.1016/j.celrep.2015.12.039

Jimenez-Guardeno JM, Apolonia L, Betancor G, Malim MH.
Immunoproteasome activation enables human TRIMb5alpha restriction
of HIV-1. Nat Microbiol. (2019) 4:933-40. doi: 10.1038/s41564-019-0402-0
Ribeiro CM, Sarrami-Forooshani R, Setiawan LC, Zijlstra-Willems EM, van
Hamme JL, Tigchelaar W, et al. Receptor usage dictates HIV-1 restriction
by human TRIM5alpha in dendritic cell subsets. Nature. (2016) 540:448-52.
doi: 10.1038/nature20567

Calonge E, Bermejo M, Diez-Fuertes F, Mangeot I, Gonzalez N, Coiras M,
et al. Different expression of interferon-stimulated genes in response to HIV-
1 infection in dendritic cells based on their maturation state. J Virol. (2017)
91:e01379-e01316. doi: 10.1128/JVI1.01379-16

Embgenbroich M, Burgdorf S. Current concepts of antigen cross-
presentation. Front Immunol. (2018) 9:1643. doi: 10.3389/fimmu.2018.01643
van Montfoort N, van der Aa E, Woltman AM. Understanding MHC
class T presentation of viral antigens by human dendritic cells as a basis
for rational design of therapeutic vaccines. Front Immunol. (2014) 5:182.
doi: 10.3389/fimmu.2014.00182

vitro.

Frontiers in Immunology | www.frontiersin.org

18

October 2019 | Volume 10 | Article 2485


https://doi.org/10.1002/humu.23201
https://doi.org/10.1186/1742-4690-10-26
https://doi.org/10.1016/j.bbrc.2014.07.023
https://doi.org/10.1186/1742-4690-9-105
https://doi.org/10.1089/aid.2013.0119
https://doi.org/10.1074/jbc.M112.431148
https://doi.org/10.1038/nm.3626
https://doi.org/10.1038/nm.4163
https://doi.org/10.1128/jvi.01324-17
https://doi.org/10.1007/s00262-013-1456-0
https://doi.org/10.1038/nature00939
https://doi.org/10.1016/j.jmb.2016.11.012
https://doi.org/10.1128/JVI.78.11.6073-6076.2004
https://doi.org/10.1128/JVI.02230-16
https://doi.org/10.1016/j.antiviral.2008.08.003
https://doi.org/10.1016/j.virol.2005.06.005
https://doi.org/10.1128/JVI.01038-06
https://doi.org/10.1021/acs.biochem.6b01189
https://doi.org/10.1128/JVI.00272-07
https://doi.org/10.1016/j.virol.2008.04.017
https://doi.org/10.1084/jem.20061519
https://doi.org/10.4049/jimmunol.178.3.1671
https://doi.org/10.1074/jbc.M610138200
https://doi.org/10.4049/jimmunol.1201184
https://doi.org/10.1099/vir.0.83530-0
https://doi.org/10.1038/icb.2016.28
https://doi.org/10.1038/nature02343
https://doi.org/10.1073/pnas.0402876101
https://doi.org/10.1073/pnas.0510483103
https://doi.org/10.1128/JVI.00210-10
https://doi.org/10.1016/j.celrep.2015.12.039
https://doi.org/10.1038/s41564-019-0402-0
https://doi.org/10.1038/nature20567
https://doi.org/10.1128/JVI.01379-16
https://doi.org/10.3389/fimmu.2018.01643
https://doi.org/10.3389/fimmu.2014.00182
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Martin-Moreno and Mufioz-Fernandez

Dendritic Cells in the War Against HIV-1

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Buseyne F, Gall SL, Boccaccio C, Abastado J-P, Lifson JD, Arthur LO,
et al. MHC-I-restricted presentation of HIV-1 virion antigens without viral
replication. Nat Med. (2001) 7:344-9. doi: 10.1038/85493

Huang XL, Fan Z, Colleton BA, Buchli R, Li H, Hildebrand WH, et al.
Processing and presentation of exogenous HLA class I peptides by dendritic
cells from human immunodeficiency virus type 1-infected persons. J Virol.
(2005) 79:3052-62. doi: 10.1128/JV1.79.5.3052-3062.2005

Menager MM, Littman DR. Actin dynamics regulates dendritic cell-
mediated transfer of HIV-1 to T cells. Cell. (2016) 164:695-709.
doi: 10.1016/j.cell.2015.12.036

Menager MM. TSPAN7, effector of actin nucleation required for dendritic
cell-mediated transfer of HIV-1to T cells. Biochem Soc Trans. (2017) 45:703—
8. doi: 10.1042/BST20160439

Thali M. Tetraspanin functions during HIV-1 and influenza virus
replication. Biochem Soc Trans. (2011) 39:529-31. doi: 10.1042/BST0390529
Krementsov DN, Weng ], Lambele M, Roy NH, Thali M. Tetraspanins
regulate cell-to-cell transmission of HIV-1. Retrovirology. (2009) 6:64.
doi: 10.1186/1742-4690-6-64

Rocha-Perugini V, Martinez Del Hoyo G, Gonzalez-Granado JM,
Ramirez-Huesca M, Zorita V, Rubinstein E, et al. CD9 regulates major
histocompatibility complex class II trafficking in monocyte-derived dendritic
cells. Mol Cell Biol. (2017) 37:€00202-e00217. doi: 10.1128/MCB.00202-17
Rocha-Perugini V, Suarez H, Alvarez S, Lopez-Martin S, Lenzi GM, Vences-
Catalan E et al. CD81 association with SAMHD]1 enhances HIV-1 reverse
transcription by increasing dNTP levels. Nat Microbiol. (2017) 2:1513-22.
doi: 10.1038/s41564-017-0019-0

FuE, Pan L, Xie Y, Mu D, Liu W, Jin E, et al. Tetraspanin CD63 is a regulator
of HIV-1 replication. Int J Clin Exp Pathol. (2015) 8:1184-98.

Li G, Dziuba N, Friedrich B, Murray JL, Ferguson MR. A post-entry
role for CD63 in early HIV-1 replication. Virology. (2011) 412:315-24.
doi: 10.1016/j.virol.2011.01.017

Colombo M, Moita C, van Niel G, Kowal J, Vigneron ], Benaroch P,
et al. Analysis of ESCRT functions in exosome biogenesis, composition and
secretion highlights the heterogeneity of extracellular vesicles. J Cell Sci.
(2013) 126 (Pt 24):5553-65. doi: 10.1242/jcs.128868

McDonald B, Martin-Serrano J. No strings attached: the ESCRT machinery
in viral budding and cytokinesis. J Cell Sci. (2009) 122 (Pt 13):2167-77.
doi: 10.1242/jcs.028308

Lippincott-Schwartz J, Freed EO, van Engelenburg SB. A consensus view of
ESCRT-mediated human immunodeficiency virus type 1 abscission. Annu
Rev Virol. (2017) 4:309-25. doi: 10.1146/annurev-virology-101416-041840
Hurley JH, Cada AK. Inside job: how the ESCRTs release HIV-
1 from infected cells. Biochem Soc Trans. (2018) 46:1029-36.
doi: 10.1042/BST20180019

Choudhuri K, Llodra J, Roth EW, Tsai J, Gordo S, Wucherpfennig
KW, et al. Polarized release of T-cell-receptor-enriched microvesicles
at the immunological  synapse. (2014)  507:118-23.
doi: 10.1038/nature12951

Strickland M, Ehrlich LS, Watanabe S, Khan M, Strub MP, Luan CH, et al.
Tsgl01 chaperone function revealed by HIV-1 assembly inhibitors. Nat
Commun. (2017) 8:1391. doi: 10.1038/s41467-017-01426-2

Chaturbhuj D, Patil A, Gangakhedkar R. PYRE insertion within HIV-1
subtype C p6-Gag functions as an ALIX-dependent late domain. Sci Rep.
(2018) 8:8917. doi: 10.1038/s41598-018-27162-1

Siarot L, Chutiwitoonchai N, Sato H, Chang H, Fujino M, Murakami T,
et al. Identification of human immunodeficiency virus type-1 Gag-TSG101
interaction inhibitors by high-throughput screening. Biochem Biophys Res
Commun. (2018) 503:2970-6. doi: 10.1016/j.bbrc.2018.08.079

ten Broeke T, Wubbolts R, Stoorvogel W. MHC class II antigen
presentation by dendritic cells regulated through endosomal sorting. Cold
Spring Harb Perspect Biol. (2013) 5:a016873. doi: 10.1101/cshperspect.a0
16873

Turville SG, Santos JJ, Frank I, Cameron PU, Wilkinson J, Miranda-
Saksena M, et al. Immunodeficiency virus uptake, turnover, and 2-
phase transfer in human dendritic cells. Blood. (2004) 103:2170-9.
doi: 10.1182/blood-2003-09-3129

Soares H, Lasserre R, Alcover A. Orchestrating cytoskeleton and intracellular
vesicle traffic to build functional immunological synapses. Immunol Rev.
(2013) 256:118-32. doi: 10.1111/imr.12110

Nature.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Pettmann J, AM, Dushek O, Davis SJ. Membrane
ultrastructure and T cell activation. Front Immunol. (2018) 9:2152.
doi: 10.3389/fimmu.2018.02152

Saiz ML, Rocha-Perugini V, Sanchez-Madrid F. Tetraspanins as organizers
of antigen-presenting cell function. Front Immunol. (2018) 9:1074.
doi: 10.3389/fimmu.2018.01074

Scales HE, Meehan GR, Hayes AJ, Benson RA, Watson E, Walters A, et al. A
novel cellular pathway of antigen presentation and CD4 T cell activation in
vivo. Front Immunol. (2018) 9:2684. doi: 10.3389/fimmu.2018.02684
Martin-Gayo E, Cole MB, Kolb KE, Ouyang Z, Cronin J, Kazer SW, et al.
A reproducibility-based computational framework identifies an inducible,
enhanced antiviral state in dendritic cells from HIV-1 elite controllers.
Genome Biol. (2018) 19:10. doi: 10.1186/s13059-017-1385-x

Martin-Gayo E, Buzon M]J, Ouyang Z, Hickman T, Cronin J, Pimenova D,
et al. Potent cell-intrinsic immune responses in dendritic cells facilitate HIV-
1-specific t cell immunity in HIV-1 elite controllers. PLoS Pathog. (2015)
11:€1004930. doi: 10.1371/journal.ppat.1004930

Garcia-Bates TM, Palma ML, Shen C, Gambotto A, Macatangay BJC, Ferris
RL, et al. Contrasting roles of the PD-1 signaling pathway in dendritic
cell-mediated induction and regulation of HIV-1-specific effector T cell
functions. J Virol. (2019) 93:¢02035-18. doi: 10.1128/JV1.02035-18
Carranza P, Del Rio Estrada PM, Diaz Rivera D, Ablanedo-Terrazas Y,
Reyes-Teran G. Lymph nodes from HIV-infected individuals harbor mature
dendritic cells and increased numbers of PD-L1" conventional dendritic
cells. Hum Immunol. (2016) 77:584-93. doi: 10.1016/j.humimm.2016.05.019
Tsunetsugu-Yokota Y, Yasuda S, Sugimoto A, Yagi T, Azuma M, Yagita H,
et al. Efficient virus transmission from dendritic cells to CD4™ T cells in
response to antigen depends on close contact through adhesion molecules.
Virology. (1997) 239:259-68. doi: 10.1006/viro.1997.8895

McDonald D, Wu L, Bohks SM, KewalRamani VN, Unutmaz D, Hope TJ.
Recruitment of HIV and its receptors to dendritic cell-T cell junctions.
Science. (2003) 300:1295-7. doi: 10.1126/science.1084238

Bromley SK, Burack WR, Johnson KG, Somersalo K, Sims TN, Sumen C,
et al. The immunological synapse. Annu Rev Immunol. (2001) 19:375-96.
doi: 10.1146/annurev.immunol.19.1.375

Garcia E, Pion M, Pelchen-Matthews A, Collinson L, Arrighi JE Blot G,
et al. HIV-1 trafficking to the dendritic cell-T-cell infectious synapse uses a
pathway of tetraspanin sorting to the immunological synapse. Traffic. (2005)
6:488-501. doi: 10.1111/j.1600-0854.2005.00293.x

Arrighi JE Pion M, Garcia E, Escola JM, van Kooyk Y, Geijtenbeek TB,
et al. DC-SIGN-mediated infectious synapse formation enhances X4 HIV-1
transmission from dendritic cells to T cells. ] Exp Med. (2004) 200:1279-88.
doi: 10.1084/jem.20041356

Arrighi JE Pion M, Wiznerowicz M, Geijtenbeek TB, Garcia E, Abraham S,
et al. Lentivirus-mediated RNA interference of DC-SIGN expression inhibits
human immunodeficiency virus transmission from dendritic cells to T cells.
] Virol. (2004) 78:10848-55. doi: 10.1128/JV1.78.20.10848-10855.2004

Wu L, Martin TD, Han YC, Breun SK, KewalRamani VN. Trans-dominant
cellular inhibition of DC-SIGN-mediated HIV-1 transmission. Retrovirology.
(2004) 1:14. doi: 10.1186/1742-4690-1-14

Prasad A, Kulkarni R, Jiang S, Groopman JE. Cocaine enhances DC to
T-cell HIV-1 transmission by activating DC-SIGN/LARG/LSP1 complex
and facilitating infectious synapse formation. Sci Rep. (2017) 7:40648.
doi: 10.1038/srep40648

Rappocciolo G, Jais M, Piazza P, Reinhart TA, Berendam §SJ, Garcia-
Exposito L, et al. Alterations in cholesterol metabolism restrict HIV-
1 trans infection in nonprogressors. mBio. (2014) 5:201031-e01013.
doi: 10.1128/mBi0.01031-13

Yamamoto T, Tsunetsugu-Yokota Y, Mitsuki YY, Mizukoshi E Tsuchiya T,
Terahara K, et al. Selective transmission of R5 HIV-1 over X4 HIV-1 at the
dendritic cell-T cell infectious synapse is determined by the T cell activation
state. PLoS Pathog. (2009) 5:¢1000279. doi: 10.1371/journal.ppat.1000279
Wang JH, Janas AM, Olson W], Wu L. Functionally distinct transmission of
human immunodeficiency virus type 1 mediated by immature and mature
dendritic cells. J Virol. (2007) 81:8933-43. doi: 10.1128/JV1.00878-07

Dong C, Janas AM, Wang JH, Olson W], Wu L. Characterization of human
immunodeficiency virus type 1 replication in immature and mature dendritic
cells reveals dissociable cis- and trans-infection. J Virol. (2007) 81:11352-62.
doi: 10.1128/JVI1.01081-07

Santos

Frontiers in Immunology | www.frontiersin.org

October 2019 | Volume 10 | Article 2485


https://doi.org/10.1038/85493
https://doi.org/10.1128/JVI.79.5.3052-3062.2005
https://doi.org/10.1016/j.cell.2015.12.036
https://doi.org/10.1042/BST20160439
https://doi.org/10.1042/BST0390529
https://doi.org/10.1186/1742-4690-6-64
https://doi.org/10.1128/MCB.00202-17
https://doi.org/10.1038/s41564-017-0019-0
https://doi.org/10.1016/j.virol.2011.01.017
https://doi.org/10.1242/jcs.128868
https://doi.org/10.1242/jcs.028308
https://doi.org/10.1146/annurev-virology-101416-041840
https://doi.org/10.1042/BST20180019
https://doi.org/10.1038/nature12951
https://doi.org/10.1038/s41467-017-01426-2
https://doi.org/10.1038/s41598-018-27162-1
https://doi.org/10.1016/j.bbrc.2018.08.079
https://doi.org/10.1101/cshperspect.a016873
https://doi.org/10.1182/blood-2003-09-3129
https://doi.org/10.1111/imr.12110
https://doi.org/10.3389/fimmu.2018.02152
https://doi.org/10.3389/fimmu.2018.01074
https://doi.org/10.3389/fimmu.2018.02684
https://doi.org/10.1186/s13059-017-1385-x
https://doi.org/10.1371/journal.ppat.1004930
https://doi.org/10.1128/JVI.02035-18
https://doi.org/10.1016/j.humimm.2016.05.019
https://doi.org/10.1006/viro.1997.8895
https://doi.org/10.1126/science.1084238
https://doi.org/10.1146/annurev.immunol.19.1.375
https://doi.org/10.1111/j.1600-0854.2005.00293.x
https://doi.org/10.1084/jem.20041356
https://doi.org/10.1128/JVI.78.20.10848-10855.2004
https://doi.org/10.1186/1742-4690-1-14
https://doi.org/10.1038/srep40648
https://doi.org/10.1128/mBio.01031-13
https://doi.org/10.1371/journal.ppat.1000279
https://doi.org/10.1128/JVI.00878-07
https://doi.org/10.1128/JVI.01081-07
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Martin-Moreno and Mufioz-Fernandez

Dendritic Cells in the War Against HIV-1

204.

205.

206.

207.

208.

209.

210.

212.

213.

214.

215.

216.

217.

218.

219.

220.

222.

223.

224.

Kim JT, Chang E, Sigal A, Baltimore D. Dendritic cells efficiently transmit
HIV to T Cells in a tenofovir and raltegravir insensitive manner. PLoS ONE.
(2018) 13:e0189945. doi: 10.1371/journal.pone.0189945

Wiley RD, Gummuluru S. Immature dendritic cell-derived exosomes can
mediate HIV-1 trans infection. Proc Natl Acad Sci USA. (2006) 103:738-43.
doi: 10.1073/pnas.0507995103

Denzer K, Kleijmeer MJ, Heijnen HEF, Stoorvogel W, Geuze HJ. Exosome:
from internal vesicle of the multivesicular body to intercellular signaling
device. J Cell Sci. (2000) 113 (Pt 19):3365-74.

Gauvreau ME, Cote MH, Bourgeois-Daigneault MC, Rivard LD, Xiu
E Brunet A, et al. Sorting of MHC class II molecules into exosomes
through a ubiquitin-independent pathway. Traffic. (2009) 10:1518-27.
doi: 10.1111/j.1600-0854.2009.00948.x

Kulkarni R, Prasad A. Exosomes derived from HIV-1 infected DCs mediate
viral trans-infection via fibronectin and galectin-3. Sci Rep. (2017) 7:14787.
doi: 10.1038/s41598-017-14817-8

Chiozzini C, Arenaccio C, Olivetta E, Anticoli S, Manfredi E Ferrantelli
E et al. Trans-dissemination of exosomes from HIV-1-infected cells
fosters both HIV-1 trans-infection in resting CD4% T lymphocytes and
reactivation of the HIV-1 reservoir. Arch Virol. (2017) 162:2565-77.
doi: 10.1007/500705-017-3391-4

Barclay RA, Schwab A, DeMarino C, Akpamagbo Y, Lepene B, Kassaye S,
et al. Exosomes from uninfected cells activate transcription of latent HIV-1.
J Biol Chem. (2017) 292:11682-701. doi: 10.1074/jbc.M117.793521

. Gould SJ, Booth AM, Hildreth JE. The Trojan exosome hypothesis. Proc Natl

Acad Sci USA. (2003) 100:10592-7. doi: 10.1073/pnas.1831413100

Aloia RC, Tian H, Jensen FC. Lipid composition and fluidity of the human
immunodeficiency virus envelope and host cell plasma membranes. Proc Natl
Acad Sci USA. (1993) 90:5181-5. doi: 10.1073/pnas.90.11.5181

Garcia E, Nikolic DS, Piguet V. HIV-1 replication in dendritic cells occurs
through a tetraspanin-containing compartment enriched in AP-3. Traffic.
(2008) 9:200-14. doi: 10.1111/j.1600-0854.2007.00678.x

Arthur LO, Bess JW Jr, Sowder RC II, Benveniste RE, Mann DL,
Chermann JC, et al. Cellular proteins bound to immunodeficiency viruses:
implications for pathogenesis and vaccines. Science. (1992) 258:1935-8.
doi: 10.1126/science.1470916

Thery C, Boussac M, Veron P, Ricciardi-Castagnoli P, Raposo G, Garin
J, et al. Proteomic analysis of dendritic cell-derived exosomes: a secreted
subcellular compartment distinct from apoptotic vesicles. ] Immunol. (2001)
166:7309-18. doi: 10.4049/jimmunol.166.12.7309

Garrus JE, von Schwedler UK, Pornillos OW, Morham SG, Zavitz KH, Wang
HE, et al. Tsg101 and the vacuolar protein sorting pathway are essential for
HIV-1budding. Cell. (2001) 107:55-65. doi: 10.1016/S0092-8674(01)00506-2
Pang S, Yu D, An DS, Baldwin GC, Xie Y, Poon B, et al. Human
immunodeficiency virus Env-independent infection of human CD4~ cells.
J Virol. (2000) 74:10994-1000. doi: 10.1128/JV1.74.23.10994-11000.2000
Chow YH, Yu D, Zhang JY, Xie Y, Wei OL, Chiu C, et al
gp120-Independent infection of CD4~ epithelial cells and CD4"
T-cells by HIV-1. J Acquir Immune Defic Syndr. (2002) 30:1-8.
doi: 10.1097/00042560-200205010-00001
Stoorvogel W, Kleijmeer M], Geuze
biogenesis and functions of exosomes.
doi: 10.1034/j.1600-0854.2002.30502.x

Thery C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and
function. Nat Rev Immunol. (2002) 2:569-79. doi: 10.1038/nri855

HJ,
Traffic.

Raposo G. The
(2002)  3:321-30.

. de Carvalho JV, de Castro RO, da Silva EZ, Silveira PP, da Silva-Januario

ME, Arruda E, et al. Nef neutralizes the ability of exosomes from CD4* T
cells to act as decoys during HIV-1 infection. PLoS ONE. (2014) 9:e113691.
doi: 10.1371/journal.pone.0113691

Naslund TI, Paquin-Proulx D, Paredes PT, Vallhov H, Sandberg JK,
Gabrielsson S. Exosomes from breast milk inhibit HIV-1 infection of
dendritic cells and subsequent viral transfer to CD4™ T cells. AIDS. (2014)
28:171-80. doi: 10.1097/QAD.0000000000000159

Dias MVS, Costa CS, daSilva LLP. The ambiguous roles of extracellular
vesicles in HIV replication and pathogenesis. Front Microbiol. (2018) 9:2411.
doi: 10.3389/fmicb.2018.02411

Mfunyi CM, Vaillancourt M, Vitry J, Nsimba Batomene TR, Posvandzic A,
Lambert AA, et al. Exosome release following activation of the dendritic cell

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

236.

238.

239.

240.

immunoreceptor: a potential role in HIV-1 pathogenesis. Virology. (2015)
484:103-12. doi: 10.1016/j.virol.2015.05.013

Popov S, Chenine AL, Gruber A, Li PL, Ruprecht RM. Long-term productive
human immunodeficiency virus infection of CD1a-sorted myeloid dendritic
cells. J Virol. (2005) 79:602-8. doi: 10.1128/JV1.79.1.602-608.2005
Sol-Foulon N, Moris A, Nobile C, Boccaccio C, Engering A, Abastado
JP, et al. HIV-1 Nef-induced upregulation of DC-SIGN in dendritic cells
promotes lymphocyte clustering and viral spread. Immunity. (2002) 16:145—
55. doi: 10.1016/S1074-7613(02)00260-1

St. Gelais C, Coleman CM, Wang JH, Wu L. HIV-1 Nef enhances dendritic
cell-mediated viral transmission to CD4" T cells and promotes T-cell
activation. PLoS ONE. (2012) 7:e34521. doi: 10.1371/journal.pone.0034521
Coleman CM, Spearman P, Wu L. Tetherin does not significantly
restrict dendritic cell-mediated HIV-1 transmission and its expression is
upregulated by newly synthesized HIV-1 Nef. Retrovirology. (2011) 8:26.
doi: 10.1186/1742-4690-8-26

Neil §J, Zang T, Bieniasz PD. Tetherin inhibits retrovirus release
and is antagonized by HIV-1 Vpu. Nature. (2008) 451:425-30.
doi: 10.1038/nature06553

Perez-Caballero D, Zang T, Ebrahimi A, McNatt MW, Gregory DA, Johnson
MC, et al. Tetherin inhibits HIV-1 release by directly tethering virions to
cells. Cell. (2009) 139:499-511. doi: 10.1016/j.cell.2009.08.039

Venkatesh S, Bieniasz PD. Mechanism of HIV-1 virion entrapment by
tetherin. PLoS Pathog. (2013) 9:¢1003483. doi: 10.1371/journal.ppat.1003483
Kuhl BD, Sloan RD, Donahue DA, Bar-Magen T, Liang C, Wainberg MA.
Tetherin restricts direct cell-to-cell infection of HIV-1. Retrovirology. (2010)
7:115. doi: 10.1186/1742-4690-7-115

Turville SG, Aravantinou M, Stossel H, Romani N, Robbiani M. Resolution
of de novo HIV production and trafficking in immature dendritic cells. Nat
Methods. (2008) 5:75-85. doi: 10.1038/nmeth1137

Cote SC, Plante A, Tardif MR, Tremblay MJ. Dectin-1/TLR2 and NOD2
agonists render dendritic cells susceptible to infection by X4-using HIV-
1 and promote cis-infection of CD4™ T cells. PLoS ONE. (2013) 8:¢67735.
doi: 10.1371/journal.pone.0067735

. Huber A, Dammeijer E Aerts ], Vroman H. Current state of dendritic cell-

based immunotherapy: opportunities for in vitro antigen loading of different
DC subsets? Front Immunol. (2018) 9:2804. doi: 10.3389/fimmu.2018.02804
Tel J, Aarntzen EH, Baba T, Schreibelt G, Schulte BM, Benitez-Ribas D,
et al. Natural human plasmacytoid dendritic cells induce antigen-specific
T-cell responses in melanoma patients. Cancer Res. (2013) 73:1063-75.
doi: 10.1158/0008-5472.CAN-12-2583

. Prue RL, Vari F, Radford KJ, Tong H, Hardy MY, D’Rozario R, et al. A phase

I clinical trial of CD1c (BDCA-1)" dendritic cells pulsed with HLA-A*0201
peptides for immunotherapy of metastatic hormone refractory prostate
cancer. ] Immunother. (2015) 38:71-6. doi: 10.1097/CJ1.0000000000000063
Schreibelt G, Bol KE, Westdorp H, Wimmers E, Aarntzen EH, Duiveman-
de Boer T, et al. Effective clinical responses in metastatic melanoma patients
after vaccination with primary myeloid dendritic cells. Clin Cancer Res.
(2016) 22:2155-66. doi: 10.1158/1078-0432.CCR-15-2205

Porkolab V, Chabrol E, Varga N, Ordanini S, Sutkeviciu Te I, Thepaut M,
et al. Rational-differential design of highly specific glycomimetic ligands:
targeting DC-SIGN and excluding langerin recognition. ACS Chem Biol.
(2018) 13:600-8. doi: 10.1021/acschembio.7b00958

Ochyl LJ, Moon JJ. Dendritic cell membrane vesicles for activation
and maintenance of antigen-specific T cells. Adv Healthc Mater. (2019)
8:1801091. doi: 10.1002/adhm.201801091

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Martin-Moreno and Mufioz-Ferndndez. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

October 2019 | Volume 10 | Article 2485


https://doi.org/10.1371/journal.pone.0189945
https://doi.org/10.1073/pnas.0507995103
https://doi.org/10.1111/j.1600-0854.2009.00948.x
https://doi.org/10.1038/s41598-017-14817-8
https://doi.org/10.1007/s00705-017-3391-4
https://doi.org/10.1074/jbc.M117.793521
https://doi.org/10.1073/pnas.1831413100
https://doi.org/10.1073/pnas.90.11.5181
https://doi.org/10.1111/j.1600-0854.2007.00678.x
https://doi.org/10.1126/science.1470916
https://doi.org/10.4049/jimmunol.166.12.7309
https://doi.org/10.1016/S0092-8674(01)00506-2
https://doi.org/10.1128/JVI.74.23.10994-11000.2000
https://doi.org/10.1097/00042560-200205010-00001
https://doi.org/10.1034/j.1600-0854.2002.30502.x
https://doi.org/10.1038/nri855
https://doi.org/10.1371/journal.pone.0113691
https://doi.org/10.1097/QAD.0000000000000159
https://doi.org/10.3389/fmicb.2018.02411
https://doi.org/10.1016/j.virol.2015.05.013
https://doi.org/10.1128/JVI.79.1.602-608.2005
https://doi.org/10.1016/S1074-7613(02)00260-1
https://doi.org/10.1371/journal.pone.0034521
https://doi.org/10.1186/1742-4690-8-26
https://doi.org/10.1038/nature06553
https://doi.org/10.1016/j.cell.2009.08.039
https://doi.org/10.1371/journal.ppat.1003483
https://doi.org/10.1186/1742-4690-7-115
https://doi.org/10.1038/nmeth1137
https://doi.org/10.1371/journal.pone.0067735
https://doi.org/10.3389/fimmu.2018.02804
https://doi.org/10.1158/0008-5472.CAN-12-2583
https://doi.org/10.1097/CJI.0000000000000063
https://doi.org/10.1158/1078-0432.CCR-15-2205
https://doi.org/10.1021/acschembio.7b00958
https://doi.org/10.1002/adhm.201801091
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Dendritic Cells, the Double Agent in the War Against HIV-1
	Introduction
	Dendritic Cells
	Plasmacytoid Dendritic Cells
	Conventional Dendritic Cells
	Conventional DC1 (cDC1)
	Conventional DC2 (cDC2)


	Role of Dendritic Cells in HIV-1 Infection
	HIV-1 Capture by Dendritic Cells
	Intracellular Trip
	Dendritic Cell Infection or Lack Thereof
	Dendritic Cells as HIV-1 Carriers

	Dendritic Cell-T Cell Contact
	Dendritic Cell-T Cell Activation
	Dendritic Cell-T Cell HIV-1 Transmission
	Trans-infection via infectious synapse
	Trans-infection via infectious exosomes
	Cis-infection after viral replication in dendritic cells



	Implications and Conclusions
	Author Contributions
	Funding
	References


